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Abstract 
Colorectal cancer (CRC) malignancies are among the highest mortality and morbidity rates 
worldwide. Despite the emergence of numerous screening programs to reduce CRC incidence, 
the number of CRC and early-onset CRC diagnoses has risen exponentially, resulting in 
difficulties in curative surgical control and subsequent tumour related deaths. Thus, there is an 
unmet clinical need for developing targeted strategies in CRC treatment. As an emerging 
immune checkpoint protein, Siglec-15 is overexpressed in several malignancies and is 
correlated to the development of the tumour microenvironment through establishing 
immunosuppression upon binding with its putative ligand, Sialyl-Tn (STn). However, the role 
of Siglec-15 particularly relating to CRC remains elusive. The identification of regulatory 
mechanisms surrounding the Siglec-15/STn axis is poorly understood, and current therapeutic 
approaches have only shown a positive response in a small subset of cancer patients. Thus, 
underlining the clinical role of oncogenic targets such as Siglec-15 and the significant tumour 
heterogeneity that CRC tumours pose. As more recent approaches are focused on the 
development of monoclonal antibodies for Siglec-15 targeting, the development of small 
molecule therapeutic agents for Siglec-15 inhibition has not yet been elucidated. Hence, this 
study aimed to investigate the potential of key sialyltransferases as therapeutic targets in CRC 
by investigating the regulatory mechanisms that are associated with their expression profiles, 
the role they play in glycan biosynthesis, tumour progression, and the production of the STn 
antigen, respectively. Moreover, we aimed to experimentally demonstrate the characterisation 
of the cytotoxic profile of a b-amino carbonyl compound (SHG-8) and aleplasinin for Siglec-
15 targeting within in vitro cell models as feasible treatment alternatives.  
 
Initial datamining of the sialyltransferases ST6GALNAC1, ST6GALNAC2, ST3GAL4 and 
ST6GAL1 were performed using readily available transcriptomics tools including UALCAN 
and miRNA target prediction (TargetScan, MiRSystem, MiRDB and MirWalk) databases and 
binding site software for sialyltransferase expression profiles in colon adenocarcinoma 
tumours, pathologically the most frequently occurring CRC tumour type. Following this, 
tumour hallmarks associated with CRC progression were determined in relation to 
sialyltransferase expression through gene set enrichment analysis (GSEA). Similarly, their 
expression in association with the abundance of myeloid cell populations and prevalent 
immune checkpoint proteins were also demonstrated with integrated repositories readily 
available with the TIMER and TISIDB databases. Lastly, the expression of ST6GalNAc1 and 
ST6GalNAc2 at the protein level was determined via immunohistochemical analysis to 
underline their importance in the production of the STn antigen. Furthermore, molecular 
docking simulations were utilised to illustrate the potential of SHG-8 and aleplasinin as 
competitive small molecule inhibitors to the V-set binding domain of the Siglec-15 protein 
structure, rendering the STn antigen unable to directly bind to the R143 residue. Moreover, the 
characterisation of small molecule inhibitors on tumour viability, migration and colonisation 
via functional assays was determined in vitro on mammalian cell models SW480 and HCT116, 
both of which are representative of the large proportion of CRC diagnoses. In addition, 
apoptosis staining methods were performed to assess cellular arrest and apoptosis induction. 
Conversely, RNA sequencing methods were utilised to underline the expression profiles of 
miRNAs and gene targets following treatment exposure. Further exploration of these targets 
were also determined to elucidate potential CRC mechanisms of action. 
  
The sialyltransferases revealed downregulated expression profiles excluding ST6GAL1 in CRC 
adenocarcinoma tumours. Similarly, the identified interactive partners all exhibited varied 
expression profiles. Furthermore, common miRNAs involved in regulating sialyltransferases 
that play major roles in glycan biosynthesis were identified and exhibited high binding 
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affinities. Enrichment analysis revealed several dysregulated tumorigenic hallmarks associated 
with CRC progression. Furthermore, the association of myeloid cells and prevalent immune 
checkpoint proteins underlined the multifaceted roles of the sialyltransferases in CRC. The 
immunohistochemistry analysis revealed that STn production is independent of 
ST6GalNAc1/2 activity in CRC. Moreover, aleplasinin and SHG-8 exhibited a high binding 
affinity to the V-set binding domain of the Siglec-15 protein structure. Both compounds exerted 
dose-dependent cytotoxicity on cellular viability, migration and colonisation. Apoptosis 
staining methods demonstrated late apoptosis induction and nuclear fragmentation at higher 
treatment concentrations. Sequencing analysis methods demonstrated that the miR-6715b-
3p/PTTG1IP and let-7a-5p/ACSL6 axes could be involved in CRC progression following 
treatment exposure.  

The evidence presented in this study suggested possible approaches for disrupting the Siglec-
15/Sia axis and underlined the roles of sialyltransferases as potential therapeutic targets in CRC 
tumours. Furthermore, we have expanded the therapeutic landscape of Siglec-15 and 
highlighted treatment alternatives in Siglec-15+ tumours in contrast to current conventional 
therapeutic agents. Therefore, this will greatly help in the transition of novel therapeutic 
agents towards a clinical setting to address the challenges that is facing Siglec-15 mediated 
CRC progression. Ultimately, a multifaceted treatment approach based on our findings would 
offer the novel development of further inhibitors in targeting Siglec-15 and significantly 
advance the field of oncology. 

Keywords: Colorectal cancer, Siglec-15, Sialyl-Tn, microRNAs, small molecule inhibitor, 
sialyltransferase
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1.1 Introduction 

1.1.1 Background overview of colorectal cancer malignancies 

Colorectal cancer (CRC) is a malignancy that occurs through the differentiation and metastasis 

of normal epithelial mucosa to precursor lesions termed polyps (Øines et al., 2017). Within the 

epithelial lining of the colon/rectum, these lesions are categorised as adenomatous in nature or 

serrated and are concurrently classified based on growth patterns that are confirmed through 

histological examination (Li et al., 2021; Øines et al., 2017). Furthermore, the frequency of 

CRC development from these polyps is sporadic and can vary between patients among several 

criteria, including tumour localisation and metastasis, with colon adenocarcinomas constituting 

the majority of CRC cases, accounting for approximately 70% - 85% of all CRC diagnoses 

(Hong, 2018).  

 

The most common pathway for CRC development is the canonical transition of benign 

adenomatous colon polyps to the pathophysiological characteristics of colorectal 

adenocarcinomas, which are associated with various somatic and germline mutations (Bien et 

al., 2019). Tumour development associated with this pathway utilises specific gene expression 

patterns relating to adenomatous polyposis coli (APC), ki-ras2 Kirsten rat sarcoma viral 

oncogene homolog (KRAS) and tumour protein p53 (TP53) in what is referred to as the 

Vogelstein model (Fearon & Vogelstein, 1990). As illustrated in figure 1, morphological 

advancement of the adenoma is induced by the deregulation of the APC gene, likely occurring 

through inactivation mutations/deletions. From this, cellular proliferation is sustained to 

generate adenocarcinomas which are driven by increased activity of oncogenes, including 

KRAS and the loss of function of TP53 (Sameer, 2013). Consequently, over an extended period 

of time, tumour progression will result in metastasis to secondary organ sites, including the 

lungs and liver (Sameer, 2013). 
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Figure 1: Vogelstein model of the multi-step canonical pathway of CRC tumorigenesis exhibiting the deregulated molecular alterations of 
adenomatous colon polyps. Within the normal epithelium, loss of function mutations in several tumour suppressor genes highlight the initial 
stages of tumour development, characterised by the generation of adenomatous colon polyps in the epithelial lining. Uncontrolled cellular 
proliferation and subsequent oncogenic mutations drive metastatic tumour growth resulting in metastasis and invasion to secondary organ sites 
[created with Biorender].
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Alternatively, the non-canonical pathway for the development of CRC tumours occurs in 

approximately 10% - 25% of diagnoses via the traditional serrated pathway or serrated 

neoplasia pathway, which has only been recognised within the past couple of decades (Holme 

et al., 2015). As illustrated in figure 2, the serrated neoplasia pathway presents as a micro-

vesicular hyperplastic polyp, which can progress to a sessile serrated adenoma and metastasise 

to microsatellite instability (MSI), or microsatellite stable (MSS) carcinomas based on genetic 

instability. Similarly, the traditional serrated pathway is depicted in which a goblet cell rich 

hyperplastic polyp can present as a traditional serrated adenoma transition to MSS carcinomas. 

A previous study highlighted that patients with serrated polyps develop CRC comparable to 

those with advanced adenomas (polyps >1cm in size) (Holme et al., 2015). However, tumours 

developed through this pathway possess distinct genetic characteristics not associated with 

adenomatous polyps (Leggett & Whitehall, 2010).
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Figure 2: Non-canonical pathways of sessile serrated and traditional non-serrated neoplasia CRC development pathways. The sessile 
serrated neoplasia pathway is largely characterised by a high frequency of BRAF mutations and greater CpG island methylation. Hyperplastic 
polyps are outlined as initial lesions with extensive KRAS mutations; alongside the previously mentioned mutations, these polyps develop into 
sessile serrated adenomas or serrated lesions. Further genetic alterations of tumour suppressor genes and loss of function of MLH1 transform these 
hyperplastic polyps into serrated adenocarcinomas. Conversely, the traditional non-serrated neoplasia pathway occurs more frequently and exhibits 
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greater APC mutations. Conventional adenomas are developed through a loss of function of APC and an increase in KRAS and TP53 mutations. 
Significant accumulation of these mutations results in traditional adenocarcinoma development [created with BioRender].  
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The onset of CRC tumours can also be associated with other diseases, primarily presented in 

patients with colitis-related inflammation (Yashiro, 2014). Colitis-associated CRC can develop 

in patients with chronic inflammation and diagnosed with inflammatory bowel disease (IBD), 

including ulcerative colitis (UC) and Crohn’s disease (CD) (Li et al., 2023). A meta-analysis 

study outlined CRC susceptibility significantly increased over a prolonged period of time by 

approximately 18% in UC patients (Eaden, 2004). Colitis-associated CRC shares a similar 

pathogenesis to sporadic CRC diagnoses, characterised by similar deregulation of oncogenes 

and tumour suppressor genes. However, differences in the molecular and clinicopathological 

features can outline distinct changes in tumour presentation (Huang et al., 2018).  

 

Although the heterogeneity of CRC tumours exhibits irregular gene expression patterns that 

may not conform to a singular pathway, it is important to note that primary diagnosis for the 

onset of CRC stems from early identification and screening methods. Current screening 

methods employed in the UK comprise of the detection of blood in stool samples, and diagnosis 

is confirmed by faecal immunohistochemistry testing (FIT) and colonoscopy examination 

(Ladabaum et al., 2020). To determine a positive diagnosis, cases primarily adopt a 

quantification approach of faecal haemoglobin with a cut-off value of 150µg/g of blood, 

producing 70.8% sensitivity and 95.6% specificity (Jain et al., 2022). Furthermore, the 

predominant subtypes for the CRC phenotype are characterised by a handful of molecular 

alterations of diagnostic biomarkers at the gene level, which can determine diagnosis by biopsy 

extraction and analysis.
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1.1.2 CRC molecular subtypes and TNM stage  

Only a small percentage of cases have shown a genetic predisposition relating to familial 

history, with most cases stemming from sporadic mutations emphasising its tumour 

heterogeneity. Four distinct mechanistic pathways have been identified in CRC development 

and tumour progression (Figure 3), with each molecular subtype exhibiting unique 

clinicopathological characteristics (Bogaert & Prenen, 2014).  

 

1.1.2.1 CRC molecular subtypes  

The most common molecular subtype, also known as the chromosomal instability (CIN) 

pathway, is categorised by an abnormal chromosome number, the loss of heterozygosity of 

tumour suppressor genes and abnormal chromosomal rearrangement (Al‐Sohaily et al., 2012; 

Valle et al., 2019). In addition, there are structural mutations in DNA mismatch repair 

(DMMR) genes, stimulating Wnt signalling, a main characteristic of CIN CRC tumours 

(Sullivan et al., 2022). The deregulation of Wnt signalling in CIN tumours poses as one of the 

earliest events in the development of adenomatous colon polyps (Guinney et al., 2015). A 

previous study demonstrated colonic/intestinal stem cell differentiation to adenoma 

morphology stemmed from the loss of function of APC and enhanced activity of Wnt signalling 

(Roper et al., 2017). Furthermore, common mutations that also resulted in the CIN molecular 

subtype included PIK3CA, SMAD2 and SMAD4, all of which are involved in the latter stages 

of adenoma-carcinoma development (Sullivan et al., 2022). The various genetic and epigenetic 

alterations at the gene level outline CRC heterogeneity. The CpG island methylation phenotype 

(CIMP pathway), associated with most of the CRC molecular subtypes, has shown an 

association with gene mutation and gene silencing of several genes, controlling the cell cycle 

and DNA mismatch repair (Deen et al., 2016). DNA hypermethylation of CpG islands, 

particularly in the promoter regions of genes, poses a critical hallmark of CRC tumorigenesis 

(Deng et al., 2020). Furthermore, the binding of a methyl group to cytosine residues of CpG 

dinucleotides prevents the binding of transcription factors to induce gene expression, leading 

to gene silencing at the transcriptional level (Joo, 2015). CpG island methylation is accentuated 

by the activity of BRAF proteins and the promoter silencing of DNA repair genes. One 

prominent gene involved in DNA mismatch repair includes MLH1; its deregulated expression 

profile typically displays a tumorigenic phenotype similar to CRC MSI tumours and is 

particularly observed in elderly CRC patients (Freitas et al., 2018). Further deregulation of the 
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CIMP pathway is also attributed to the enhanced activity of DNA methyltransferases driving 

hypermethylation of these promoter regions and reduced activity of DNA methylases, with loss 

of function preventing methyl group removal (Chen et al., 2021). Lastly, another recognised 

pathway involves high-microsatellite instability (MSI-H) tumours, characterised by a 

deficiency in DMMR genes MLH1, MSH2, MSH6 and PMS2 responsible for correcting base 

errors during DNA replication (Vilar & Gruber, 2010). These mutations typically occur via 

accumulated insertion/deletion mutations on several short DMMR sequences (microsatellites) 

with approximately >12 mutations per 106 bases, resulting in the CRC phenotype (Ozcan et al., 

2018; The Cancer Genome Atlas Network, 2012). Characterisation of these mutations shows a 

genetic predisposition to hereditary nonpolyposis Colorectal cancer (HNPCC), referred to as 

Lynch syndrome (Umar et al., 2004). Furthermore, MSI-H tumours share contrasting 

clinicopathological characteristics compared to MSS tumours (tumours with minimal DMMR 

mutations). Development of MSI-H tumours also enhances the production of neoantigens 

(tumour-specific antigens) and may modify the characteristics of the tumour 

microenvironment, resulting in decreased efficacy of immune checkpoint inhibitors (Lin et al., 

2020). Only a small subset of patients has shown positive response to immunotherapy treatment 

which may highlight difficulties in CRC treatment. Each of the CRC molecular subtypes serves 

as independent predictors for CRC tumour onset. Particularly, each of the molecular subtypes 

have exhibited pathophysiological hallmarks stimulated by greater instances of CIN, MSI and 

CIMP pathways, underlining greater treatment resistance in CRC patients (Harada & Morlote, 

2020). However, elucidating the deregulation of potential therapeutic targets related to CRC 

progression may highlight possible treatment approaches (De Rosa et al., 2015).
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Figure 3: Genetic and epigenetic changes can promote molecular pathways, including chromosomal instability (CIN), CpG island 
methylation (CIMP) and microsatellite instability (MSI). To establish the diagnosis of a particular CRC subtype, sequencing analysis following 
a biopsy extraction categorises the tumour based on the following criteria, including cancer hallmarks and tumour localisation. Specific gene 
mutations also help in the identification of the tumour. CMS1 is classified as the immune subtype, and tumours are predominantly located in the 
proximal colon. The main hallmarks associated with CMS1 type tumours are typically high MSI and CIMP mutations and is driven by mutant 
BRAF. CMS2 classified tumours are the most frequent canonical tumours that occur in the distal colon and rectum. Alongside high CIMP 
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mutations, there is greater Wnt and MYC signalling that drive tumour progression. CMS3 classified tumours are metabolic type tumours that occur 
randomly. Although they appear less frequently, these tumours have greater KRAS mutations that drive tumorigenesis. CMS4 type tumours are 
more frequently observed within the distal colon and rectum and are associated with increased metastatic clinicopathological features including 
greater occurrence of EMT. This gives rise to the development of CRC and metastasis of colon tumours to secondary organ sites, including the 
lungs and liver [created with BioRender]. 
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1.1.2.2 TNM staging and grading of CRC tumours  

Conversely, tumour node metastasis (TNM) staging is used as a classification system for solid 

tumours and is utilised in determining the prognosis of CRC patients, following surgical 

resection of the tumour (Li, 2014).  The T categorisation of the system involves the sizing of 

the primary tumour and is ranged from T1-T4, with increasing numbers indicating the greater 

invasion of tumour cells to nearby tissues. In addition, an X is denoted as a primary tumour 

that cannot be measured and a 0 is denoted as the inability to find/identify the primary tumour. 

Following this, the regional lymph nodes are subsequently classified (N). The lymph nodes are 

categorised from N1-N3 and refer to the number of lymph nodes which contain tumour cells 

and their localisation, respectively. Similar to the T categorisation, an X or 0 is also included 

in the N staging differential, which demonstrates the measuring of the lymph nodes containing 

cancer cells or if any lymph nodes possess tumour cells. In addition, the increase in N staging 

indicates a larger spread of the tumour to the lymph nodes. Lastly, the metastasis of solid 

tumours (M) is also categorised and classified as M0 or M1, which denotes whether the solid 

tumour is localised or metastasised to secondary tumour locations (Mahmoud, 2022). In 

addition, pathological features associated with CRC tumours, including molecular biomarkers 

associated with the molecular subtypes (Figure 3) and histological staining all determine 

tumour prognosis (Chen et al., 2021). At present, the histological grading scale for CRC 

tumours is provided by World Health Organisation (WHO) criteria (Ueno et al., 2012). From 

this, the histological grading of CRC tumours is dictated by the differentiation of normal 

epithelial cells to tumorigenic adenocarcinoma cells and is graded through stages I-IV. For 

CRC staging, stage I tumours are designated as early-stage tumours that are primarily localised 

to the epithelial wall of the colon/rectum and are without metastases in the lymph nodes. In 

comparison, stage II tumours are more defined but also lack lymph node metastases, similar to 

stage I tumours. Inversely, stage III tumours are more advanced and possess metastases within 

the lymph nodes. However, tumour invasion is limited, and tumours at secondary organ sites 

are rarely identified. Lastly, advanced stage IV tumours possess all the characteristics of the 

previous stage III but also exhibit metastases at secondary organ sites upon diagnosis, which 

are difficult to treat (Nagtegaal et al., 2020). As grade I tumours are more commonly associated 

with localised tumours within the colon/rectum, they also display a noticeable cellular 

pathology that closely resembles normal colonic mucosa (Iwama et al., 1993). In contrast, the 

higher-grade tumours are more prone to have aggressive characteristics associated with 

metastasis and tumour invasion (West et al., 2008). Thus, CRC patients exhibiting higher-grade 
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tumours (III-IV) have a poorer prognosis than lower grade CRC tumours. Furthermore, the 

increase in tumour grading is also characterised by poor differentiation and the lack of 

recognisability for standard epithelial morphology. However, standard tumour grading does 

not apply to rarer CRC histological subtypes, including signet ring cell, medullary, 

micropapillary and mucinous adenocarcinomas (Barresi et al., 2015). Conversely, tumour 

budding has been demonstrated as an independent prognostic marker for CRC tumours (Lugli 

et al., 2017). Tumour budding is primarily defined as a poorly differentiated cluster of tumour 

cells that are dissociated from the primary tumour that is involved in the initiation of invasion 

and metastasis of the tumour. In addition, tumour budding is also characterised by the 

international tumour budding consensus conference (ITBCC) criteria (Fujiyoshi et al., 2020). 

Although tumour budding may be found in several different malignancies, approximately 40% 

of CRC tumours have a greater proportion of tumour budding in advanced stage (III-IV) 

tumours (Zlobec et al., 2020). Histological staining of epithelial and mesenchymal markers 

such as cytokeratin and vimentin were co-expressed in a number of tumour buds, hinting 

tumour buds are able to adopt epithelial to mesenchymal transition (EMT) properties (Grigore 

et al., 2016). Ultimately, histological staining and other diagnostic tools pool together the 

staging/grade of the tumour to outline accurate patient diagnoses for determining treatment 

strategies with the best chance of success.  

 

1.1.3 CRC epidemiology and mortality  

With the most recent statistical data obtained from the WHO, CRC has been ranked as the 

fourth most prevalent tumour malignancy and ranks as the second most common cause of 

patient mortalities globally (Figure 4) (Cancer Today, n.d.). Furthermore, patient survival at 

both 5- and 10-years following diagnosis are estimated to be at 65% and 58%, 

respectively (Siegel et al., 2017, 2020). In 2020 alone, approximately 1,931,590 new cases 

were reported, leading to 935,137 patient deaths (Bray et al., 2018; Cancer Today, n.d.; Siegel 

et al., 2020). This rising trend in CRC incidence is projected to continue, with estimations 

suggesting that cancer-related deaths could reach a concerning 71.5% by 2035 and 3,200,000 

new cases by 2040 (Siegel et al., 2020). 

 

Moreover, CRC tumour burden has demonstrated significant variation based on geographical 

location. The developed countries such as Australia, the USA and regions in Europe, account 

for a large proportion of positive cases in comparison to low-income countries particularly 
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situated in Africa and Asia (Arnold et al., 2017). Furthermore, countries with the highest 

prevalence of CRC include Hungary, with 70.6 diagnoses per 100,000 of the population in men 

and Norway, with 29.3 diagnoses per 100,000 of the population in women, indicating variation 

amongst genders as well (Bray et al., 2018). However, external factors may affect the global 

incidence rate, as CRC diagnoses are concurrent with countries with a high human 

development index (HDI) typically associated with further developed countries (Rawla et al., 

2019). This is greatly emphasised by disparities in the socioeconomic status of individuals and 

ethnic groups with poor clinical survival associated with low socioeconomic status (Coughlin, 

2020). 
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Figure 4: Absolute number of global incidence and mortality rates of the top 15 malignancies and age standardised rate (ASR) per 100,000 
individuals of global incidence (blue) and mortality (red) of colorectal tumours in men and women obtained in 2022 [statistical data taken 
from the world health organisation (WHO)].
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In addition, the economic development of undeveloped and developing countries as well as 

other external factors, are expected to correlate to the rising trend of CRC incidence. This may 

include changes in diet and lifestyle particularly relating to red and processed meats, excessive 

alcohol consumption and smoking as contributing factors for increased CRC susceptibility and 

tumour onset (Sawicki et al., 2021; Song et al., 2020; Vieira et al., 2017).  

 

CRC prevalence has risen concurrently within older populations and presents more frequent 

diagnoses (Patel et al., 2013). However, the development of early-onset CRC (EO-CRC) (CRC 

diagnoses of patients <50yrs of age) represents a growing global concern. The prevalence of 

early-onset tumour diagnosis has exhibited a steadily rising trend, with an annual increase of 

2% - 3% (Siegel et al., 2023). This has seen statistical numbers rise from 8.6 per 100,000 

diagnoses in 1992 to 13.1 per 100,000 diagnoses in 2016 (Stoffel & Murphy, 2020). However, 

it is possible that this may be a result of reduced early screening in younger individuals 

(Venugopal & Carethers, 2022), and may not adequately reflect the identification of solid 

tumours. Moreover, CRC tumours themselves display significant heterogeneity within the 

tumour microenvironment (TME) and there is a greater importance to advance early screening 

and detection approaches to improve survival outcomes (Lam et al., 2021). 

 

CRC mortality and morbidity highlight the interplay between the geographical variation 

disparities across individuals, gender and ethnic minorities. CRC presents a global challenge 

that necessitates greater importance to focus on the development of strategies related to 

prevention, screening, early detection, and therapeutic approaches to significantly improve 

patient clinical response and survival. 
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1.1.4 Current therapies in CRC treatment 

Therapeutic interventions in CRC are pivotal in reducing tumour progression but also 

enhancing patient survival without the occurrence of remission. The integration of multiple 

treatment modalities, both adjuvant and neoadjuvant, has various effects on treatment 

outcomes. To date, a number of therapeutic approaches are available for the treatment of CRC 

tumours, and this is due to enhanced tumour heterogeneity and sporadic mutations that induce 

treatment resistance (Brandi, 2016). Moreover, CRC metastasis complicates the usage of 

adjuvant therapy and may not provide optimal response in patients, and this stems from both 

genetic and morphological changes between the primary tumour and secondary metastatic sites 

(Bedard et al., 2013). However, in low grade tumours (grade I-II), adjuvant chemotherapy 

approaches are more commonly used, demonstrating improvement in patient survival and 

response (Brandi, 2016).  At initial stages of diagnosis, a large proportion of CRC patients have 

tumours that are localised to the colon/rectum, and according to the national institute for health 

and care excellence (NICE) guidelines, the first line of treatment is the surgical resection of the 

tumour (Van Cutsem et al., 2014).  

 

1.1.4.1 Surgical methods in CRC treatment 

Initially, surgical resection of CRC tumours is the first-line treatment for cancer patients with 

localised tumours (Van De Velde et al., 2014). Prior to a surgical procedure, a pre-operative 

assessment is also undertaken to consider a patient’s suitability for surgery, including factors 

such as: patient’s age, their fitness, post-surgical management plan, TNM stage of the tumour 

and the type of surgical procedure itself (Quirke et al., 2014). However, in more advanced CRC 

tumours, pre-operative neoadjuvant treatment such as chemotherapy or radiotherapy may be 

utilised to reduce the tumour size. Thus optimising the likelihood of a successful resection of 

the tumour (Breugom et al., 2014). The primary goal of surgical intervention in CRC treatment 

is the complete removal of the tumour with good margins to significantly improve the 

prognosis of the patient and reduce the occurrence of later remission. There are currently 

several methods that can be implemented in the treatment of CRC. Depending on tumour 

localisation within the colon/rectum, colectomy surgical procedures will be required to excise 

the tumour with the partial or complete removal of the colon (Chakedis & Schmidt, 2018). 

Additionally, laparoscopic surgery resections currently form the basis of primary CRC 

treatment. Due to the minimally invasive nature of the procedure, laparoscopic surgery 
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primarily involves the removal of tumours which are not overtly metastatic (Matsuda et al., 

2018). Laparoscopic surgical methods reduce patient blood loss and complications in 

comparison to open surgery. Indications from several studies identified a higher efficiency 

using laparoscopic methods in CRC surgical treatment. However, laparoscopic surgical 

methods may prove difficult in executing due to factors including patient obesity, prior 

abdominal surgery and if the tumour is at an advanced stage and is overtly metastatic (Bonjer 

et al., 2015). Nevertheless, there are no apparent differences in short- and long-term outcomes 

of patients utilising either method (ElSherbiney et al., 2023; Fujii et al., 2016; Song et al., 

2019). Furthermore, laparoscopic surgical methods provide better short-term survival 

outcomes in elderly patients diagnosed with common CRC tumours, which form the most at-

risk groups (Zhou et al., 2019). Minimally invasive surgical procedures are being developed 

with novel techniques implemented to improve patient response to treatment. Possibilities to 

utilise trans-anal minimally invasive surgery for certain CRC tumours is one such approach 

that is currently under development to improve patient experience and survival (Zhou et al., 

2022).  

 

1.1.4.2 Chemotherapy approaches for solid CRC tumours 

Following surgical interventions, common treatment methods include the use of adjuvant 

chemotherapies to prevent tumour recurrence (Figure 5), which has significantly higher 

beneficial outcomes in stage II and III CRC patients (Brown et al., 2019). Although there are 

several chemotherapeutic agents and inhibitors that are used, one of the first-line treatments 

used for CRC tumours is platinum-based chemotherapeutic agents such as Oxaliplatin. Similar 

to several platinum-based agents, Oxaliplatin is primarily used in the treatment of metastatic 

tumours. Its mechanism of action relies on dichloro-cyclohexane complexes exerting DNA 

damage, thus inhibiting DNA synthesis through cellular arrest (Alcindor & Beauger, 2011). 

However, due to CRC tumour heterogeneity, a number of other chemotherapeutic agents are 

also utilised alongside Oxaliplatin to prevent developmental resistance to treatment. Other 

chemotherapies that are typically used can involve the incorporation of 5-fluorouracil (5-FU) 

as part of adjuvant chemotherapy in stage II and III CRC tumours with expected 5-year survival 

rates of patients between 60% - 80% (Chan & Chee, 2019). 5-FU is structured as a heterocyclic 

aromatic uracil analogue with a fluorine atom that is located at the C5 position. The structure 

is highly similar to pyrimidines and can induce DNA damage once inserted into the DNA/RNA 

sequence (Blondy et al., 2020). 5-FU loaded gold nanoparticles were shown to enhance 
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apoptosis and reduce the proliferation of CRC cell lines when targeting EGFR proteins 

(Liszbinski et al., 2020). Similarly, 5-FU combination approaches with other chemotherapeutic 

agents demonstrated significant effectiveness in the treatment of CRC solid tumours (Xie et 

al., 2020). Other approaches can also utilise tipiracil as a viable chemotherapeutic agent. 

Mechanistically, tipiracil is an inhibitor of thymidine phosphorylase that is used in conjunction 

with trifluridine, a nucleoside analogue that inhibits DNA synthesis. The combination of both 

approaches was shown to have a positive clinical response in metastatic CRC patients who are 

resistant to 5-FU treatment (Kish & Uppal, 2016). Furthermore, adjuvant chemotherapies 

administered post-operatively are considered to improve 5-year survival and disease-free 

survival (Wu et al., 2012). However, the effectiveness of CRC chemotherapy treatments 

typically falls short. Patient response to treatment can become insignificant, and many patients 

develop chemoresistance towards 5-FU and other chemotherapeutic stratagems such as 

Oxaliplatin (Vodenkova et al., 2020). Other limitations include short half-life, high cellular 

toxicity and low bioavailability, all of which can reduce treatment efficacy for 5-FU based 

treatment regimens (Entezar-Almahdi et al., 2020). 
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Figure 5: Chemical structures of several key chemotherapeutic agents utilised in the treatment of CRC tumours. Trifluoridine and Tipiracil 
are both used as a combination strategy for aggressive CRC tumours that have metastasised to secondary organ sites following poor response to 
primary chemotherapy treatment. Oxaliplatin is used as the first line treatment for CRC tumours following patients who have had surgical removal 
of the primary tumour. It is characterised by the ability to inhibit DNA synthesis; however, it presents a lot of off-target effects. Similarly, 5-FU 
administration is also commonly used in CRC treatment; however, is primarily used in a combination approach with other therapeutic agents due 
to a high level of recurrence and poor response rate to monotherapy. Irinotecan is primarily used for metastatic CRC tumours and is frequently 
used in conjunction with 5-FU and Oxaliplatin, which has demonstrated successful patient response and improved overall survival. Although not 
commonly used as compared to other chemotherapeutic agents mentioned, Raltitrexed is used as an alternative treatment approach to 5-FU in CRC 
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tumours with advanced tumour grade. Mechanistically, Raltitrexed inhibits the formation of precursor pyrimidine nucleotides by blocking 
thymidine synthase activity. Thus inhibiting the production of DNA/RNA molecules [created with Chemdraw]. 
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1.1.4.3 Radiotherapy approaches for solid CRC tumours 

Although used less frequently in early grade tumours, radiotherapy can also be employed as a 

treatment strategy for CRC patients. Selectively managing localised advanced stage tumours 

with stereotactic radiotherapy is predominantly used as a common treatment strategy (Häfner 

& Debus, 2016). The mechanism of action entails the exertion of ionising radiation disrupting 

DNA replication and transcription (Liu et al., 2021). On a molecular level, the interaction of 

radiation with H2O molecules in cells causes the generation of free radicals affecting cellular 

components related to metabolism in a redox-mediated reaction (Liu et al., 2021). This method 

has been utilised with some success for various CRC tumours. Utilisation of stereotactic 

radiotherapy has been used in the treatment of lung metastases that originated from the primary 

localised CRC tumour (Jingu et al., 2018). However, treatment management of metastatic 

tumours originating from the colon is much more difficult to treat with radiation therapy and 

these tumours are more likely to become desensitised to treatment (Jingu et al., 2018). 

Application of stereotactic radiotherapy is more successful in managing tumours that are solely 

localised to the colon/rectum with significant patient response and low cytotoxic effects. 

However, this method typically highlights radio-resistance and reduced patient response 

following remission (Kobiela et al., 2018). Moreover, technological advances in the 

radiotherapeutic field have established techniques leading to more precise and targeted delivery 

of radiation, minimising cellular toxicity to surrounding healthy tissue. Another approach, 

intensity-modulated radiation therapy (IMRT), allows for the direct control of radiation beam 

intensity (Pointreau et al., 2022). Thus, this allows manageable distribution towards the whole 

tumour with good margins against healthy tissues, particularly against tumours surrounding 

internal organs including the small intestine and bladder (Pointreau et al., 2022).  
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1.1.4.4 Cancer immunotherapeutic treatments for solid CRC tumours 

More recently, the use of novel immunotherapeutic agents has been suggested for translation 

to CRC immunotherapy treatment (Ganesh et al., 2019). Initially, the utilisation of 

immunotherapy approaches would boost/normalise the immune response in an 

immunosuppressive tumour environment (Esfahani et al., 2020). This approach requires the 

stimulated activation of T-cells, a group of lymphocytes that play a crucial role in active 

immunity against foreign pathogens and disease (Sun et al., 2023). In addition, T-cells are also 

broadly classified into CD4+ helper and CD8+ cytotoxic T-cells, and their function are 

dependent on their grouped classification (Hosokawa & Rothenberg, 2018). Mechanistically, 

T-cells are capable of recognising antigens expressed by major histocompatibility complexes 

(MHC) on neighbouring antigen presenting cells. Upon recognition of these antigens, binding 

commences between the antigen presenting cell and the T-cell via the T-cell receptor (TCR). 

Moreover, co-stimulatory molecules help facilitate the binding interactions. Furthermore, the 

release of cytokines stimulates the activation of naïve CD4+ and CD8+ lymphocytes, thus 

inducing a signalling cascade through clonal expansion and differentiation to their subsequent 

effector functions that regulate the immune response (Taniuchi, 2018; Teh et al., 1988). 

Following the activation of the immune response, a proportion of T-cells differentiate into 

memory T-cells, which provide the host with rapid effector function and lasting immunity 

against specifically recognised antigens. Conversely, a small group of CD4+ lymphocytes 

differentiate into regulatory T-cells (Tregs) and maintain immune tolerance (Brugnera et al., 

2000).  

 

Current marketed immunotherapies such as Ipilimumab and Pembrolizumab target specific 

proteins that inhibit T-cell activation and are collectively known as immune checkpoint 

inhibitors. These inhibitors have targeted cytotoxic T-lymphocyte associated protein 4 (CTLA-

4) and programmed cell death protein-1 (PD-1), demonstrating improved survival rates in 

melanoma and non-small-cell lung (NSCL) cancer patients, respectively, and in some cases in 

metastatic CRC (Ciardiello et al., 2019). Pembrolizumab promoted longer periods of 

progression-free survival in comparison to chemotherapy treatments for metastatic CRC 

patients (André et al., 2020). Adverse side effects of Pembrolizumab treatment were also 

shown to be reduced compared to chemotherapy treatments (André et al., 2020). Additional 

studies have begun to identify further novel immunotherapy treatments for metastatic DMMR-

MSI CRC tumours (Lichtenstern et al., 2020). DMMR CRC solid tumours have currently 
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shown positive clinical responses to Nivolumab treatment, a PD-1 blocking antagonist, in 

phase II trials (Smith & Desai, 2018). Additionally, combination treatment strategies have 

proven beneficial in CRC treatment in comparison to mono-immunotherapy treatments. 

Atezolizumab, a programmed death ligand-1 (PD-L1) antagonist, was shown to have an 

effective patient response when combined with the MEK inhibitor Cobimetinib in DMMR 

CRC tumours (Tapia Rico & Price, 2018). Furthermore, the combination of Oxaliplatin and 

folinic acid achieved synergistic effects with 5-FU via nanoparticle co-delivery systems in 

CRC tumours with liver metastases. The mechanism of action induced immunogenic cell death 

and enhanced the activity of PD-L1 antagonists against liver metastases, therefore posing a 

substantial chemo-immunotherapy stratagem in metastatic CRC (Guo et al., 2020). 

Alternatively, bi-adjuvant neoantigen nano-vaccines utilising toll-like receptor-7/-8 (TLR7/8) 

agonists, proteins which participate in immune surveillance, were also developed for CRC 

treatment. They were observed to have a positive patient response and a complete regression 

of 70% of CRC tumours whilst demonstrating minimal systemic toxicity (Sun et al., 2022). 

With the premise of enhancing systemic immunity via modifications to CD4+ and CD8+ 

function, activation and proliferation, several pathways related to the immune function could 

potentiate an immune response and prevent cancer cell evasion (Bärenwaldt & Läubli, 2019). 

One such pathway that could benefit from this has been related to the Siglec/Sia axis, which 

has been associated with the inhibition of immune cell effectors (Bärenwaldt & Läubli, 2019). 

 

Despite significant advancements in current treatment modalities, a notable number of patients 

continue to progress to high grade solid tumours and metastases (Costi, 2014). Thus, there is a 

shift in treatment interventions towards palliative care to improve the current quality of life. 

With more of a focus on pain management, there is reduced hospitalisation and enhanced 

decision-making, improving patient satisfaction and prognostic awareness (Bischoff et al., 

2020). 
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1.1.5 Siglecs and immune checkpoint proteins 

Unfortunately, conventional treatment modalities for CRC have limitations in achieving 

therapeutic success. Poor patient response, severe dose-limiting side effects and a lack of 

specificity of conventional treatments contribute to patient mortality and tumour recurrence 

(Weng et al., 2022). For instance, the effectiveness of immunotherapy is restricted to a limited 

number of patients, with the emergence of acquired treatment resistance being a concerning 

possibility (Weng et al., 2022). Consequently, exploring novel approaches and developing 

innovative treatment strategies are essential for effectively addressing this unmet medical need. 

 

The identification of novel targets in immunotherapy treatment has shown positive responses 

in patients via the targeting of immune checkpoint proteins (ICPs). ICPs are a broad umbrella 

term for a classification of cell surface immunoreceptors that modulate the immune system 

against disease (Gaikwad et al., 2022). Within a tumour landscape, ICPs are expressed on the 

surface of cancer cells, functioning as protein receptor-ligands, preventing sufficient T-cell 

activation and immune response generation. As a result, this provides cancer cells to effectively 

evade the immune system and promote tumour progression. There have been several ICPs 

involved in tumour progression, including CTLA-4, PD-1, PD-L1, T-cell immunoreceptor with 

Ig and ITIM domains (TIGIT) and lymphocyte activating gene-3 (LAG-3). However, targeting 

immune checkpoint proteins with immune checkpoint inhibitors (ICIs) can only demonstrate a 

positive response in a small subset of cancer patients, highlighting the lack of targetable 

biomarkers (Tang et al., 2022).  

 

One recently emerging immune checkpoint protein family are sialic-acid binding 

immunoglobulin-like lectins (Siglecs). Currently, a total of 15 human and 9 murine Siglecs 

have been identified and categorised into distinct groups based on homology between structure 

and function (Figure 6). Of those categorised, Siglec-1 (Sialoadhesin), Siglec-2 (CD22), 

Siglec-4 (myelin-associated glycoprotein; MAG) and Siglec-15 share 50-99% structural and 

functional homology (Duan & Paulson, 2020; Appendix 1). In contrast, the remaining Siglecs 

possess structural heterogeneity due to evolutionary duplication events of the CD33 gene and 

are collectively known as CD33-related Siglecs (Von Gunten & Bochner, 2008). Siglecs are 

type-I transmembrane proteins that comprise several distinct extracellular structural domains, 

a single intracellular domain and a transmembrane region (Jiang et al., 2022, Figure 6). In 

addition to this, each Siglec protein can possess a V-set binding domain located on the N-
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terminus and serves as the primary region for sialoglycan ligand binding (Macauley et al., 

2014). Direct contact and binding with the sialoglycan ligand rely on a conserved arginine 

residue on the V-set domain, forming a salt bridge with the respective sialoglycan carboxylate 

group (Von Gunten & Bochner, 2008). The tertiary structure of each Siglec member contains 

a cytoplasmic tyrosine residue intracellular motif that dictates Siglec function. They are 

commonly referred to as immune receptor tyrosine-based inhibitory motif (ITIM) or tyrosine-

based activating motif (ITAM) that determine whether the Siglec protein is inhibitory or 

activating in nature (Jiang et al., 2022). Inhibitory Siglecs possessing an ITIM motif excluding 

Siglec-15 recruit tyrosine Src homology region 2 domain-containing phosphatase-1 (SHP-1) 

and Src homology region 2 domain-containing phosphatase-2 (SHP-2) for canonical 

downstream signalling related to inhibiting immune function (Crocker et al., 2007; Flores et 

al., 2019). Moreover, SH2 domain-containing inositol phosphatase (SHIP) enzymes also 

possess a similar function in Siglec binding via induced phosphatase recruitment upon partial 

ITAM binding (Dempke et al., 2018). However, there is an exception with one Siglec family 

member, primarily known as Siglec-XII. Siglec-XII is one of the most understudied Siglec 

family members that are unconventional due to an observed frameshift mutation (R122C) that 

removes the conserved arginine residues required for sialoglycan binding (Mitra et al., 2011). 

Nevertheless, Siglec-XII still possesses an intracellular ITIM motif capable of SHP-1/SHP-2 

phosphorylation and downstream signalling (Lim et al., 2021; Mitra et al., 2011). Siglec-XII 

was capable of inhibitory signalling and tumour progression, which also correlated to poor 

clinical survival and advanced TNM stage (Siddiqui et al., 2021).
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Figure 6: Siglec human family containing conserved and CD33-related non-conserved protein structures. The Siglec family comprises of a 
total of 15 human Siglecs that have been discovered. Only Siglec-1, Siglec-2, Siglec-3 and Siglec-15 share high conservation among their 
sequences. In contrast, the other Siglecs possess little similarities in their structural sequence [created with BioRender].
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Siglec expression profiles in a subset of myeloid populations are heterogenous and were first 

characterised by the identification of Sialoadhesin (Crocker & Gordon, 1986). Furthermore, 

later experimental work also highlighted preferential interactions with sialoglycans, 

emphasising receptor ligand interactions and outlining possible heterogeneity in sialoglycan 

ligands (Crocker et al., 1991). With certain exceptions, the expression of Siglecs in the tumour 

landscape is immune cell specific and outlines the multifaceted roles in the regulation of the 

immune system (Siddiqui, 2023). For example, the expression of Sialoadhesin is characterised 

on the surface of macrophages, with a critical role in antigen recognition and is utilised as a 

monocytic differentiation marker (Duan & Paulson, 2020; Liu et al., 2020). Similarly in the 

tumour landscape, Sialoadhesin+ macrophages were involved in regulating 

immunosuppression in triple negative breast cancer (TNBC) (Jing et al., 2020).  

 
Several Siglec family members demonstrate immune-specific expression across multiple cell 

types including B-cells, myeloid progenitor cells, mast cells, oligodendrocytes, T-cells, 

monocytes and neutrophils (Büll et al., 2021). As mentioned above, the intracellular motif 

denotes Siglec function and inhibitory Siglec proteins are largely correlated with 

immunosuppression that prevents the activation of neighbouring immune cells. Thus, enabling 

tumour cells to evade the immune system (Chen et al., 2018; Zheng et al., 2020). Many of the 

inhibitory Siglec proteins including Siglec-7 and Siglec-9, have upregulated expression 

profiles in multiple cancer types and have been implicated in tumour development (Stanczak 

et al., 2022). Siglec-15 is also implicated in multiple cancer types; the immune checkpoint 

protein that will be the focus of this PhD project is typically expressed on the surface of cancer 

cells and facilitates tumour progression (Angata et al., 2007). 
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1.1.6 The role of Siglec-15 in cancer 

Siglec-15 is a recently emerging checkpoint protein that plays a role in suppressing the immune 

system and is capable of promoting cancer progression (Figure 7) (Wang et al., 2019). Whilst 

the expression of Siglec-15 was first identified in osteoclasts, Siglec-15 expression is 

predominantly on the surface of myeloid cells (Angata et al., 2007; Pan et al., 2020), and 

commonly overexpressed in various cell types, including TAMs in the TME and on the surface 

of cancer cells.  

 

Osteoclasts are commonly regarded as bone resorption cells that play a crucial role in skeletal 

development and are characterised by their function as effector cells in bone remodelling 

(Kobayashi et al., 2024). During bone remodelling, osteoblasts can trigger osteoclast 

differentiation which is mediated by the nuclear factor-kappa B (NF-κB) (RANK) signalling 

pathway through RANKL ligand binding (Suda et al., 1999).  Induction of RANK signalling 

can stimulate the activation of NFAT2, a transcription factor that mediates SIGLEC15 

expression (Ishida-Kitagawa et al., 2012). Osteoclast precursor molecules that express RANK 

recognise and internalise RANKL, which induces osteoclast differentiation and maturation 

through DAP12 and/or FcRγ adapter proteins in the presence of macrophage colony 

stimulating factor (M-CSF) (Angata, 2020; Huang et al., 2023). The involvement of Siglec-15 

in this pathway has demonstrated the expression of Siglec-15 on bone giant tumour cells, which 

morphologically resemble osteoclasts (Hiruma et al., 2011). Upregulated Siglec-15 expression 

plays a role in osteoclast differentiation and cellular fusion upon binding with its V-set binding 

domain (Kameda et al., 2013). Through its binding, Siglec-15 increased the phosphorylation 

of ERK/AKT and PI3K which are downstream targets of the RANK signalling pathway 

(Kameda et al., 2013; Stuible et al., 2014). This suggested that Siglec-15 is a potential target 

for therapeutic strategies for osteoclast-mediated diseases such as osteoporosis (Angata, 2020).  

 

Siglec-15 is a conserved member of the Siglec family and shares homology with sialoadhesin 

(Siglec-1), CD22 (Siglec-2) and myelin-associated glycoprotein (MAG; Siglec-4) (Angata et 

al., 2007). Furthermore, the SIGLEC15 gene is located on 18q12.3 and contains two exons, 

unlike most other SIGLEC genes (Angata et al., 2007). One of the exons responsible for 

transcribing the second Ig-like domain can also encode the transmembrane domain. This can 

differ from many other Siglecs, which emphasise the encoding of the transmembrane region 

from separate exons (Angata et al., 2007; Von Gunten & Bochner, 2008). From a structural 



Mohammed Saqif Ahmad  Chapter 1 

 50 

view, the extracellular domain is composed of a variable set (V-set) domain (IgV) containing 

a binding pocket essential for sialoglycan ligand binding and one constant set (C-set) domain 

(IgC2) (Von Gunten & Bochner, 2008). A notable difference in the Siglec-15 structure is the 

presence of an intracellular ITAM motif in place of an intracellular ITIM motif. This change 

in motif facilitated interactions with neighbouring 12 kDa DNAX-activating protein-12 

(DAP12) for immunoregulation against infections and pathological diseases (Ali et al., 2014; 

Büll et al., 2016). It is well known that Siglecs are involved in the recognition and binding of 

sialylated glycans. In the case of Siglec-15, there is preferential recognition for α2,6 sialylated 

glycan structures (Neu5Ac α2,6 GalNAc) such as the STn antigen, the putative ligand of 

Siglec-15  (Huang et al., 2023). Other sialylated glycans on T-cells have also been proposed, 

including MUC5B, CD11b, CD18 and CD44, although the latter is more commonly associated 

as a ligand on RAW264.7-derived osteoclasts (Boelaars & Van Kooyk, 2024). Mechanistically, 

recognition and engagement of the STn antigen is via direct salt bridge formation with R143 

(R, Arginine). From this, initiation of the signalling pathway is mediated by a transmembrane 

K274 (K-Lysine) residue interaction with DAP10/DAP12 adaptor proteins facilitating 

downstream recruitment of spleen tyrosine kinase (Syk) (Ishida-Kitagawa et al., 2012). 

 

Within the tumour landscape, Siglec-15 can inactivate the T-cell response and immune 

activation via the binding with the STn antigen, its canonical ligand via the R143 residue and 

salt bridge formation (Crocker et al., 2007). The Siglec-15/sialic acid (Sia) axis is outlined as 

a regulatory pathway for immune function that enables tolerance to the body’s own cells 

(Läubli et al., 2022). Although Siglec-15 has a high binding affinity for the STn antigen, post-

translational modifications, including N-glycosylation, can effectively resolve its 

immunosuppressive capabilities. One study highlighted potential N-glycosylation modification 

deficiency, particularly on the N172 residue, which was vital for Siglec-15 function, reduced 

tumour progression in murine models (Wang et al., 2021). Similarly, a recent study identified 

the crystal structure of the Siglec-15 V-set binding domain demonstrated effective binding with 

the STn antigen alongside α2,3- and α2,6-linked sialoglycans in association with its CD11b 

binding partner (Lenza et al., 2023). The repercussions of these Siglec-15/Sia interactions can 

result in immunosuppression and immune evasion (Gianchecchi et al., 2021). 
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Figure 7: Increased interactions of Siglec-15/Sia binding within the TME, consequently resulting in immunosuppression. Following initial 
T-cell receptor binding with tumour cells, inhibitory Siglec molecules such as Siglec-15 prevent T-cell activation upon engagement with the STn 
antigen causing immune evasion of cancer cells. Simultaneously, the interactions of the Siglec-15 with STn induce polarisation of macrophages 
to the M2 tumorigenic phenotype, induce Treg activity and stimulate myeloid derived suppressor cells (MDSCs) to promote cancer progression 
(Bärenwaldt & Läubli, 2019) [created with BioRender].
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1.1.6.1 Siglec-15 interactions in the tumour microenvironment 
The overexpression of Siglec-15 has been observed in multiple cancers, such as CRC, NSCLC, 

lung squamous cell carcinoma (LSCC), head and neck squamous cell carcinoma (HNSCC), 

ovarian cancer (OV), etc. (Li et al., 2020; Liang et al., 2022; Van Houtum et al., 2021). It is 

also important to note that high Siglec-15 expression has also been associated with MSI-H type 

tumours in CRC patients (Du et al., 2021), suggesting the involvement of deregulated Siglec-

15 expression in CRC tumour progression. Previous studies have also highlighted the interplay 

of interleukins and cytokines on Siglec-15 expression particularly in the M2 polarised 

tumorigenic macrophage phenotype, thus promoting tumour onset and progression (Stanczak 

et al., 2022, Figure 8). Furthermore, downstream signalling via SYK and DUSP1 emphasises 

significant inhibitory signalling and vastly enhances TME immunosuppression (Büll et al., 

2021; Fan et al., 2021; Wang et al., 2019). Moreover, transcriptomics analysis of Siglec-15 in 

pre-metastatic CRC sentinel lymph nodes identified SIGLEC15 as one of the most significantly 

upregulated genes and was also associated with enriched signalling pathways associated with 

cellular proliferation, including MYC signalling and the G2/M phase checkpoint (Du et al., 

2021). Under matched conditions with non-sentinel lymph nodes, immune function signalling 

was also enriched, including TGF-β signalling and TNF-α/NF-κB signalling, both of which 

drive tumour progression when deregulated (Du et al., 2021). However, literature evidence of 

Siglec-15 functional activity in CRC remains limited and highlights potential investigation.
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Figure 8: Siglec-15 interactions in the TME drives oncogenic signalling. Downstream signalling following the engagement with the STn 
antigen drive tumoral recruitment of M2 polarised macrophages which stimulate signalling pathways related to tumour progression and 
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inflammation. M2 polarised macrophages also stimulate the release of immunosuppressive cytokines which dampens the immune response [created 
with Biorender].  
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Additionally, it is important to note that Siglec-15, in conjunction with the immune checkpoint 

protein PD-L1, exhibits mutually exclusive expression profiles on tumour cells (Fudaba et al., 

2021). One recent study identified greater Siglec-15 expression was present in 48.3% of tumour 

cells and 33.4% of tumour-associated stromal cells in contrast to PD-L1 expression via 

immunohistochemistry analysis (Lu et al., 2023). Furthermore, Siglec-15 expression correlated 

to advanced TNM stage and poor immune infiltration (Lu et al., 2023). By inhibiting the 

expression of one immune checkpoint protein via therapeutic intervention, the presence of the 

remaining immune checkpoint presents the possibility of rescuing the cancer phenotype. Dual 

targeting of both immune checkpoint proteins utilising both Siglec-15 and PD-L1 antagonists 

may present a possible approach as a treatment alternative to current immunotherapy treatment 

strategies. Prior Siglec-15 targeting approaches have been established particularly through the 

usage of monoclonal blocking antibodies in the treatment of solid tumours. The monoclonal 

blocking antibody NC318 (NCT03665285) has been clinically developed to target Siglec-15 

expression in Siglec-15+ tumours, providing a potential therapeutic approach (Gutierrez et al., 

2020; Shum et al., 2021). In addition to this, Siglec-15 has been found to be negatively 

associated with immunomodulatory drug response, tumour-infiltrating immune cells, and 

cancer immunity cycles in various cancer types (Hu et al., 2021). It has also been linked to 

hyper-progression and non-sensitivity to immunotherapy (Hu et al., 2021). Therefore, the 

development of alternative treatment approaches for Siglec-15 targeting, such as small 

molecule inhibitors, will allow for better tumour penetration and subsequent inhibition of 

cancer progression. Our investigation of small molecule inhibitors highlighted the synthesis 

and cytotoxic evaluation of an organic b-amino carbonyl compound (3-(4-bromophenyl)-1-

phenyl-3-(phenylamino)propan-1-one) for Siglec-15 targeting (Ahmad et al., 2023).  

 

More specifically, Siglec-15 is the only Siglec family member that is expressed on the surface 

of tumour cells (Wang et al., 2024). Although Siglec-15 shares similarities with other Siglec 

members, a key research question arises. Is there a redundancy mechanism that can rescue the 

tumour phenotype following the inhibition of Siglec-15? 

From the current literature, Siglec-15’s expression profile appears highly distinct in contrast to 

other Siglec proteins, particularly in cell type, their immune signalling pathways and the 

interactions with neighbouring myeloid cells (Cao et al., 2019). Thus, it is indicated from the 

literature that Siglec-15 loss of function cannot be fully compensated by other Siglecs. 

However, the role of PD-L1 may underline possibilities in rescuing the tumour phenotype due 
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to similar functional roles (Huang et al., 2023). It is the hope that a transition to combination 

therapeutic approaches will share synergistic effects and simultaneously inhibit both PD-L1 

and Siglec-15. Moreover, the role of Siglec-15 in Siglec-15+ CRC tumours remains poorly 

understood. Hence further characterising Siglec-15’s oncogenic role in cellular signalling and 

its subsequent inhibition through therapeutic alternatives is suggested to provide further 

insights to immune checkpoint blockade approaches.  

 

There is a large amount of evidence within the literature underlining role of Siglec-15 mediated 

tumour development and poor clinical outcomes in cancer patients. Siglec-15 is portrayed as a 

valuable diagnostic and prognostic biomarker in the tumour landscape; thus, it will prove 

beneficial as a therapeutic target in treatment approaches. Moreover, there have been several 

instances of therapeutic approaches employed in blocking the Siglec-15/Sia axis. Blocking 

antibodies such as NC318 are in clinical trials (Ding et al., 2023), whilst another blocking 

antibody, 1-15D1 has shown significant binding to Siglec-15 and enhanced the T-cell response 

in vitro (Wu et al., 2023). Similarly, the utilisation of directed protein aptamers in immune 

checkpoint blockade demonstrated high binding affinities to Siglec-15 (Stanczak et al., 2022). 

Thus, suggesting another approach in Siglec-15/Sia axis disruption. Since the identification of 

Siglec-15 as a possible therapeutic target, there has been less of a focus on the STn antigen and 

possible therapeutic targets involved in its production.  
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1.1.7 The role of Siglecs in immune function 

Siglec-15’s role in immune function has highlighted key involvement in immunosuppression. 

Upon binding with the STn antigen, a lysine residue in the transmembrane domain allows 

coupling with the ITAM domains of both DAP12 and FcRg adapter proteins prompting 

inhibitory downstream signalling to target proteins (Pillsbury et al., 2023). Within a 

heterogeneous TME, inhibitory signalling pathways are also stimulated in a similar fashion in 

TAMs via TGF-β secretion (Takamiya et al., 2013), TGF-β translocation to the nucleus 

suppresses transcription of tumour suppressor genes (Baba et al., 2022). Moreover, other 

stimulated pathways following upregulated Siglec-15 activity include the PI3K/AKT and 

MAPK pathways (Kameda et al., 2013). However, these are primarily involved in osteoclast 

differentiation.  

 

Separately, under normal homeostasis, sialoglycan ligands act as self-associated molecular 

patterns (SAMPs) and, provide self-recognition against the body’s cells and modulate cell-cell 

interactions upon Siglec engagement (Egan et al., 2023). However, cancer cells are able to 

hijack this machinery, and in the context of the tumour landscape, sialoglycans directly bind to 

respective inhibitory Siglecs with preferential binding on immune cells, dampening immune 

activation (Rodrigues & Macauley, 2018). Immune cell populations, including NK cells and 

T-lymphocytes, have impaired functional activity due to interference in antigen recognition via 

binding with sialoglycans, reducing immune activation and NK cell mediated cytotoxicity 

(Perdicchio et al., 2016). Due to this phenomenon, the surface of tumour cells exhibits 

hypersialylation (increased sialylation) and demonstrates increased Siglec-sia binding, 

masking the glycan epitopes of tumour cells, thus driving tumour onset and progression (Dobie 

& Skropeta, 2021). Moreover, hypersialylation is not only associated with immune evasion. 

Sialoglycan accumulation is also involved in reducing sensitisation to therapeutics (Bordron et 

al., 2018), EMT, angiogenesis, tumour invasion and the inhibition of Fas-mediated apoptosis 

(Purushothaman et al., 2023). α2,6 sialylation of the Fas receptor via ST6GalI 

glycosyltransferase activity inhibits effective binding with the Fas ligand (FasL) and prevents 

activation of apoptotic caspases (Swindall & Bellis, 2011). This is also further exacerbated by 

the presence of Siglec-15 on cancer cells interacting with the STn antigen. Disrupting the 

Siglec/Sia axis and preventing the occurrence of hypersialylation in the tumour phenotype 

presents a novel approach to treatment strategies.  
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The interactions of Siglec-15/Sia binding also contribute to the development and 

immunosuppressive capabilities of the TME, primarily relating to affected myeloid 

populations, with T-cell exhaustion playing a key role in tumour progression (Zhang, Shi, et 

al., 2024). Overstimulation of T-cell activity and exhausted release of cytokines following 

antigen recognition reduces the likelihood of a generated effective immune response (Chow et 

al., 2022). Due to this occurrence, sensitisation to chemotherapeutic treatment is reduced and 

may promote treatment resistance in patients (Chow et al., 2022). This was observed in a study 

that identified hypersialylation to be causally linked to T-cell exhaustion and increased Siglec 

receptor binding (Egan et al., 2023). Other inhibitory Siglecs, such as Siglec-9+ TAMs, 

exhibited the same effect on CD8+ T-lymphocytes (Wang et al., 2023).  

 

It is important to note that altered functionality of NK cell mediated cytotoxicity is also affected 

by aberrant Siglec expression. The role of Siglec-7 sialoglycan binding has been heavily 

implicated in influencing the activation of NK cells (Rosenstock & Kaufmann, 2021). 

Similarly, the role of deregulated Siglec-9 expression in solid tumours also plays a role in 

mediating the activation of NK cells (Belisle et al., 2010). Inversely, dual targeting of both 

Siglec-9 and Siglec-7 via antibody blockade stimulated NK cell-mediated cytotoxicity, thus 

exhibiting Siglec modulation on immune cell populations (Jandus et al., 2014). Dysregulated 

expression of other Siglecs has also been associated with reduced NK cell activity, namely 

Siglec-10+ NK cells demonstrated cellular dysfunction and correlated with poor survival 

(Zhang et al., 2015). Additionally, Siglec-3 has also been implicated in inhibiting the activation 

of NK cells and their functionality (Freud & Caligiuri, 2006; Hernández-Caselles et al., 2019). 

There is also a greater impact of sialylation in myeloid cell mediated antigen recognition; NK 

cell engagement with its CD48 ligand requires N-glycosylation for functional binding. 

However, upon desialylation, NK cell activity and activation are substantially increased 

(Margraf-Schönfeld et al., 2011). Further characterisation of deregulated sialoglycan 

expression may elucidate particular regulatory effects in tumour progression.  

 

Other myeloid populations affected by the Siglec/Sia axis in the TME include myeloid-derived 

suppressor cells (MDSCs), which also drive tumour heterogeneity. The presence of MDSCs 

within the TME decreases sensitisation to immunotherapeutic treatment and contributes to 

immunosuppression against immune checkpoint proteins, including PD-1 (Safari et al., 2019; 

Weber et al., 2018). One Siglec protein primarily identified as an MDSC marker is Siglec-3, 

and it highlights the interplay of Siglec-3 activity on immunosuppression-mediated MDSC 
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function (Cheng et al., 2022). This was similarly observed in another study that demonstrated 

CD33+ MDSCs are potential prognostic biomarkers in survival predictions (Ni et al., 2020). 

Moreover, subsequent targeting with CD33-blocking antibodies has shown decreased MDSC 

populations in situ and concurrently reduced the tumour burden (Cheng et al., 2022).  
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1.1.8 Sialoglycan deregulation in cancer progression 

Inhibitory Siglecs, including Siglec-7/-9 and Siglec-15 on tumour cells have favoured binding 

to their respective sialoglycan ligands. Upon engagement with the corresponding ligand, the 

receptor-ligand binding interactions induce immunosuppression and facilitate immune evasion 

of tumour cells (Gianchecchi et al., 2021; Sun et al., 2021). Sialoglycan ligands are nine-carbon 

monosaccharide structures linked to membrane-bound and/or glycoproteins and glycolipids 

(Macauley et al., 2014). In addition to this, sialoglycans display heterogeneity based on the 

type of glycosidic bond available, including α2,3, α2,6, and α2,8 binding for Siglec recognition 

(Brinkman-Van Der Linden & Varki, 2000). Moreover, Siglec recognition for binding is also 

dependent on the negative charges that are present in sialoglycan residues (Van Houtum et al., 

2021; Zhou et al., 2020). Sialoglycans are present in one of two isoforms categorised as 

isoforms N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc), both 

of which are distinguished via the hydroxylation of Neu5Ac at the N-acetyl group forming the 

N-glycolyl group of Neu5Gc (Soares et al., 2021). However, it is important to note that the 

latter isoform is not expressed in humans due to the mutations observed in the cytidine 

monophospho-N-acetylneuraminic acid hydroxylase (CMAH) gene (Soares et al., 2021). 

Sialoglycans are involved in several biological processes including cellular signalling, 

proliferation and adhesion. Nonetheless, the deregulation of sialoglycan expression patterns is 

implicated in cancer progression, promoting angiogenesis, immunosuppression and metastasis 

(Pinho & Reis, 2015).  

 

Glycans play a pivotal role in fundamental biological processes via mediating cell-cell 

interactions in both normal homeostatic and pathological disease states (Smith & Bertozzi, 

2021). The functional roles of these glycans are determined by their structure, with conjugation 

present on proteins and lipids with their construction derived from ten possible 

monosaccharides within humans (Spiro, 2002). The highly controlled development and 

extension of these monosaccharides are primarily in the endoplasmic reticulum (ER) and the 

cis-, medial- and trans- compartments of the Golgi body (Fuster & Esko, 2005). Moreover, 

they are linked together via a covalent glycosidic bond from an anomeric carbon of one 

monosaccharide to the hydroxyl group of the second. Additionally, the orientation of the 

glycosidic bond upon binding to the anomeric carbon (a vs b) can also modify and determine 

the overall structure of the glycan (Smith & Bertozzi, 2021). Broadly speaking, glycosylation 

has three main functional roles. Those are, the synthesis of glycan structures with unique 
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properties, cellular regulation such as protein stability and dimerisation, and lastly, serving as 

ligands. The defects in these ligands can greatly contribute to a variety of diseases, including 

cancer (Riley et al., 2020). In addition to this, glycan biosynthesis requires the interplay of 

multiple proteins and protein families. Hence, the pathway cannot be easily targeted for cancer 

therapies, limiting the number of therapeutic strategies that are available for patients (Costa et 

al., 2020). There are several types of glycosylation modifications, but the main focus of this 

thesis will emphasise the roles of N-linked and O-linked glycosylation and specifically on the 

role of sialylation in relation to tumour progression in Chapter 2.  

 

1.1.8.1 The role of sialyltransferases in sialylation 

Normal homeostasis is maintained through adequate regulation of sialylation post-translational 

modifications. However, in a tumour phenotype, sialylation expression profiles demonstrate 

tumour onset and are a driver in tumour progression and metastasis (Lee & Wang, 2020). As 

mentioned previously, frequent occurrences of hypersialylation (increased production of 

sialoglycan residues) exhibit enhanced total coverage of 40% - 60% of the tumour cells’ surface 

(Rodrigues & Macauley, 2018). This is further manifested by the deregulation of enzymes 

involved in sialoglycan synthesis (Table 1), including sialyltransferases and sialidases 

(neuraminidases). In tumours, typical expression patterns associated with these differing 

functional proteins involve upregulated sialyltransferase expression and downregulation of 

neuraminidase activity (Peixoto et al., 2019). The disparity in their expression profiles is further 

emphasised by the transcriptional regulation of oncogenes such as RAS and MYC, which 

modulate sialyltransferase expression, leading to poor clinical outcomes and reduced immune 

infiltration (Smith et al., 2023). This has been similarly observed in upregulated site-specific 

N-glycosylation of tumour cells, contributing to immune evasion (Chen et al., 2023). A 

previous study; highlighted sialyltransferase KO reduced hypersialylation in the TME and 

reduced tumour progression (Han et al., 2022). Thereby demonstrating significant involvement 

of sialylation in tumour progression. Multiple sialyltransferases show upregulated expression 

patterns in the tumour phenotype, mediating the role of sialylation (Macauley et al., 2014). 

ST6GalI, a prime example of a key enzyme involved in sialoglycan synthesis, typically exhibits 

increased expression in tumours inducing α2,6 sialylation (Gc et al., 2022; Lu & Gu, 2015; 

Rodrigues & Macauley, 2018). ST6GAL1 expression also correlated to RAS upregulation, with 

RAS mutations demonstrating a 10-fold increase in ST6GalI protein expression via RalGEF 

signalling (Dalziel et al., 2004). Similarly, other sialyltransferases (ST3GalII, ST3GalIII, 
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ST3GalIV, ST3GalV and ST3GalVI) all have correlated with tumour onset by preventing 

antigen recognition and T-cell activation (Burchell et al., 1999). In addition, several common 

mutations identified in deregulated sialoglycan expression patterns include O-glycan 

truncation and modifications to O- and N- glycan binding at the post-transcriptional level 

(Munkley, 2022). 
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Table 1: Localisation and function of key sialyltransferases involved in the glycan biosynthesis pathway.  
 

 
Protein  Subcellular localisation Function 

ST6GalNAc1 Localised to the Golgi apparatus and nucleoplasm. Conjugates sialic acids with an α2-6 linkage to N-

acetylgalactosamine (GalNAc) glycan chains linked to 

serine/threonine residues in glycoproteins/glycolipids. 

ST6GalNac2 Localised to the Golgi apparatus Catalysis of transferred N-acetylneuraminyl groups onto glycan 

chains in glycoproteins/glycolipids. 

ST6GalI Localised to the Golgi apparatus.  

Can also be present in a soluble form that is secreted into 

the bloodstream 

Transfers sialic acids from CMP-sialoglycans to galactose 

containing acceptor substrates for antigen generation. 

ST3GalIV Localised to the Golgi apparatus. 

May also exhibit proteolytic cleavage and secretion into 

the bloodstream 

Terminal sialylation of glycoproteins/glycolipids through 

catalysis of transferred Neu5Ac from the donor CMP-Neu5Ac 

onto acceptor glycoconjugates via an α2-3 linkage. 

Also involved in the biosynthesis of sialyl-lewis epitopes.  
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1.1.8.2 The involvement of the STn antigen in immune function 

The STn antigen has been found to have an upregulated expression in several cancer types and 

is an effective prognostic biomarker (Munkley, 2016). The STn antigen is structurally 

composed of a truncated O-glycan with an α2,6-linked Neu5Ac-GalNAc residue (Stowell et 

al., 2015). Furthermore, STn production may stem from the loss of function and mutation from 

the molecular chaperone COSMC, allowing for ST6GalNAc1 to sialylate the Tn antigen (Ju et 

al., 2014). Typically, the deregulated sialylation patterns of the STn antigen are a consequence 

of multiple factors relating to the synthesis and production of the STn antigen by ST6GalNAc1 

and ST6GalNAc2 sialyltransferases and associated molecular chaperones (Figure 9) (Angata 

et al., 2007; Büll et al., 2021; Takamiya et al., 2013). However, it is also possible for the 

overexpression of sialyltransferases and increased function to outcompete T-synthase enzyme 

activity for producing the STn antigen directly (Ikehara et al., 1999). Furthermore, the activity 

of both sialyltransferases allows several Siglecs, including Siglec-15, to have an enhanced 

binding affinity for O-glycans and also results in upregulated production of the STn antigen 

(Angata et al., 2007; Büll et al., 2021; Takamiya et al., 2013). Factors associated with the 

upregulated production of the STn antigen include the deregulated expression of 

sialyltransferases and the downregulation of sialidase activity (Rodrigues & Macauley, 2018).  

 

Sialoglycan deregulation plays a pivotal role in tumour progression by affecting various 

cellular processes linked to tumour invasion, angiogenesis, metastasis, and immune evasion. 

Furthermore, the aberrant expression of the STn antigen is a unique driver that further 

facilitates tumour onset upon recognition with Siglec-15. Possible therapies may outline 

targeting sialyltransferases involved in STn production through blockade or knockdown 

approaches in vitro and in vivo (Perez et al., 2021). 
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Figure 9: Sequential biosynthesis of the STn antigen and O-glycan synthesis pathway. Truncated O-glycans are expressed on the surface of 
tumour cells and exhibit many tumour hallmarks. Production of the STn antigen stems from the synthesis and transfer of core GalNAc glycan 
residues present on glycoproteins/glycolipids, specifically on a serine/threonine residue. Processing of the core glycan with subsequent enzymatic 
O-glycosylation reactions incorporate sugar residues in a specific order to produce the precursor Tn antigen. Sialylation of the Tn antigen by 
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sialyltransferases ST6GalNAc1 and ST6GalNAc2 places a terminal sialic acid to the overall glycan structure, the key characteristic of the STn 
antigen [created with BioRender].  
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1.1.9 Therapeutic intervention of targeting the Siglec-15/Sia axis 

The Siglec/Sia axis presents a promising approach in therapeutic intervention (Figure 10), due 

to its involvement in multiple biological processes associated with tumour hallmarks and total 

disruption of the Siglec/Sia axis may outline profound effects for immune normalisation. 

Additionally, exploring preclinical and clinical evidence for the development of novel 

approaches could provide insights into possible avenues against Siglec-15 positive tumours.  

 

Whilst there has been significant progress in disrupting the Siglec-15/Sia axis such as the 

NC318 antibody, several challenges remain, and current methods targeting Siglec-15 positive 

tumours require further development for easier transition for clinical use. Novel approaches 

that elucidate Siglec-15 gene regulation through miRNA therapeutics remain unclear, and there 

is little evidence in the literature of miRNA therapeutics targeting possible Siglec proteins  

(Yao et al., 2020). However, a previous study identified Siglec-15 expression was dependant 

on the long non-coding RNA LINC00973/miR-7109 axis at the transcriptional level (Liu, Li, 

et al., 2020). Moreover, due to the role of PD-L1 in cancer progression, it may be helpful to 

develop combination therapies to inhibit the tumour phenotype. Supplemental in vitro and in 

vivo work is warranted to validate the efficacy and potency of miRNA mimic/inhibitors in 

target gene regulation against Siglec-15 and allow for an easier transition to the clinic. 

Similarly, small molecule inhibitors may prove useful in Siglec-15 targeting and are currently 

not being studied in the literature. The utilisation of small molecule inhibitors as treatment 

alternatives may exhibit greater tumour penetration due to their small nature in comparison to 

blocking antibodies.  
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Figure 10: Possible therapeutic interventions that can be implemented in the disruption of the Siglec-15/Sia axis. Blocking antibodies and 
small molecule inhibitors that are designed to bind to Siglecs with high specificity can block sialoglycan binding; this can prevent downstream 
inhibitory signalling and potentiate an effective immune response. Similarly, inhibitors that target key enzymes involved in glycan synthesis, such 
as sialidases and sialyltransferases, can prevent hypersialylation and inhibit sialoglycan cleavage, enabling ligand availability for antigen 
recognition by immune cells. Gene silencing/knockout methods could regulate SIGLEC expression patterns thereby SIGLECs will not exhibit 
deregulated expression profiles in tumours [created with BioRender].
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1.1.10 The role of microRNAs in cancer  

In brief, microRNAs (miRNAs) are short, single-stranded non-coding RNA molecules, 

typically 20-25 nucleotides in length. The introduction and discovery of miRNAs were dated 

back to 1993, which was first identified in Caenorhabditis elegans (Wightman et al., 1993). 

These miRNAs play significant roles in various cellular pathways related to homeostasis, 

metabolism, cell growth and development. They are also known to have particular involvement 

in the modulation of diseases and malignancies, including cancer (Saliminejad et al., 2019). 

Within normal homeostasis, the key functional roles of miRNAs are to negatively regulate gene 

expression by mitigating the expression profiles of oncogenes. However, they are frequently 

altered at the transcriptional level (MacFarlane & Murphy, 2010). Within CRC, the expression 

of tumour suppressor miRNAs are frequently inhibited, preventing their targeting of oncogenes 

and facilitating the overexpression of oncogenes including KRAS. 

 

The canonical biogenesis of miRNA development is a conserved mechanism that originates 

from intronic/intergenic transcripts encoded by RNA polymerase II/III, which are involved in 

the transcription of a miRNA primary precursor (pri-miRNA) characterised by a hairpin loop 

(Hayes et al., 2014). RNA polymerase II is thought to have the central involvement in pri-

miRNA transcription, typically pri-miRNA transcripts are 1kb longer in size in comparison to 

RNA polymerase III, and the pri-miRNA comprises of uridine residues terminating polymerase 

III transcription (Chen et al., 2004). Cleavage of the pri-miRNA precursor stem loop by the 

Drosha/DGCR8 complex releases the pre-miRNA (Westholm & Lai, 2011), producing a 

miRNA strand with a staggered cut at the 5’ phosphate group and a two-nucleotide overhang 

at the 3’ end (Lee et al., 2003). Exporting the pre-miRNA transcript from the nucleus into the 

cytosol is mediated by the exportin-V and Ran-GTP complex (Yi et al., 2003). Following 

nuclear export into the cytosol, pre-miRNA maturation and processing is undertaken by RNA 

pol III Dicer in conjunction with the cofactor TRBP2, which recognises the cleavage of the 

terminal loop at the 3’ and 5’ end of the strand forming the miRNA:mRNA duplex (Lagos-

Quintana et al., 2002). The duplex comprises both a passenger strand, which is degraded by 

cellular machinery and a mature strand that is thermodynamically stable. Preferential loading 

of the mature strand is placed onto Ago proteins, later forming the RNA induced silencing 

complex (RISC) (Sanghvi & Steel, 2011). The mature strand guides target recognition and has 

a functional role in the complementarity binding of mRNA target sequences primarily on the 

3’ untranslated region (UTR) (Figure 11) (Bhaskaran & Mohan, 2014; Zhang et al., 2021). 
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However, miRNA binding has also been reported at separate binding sites, including the coding 

sequence, gene promoter and the 5’ UTR (Broughton et al., 2016). Interference with the mature 

mRNA target sequence can inhibit translation and the production of the respective target 

protein. Reduced translation of the target mRNA strand and degradation of the mRNA 

transcript is dependent on the complementary binding of the mRNA molecule and the seed 

region of the miRNA located at the 5’ end (Krol et al., 2010). In addition, the non-canonical 

pathway for miRNA biogenesis relies on the production of pre-miRNA transcripts from 

Drosha-independent mechanisms from a variety of sources, including alternative splicing 

events and small nucleolar RNA (snoRNA) (Havens et al., 2012). 
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Figure 11: Canonical and non-canonical biogenesis of miRNAs in the nucleus and translational repression of target mRNA strands upon 
miRNA binding of the 3’ UTR. Non-canonical miRNA biogenesis occurs within the introns of protein coding genes which produce miRtron 
derived pri-miRNA transcripts and are excised through splicing events. Similar to canonical biogenesis, the resultant pre-miRNA is exported from 
the nucleus for processing. Cleavage of the pre-miRNA occurs through a dicer-independent pathway due to short sequence recognition from the 
dicer. In contrast, cleavage by the PARN ribonuclease can trim excess nucleotides from the 3’ end, generating the miRNA duplex for Ago2 loading 
and RISC complex formation. The mature miRNA will bind to the target regions of the mRNA strand resulting in translational repression or target 
degradation [created with BioRender].
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It is important to note that miRNAs have tumour-specific expression patterns that are distinct 

from normal tissues localised in the same region and other tumour types (Lu et al., 2005). These 

changes in expression profiles are typically highlighted through genomic deregulation, 

including chromosomal rearrangement and base deletion/amplification, which impact miRNA 

activity (Calin & Croce, 2006). Due to these factors, miRNA expression profiles outline a 

prognostic value associated with tumour grade and classification and can serve as valuable 

tools for diagnosis or prognosis when extrapolated from tissues, such as the usage of liquid 

biopsies (Sharma & Gupta, 2020). A recent study highlighted the aberrant expression of several 

miRNAs and was able to predict metastatic CRC progression (Stang et al., 2021). Furthermore, 

it was also reported that several oncomirs, including miR-21 and miR-29, were overexpressed 

in CRC patients with high-risk adenomas (To et al., 2018). Particularly in CRC, miRNAs 

demonstrate tissue specific differential expression in a variety of tumours, underlined by 

several mechanisms that affect their transcriptional regulation (Lee et al., 2018). Several 

signalling pathways including MAPK, PI3K/AKT, Wnt/b-catenin and SMAD all affect the 

activity of transcription factors that are capable of driving the expression of miRNA genes 

following the binding to their respective promoter regions (Lee et al., 2016). Thus, this 

highlights miRNA expression profiles as either oncomirs or tumour suppressor miRNAs. In 

addition, methylation of the promoter regions prevent the binding of several transcription 

factors which are unable to facilitate enhanced transcription of the miRNA genes (Lila & 

Martha, 2019). Similarly, histone deacetylation constricts the DNA sequence producing a much 

more compact chromatin structure which reduces the availability of access sites for RNA 

polymerase binding and subsequent transcription (Lee et al., 2020). Furthermore, the sponging 

of miRNAs by long non-coding RNAs and circular RNA (circRNA) molecules prevent the 

complementarity engagement of the miRNA to the target mRNA strand (Ebert & Sharp, 2010). 

Thus, typically highlighting the overexpression of oncogenes and the reduced expression of 

tumour suppressor genes.   

 

With regard to CRC, several miRNAs have shown deregulated expression profiles, including 

miR-1207/miR-1225/miR-445/miR-21/miR-29 and were correlated with tumour progression 

(Buhagiar et al., 2021; Stang et al., 2021; To et al., 2018). Moreover, miRNAs have displayed 

critical roles in CRC progression alongside tumour onset and metastasis (Wang, 2020). 

MiRNA activity directly targeting the modulation of key tumour suppressor genes such as 

phosphatase and tensin homolog (PTEN) were able to promote PI3K/AKT signalling leading 



Mohammed Saqif Ahmad  Chapter 1 

 73 

to tumour progression.  With numerous studies highlighting miRNAs as effective diagnostic 

and prognostic biomarkers, functional studies have elucidated several signalling pathways 

linked to cancer progression, EMT and metastasis (Elrebehy et al., 2022).  

 

One signalling pathway commonly associated with tumour development includes Wnt/β-

catenin signalling. The accumulation of cytosolic β-catenin and movement to the nucleus 

induced via Wnt signalling modulates the transcription of genes related to cellular proliferation, 

differentiation and survival (Slattery et al., 2018). From this, oncomirs miR-135b and miR-494 

inhibited the expression of tumour suppressor genes, including APC by 3’ UTR binding and 

induced Wnt signalling, β-catenin accumulation and tumour progression (Zhang et al., 2021). 

Similarly, the oncomir miR-410 demonstrated an upregulated expression profile in CRC and 

was shown to target DKK1, an inhibitor of Wnt (Wang et al., 2018). Furthermore, the role of 

tumour suppressor miRNAs in Wnt/β-catenin signalling was also identified. MiR-185 targeted 

Wnt1 and reduced its expression in CRC in vitro, thus inhibiting tumour proliferation (Zhang 

et al., 2021). In a similar fashion, CRC cellular migration and EMT were reduced upon the 

overexpression of miR-377 targeting of Zinc finger E-box-binding homeobox (ZEB2) 

negatively regulating Wnt/β-catenin signalling (Shayimu et al., 2020).  

 

As one of the deregulated genes in canonical CRC development, KRAS can account for 

approximately 40% of CRC diagnoses (Zenonos, 2013). MiRNA expression patterns have 

identified tumour suppressor miRNAs, including miR-30b-5p, that, when overexpressed, can 

inhibit the activity of KRAS and inversely, its downregulation induced KRAS activity and 

tumour progression (Ibrahim & Lim, 2020). Simultaneously, oncomirs can significantly impact 

tumour progression and have been associated with KRAS modulation. MiR-31 upregulation in 

CRC demonstrated an increase in the half-life of GTP in KRAS signalling, promoting cellular 

proliferation and inhibiting apoptosis (Pugh et al., 2017). Likewise, the miR-200c/KRAS 

signalling axis was associated with high tumour grade and was also observed in vitro (Roh et 

al., 2018).  

 

Moreover, miRNAs can also regulate cellular properties linked to immune function. The 

overexpression of miR-27a and dysregulated MHC-I molecules can cause defects in tumour 

cell antigen recognition, resulting in cancer development. Both factors were associated with 

unfavourable patient prognosis (Di Martino et al., 2021). Furthermore, one study has shown 

that several miRNAs, including miR-21 and miR-124, were able to enhance the maturation of 
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cytotoxic T-lymphocytes within the tumour microenvironment (Xing et al., 2021). Similarly, 

miR-150 was also highly involved in the maturation and development of NK cells (Pesce et 

al., 2020). This, therefore, supports the idea of utilising miRNAs to bolster immunotherapeutic 

approaches and may prove to be a feasible strategy in boosting/normalising immune cell 

populations to target Siglec-15 induced CRC tumours. 

 

MiRNA-based cancer therapeutic approaches have entered clinical trials showing positive 

patient response, and low adverse effects and are well-tolerated in phase I and transitioned to 

phase II clinical trial for advanced tumour treatment. MRX34 (miR-34 mimic) conducted phase 

I clinical trials for the treatment of various solid tumours via an IV based liposomal delivery 

strategy (Bader, 2012). Upon adherence to tumour cells, MRX34 was involved in the direct 

regulation of multiple oncogenes associated with tumour progression, chemoresistance and 

metastasis (Bouchie, 2013). Additionally, in vivo delivery of xenografted liver cancer murine 

models observed reduced tumour growth and affecting signalling pathways, including Wnt/β-

catenin and induced p53 activity (Daige et al., 2014). However, immune associated serious 

adverse effects prompted the discontinuation of MRX34 at phase I clinical trial 

(NCT01829971, NCT02862145). Alternatively, TargomiRs (miR-16 mimic) has shown 

successful phase I clinical trial data (NCT02369198) (Hanna et al., 2019). The incorporation 

of the mimic in conjunction with a viable delivery method and anti-EGFR bispecific antibody 

ensured successful delivery and targeting of Bcl-2 and CCND1, inhibiting tumour progression 

(Reid et al., 2013). Furthermore, a dose-dependent open label phase I clinical trial highlighted 

high efficacy and tolerance to treatment when added to conventional chemotherapies (Van 

Zandwijk et al., 2017). Whilst the utilisation of miRNA-based therapeutics has shown efficacy 

and selectivity against target genes, several obstacles limit translation of miRNA-based 

therapeutics to the clinic, including immune related adverse effects and off-target effects. 

Additionally, delivery methods that are novel and provide high efficacy and tumour specificity 

require ample pharmacodynamic and pharmacokinetic parameters capable of tumour 

penetration which still need to be addressed (Kara et al., 2022). Identifying novel miRNA 

candidates for oncogenes/tumour suppressors, including SIGLEC15, may outline potential 

miRNA mimics for clinical applications in Siglec-15+ tumours and normalise the immune 

response and introduce immunotherapies, treatment alternatives and combination therapies. 
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1.1.11 Rationale, Aim and Research questions 

To date, many of the immune checkpoint inhibitors targeting PD-1, PD-L1, CTLA-4 and LAG-

3 that are commercially available are blocking antibodies, which block the binding of immune 

checkpoint proteins on T-lymphocytes with ligands expressed on tumour cells. However, 

patients who acquire treatment resistance and demonstrate poor treatment response emphasise 

the presence of other immune checkpoint proteins, such as Siglec-15. To underline possible 

therapeutic approaches in the inhibition of Siglec-15 in CRC tumours, a combination of 

multiomics and in vitro approaches utilising CRC cell models will be undertaken to illustrate 

the key research questions listed below. Additionally, miRNAs involved in regulating the 

SIGLEC15/STn axis are unclear, and the literature surrounding SIGLEC15/STn axis in relation 

to  CRC progression is poorly understood. Elucidating candidate miRNAs involved in 

regulating oncogenes associated with CRC progression and subsequent inhibition of Siglec-15 

expression will underline therapeutic targets in Siglec-15+ tumours. Hence, it will provide pre-

clinical data that will enable the transition of Siglec-15 targeted small molecule inhibitors in 

combination with PD-L1 antagonists. A combination approach between several compounds 

may possess synergistic effects and greatly tackle the highly heterogenous nature of CRC 

tumours themselves, inhibiting both Siglec-15 and PD-L1 immune checkpoint proteins. 

Thereby, preventing the rescue of the tumour phenotype (Figure 12).  

 

This disruption of the Siglec-15/STn axis overall represents an avenue that can be focussed on 

the inhibition of the Siglec-15 protein itself and the reduced sialylation of the Tn antigen, 

rendering its inability to bind to the V-set binding domain of the Siglec-15 protein. Thus, this 

study will highlight key sialyltransferases in the glycan biosynthesis pathway (Chapter 2) as 

therapeutic targets for the disruption of the Siglec-15/STn axis. For this, a multiomics approach 

outlining miRNA target prediction tools that identifies the most frequent miRNA element 

involved in sialyltransferase expression will be conducted. Furthermore, their expression in 

CRC tumours and their roles in tumour hallmarks and the TME will be determined to highlight 

their involvement in tumour heterogeneity. Lastly, immunohistochemical analysis will reveal 

the expression of ST6GalNAc1 and ST6GalNAc2 and the part they play in STn production, 

particularly in CRC tumours.  

 

Moving on from this, the development and characterisation of the b-amino carbonyl compound 

SHG-8 will be synthesised as a small molecule Siglec-15 inhibitor, primarily responsible for 
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the direct blocking of the Siglec-15 V-set binding domain (Chapter 3). Elucidating the 

cytotoxic profile of SHG-8 will be primarily focused on in vitro cell models SW480, HCT116, 

HcoEPiC, U937 and THP-1. Prior to the experimental work, an in silico molecular docking 

simulation will provide information relating to the binding affinity between the compound 

ligand and the Siglec-15 protein structure. From this, the experimental work will underline the 

characteristics associated with tumour progression such as proliferation, migration and 

colonisation following SHG-8 treatment. In particular, small-RNA (sRNA) sequencing 

analysis will identify the most significantly differentially expressed (DE) miRNAs and 

subsequent gene targets following SHG-8 exposure determining potential mechanisms of 

action and signalling pathways that are associated with CRC progression.  

 

As currently available small molecule inhibitors already have characterised safety profiles, it 

will prove beneficial to repurpose therapeutic agents for anti-cancer targeting for Siglec-15 

inhibition. An initial in silico high-throughput screening analysis utilising MTiOpenScreen 

(https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/; accessed 24th March 

2024) software has provided docking simulations to a screening library that is composed of 

over 1500 (drug-lib) compounds and determine their binding affinity towards the R143 residue 

and V-set binding domain. Following on from this, the compound with the highest binding 

affinity would then be characterised as an anti-cancer therapeutic agent with similar 

experimental assays as highlighted in the approach for Chapter 3. Furthermore, RNA illumina 

sequencing methods will ascertain the most significantly DE gene targets and their association 

with candidate miRNAs, signalling pathways and mechanisms of action in relation to CRC 

progression.  

https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/
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Figure 12: Schematic of Siglec-15 targeting with small molecule inhibitors and its expression regulated by miRNAs. Aberrant Siglec-15 
expression in the TME induces immunosuppression and tumour progression through STn antigen binding and T-cell inactivation. Incorporation 
of miRNAs exerting SIGLEC15 gene downregulation in conjunction with competitive binding on its V-set binding domain via small molecule 
inhibitors may exhibit Siglec-15 loss of function and present the generation of an effective immune response [created with BioRender].
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This PhD project hypothesises the direct targeting of Siglec-15 will inhibit STn antigen binding 

and subsequent protein receptor-ligand interactions relating to the Siglec-15/Sia axis. Thus, 

significantly impacting tumour cell viability and proliferation. Based on the present literature, 

miRNAs involved in modulating the Siglec-15/Sia axis in CRC remains to be elucidated. In 

addition to this, we previously mentioned that Siglec-15 shares mutually exclusive expression 

on cancer cell populations with regard to the immune checkpoint protein PD-L1, possibly 

suggesting future combination therapies with PD-L1 antagonists. This project proposes the 

novel utilisation of small molecule inhibitors for Siglec-15 targeting and to identify 

differentially expressed miRNAs involved in the expression of oncogenes and possible gene 

targets to characterise their clinical relevance to CRC as a therapeutic strategy.  

 

To ascertain the miRNAs and mechanisms of action involved in the regulation/disruption of 

the Siglec-15/Sia axis, several outlined project questions were set to test the hypothesis listed 

below:  

1. Utilising a bioinformatics approach, which predicted miRNAs exhibit the highest 

binding affinities for sialyltransferase targeting and how are they involved in CRC 

progression and in the production of tumour associated glycans? 

2. Can the characterisation of the newly synthesised compound SHG-8 be utilised for 

Siglec-15 competitive inhibition towards its V-set binding domain and what are the 

implications of SHG-8 exposure towards miRNA activity? 

3. From a high-throughput screening approach of 1500 compounds from the 

MTiOpenScreen drug library software, is it possible for aleplasinin to be repurposed 

and exhibit cytotoxic activity against CRC in vitro cell models?  

4. Can small molecule inhibitors SHG-8 and aleplasinin induce the differential expression 

of miRNAs and identified gene targets, and what is their clinical relevance in CRC 

progression? 

5. Overall, do these compounds serve as possible treatment alternatives to current 

blocking antibodies in Siglec-15 inhibition and disrupt the Siglec-15/STn axis? 
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Chapter 2 - Differential expression of 
sialyltransferases in CRC progression and 

elucidation of their regulatory mechanisms in 
glycan biosynthesis 
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2.1.1 Post-translational mechanisms 

There are a number of post-translational modifications that can affect the function and 

expression of modified proteins (Figure 13). Thus, these modifications are characterised by the 

deregulation of normal biological processes and consequently contribute to pathological 

diseases. However, the role of glycans and their clinical impact on tumours via glycosylation 

modifications was only briefly covered in the previous chapter of this thesis and shall be 

covered in greater depth as part of this chapter.  

 

2.1.2 N-linked glycosylation  

N-linked glycosylation is the addition of N-acetylglucosamine (GlcNAc) towards a nitrogen 

atom within the asparagine (Asn, N) side chain of a b-1N linkage. Further to this, Asn-linked 

glycoconjugates also comprise of a distinct GlcNAc2 mannose core where a flexible number 

of monosaccharides may be added/removed, which can determine its final structure (Reis et 

al., 2010). Firstly, for N-glycan synthesis initiation, the process is dependent on the GlcNAc2 

mannose core to form a branched structure attached to the formation of lipid precursor 

molecules (dolichopyrophosphate)-linked oligosaccharides) which occur on the cytosolic side 

of the ER and serve as donors for N-glycosylation substrates (Reis et al., 2010). Additional 

structural and subsequent processing, such as protein folding is later implemented in the ER. 

Following this, the lipid precursor molecules are later flipped towards the luminal ER; this is 

the location where further mannose, and glucose subunits are incorporated to produce the final 

Glc3Man9GlcNAc2 structure (Helenius & Aebi, 2001). The matured glycan structure is 

recognised by oligosaccharyltransferase protein complexes and positions the glycan chain to 

an N- Asn-X-serine/threonine (Ser/Thr) site (X is signified as any amino acid residue excluding 

proline (Pro, P)) of nascent proteins (Schjoldager et al., 2020). The N-glycan protein will 

undergo quality control processing in the cis- compartment of the Golgi body, which can cleave 

several mannose residues from the structure via mannosidase activity prior to transferal to the 

medial-Golgi for nascent maturation and modification. Here, and within the trans-compartment 

of the Golgi body, oligomannosidic, hybrid and complex N-glycan structures are synthesised 

(Figure 14) (Ramírez et al., 2022). 
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Figure 13: The variety of protein post-translational modifications available following ribosomal translation. Glycosylation is biochemical 
process that emphasises the covalent bonding of sialoglycans to proteins and lipids. Glycosylation is involved in several processes that can impact 
homeostasis including protein folding and stability, cellular communication and molecular trafficking. Dysregulation of these post-translational 
modifications promote the onset of tumour malignancies [created with BioRender].
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Figure 14: Initiation of N-glycan biosynthesis and glycosylation within the ER prior to maturation in the medial- and trans- compartments 
of the Golgi body. N-glycans are crucial in the regulation of both intracellular and extracellular functions. Their synthesis is enabled through the 
post-translational modifications through Glc3Man9GlcNAc2 binding at specific Asn-X-Ser/Thr glycosylation sites. The production of complex 
primary and hybrid N-glycan structures is developed through several additions of GlcNAc, galactose, sia and fucose residues [created with 
BioRender]. 
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2.1.3 O-linked glycosylation  

O-linked glycosylation occurs frequently on serine/threonine hydroxyl groups which 

predominantly link GlcNAc and N-acetylgalactosamine (GalNAc) (Figure 15). The most 

common of those (mucin type-O glycosylation) is highly abundant on the surface of many 

glycoproteins (Bennett et al., 2012). Mucin proteins are comprised of a large number of tandem 

repeats within their structure, which contain a high content of Pro, Ser and Thr residues that 

are necessary O-glycosylation sites (Hu et al., 2010). These types of O-glycans possess six 

major core structures however cores 1-4 are exhibited much more frequently. Initiation and 

development of mucin O-linked glycosylation structures occur within the Golgi body and are 

performed by GalNAc transferases or (GalNAcT; GALNT) proteins that provide overlapping 

regulation of the glycan structure (Nielsen et al., 2022). This regulation is determined by a 

ricin-like lectin domain within GALNT sialyltransferases that recognise GalNAc several 

residues away from the acceptor site and control the speed of glycosylation and processing (De 

Las Rivas et al., 2019). As the protein moves across the different Golgi compartments, unlike 

N-linked glycosylation, pre- and post-processing of existing sugar molecules do not occur. In 

place of this, these O-glycans are modified to include residues such as galactose and Sias 

(Nielsen et al., 2022). However, within the instance of GlcNAc residue addition, the glycan 

chain is prevented from elongation and the addition/removal of currently available residues 

occurs by the activity of (O-GlcNAc) transferases taking place outside the Golgi body 

(Wandall et al., 2021).  
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Figure 15: Initiation and biosynthesis of O-glycan chains of proteins through the Golgi body. O-glycans are developed through the activity 
of GALNT proteins that incorporate various sugar molecules as the protein moves through the Golgi compartments. Synthesis and glycan assembly 
occur on serine/threonine residues of glycoproteins like mucins within the Golgi body. Following the addition of N-acetyl-galactosamine, several 
core O-glycan structures can be produced via chain complex extension, and capping occurs by sialylation at the terminal end of the glycan chain. 
Synthesis of the T, Tn and STn antigens are produced via several sialyltransferases [created with BioRender].
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2.1.4 The role of sialylation and its impact on tumour progression  

One type of glycosylation modification is sialylation, which enables the introduction of Sia for 

terminal capping of key glycans (Varki, 2008). Sias are structured with a nine-carbon backbone 

that will be modified through enzymatic function. Neu5Ac is commonly present in humans. 

Hence,  sialylated glycan synthesis requires the activity of sialyltransferases located within the 

Golgi body to conduct the catalytic formation of glycosidic linkages. Mechanistically, the 

linkages stem from C2 of the Sia from the CMP-Neu5Ac donor to either a C3, C6 or C8 

hydroxyl group of the glycan acceptor. These interactions can then determine the categorisation 

of sialyltransferases respectively (Varki, 2008). Each of the subtypes is further classified based 

on the glycan acceptor, which is more frequently galactose (Gal) or GalNAc (Szabo & 

Skropeta, 2017). ST3Gal processes linkages that occur between C2-C3, C2-C6 are processed 

by ST6Gal and ST6GalNAc and C2-C8 by ST8Sia, all of which result in the formation of either 

α2,3-, α2,6-, or α2,8-linked sialoglycans, respectively (Büll et al., 2014). The production of the 

variously linked sialoglycans and their organisation vastly contributes to the diversity of glycan 

structures that are available and is referred to as the Sialome.  

 

Within tumour progression, the abnormal distribution of sialylated glycans becomes apparent, 

and key mechanisms are thought to be involved. As mentioned previously in Chapter 1, the 

deregulation of sialyltransferases and sialidases resulted in the enhanced sialylation of tumour-

associated antigens such as STn (Häuselmann & Borsig, 2014). In addition, the deregulation 

of oncogenes RAS and MYC alongside dysregulated sialyltransferase activity modulated the 

activity of ST3Gal and ST6Gal sialyltransferases at the transcriptional level. MYC dependent 

regulation was also reported to bind to the promoter regions of several sialyltransferases by the 

deregulation of several key glycosylation mechanisms (Smith et al., 2023). Through 

overexpression, hypersialylation becomes a common phenomenon that results in reduced 

antigen recognition by myeloid cells and dysregulated immune regulation and immune 

response generation. Another proposed mechanism has indicated that metabolic flux (increased 

metabolite turnover via metabolic pathways) through sialoglycan biosynthesis can be enhanced 

in tumour cells. This is largely due to increased substrate availability and upregulation of genes 

in glycan biosynthesis (Scheper et al., 2023). One report indicated that the enhancement of 

sialylated glycoproteins was due to the increase in metabolic flux by increasing the number of 

sialoglycan precursor molecules in tumour cells (Almaraz et al., 2012). Furthermore, 

glycopeptides that received high levels of sialoglycan precursor molecules, such as 1,3,4-O-
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Bu3ManNAc, demonstrated greater tumour associated cellular signalling and adhesion (Saeui 

et al., 2020). Therefore, metabolic activity changes may contribute to tumour heterogeneity 

and emphasise the roles of metabolic precursors and substrates readily available which can 

contribute to enhanced sialylation. 

 

2.1.5 Sia expression patterns and the role of the STn antigen in tumour progression   

Upregulated Sia expression patterns have been observed in tumour malignancies and have 

largely correlated with cancer-specific glycosylation modifications that serve as unique drivers 

in tumour progression (Stanczak et al., 2022). Some of the Siglec family members, including 

Siglec-4/-7/-15 have preferential binding affinities for sialylated GalNAc-type O-glycans; 

however, there is unique selectivity based on specific protein sequences (Büll et al., 2021). For 

instance, Siglec-15 binding exhibits a high binding affinity for the Neu5Ac α2,6-GalNAc STn 

antigen, which is synthesised by glycosyltransferases/sialyltransferases including a-N-

acetylgalactosaminide a-2,6-sialyltransferase 1 (ST6GalNAc1). The process by which this 

occurs can involve ST6GalNAc1 catalysing the addition of the sialic acid in an α2,6- dependent 

linkage to GalNAc linked Ser/Thr residues (Sewell et al., 2006). Deregulation of these 

sialyltransferases has been associated with tumour development (Angata et al., 2007). 

Moreover, ST6GalNAc1’s role in STn antigen biosynthesis is upregulated in cancer and can 

reduce poor clinical survival in CRC patients (Munkley, 2016; Ogawa et al., 2017). Similarly, 

a-N-acetylgalactosaminide a-2,6-sialyltransferase 2 (ST6GalNAc2), plays a role in STn 

production, albeit to a lesser extent, which has exhibited increased expression profiles in CRC 

and other tumour malignancies (Miao & Zhao, 2016; Schneider et al., 2001).  
 

There are additional sialyltransferases that are associated with tumour onset through abnormal 

sialylation. The role of ST3 b-galactoside a-2,3-sialyltransferase 4 (ST3GalIV) is heavily 

involved in N-glycan synthesis via the terminal capping of Neu5Ac (a2,3) Gal (Isaji et al., 

2020). Moreover, the ST3GalIV protein can also play a significant role in the biosynthetic 

production of sialyl-lewis antigen (sLEa and sLEx) precursor molecules, both of which are 

commonly associated with tumour development (Dall’Olio et al., 2021). However, ST3GAL4 

KO studies have revealed no significant change in the production of sLEx but led to a significant 

decrease in the expression of sLEa antigens in CRC in vitro, which suggested ST3GalIV as a 

major player in sLEa biosynthesis (Costa et al., 2023). Previous reports have indicated 

abnormal ST3GalIV expression patterns in several tumour types, significantly affecting both 
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survival outcomes and treatment resistance to therapies (Guerrero et al., 2020). However, the 

role of ST3GalIV-dependent sialylation in CRC remains relatively limited and would require 

further elucidation. The activity of b-galactoside a-2,6-sialyltransferase 1 (ST6Gal1), which is 

involved in the catalysis of α2,6-linked sialic acids towards the terminal regions of N-glycans, 

has played a role in tumour progression and metastasis (Hsieh et al., 2017; Park & Lee, 2013; 

Wei et al., 2016). As with many sialyltransferases, the upregulation of ST6Gal1 is also directly 

proportional to an increase in the level of α2,6-linked sialylation exhibited on tumour cells 

within the TME and responsible for the large majority of α2,6-linked sialylation that is 

generated (Lu et al., 2014). This is further emphasised by the development of advanced tumour 

grade and metastasis of solid tumours, enhanced tumour burden, recurrence and poor clinical 

survival outcomes (Garnham et al., 2019). To ascertain how these proteins are regulated in STn 

production and their role in CRC progression may highlight sialyltransferases as possible 

therapeutic targets to disrupt the Siglec-15/Sia axis. Furthermore, the impact of miRNAs in 

sialyltransferase regulation remains limited and may contribute to the production of the STn 

antigen, and identifying mechanistic signalling pathways could also display their clinical 

relevance to CRC progression. In addition, targeting sialyltransferases may exhibit positive 

treatment responses in patients undergoing immune checkpoint blockade therapies.  

 

2.1.6 Rationale, Aim and Research questions  

This chapter of my thesis aimed to adopt a multiomics approach that explores the regulatory 

mechanisms of the main sialyltransferases ST6GalNAc1, ST6GalNAc2, ST3GalIV and 

ST6Gal1 in glycan biosynthesis to underline the roles they play in STn production and other 

glycans. Thus, underlining their relevance to CRC progression. It is also worth noting possible 

regulatory mechanisms involved in their expression profiles including the impact of miRNA 

activity, to ascertain their potential as therapeutic targets. Moreover, the role of each 

sialyltransferase and its association with myeloid cells and immune checkpoint proteins will 

be determined to highlight potential interactions in the TME, outlining their contribution to 

tumour heterogeneity.  

 
For this to be undertaken, both interactive gene and protein partners of the chosen 

sialyltransferases will be identified to elucidate glycosylation mechanisms and pathways. 

Furthermore, an independent analysis of miRNA target prediction software tools will be 

utilised to identify the common miRNA elements involved in sialyltransferase regulation. From 
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this, further analysis of the most common miRNA hits will generate specific binding sites on 

their respective target mRNA strands via Sfold prediction software and subsequent expression 

profiles in CRC tumours using the UALCAN omics database. Gene set enrichment analysis 

(GSEA) will correlate the sialyltransferase expression profiles to known cancer hallmarks 

associated with tumour progression. Additionally, sialyltransferase expression and their 

correlation to the abundance of myeloid cells and prevalent immune checkpoint proteins will 

be determined using TISIDB and TIMER databases.  

 

Several research questions have been highlighted to underline the sialyltransferases 

ST6GalNAc1, ST6GalNAc2, ST3GalIV and ST6GalI as potential therapeutic targets in CRC 

progression.  

1. Using bioinformatics transcriptomics tools, are sialyltransferases differentially 

expressed in CRC tumours and what are the implications in glycan biosynthesis and 

their respective interactive partners as a result? 

2. Upon conducting gene enrichment analysis, are any sialyltransferases associated with 

known tumour hallmarks that are commonly associated with CRC progression and how 

are they correlated with sialyltransferase expression? 

3. Utilising miRNA prediction software, can miRNAs be predicted to be involved in 

regulating sialyltransferase expression and what is their role in CRC progression? 

4. Do sialyltransferases play any role in interacting with myeloid cells or prevalent 

immune checkpoint proteins and what is their relevance to CRC tumour heterogeneity? 

5. What are the roles of sialyltransferases in the production of the STn antigen and other 

tumour associated glycans at the protein level? 

6. Are sialyltransferases suitable therapeutic targets in CRC tumours and is their inhibtion 

sufficient for the disruption of the Siglec-15/STn axis? 
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2.2 Methodology 

The large proportion of models utilised for this chapter will incorporate in silico multiomics 

database tools to highlight deregulated sialyltransferase expression and their relevance to CRC 

progression and tumour heterogeneity, as listed in the previous section. Although the STn 

antigen is often overexpressed in malignancies including CRC, the protein expression of 

ST6GalNAc1 and ST6GalNAc2 in CRC patient tissues are often limited. Hence, histological 

staining of CRC patient tissues will reveal the protein levels of ST6GalNAc1 and 

ST6GalNAc2.  

 

2.2.1 GeneMANIA 

The GeneMania predictive database exhibits functional information relating to queried genes 

based on specific gene datasets and interactions from several criteria. The genes of 

ST6GALNAC1, ST6GALNAC2, ST3GAL4 and ST6GAL1 were uploaded to the GeneMania 

predictive database (https://genemania.org/; accessed 26 July 2023), and predictive gene 

targets were determined with a high degree of association (Warde-Farley et al., 2010).  

 

2.2.2 Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) Analysis 

STRING analysis identified protein-protein interactions (PPI) with defined parameters upon 

the queried protein. The STRING 11.0 (https://version-11-0b.string-

db.org/cgi/input?sessionId=brxKfZgAG9Au&input_page_show_search=on; accessed 2 

August 2023) software highlighted PPI relationships between ST6GalNAc1, ST6GalNAc2, 

ST3GalIV and ST6Gal1. The established PPI network highlighted functional and physical 

protein associations with an initial 5 protein targets. Expansion of the PPI framework with the 

queried protein exhibits a further 5 interactive protein targets with a high confidence interval 

of ≥ 0.900.  

 

2.2.3 UALCAN transcriptomics 

The UALCAN transcriptomics database outlined corresponding to TCGA genomic expression 

data for the query genes ST6GALNAC1 (ENSG00000070526), ST6GALNAC2 

(ENSG00000070731), ST3GAL4 (ENSG00000110080) and ST6GAL1 (ENSG00000073849) 

following comparisons between normal tissue (N=41) and CRC tumour (colon 
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adenocarcinoma; COAD) (N=286) cohorts. Similarly, identified miRNA candidates obtained 

from the in silico GeneMANIA and STRING analyses that were predicted to regulate the 

expression of the chosen query genes were determined between normal tissue (N=7) and 

COAD (N=251) tumours. Furthermore, expression data was presented as transcript per million 

(TPM), with box plots constructed using GraphPad Prism 9.0 software and Welch’s t-test 

PERL script statistical analysis encoded onto the UALCAN software to identify differences in 

clinicopathological features between cohorts (Chandrashekar et al., 2022). Additionally, 

methylation of DNA promoter regions between normal (N=37) and tumour (N=313) cohorts 

was compared for all query genes and was presented as b-values (Weinhold et al., 2016). The 

resulting data with P< 0.05 was considered as statistically significant.  

 

2.2.4 MiRNA candidate prediction analysis  

A series of miRNA-target predictive software databases were utilised to determine novel 

candidate miRNAs involved in the regulation of ST6GALNAC1, ST6GALNAC2, ST3GAL4 and 

ST6GAL1. The most common miRNAs across each of the chosen databases: TargetScan 

(https://www.targetscan.org/vert_80/; accessed 28 July 2023), miRSystem 

(http://mirsystem.cgm.ntu.edu.tw/index.php; accessed 28 July 2023), miRWalk 

(http://mirwalk.umm.uni-heidelberg.de/; accessed 28 July 2023 and miRDB 

(https://mirdb.org/; accessed 28 July 2023) were determined and presented in Venn diagrams 

using Venny 2.0 (https://bioinfogp.cnb.csic.es/tools/venny/). These databases integrates 

several prediction software algorithms by utilising validated experimental data that identified 

interactions between miRNAs and their target genes (P <0.05). Similarly, all of the miRNA 

targets that appeared in all four databases were cross-referenced for identified protein targets 

from the STRING and GeneMANIA prediction analyses. The criteria for miRNA candidate 

selection were determined in a score prediction hierarchy with those chosen with a cut-off 

value of 0.900. However, if no miRNAs were observed in the query search across all four 

chosen databases, the number of databases required were less constringent. In addition, any 

number of miRNAs were chosen for further prediction if their score prediction was above the 

cut-off value. Conversely, the most frequent miRNA ‘hits’ that were identified out of all four 

databases that was associated with the sialyltransferase query search were further explored, and 

possible gene binding sites were determined using statistical folding of nucleic acids and 

studies of regulatory RNAs (Sfold) software (https://sfold.wadsworth.org/cgi-bin/starmir.pl; 

accessed 13 September 2023). 

https://bioinfogp.cnb.csic.es/tools/venny/
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2.2.5 Gene Set Enrichment Analysis (GSEA) 

Enrichment analysis of gene sets related to specific cancer hallmarks associated with tumour 

progression including oncogenic signalling pathways, EMT, angiogenesis and inflammation  

were conducted for ST6GALNAC1, ST6GALNAC2, ST3GAL4 and ST6GAL1 using the TCGA 

dataset (TCGA, PanCancer Atlas) from the cBioPortal open access omics repository 

(http://cbioportal.org/ accessed on 19 September 2023). The selected dataset for CRC 

comprised a total of 524 patient samples (280 female, 312 male) with an age range of 35yrs – 

90yrs for omics analysis. Each queried gene was modified to include only differentially 

expressed (DE) genes in relation to the normal tissue cohort with a z-score threshold of ± 2.0. 

Each queried gene dataset has a varied number of DE genes for analysis, and only statistically 

significant were chosen. A total of 6667 genes for the ST6GALNAC1 dataset, 4331 genes for 

the ST6GALNAC2 dataset, 6348 genes for the ST3GAL4 dataset and 707 genes for the 

ST6GAL1 dataset were identified for enrichment analysis, respectively. The resultant datasets 

were then sorted to include only the Log2 expression level in a ranked hierarchy. Following 

this, all queried gene datasets were uploaded into the GSEA v4.3.2 software as rnk files (.csv 

to .rnk file type change) (https://www.gsea-msigdb.org/ accessed on 19 January 2023). Specific 

parameters of each dataset were set at 1000 permutations, no collapse (all DE genes were 

utilised). Upregulated and downregulated pathways and biological processes were identified 

relating to tumour progression (FDR <0.25 and P <0.05 were considered as statistically 

significant). 

 

2.2.6 TISIDB immune infiltration analysis 

TISIDB is an integrated repository (http://cis.hku.hk/TISIDB/index.php; accessed on 26 July 

2023) that outlines connections between 20 different tumour types (N= >8000 tumours) and 

the abundance of 28 different myeloid cell populations, which are correlated via the 

Spearman’s rank correlation coefficient. Additionally, the relative abundance of each myeloid 

cell population was determined via gene set variation analysis (GSVA) based on the expression 

profiles of the query genes. The selected myeloid cell populations chosen are those that are 

consistently associated with the development of the TME and were analysed as follows: 

macrophages, activated CD4+ T-cells, activated CD8+ T-cells, Tregs and interactions with the 

sialyltransferase genes ST6GALNAC1, ST6GALNAC2, ST3GAL4 and ST6GAL1 and their 

clinical relevance to CRC tumours (Ru et al., 2019).  
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2.2.7 Tumour IMmune Estimation Resource (TIMER) analysis  

TIMER analysis (https://cistrome.shinyapps.io/timer/, accessed on 1 August 2023)  determined 

the correlation between the queried genes ST6GALNAC1, ST6GALNAC2, ST3GAL4 and 

ST6GAL1 and the abundance of chosen prevalent immune checkpoint proteins relating to CRC 

malignancies (N=457) including SIGLEC15, PDCD1, CD274, CTLA4, TIGIT, and LAG3. 

Spearman’s rank correlation coefficient analysis determined the statistical significance of 

COAD tumours via P< 0.05 for log2 TPM (T. Li et al., 2017).  

 

2.2.8 Kaplan-Meier (KM-plot) 

Kaplan-Meier plots (https://kmplot.com/analysis/, accessed on 26 July 2023) were constructed 

to outline the prognostic value of high (red) and low (black) expression of the queried genes 

ST6GALNAC1, ST6ALNAC2, ST3GAL4 and ST6GAL1 and COAD patient survival outcomes 

over an extended period of time. Parameters relating to overall survival criteria (OS) (N=1061), 

relapse-free survival (RFS) (N=1336), post-progression survival (PPS) (N=311), hazard ratio 

(HR), 95% confidence interval (CI), and Log-rank P <0.05 were also determined (Győrffy, 

2021).   

 

2.2.9 Immunohistochemistry staining 

To determine the protein expression of ST6GalNAc1 and ST6GalNAc2 in malignant tumour 

tissues, histological staining was conducted on normal colon and CRC tissues. The CRC tissue 

array (Reference code: BC05023a) was obtained from Biomax (TissueArray.Com LLC, 

Maryland, USA) and contained a total of 18 patient samples (54 cores) outlined as (18 COAD, 

18 cancer adjacent colon tissue (AT), and 18 adjacent normal colon tissue (NAT)). Information 

pertaining to patient age, gender, pathology diagnosis and TNM stage are provided (Appendix 

2).  

Deparaffinisation of the tissue array was achieved by submerging the sections with a 

combination of histoclean/ethanol and varied ethanol concentrations (50%, 70%, 95% and 

100%) for 3 min wash steps. Following deparaffinisation, antigen retrieval was conducted via 

treatment with sodium citrate (2.94g/L, 500µL Tween-20, pH 6.0) heated to a temperature of 

75°C for 10 min, with 30s cooling intervals, before subsequent washes with 0.025% triton-

x/PBS and incubation with 3% hydrogen peroxide:PBS for a total of 15 min. Following 

incubation, additional wash steps were performed with Triton-X100/PBS for 5 min. Before 
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primary antibody incubation, non-specific binding sites were blocked using 5% BSA/PBS 

(2.5g BSA/50mL PBS) followed by an incubation step in an encased humidity chamber with 

parafilm for 1h at room temperature (RT). The tissue arrays were then incubated with the 

primary antibodies of ST6GalNAc1 (1:50 dilution; recommended by the manufacturer) 

(Proteintech Group, Inc., Manchester, UK) and ST6GalNAc2 (1:100 dilution; recommended 

by the manufacturer) (Life Technologies Limited, Renfrewshire, UK) overnight at 4°C. 

Following overnight incubation, the tissue arrays were washed with Triton-X100/PBS prior to 

a 1h incubation with a biotin-labelled anti-rabbit secondary antibody at RT. Following this, the 

tissue arrays were further washed with 0.025% Triton X-100/PBS and incubated within a 

humidity chamber with a streptavidin-HRP conjugate for 1h at RT. Additionally, visualisation 

of the antibody staining was determined following addition of DAB solution (Zytomed 

Systems GmBH, Berlin, Germany) and haematoxylin nuclear staining for 10 min at RT. The 

tissue arrays were stained with 0.1% sodium bicarbonate solution (1.0g/L dH2O) for 30s and 

rehydrated with the histoclean/ethanol and varied ethanol concentrations for 3 min. Coverslips 

were mounted onto the tissue arrays with DPX mountant (Sigma-Aldrich, Gillingham, UK) 

solution. Quantification and imaging of the tissue cores were performed using an AxioCam 

Hrc (Zeiss Microscopy, Oberkochen, Germany) microscope set at x4 and x10 magnifications. 

Analysis of the overall staining and staining intensity was conducted by three independent 

people to prevent subjective bias following scoring criteria (Table 2, Figure 16). Statistical 

analysis of the staining compared the expression of ST6GalNAc1 and ST6GalNAc2 in normal 

colon tissues and malignant tumour tissues via unpaired student’s t-test. 

 
Table 2: Staining criteria for ST6GalNAc1 and ST6GalNAc2 in normal and malignant 
CRC tissues. Cellular and core staining was determined under a light microscope position and 
was compared between three independent people. Scores based on the following criteria were 
tabulated and averages determined the level of protein staining.  
 

 Cellular intensity  staining of antibody Overall core staining  
0 No staining  <10% of cells  
   
1 Only a few number of cells stained with primary 

antibody  
10%-25% of total core 
stained 

   
2 Up to 10% of cells stained with primary antibody  25%-50% of total core 

stained 
   
3 10%-50% of cells stained with primary antibody  50%-75% of total core 

stained 
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4 >50% of cells stained with the primary antibody  >75% of total core stained 
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Figure 16: Core images representing the staining criteria of sialyltransferase ST6GalNAc1 and ST6GalNAc2. (A) Tissue has very little 
staining of the antibody and less than <10% of cells are stained providing a score of 0. (B) Only a small proportion of cells are stained with the 
primary antibody with only 10%-25% of the total tissue core providing an adequate staining providing a score of 1. (C) A larger proportion of 
cells are now stained in comparison to the previous score with almost 25%-50% of the tissue core stained providing a score of 2. (D) Approximately 
50% of all cells are stained with the primary antibody and greater than 50% of the tissue is subsequently stained providing a score of 3. (E) Greater 
than 50% of cells are adequately visibly stained with the primary antibody and more than 75% of the total tissue core is stained with the brown 
pigmentation providing a score of 4.  
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2.3 Results 

2.3.1 Sialyltransferase predicted interactions and molecular networks 

The utilisation of gene and protein databases such as STRING and GeneMANIA predicted PPI 

and gene interactions associated with the queried genes.  

The predictions exhibited by the GeneMANIA database for the ST6GALNAC1 gene 

constructed a framework that incorporated a varied collection of sialyltransferases that are 

involved mainly throughout the glycan biosynthesis pathway. The framework highlighted a 

large predictive co-expression (purple) with the gene anterior gradient 2 (AGR2) and a minor 

co-expression prediction with fellow sialyltransferase ST6GALNAC6 (Figure 17A). Upon 

inspection of the STRING analysis, the ST6GalNAc1 PPI framework was built with important 

sialyltransferases related to glycan synthesis. In particular, ST6GalNAc1 was emphasised to 

share PPI with  Core 1 synthase glycoprotein-N-acetylgalactosamine 3-b -galactosyltransferase 

(C1GALT1), C1GALT1 specific chaperone 1 (C1GALT1C1; COSMC), UDP-GlcNAc:bGal 

b-1,3-N-acetylglucosaminyltransferase 6 (B3GNT6), glucosaminyl (N-acetyl) transferase 1 

(GCNT1) and polypeptide N-acetylgalactosaminyltransferase 6 (GALNT6) Figure 17B). 

Furthermore, quantitative analysis of the STRING framework determined an average local 

clustering coefficient (ALCC) of 0.837 indicating a high association with the predicted protein 

targets (Table 3). Similarly, the analysis has also shown a significant PPI enrichment score 

upon normalization of 1.87e-10 at the confidence interval ≥0.900.  

 
Similarly, the GeneMANIA database constructed a genetic framework for ST6GALNAC2, 

which was characterised by a large prediction of physical interactions (red) with a collection 

of mucin proteins (Figure 18A). Moreover, ST6GALNAC2 was predicted to be co-expressed 

with ST8 a-N-Acetyl-Neuraminide a-2,8-Sialyltransferase 5 (ST8SIA5). However, STRING 

analysis exhibited no protein interactions at the ≥0.900 confidence interval. Hence, developing 

a PPI framework established at a lower confidence interval of ≥0.700 outlined initial 

interactions with C1GALT1, C1GALTC1, mucin-1 (MUC1), a-2-HS-glycoprotein (AHSG) 

and eukaryotic translation elongation factor 1a-2 (EEF1A2) (Figure 18B). Furthermore, the 

ST6GalNAc2 ALCC was recorded as 0.749 and the PPI enrichment score as 3.11e-8, suggesting 

a significant correlation to the predicted proteins that were identified (Table 3). 
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Upon constructing the gene framework for ST3GAL4 via the GeneMANIA database, predicted 

physical interactions dominated a large proportion of the overall framework (Figure 19A). In 

addition, ST3GAL4 displayed co-expression with the genes ST3GAL1, ST6GALNAC6 and 

ST8SIA5. Furthermore, there were also genetic interactions (green) that were associated with 

ST6GALNAC3. Similarly, the development of the PPI framework from the STRING database 

outlined interactions with fucosyltransferase-1/-2/-3 (FUT1, FUT2, FUT3) proteins in addition 

to b-1,3-galactosyltransferase-2/-5 (B3GAL2, B3GAL5) (Figure 19B). Furthermore, 

ST3GalIV displayed the highest ALCC score of 0.900 and a PPI enrichment of 3.00e-15 (Table 

3), emphasising significant correlation between the predicted proteins.  

 

Similarly to ST6GALNAC2, the GeneMANIA framework for the ST6GAL1 query gene 

established a large number of physical interactions with several mucin genes alongside further 

predicted communication (orange) with FUT1, CD22 and SRY-related HMG box 2 (SOX2) 

transcription factor. In addition, the framework also exhibited pathway interactions (light blue) 

of POU class 2 homeobox transcription factor 1 (POU2F1) (Figure 20A). Moreover, ST6GalI 

STRING analysis predicted several interactions with b-1,4-galactosyltransferase enzymes 

(B4GALT1, B4GALT2, B4GALT3) alongside interactions with ST6GalII (Figure 20B). In 

addition, quantitative analysis of the STRING framework established an ALCC score of 0.858 

and a PPI enrichment value of 3.51e-7 (Table 3).  

 

Lastly, framework constructions of all queried genes and proteins from the GeneMANIA 

database characterised physical interactions with mucin genes and sialyltransferases present in 

glycan synthesis (Figure 21A). Additionally, FUT1 was predicted to interact with ST6GAL1 

and also be co-expressed with ST6GALNAC2. Furthermore, ST6GAL1 also shared genetic 

interactions with one of the query genes, ST3GAL4. In contrast, at the confidence interval 

≥0.900, the PPI STRING analysis exhibited several interactions with protein targets for 

ST6GalNAc1 (Figure 21B), which correlated previously in its own STRING analysis, 

including B3GNT6 and also GALNT8 and C1GALT1C1L (identified as part of the second 

expansion of the PPI framework) (Figure 21B). In addition to this, ST3GalIV also displayed 

interactions with B3GALT1 and B3GALT2 but as a separate interactive cluster. However, both 

ST6GalNAc2 and ST6GalI displayed no common interactions with other proteins. 

Furthermore, quantitative analysis revealed an ALCC score of 0.750 and an enrichment PPI of 

0.0146, demonstrating a significant association of currently available protein targets (Table 3).
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Figure 17: ST6GALNAC1 shares significant gene communication with other sialyltransferases within the sialoglycan biosynthesis pathway 
and PPI interactions alongside proteins involved in the production of complex mucin type O-glycans. (A) ST6GALNAC1 gene framework 
predicts functional information based on corresponding genes and gene datasets. (B) ST6GalNAc1 STRING framework highlighting possible PPI 
from interacting proteins and direct associations via computational data mining. The framework is developed with a confidence interval of ≥ 0.900.
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Figure 18: ST6GALNAC2 shares significant gene communication with mucin genes and PPI interactions with AHSG and EEF1A2. (A) 
ST6GALNAC2 gene framework predicts functional information based on corresponding genes and gene datasets. (B) ST6GalNAc2 STRING 
framework highlighting possible PPI from interacting proteins and direct associations via computational data mining. The framework is developed 
with a confidence interval of ≥ 0.700. 
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Table 3: Predicted sialyltransferase STRING PPI relationship and association analysis. Computational analysis of query proteins 
ST6GalNAc1, ST6GalNAc2, ST6GalI and ST3GalIV following construction of the PPI framework.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Number of 
nodes 

Number of 
edges  

Average 
node 
degree 

Average 
local 
clustering 
coefficient 

Expected 
number of edges 

PPI 
enrichment 
p-value 

ST6GalNAc1 11 36 6.55 0.837 10 1.87e-10 
       
       
       
       
ST6GalNAc2 11 32 5.82 0.749 10 3.11e-8 
       
       
       
       
ST3GalIV 11 44 8 0.900 10 3.00e-15 
       
       
       
       
ST6GalI 10 28 5.6 0.858 9 3.51e-7 
       
       
       
       
Combination 14 18 2.57 0.750 10 0.0146 
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Figure 19: ST3GAL4 shares significant physical gene interactions with sialyltransferases and with b-1,3-galactosyltransferases and 
fucosyltransferase proteins, highlighting key targets. (A) ST3GAL4 gene framework predicts functional information based on corresponding 
genes and gene datasets. (B) ST3GalIV STRING framework highlighting possible PPI from interacting proteins and direct associations via 
computational data mining. The framework is developed with a confidence interval of ≥ 0.900. 
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Figure 20: ST6GAL1 shares significant gene and protein-protein interactions with sialyltransferases and may highlight key targets. (A) 
ST6GAL1 gene framework predicts functional information based on corresponding genes and gene datasets. (B) ST6Gal1 STRING framework 
highlighting possible PPI from interacting proteins and direct associations via computational data mining. The framework is developed with a 
confidence interval of ≥ 0.900.  
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Figure 21: Sialyltransferases share significant gene and protein-protein interactions with sialyltransferases and may highlight key novel 
targets. (A) Combinative network of all query genes ST6GALNAC1, ST6GALNAC2, ST3GAL4 and ST6GAL1 were all integrated into the 
GeneMANIA database, which identified any communication between genes and interaction partners. (B) Combinative network of all query genes 
ST6GALNAC1, ST6GALNAC2, ST3GAL4 and ST6GAL1, which characterised protein interactions and PPI relationships via computational 
STRING software. The confidence interval between interaction proteins was set as ≥ 0.900. 
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2.3.2 Transcriptomics analysis of sialyltransferase expression profiles in normal and 

COAD tumours  

To determine whether the query sialyltransferase genes have differential expression in CRC 

tumours, expression data comparing normal (N=41) and COAD (N=286) tissues were 

performed utilising TCGA transcriptomics data mining which constructed box plots (Figure 

22). ST6GALNAC1 demonstrated significantly downregulated expression in the COAD tumour 

cohort with a mean TPM of 46.056 in comparison to the recorded TPM expression value of 

173.703 TPM (P< 0.0001) in normal colon tissues (Figure 22A). This was also similarly 

observed in the expression of ST3GAL4, which exhibited reduced expression in the tumour 

cohort, having recorded a TPM expression of 41.021 in normal tissues and 17.917 TPM in 

malignant tissues (P< 0.01), respectively (Figure 22C). In contrast, ST6GALNAC2 exhibited 

no significant difference in gene expression between the normal colon tissue (3.509 TPM) and 

tumour (1.813 TPM) cohorts (Figure 22B). However, ST6GAL1 was demonstrated as the only 

gene to display upregulated expression in the tumour cohort with a mean expression of 38.457 

TPM in normal tissues and 45.813 TPM in COAD tumours, respectively (P< 0.001) (Figure 

22D).  

 

Similarly, expression analysis of identified interactive targets of sialyltransferases was also 

determined between comparing normal (N=41) and COAD (N=286) tissues (Figure 23). 

GALNT proteins play a crucial role in the initial synthesis of the Tn antigen upon O-linked 

glycosylation of mucin-type glycoproteins, thus, are heavily involved in the production of the 

STn antigen precursor molecule (Beaman et al., 2022). Hence, the expression of GALNT6 was 

elucidated in COAD tumours. GALNT6 expression analysis displayed a mean expression of 

6.198 TPM in normal colon tissues in contrast to a significant mean expression of 25.816 TPM 

in malignant tissues (P< 0.0001) (Figure 23A). Similarly, the expression of other GALNT 

proteins identified in the combination network (Figure 23B) was also elucidated to determine 

their correlation to CRC progression. GALNT4 exhibited a similar expression to GALNT6 by 

displaying significantly upregulated expression in the tumour cohort with a mean expression 

of 30.451 TPM (P< 0.0001) (Figure 23B). In contrast, GALNT8 revealed no significant 

difference in gene expression between both normal and tumour cohorts (Figure 23C), whilst 

GALNT7 exhibited significantly downregulated expression in the tumour cohort (32.805 TPM) 

when compared to the normal tissue cohort (P< 0.0001) (Figure 23D). 
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Figure 22: In silico UALCAN transcriptomics analysis revealed sialyltransferase expression is downregulated in tumour cohorts. (A) 
TCGA genomic data exhibiting mRNA expression of ST6GALNAC1 in normal (grey) and COAD (red) cohorts, error bars ± SD. Welch’s t-test 
PERL script. **** P <0.0001. (B) TCGA genomic data exhibiting mRNA expression of ST6GALNAC2 in normal (grey) and COAD (red) cohorts, 
error bars ± SD. Welch’s t-test PERL script. (ns). (C) TCGA genomic data exhibiting mRNA expression of ST3GAL4 in normal (grey) and COAD 
(red) cohorts, error bars ± SD. Welch’s t-test PERL script. ** P < 0.01. (D) TCGA genomic data exhibiting mRNA expression of ST6GAL1 in 
normal (grey) and COAD (red) cohorts, error bars ± SD. Welch’s t-test PERL script. *** P < 0.001. 
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Figure 23: In silico UALCAN transcriptomics analysis revealed sialyltransferase expression patterns are dysregulated in COAD tumours. 
(A-L) Expression analysis comparing normal (N=41) and COAD (N=286) tissues was determined for interactive targets that were identified 
following GeneMANIA and STRING analyses which revealed GALNT6, GALNT4, GALNT8, GALNT7, G1GALT1, C1GALTC1, B3GNT6, AGR2, 
AHSG, POU2F1, FUT1 and MUC1 and all were compared between normal (grey) and COAD tumours (red) cohorts via UALCAN transcriptomics 
analysis, error bars ± SD. Welch’s t-test PERL script statistical analysis. ns, **** P < 0.0001.
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Likewise, C1GALT1, C1GALT1C1 and C1GALT1C1L were all identified across multiple 

STRING analyses, all of which dictate the level of Tn antigen that is present. C1GALT1 is 

directly involved in the generation of the core-1 O-glycan T-antigen structure (Galb-1-

3GalNAc-R) from the Tn antigen via transferring galactose from UDP-Gal to GalNAc-a-1-R 

(Liu et al., 2014), whilst assisted by the COSMC molecular chaperone exclusive to complex 

O-glycosylation (Erger et al., 2023). In addition, very little is known about the functional 

capability of C1GALT1C1L within the literature, but it is possible to be involved in the 

processing of O-glycans similar to COSMC. The lack of either C1GALT1 or the molecule 

chaperone leads to enhanced expression of both Tn and STn antigens (Xiang et al., 2022). 

Therefore, expression analysis of C1GALT1 and COSMC is crucial to determine the role they 

play in the generation of the STn antigen. Both C1GALT1 and COSMC exhibited significantly 

upregulated expression in COAD tumours with a mean expression of 13.699 TPM (normal 

tissues) and 23.550 TPM (COAD tissues) (P< 0.0001) and 37.216 TPM (normal tissues) and 

54.406 TPM (COAD tissues) (P< 0.0001), respectively (Figure 23E-F).  

 

Other sialyltransferases highlighted across the STRING analyses identified B3GALT and 

B4GALT proteins interacting with the original query proteins. Both groups of proteins result 

in the biosynthesis of sLEa and sLEx by supplementing galactose residues in b1,3 or b1,4 

linkages to a GlcNAc residue present at the non-reduced terminus of oligosaccharides 

(Chachadi et al., 2015). Additionally, they are categorised as lactosamine chains and later 

catalysed by ST3Gal proteins for incorporation of sialic acids prior to the addition of fucose 

residues for the final synthesis of these sialoglycans (Chachadi et al., 2015). Due to the function 

these proteins play, it is very unlikely for these proteins to be involved in a significant role in 

STn production. Therefore, further study of these targets is not required. Moreover, the role of 

ST8Sia proteins is largely involved in the catalytic extension of PSA, in particular, ST8SIA5, 

which has shown co-expression with ST6GALNAC2 is primarily involved in the synthesis of 

gangliosides and sialylated glycolipids  (Hugonnet et al., 2021). Hence, it would not be highly 

involved in STn production.  

 

Furthermore, B3GNT6 has also appeared in STRING PPI networks of ST6GalNAc1 and 

ST6GalNAc2 which could also affect the level of production for the STn antigen. Within 

glycan synthesis, B3GNT6 plays a role in synthesising core-3 O-glycan structures from the Tn 

precursor antigen (Doi et al., 2020; McVeigh et al., 2018). B3GNT6 expression analysis 
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outlined downregulated expression in the CRC tumour group. B3GNT6 demonstrated a mean 

expression of 32.203 TPM in the normal cohort in comparison to a substantially lower mean 

expression of 0.750 TPM in the tumour cohort (P< 0.0001) (Figure 23G).  

 

Furthermore, expression analysis of co-expressed genes that are not sialyltransferases may 

highlight possible regulatory mechanisms that enable the differential expression of 

sialyltransferases. AGR2 revealed no significant difference in the expression between normal 

and tumour cohorts (Figure 23H). However, AHSG exhibited significant upregulation in 

COAD tumours with a mean expression of 0.032 TPM in malignant tissues in contrast to 0.00 

TPM expression in the normal tissue cohort (P< 0.0001) (Figure 23I).  

 

Additionally, expression analysis of the pathway interactions with the POU2F1 gene revealed 

in the ST6GAL1 geneMANIA framework exhibited significant upregulation in the tumour 

group with a mean expression of 1.983 TPM in comparison to a mean expression of 1.223 TPM 

in normal colon tissues (P< 0.0001) (Figure 23J). Moreover, FUT1 was predicted to interact 

with ST6GAL1 and appeared in both combination and ST6GAL1 GeneMANIA frameworks 

alongside exhibiting co-expression with ST6GALNAC2 in the combination framework (Figure 

21B), which may suggest a significant likelihood of interactions. Therefore, expression 

analysis revealed a mean expression of 0.393 TPM in normal tissues in comparison to a 

significantly increased mean expression of 2.738 TPM in malignant tissues (P< 0.0001) (Figure 

23K).  

 

MUC1 is a glycoprotein frequently displayed as having O-type glycosylation sites, where the 

addition of a-O-linked GalNAc occurs at the many tandem repeats located throughout its 

structure (Kudelka et al., 2015). Within the tumour landscape, tumour-associated MUC1 

exhibits abnormal distribution over cellular surfaces due to changes in apical-basal polarity 

(Chugh et al., 2015). Moreover, enhancement of glycosylation on the N-terminal domains 

results in truncations of branched core 1 O-glycans (Burchell et al., 1999). These truncations 

can exhibit greater Sia capping when α2,6- and α2,3-sialyltransferases are significantly 

upregulated in tumours (Häuselmann & Borsig, 2014; Lu & Gu, 2015). From this, there is a 

greater production of tumour-associated antigens derived from incomplete glycan synthesis, 

including STn, Tn, TF and T antigens, all of which have been demonstrated as poor prognostic 

biomarkers (Beckwith & Cudic, 2020). Underlining the expression of MUC1 in CRC tumours 
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could correlate with the impact of MUC1-derived STn antigens in CRC progression and 

metastasis. MUC1 has shown no significant difference in its expression profile between normal 

tissue (308.004 TPM) and COAD (151.125 TPM) cohorts (Figure 23L).  

 

Additionally, it is also worth noting the Pearson correlation analysis between the expression of 

the sialyltransferase query genes in CRC (N= 9736 tumour tissues, 8587 normal tissues; taken 

from the TCGA and GTEx repositories) revealed significant correlations among them (Figure 

24). Comparisons between ST6GALNAC1 and ST6GALNAC2 expression suggested a low 

positive correlation among both genes. However, the exhibited relationship was shown to be 

significant (Figure 24A). Similarly, this was also observed from a positive correlation between 

ST6GALNAC2 and ST3GAL4 genes (Figure 24D). Moreover, there was a strong correlative 

relationship shown between the ST6GALNAC1 and ST3GAL4 gene with a regression value of 

0.64 (Figure 24B). In contrast, ST6GALNAC1 and ST6GAL1 have shown a significantly 

negative correlation possibly indicting little to no interaction (Figure 24C). This was also 

similarly observed via a significantly negative correlation between ST6GALNAC2 and 

ST6GAL1 with a -0.29 regression (Figure 24E), and also alongside the TPM expression 

between ST3GAL4 and ST6GAL1 highlighting a regression value of -0.22, respectively (Figure 

24F).
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Figure 24: Pearson correlation analysis revealed a significant relationship between sialyltransferase genes. Pearson correlation analysis was 
conducted to determine the correlative relationship between the sialyltransferase query genes and their relevance to CRC progression (N= 9736 
tumours, 8587 normal tissues; taken from the TCGA and GTEx repositories) utilising GEPIA software. (A) Pearson correlation coefficient analysis 
between Log2 ST6GALNAC1 expression TPM compared against Log2 ST6GALNAC2 expression TPM. (B) Pearson correlation coefficient analysis 
between Log2 ST6GALNAC1 expression TPM compared against Log2 ST3GAL4 expression TPM. (C) Pearson correlation coefficient analysis 
between Log2 ST6GALNAC1 expression TPM compared against Log2 ST6GAL1 expression TPM. (D) Pearson correlation coefficient analysis 
between Log2 ST6GALNAC2 expression TPM compared against Log2 ST3GAL4 expression TPM. (E) Pearson correlation coefficient analysis 
between Log2 ST6GALNAC2 expression TPM compared against Log2 ST6GAL1 expression TPM. (F) Pearson correlation coefficient analysis 
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between Log2 ST6GAL1 expression TPM compared against Log2 ST3GAL4 expression TPM. P < 0.05 was considered as statistically significant 
for all Pearson correlation analyses 
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2.3.3 Candidate miRNAs involved in the regulation of sialyltransferase expression 

To underline the identities of miRNAs that are capable of modulating sialyltransferase 

expression, several miRNA target prediction databases were utilised to compare across 

ST6GALNAC1, ST6GALNAC2, ST3GAL and ST6GAL1 and other identified interactive targets 

(Figure 25-29). The filtering of the miRNAs were produced by the software algorithms 

compiling bulk experimental datasets which provided score predictions for mRNA target 

binding to their target and ranked their binding probability (P< 0.05). With regard to 

ST6GALNAC1, there were no identified miRNAs that were predicted to regulate the gene 

across all four databases (Table 4). Hence, it was determined to reduce the constraints of the 

query search and thus reduce the number of databases to identify any possible targets. 

Additionally, due to the downregulated expression associated with ST6GALNAC1 that was 

observed in the transcriptomics analysis, commonly deregulated miRNAs that are also 

downregulated were filtered out. The remaining candidate miRNAs that were overexpressed 

in relation to CRC progression were determined. Of those multiple miRNAs cross-referenced, 

a total of 16 common miRNAs were identified (Figure 25A) between miRSystem and 

TargetScan databases. It was revealed from that cluster that miR-21-5p, miR-30e-5p and miR-

26b-5p could act as potential modulators of ST6GALNAC1 and exhibit significantly 

upregulated expression in the tumour cohorts (N=251) (P< 0.0001) when compared to normal 

colon tissues (N=7) (Figure 25B). Furthermore, it is essential to determine possible binding 

sites among the ST6GALNAC1 gene. MiRNA binding and resultant activity primarily occur at 

the 3’ UTR region of the target mRNA strand. Therefore, this formed the basis of the Sfold 

predictive software. MiR-21-5p demonstrated a high binding affinity of -18.700 kcal/mol 

towards the seed region of the target ST6GALNAC1 mRNA strand at position 2441-2458 

(Figure 25C). In addition, both miR-30e-5p and miR-26b-5p revealed high binding affinities 

to the ST6GALNAC1 gene with -22.200 kcal/mol and -17.600 kcal/mol, respectively. It was 

revealed that miR-30e-5p could potentially bind at position 2331-2348, whilst miR-25b-5p 

demonstrated a predicted binding site at position 2085-2113 of the target mRNA. Therefore, 

all identified miRNAs denoted a significant association with the nucleotide bases on the target 

strand. 
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Figure 25: MiR-21, miR-30e and miR-26b all displayed significantly high binding affinities and upregulated expression in COAD tumours 
to regulate ST6GALNAC1 expression. (A) Cross-referenced miRNAs from TargetScan, miRSystem databases demonstrated “16 hits” for 
ST6GALNAC1 regulation. (B) Expression analysis was determined for predicted miRNAs and was compared between normal (grey) and COAD 
tumours (red) cohorts via UALCAN transcriptomics analysis, error bars ± SD. Welch’s t-test PERL script statistical analysis. ****P <0.0001. (C) 
Predicted positional binding sites of the upregulated miRNAs were conducted, revealing high binding affinities for the ST6GALNAC1 seedless 
region via Sfold predictive software.
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When comparing all four databases to highlight common miRNA elements in ST6GALNAC2 

regulation, only hsa-miR-588 was identified across all miRNA predictive tools (Table 4, Figure 

26A). Further expression analysis revealed no expression data available in the UALCAN 

transcriptomics database for both cohorts and there was no apparent difference in the 

expression of the miRNA in relation to CRC progression (Figure 26B). However, 

ST6GALNAC2 displayed no significant difference in expression via transcriptomics analysis, 

and its protein only plays a role in STn production to a lesser extent in regard to ST6GalNAc1. 

Therefore, further study to determine miRNA regulation is warranted.  

 
 
ST3GAL4 reported 2 common miRNAs across all four miRNA prediction databases (Figure 

27A). They revealed hsa-miR-193a-3p and hsa-miR-370-3p as potential regulators of the gene 

(Table 4). However, the two miRNAs also exhibited downregulated expression in CRC 

progression, emphasising the need to reduce the number of databases in the query search 

similar to ST6GALNAC1. Based on this information, a total of 34 common elements were 

highlighted between three databases, miRSystem, TargetScan and miRWalk, which 

demonstrated significant upregulation of two possible miRNA candidates in the tumour cohor 

(N=251). They are revealed as hsa-let7g-5p and hsa-miR-98-5p (Figure 27B) (P< 0.01, P< 

0.0001). Upon further analysis with the Sfold predictive software to determine key binding 

sites, it was revealed that both hsa-let7g-5p and hsa-miR-98-5p were predicted to bind to the 

ST3GAL4 mRNA strand on a seedless region of the 3’ UTR, indicating only partial 

complementarity binding (Figure 27C). Additionally, both miRNAs displayed high binding 

affinities towards their predicted target with -15.600 kcal/mol and -18.400 kcal/mol, 

respectively. Moreover, hsa-let7g-5p was predicted to bind at position 959-976, whilst in 

comparison, hsa-miR-98-5p binding was located at position 899-920 (Figure 27C). 
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Figure 26: MiR-588 was predicted to regulate ST6GALNAC2 expression but no expression profiles were present within the UALCAN 
database. (A) Cross-referenced miRNAs from TargetScan, miRSystem, miRWalk and miRDB databases demonstrated “1 hit” for ST6GALNAC2 
regulation. (B) Expression analysis was determined for miR-588 and was compared between normal (grey) and COAD tumours (red) cohorts via 
UALCAN transcriptomics analysis. Welch’s t-test PERL script statistical analysis. ns P > 0.05. 
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Figure 27: Let-7g and miR-98 were predicted to regulate ST3GAL4 expression after exhibiting upregulated expression in COAD tumours. 
(A) Cross-referenced miRNAs from TargetScan, miRSystem, miRWalk and miRDB databases demonstrated “2 hits” for ST3GAL4 regulation. (B) 
Expression analysis was determined for both predicted miRNAs and was compared between normal (grey) and COAD tumours (red) cohorts via 
UALCAN transcriptomics analysis, error bars ± SD. Welch’s t-test PERL script statistical analysis. ** P< 0.01, **** P< 0.0001. (C) Predicted 
positional binding sites of the upregulated miRNAs were conducted, revealing high binding affinities for the ST3GAL4 seedless region via Sfold 
predictive software.
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ST6GAL1 was revealed to have the highest number of common miRNA elements across all of 

the predictive databases (Table 4, Figure 28A). Of the total 17 miRNAs identified, a total of 

10 miRNAs displayed significantly downregulated expression in the tumour cohort (Figure 

28B). They were identified as hsa-miR-1228-3p, hsa-miR-125a-5p, hsa-miR-125b-5p, hsa-

miR-150-5p, hsa-miR-324-3p, hsa-miR-328-3p, hsa-miR-370-3p, hsa-miR-484, hsa-miR-

500a-5p and hsa-miR-501-5p (not all data shown). Predicted binding sites for these miRNAs 

revealed the highest binding affinities towards the ST6GAL1 seed region were miR-484, miR-

125a-5p and miR-125b-5p. MiR-484 was recorded with a binding affinity of -28.900 kcal/mol 

at position 950-976. In contrast, miR-125a-5p and miR-125b-5p were predicted to have the 

same binding site with binding affinities of -22.600 kcal/mol and -17.800 kcal/mol, 

respectively (Figure 28C).  

 

To identify common miRNA elements across the STRING and GeneMANIA interactive 

targets, the miRSystem database was utilised (Figure 29). When comparing across several 

GALNT genes, no singular miRNA was determined to be involved in their regulation (Table 5, 

Figure 29A). This was also similarly observed for comparisons made between ST6GALNAC1, 

ST6GALNAC2, AGR2 and AHSG (Table 5, Fig 29C). However, several miRNAs correlated 

between ST6GALNAC1, GALNT6, GALNT7 and B3GNT6 revealing hsa-miR-140-5p, hsa-

miR-30a-5p, hsa-miR-30b-5p, hsa-miR-30c-5p, hsa-miR-30d-5p, hsa-miR-30e-5p and hsa-

miR-526b-5p (Table 5, Figure 29B). Other miRNA targets that were also identified were hsa-

miR-199a-5p and hsa-miR-665 between the sialyltransferases ST6GALNAC1, ST6GALNAC2, 

ST3GAL4 and ST6GAL1 (Table 5, Figure 29D) and hsa-miR-147a when compared against the 

targets C1GALT1, C1GALTC1, FUT1 and  POU2F1 (Table 5, Figure 29E). Additionally, two 

common miRNA elements were identified as hsa-miR-541-3p and hsa-miR-96-5p between 

targets ST6GALNAC1, ST6GAL1, ST3GAL4 and MUC1 (Table 5, Figure 29F).  
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Figure 28: MiR-484, miR-125a and miR-125b were all predicted to have a high binding affinity for ST6GAL1 regulation. (A) Cross-
referenced miRNAs from TargetScan, miRSystem, miRWalk and miRDB databases demonstrated “17 hits” for ST6GAL1 regulation. (B) 
Expression analysis was determined for several miRNAs (not all data shown for downregulated miRNAs) and compared between normal (grey) 
and COAD tumours (red) cohorts via UALCAN transcriptomics analysis, error bars ± SD. Welch’s t-test PERL script statistical analysis. *P< 
0.05, **P< 0.01, **** P < 0.0001. (C) Predicted positional binding sites of all downregulated miRNAs were conducted, revealing only miRNAs 
with the highest binding affinities for the ST6GAL1 seed region via Sfold predictive software. 
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Table 4: Predicted miRNA binding targets for sialyltransferase gene regulation. In silico analysis tools utilising miRNA prediction databased 
were used to determine common miRNA targets predicted to modulate ST6GALNAC1, ST6GALNAC2, ST3GAL4 and ST6GAL1 expression via 
Venn diagrams. 
  

Query genes Predicted candidate miRNAs 

  
ST6GALNAC1  hsa-miR-21-5p, hsa-miR-30e-5p and hsa-miR-26b-5p 
  
  
ST6GALNAC2 hsa-miR-588 
  
  
ST3GAL4 hsa-miR-193a-3p, hsa-miR-370-3p 
  
  
ST6GAL1 hsa-miR-103a-3p, hsa-miR-107, hsa-miR-1178-3p, hsa-miR-1228-3p, 

hsa-miR-125a-5p, hsa-miR-125b-5p, hsa-miR-150-5p, hsa-miR-155-
5p, hsa-miR-21-5p, hsa-miR-324-3p, hsa-miR-328-3p, hsa-miR-370-
3p, hsa-miR-484, hsa-miR-492, hsa-miR-500a-5p, hsa-miR-501-5p, 
hsa-miR-628-5p 
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Figure 29: Common miRNA elements between sialyltransferases in glycan biosynthesis were discovered and predicted to regulate gene 
expression. The miRSystem database was utilised to identify common miRNA target candidates predicted to be involved in regulating interactive 
targets obtained from GeneMANIA and STRING analyses. Cross-referenced miRNAs were presented in Venn diagrams.  
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Table 5: Predicted miRNA binding candidates for identified interactive targets. In silico analysis tools utilising the miRNA prediction 
database miRSystem to determine common miRNA targets predicted to modulate various identified interactive genes and proteins obtained from 
STRING and GeneMANIA analysis.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Query genes  Predicted candidate miRNAs 

  
GALNT4, GALNT6, GALNT7, GALNT8  N/A 
  
  
ST6GALNAC1, GALNT6, GALNT7, B3GNT6 hsa-miR-140-5p, hsa-miR-30a-5p, hsa-miR-

30b-5p, hsa-miR-30c-5p, hsa-miR-30d-5p, 
hsa-miR-30e-5p, hsa-miR-526b-5p 

  
  
AHSG, AGR2, ST6GALNAC1, ST6GALNAC2 N/A 
  
  
ST6GALNAC1, ST6GALNAC2, ST3GAL4, ST6GAL1 hsa-miR-199a-5p, hsa-miR-665 
  
  
C1GALT1, C1GALTC1, FUT1, POU2F1 hsa-miR-147a 
  
  
ST6GALNAC1, ST6GAL1, ST3GAL4, MUC1 hsa-miR-541-3p, hsa-miR-96-5p 
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Additionally, miRNA activity may not only modulate the expression of sialyltransferases. 

Other epigenetic modifications may pose an effect on gene expression including promoter 

methylation. Hence, promoter methylation of the sialyltransferases was determined (Figure 

30). There was no significant change in the promoter methylation of ST6GALNAC1 between 

normal and COAD tumour cohorts (Figure 30A). In comparison, ST6GALNAC2, ST3GAL4 

and ST6GAL1 all demonstrated a significantly enhanced promoter methylation in malignant 

tissues when compared to the normal tissue control cohort (Figure 30B-D) (P< 0.001, P< 

0.0001).  
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Figure 30: The promoter regions of sialyltransferase DNA sequences excluding ST6GALNAC1 are significantly methylated in COAD 
tumours. UALCAN transcriptomics analysis was conducted to determine the methylation of the promoter regions of sialyltransferase query genes 
between normal tissue (grey) and COAD tumour (red) cohorts, error bars ± SD. Methylation data is presented as box plots. Welch’s t-test PERL 
script statistical analysis. ***P< 0.001, ****P< 0.0001.
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2.3.4 GSEA analysis of sialyltransferase expression in CRC and their association with 

known cancer hallmarks 

Determining the clinical relevance of sialyltransferases and underlying enriched pathways 

associated with common cancer hallmarks may provide insights into possible regulatory 

mechanisms associated with deregulated sialyltransferase expression. Therefore, focusing only 

on the subset of DE genes in association with the CRC phenotype was elucidated (Figure 31-

37). ST6GALNAC1 revealed a total of 47 gene sets in conjunction with the CRC phenotype. Of 

those identified, three of those gene sets were significantly upregulated, and seven gene sets 

were significantly downregulated in association with CRC progression (Table 6, Figure 31-32) 

(FDR< 0.25 and P< 0.05). Furthermore, it highlighted the significantly upregulated enrichment 

of EMT, MYC targets and myogenesis hallmarks (Table 6, Figure 31). In comparison, 

downregulated enrichment highlighted the inflammatory response, IL-6 mediated JAK/STAT3 

signalling, and deregulated KRAS signalling and various other biological processes (Table 6, 

Figure 32).  

 

ST6GALNAC2 GSEA analysis revealed a total of 42 possible gene sets related to the CRC 

phenotype (Figure 33-34). Of those identified, ST6GALNAC2 demonstrated an increase in the 

number of enriched gene sets. A total of 10 upregulated gene sets were shown to be enriched, 

which included cancer hallmarks such as E2F targets, MYC targets, the G2M checkpoint, 

mTOR signalling, and other various pathways (FDR< 0.25 and P< 0.05) (Figure 33). Similarly 

to ST6GALNAC1, seven enriched gene sets were shown as downregulated, highlighting 

biological processes and signalling pathways related to KRAS signalling, allograft rejection, 

EMT, inflammatory response, IFNγ response and others (FDR< 0.25 and P< 0.05) (Table 7, 

Figure 34). 
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Figure 31: ST6GALNAC1 GSEA analysis revealed only EMT, MYC targets and myogenesis pathways were enriched. GSEA analysis was 
conducted utilising the TCGA, PanCancer Atlas dataset for omics analysis (N=524). Significantly DE genes in COAD and commonly associated 
cancer hallmarks were determined in relation to ST6GALNAC1 expression. FDR< 0.25 and P< 0.05. 
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Figure 32: ST6GALNAC1 GSEA analysis revealed inflammatory response, IL-6 mediated JAK/STAT3 signalling, and deregulated KRAS 
signalling were all significantly downregulated. GSEA analysis was conducted utilising the TCGA, PanCancer Atlas dataset for omics analysis 
(N=524). Significantly, DE genes in COAD and commonly associated cancer hallmarks were determined in relation to ST6GALNAC1 expression. 
FDR< 0.25 and P< 0.05. 
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Table 6: GSEA analysis underlined enriched signalling pathways corresponding to ST6GALNAC1 expression and its clinical relevance to 
CRC progression. GSEA enrichment scores for the association of ST6GALNAC1 with cancer hallmarks. NES scores are provided as Log2FC 
changes (N=524) (FDR< 0.25 and P< 0.05). 
 

 ENRICHED PATHWAY EFFECT ON GENE 

REGULATION 

NORMALISED 

ENRICHMENT SCORE (NES) 

FDR Q-VALUE 

     

ST6GALNAC1 Epithelial-Mesenchymal transition Upregulated 2.14 0.00240 

 Myogenesis Upregulated 1.74 0.0246 

 MYC targets V1 Upregulated 1.79 
 

0.0260 

 Pancreas - b cells Downregulated -2.01 0.00342 

 Inflammatory response Downregulated -1.76 0.0741 

 Fatty acid metabolism Downregulated -1.70 0.0871 

 Late Oestrogen response  Downregulated -1.63 0.122 

 KRAS signalling - downregulation 
 

Downregulated -1.61 0.115 

 IL-6/JAK/STAT3 signalling Downregulated -1.56 0.150 

 KRAS signalling - upregulation 
 

Downregulated -1.49 0.215 

 HEME metabolism Downregulated -1.45 0.248 
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Figure 33: ST6GALNAC2 GSEA analysis revealed multiple hallmarks related to tumour progression were enriched including E2F targets, 
MYC targets and mTOR signalling. GSEA analysis was conducted utilising the TCGA, PanCancer Atlas dataset for omics analysis (N=524). 
Significantly, DE genes in COAD and commonly associated cancer hallmarks were determined in relation to ST6GALNAC2 expression. FDR< 
0.25 and P< 0.05. 
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Figure 34: ST6GALNAC2 GSEA analysis revealed downregulated enrichment of multiple hallmarks, including KRAS signalling, allograft 
rejection, EMT, inflammatory response and IFNγ response. GSEA analysis was conducted utilising the TCGA, PanCancer Atlas dataset for 
omics analysis (N=524). Significantly, DE genes in COAD and commonly associated cancer hallmarks were determined in relation to 
ST6GALNAC2 expression. FDR< 0.25 and P< 0.05.
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Table 7: GSEA analysis underlined enriched signalling pathways corresponding to ST6GALNAC2 expression and its clinical relevance to 
CRC progression (N=524). GSEA enrichment scores for the association of ST6GALNAC1 with cancer hallmarks. NES scores are provided as 
Log2FC changes (FDR< 0.25 and P< 0.05). 
 

 ENRICHED PATHWAY EFFECT ON GENE 

REGULATION 

NORMALISED ENRICHMENT 

SCORE (NES) 

FDR Q-VALUE 

ST6GALNAC2 E2F Targets Upregulated 5.91 0.000 

 MYC targets V1 Upregulated 4.56 0.000 

 MYC targets V2 Upregulated 3.54 0.000 

 G2M checkpoint Upregulated 2.94 0.000 

 Peroxisome Upregulated 2.56 0.000 

 mTORC1 Signalling Upregulated 2.45 0.000 

 Bile Acid metabolism Upregulated 1.99 0.00296 

 Mitotic signalling Upregulated 1.70 0.0244 

 TGF-b Signalling Upregulated 1.64 0.0292 

 Protein secretion Upregulated 1.48 0.0451 

 KRAS signalling - Up Downregulated -1.67 0.166 

 Allograft Rejection Downregulated -1.64 0.109 
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 EMT Downregulated -1.60 0.103 

 Inflammatory response Downregulated -1.58 0.102 

 KRAS signalling -DN Downregulated -1.41 0.306 

 Interferon gamma response Downregulated -1.40 0.284 

 Late Oestrogen response Downregulated -1.37 0.290 
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Upon performing GSEA analysis for the ST3GAL4 gene and its clinical relevance to cancer 

hallmarks in relation to CRC progression, a total of 46 gene sets were identified (Figure 35-

36). Seventeen gene sets were demonstrated as upregulated, and from those, only 9 gene sets 

displayed significant upregulated enrichment (Table 8). Those identified included TNFa 

signalling via NFkb, IFNg response and upregulated KRAS signalling and other commonly 

associated hallmarks. Some of the biological processes identified also appeared in the previous 

GSEA analyses of ST6GALNAC1 and ST6GALNAC2, including MYC targets, E2F targets, IL-

6/JAK/STAT and mTOR1 signalling, among others (FDR< 0.25 and P< 0.05) (Figure 35). 

However, some of the mentioned processes have shown different levels of regulation with 

respect to the other genes. For example, MYC targets and E2F targets have shown 

downregulation for ST3GAL4 but were significantly enriched for ST6GALNAC2. Similarly, the 

inflammatory response was upregulated with respect to ST3GAL4 in contrast to ST6GALNAC1, 

which revealed this cancer hallmark was downregulated with respect to its expression. 

Furthermore, of the 29 gene sets that were downregulated, only 11 gene sets exhibited 

significantly enriched downregulation (FDR< 0.25 and P< 0.05) (Table 8, Figure 36). These 

identified hallmarks included oxidative phosphorylation, DNA repair, mTOR signalling and 

other commonly associated pathways. 

 

When conducting the GSEA analysis for ST6GAL1, the number of genes identified as DE was 

lowered considerably, revealing only 707 genes for the total analysis. This revealed a singular 

enriched gene set significantly upregulated as the early oestrogen response (FDR< 0.25 and P< 

0.05) (Table 9, Figure 37). Inversely, this identified a pathway not mentioned for the other 

sialyltransferase query genes, as both ST6GALNAC1 and ST6GALNAC2 were emphasised to 

exhibit downregulated enrichment of the late oestrogen response, whilst this was shown to be 

an upregulated hallmark for ST3GAL4 (Table 6-9). However, no enriched gene sets were 

identified as downregulated.  
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Figure 35: ST3GAL4 GSEA analysis revealed the upregulated enrichment of multiple biological processes relating to tumour progression, 
including TNFa signalling via NFkb, IFNg response and upregulated KRAS signalling. GSEA analysis was conducted utilising the TCGA, 
PanCancer Atlas dataset for omics analysis (N=524). Significantly, DE genes in COAD and commonly associated cancer hallmarks were 
determined in relation to ST3GAL4 expression. FDR< 0.25 and P< 0.05  
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Figure 36: ST3GAL4 GSEA analysis revealed the enrichment of multiple biological processes and pathways, including oxidative 
phosphorylation, DNA repair and mTOR signalling, were significantly downregulated. GSEA analysis was conducted utilising the TCGA, 
PanCancer Atlas dataset for omics analysis (N=524). Significantly, DE genes in COAD and commonly associated cancer hallmarks were 
determined in relation to ST3GAL4 expression. FDR< 0.25 and P< 0.05. 
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Table 8: GSEA analysis underlined enriched signalling pathways corresponding to ST3GAL4 expression and its clinical relevance to CRC 
progression. GSEA enrichment scores for the association of ST6GALNAC1 with cancer hallmarks. NES scores are provided as Log2FC changes 
(N=524) (FDR< 0.25 and P< 0.05). 
 

 
 ENRICHED PATHWAY EFFECT ON GENE 

REGULATION 

NORMALISED ENRICHMENT 

SCORE (NES) 

FDR Q-

VALUE 

ST3GAL4 Inflammatory response Upregulated 4.95 0.000 

 IL-6/JAK/STAT signalling Upregulated 2.56 0.000 

 TNFa via NFkb Upregulated 2.29 0.000 

 Late oestrogen response Upregulated 1.78 0.0365 

 IFNg response  Upregulated 1.60 0.0560 

 KRAS signalling - Up Upregulated 1.59 0.0566 

 Coagulation Upregulated 1.43 0.125 

 Apical surface markers Upregulated 1.33 0.166 

 HEME metabolism  Upregulated 1.29 0.181 

 MYC targets V1 Downregulated -2.53 0.000 

 E2F targets Downregulated -2.47 0.000 
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 G2M checkpoint Downregulated -2.27 0.000 

 MYC target V2 Downregulated -2.14 0.000 

 Oxidative phosphorylation Downregulated -2.10 0.000 

 Bile acid metabolism Downregulated -1.78 0.00154 

 DNA repair Downregulated -1.77 0.00252 

 Unfolded protein response Downregulated -1.71 0.00474 

 mTOR1 signalling Downregulated -1.66 0.00872 

 Peroxisome hallmarks Downregulated -1.59 0.0181 

 Mitotic spindles Downregulated -1.54 0.0257 
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Figure 37: ST6GAL1 GSEA analysis revealed only the enrichment of the early oestrogen response as significantly upregulated. GSEA 
analysis was conducted utilising the TCGA, PanCancer Atlas dataset for omics analysis (N=524). Significantly, DE genes in COAD and commonly 
associated cancer hallmarks were determined in relation to ST6GAL1 expression. FDR< 0.25 and P< 0.05.
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Table 9: GSEA analysis underlined enriched signalling pathways corresponding to ST6GAL1 expression and its clinical relevance to CRC 
progression. GSEA enrichment scores for the association of ST6GALNAC1 with cancer hallmarks. NES scores are provided as Log2FC changes 
(N=524) (FDR< 0.25 and P< 0.05).  
 
 

 ENRICHED PATHWAY EFFECT ON GENE 

REGULATION 

NORMALISED 

ENRICHMENT SCORE 

(NES) 

FDR Q-VALUE 

ST6GAL1 Early oestrogen response Upregulated 1.56 0.0363 
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2.3.5 Sialyltransferase predicted interactions and molecular networks 

The correlation between sialyltransferase expression and the abundance of myeloid cells within 

the TME could underline the likelihood of STn production and subsequent masking against 

antigen recognition. Hence, identifying the relative expression of sialyltransferases in 

association with immune-related signatures was determined via TISIDB analysis (Figure 38-

41). ST6GALNAC1 expression exhibited a low Spearman’s rank correlation coefficient 

(SRCC) with all myeloid populations that were analysed. However, there was a significant 

correlation between the expression of the query gene and the abundance of activated CD4+ T-

lymphocytes and monocyte cell populations (Figure 38). In comparison, ST6GALNAC2 

displayed a weak causal relationship with macrophages, indicating a significant correlation 

between the two parameters (Figure 39). Moreover, there was a significant association with the 

other myeloid populations, which included activated CD4+ T-lymphocytes, activated CD8+ T-

lymphocytes, Tregs and monocytes alongside the observed macrophage immune signature that 

was mentioned. TISIDB analysis of ST3GAL4 expression has shown a weak SRCC correlation 

with the abundance of monocyte cells (Figure 40). There was a significant association with 

both monocytes and macrophages. However, ST6GAL1 analysis revealed significant negative 

SRCC correlations with several myeloid cell populations, including macrophages, activated 

CD4+ T-lymphocytes, activated CD8+ T-lymphocytes, Tregs and monocytes (Figure 41).  
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Figure 38: ST6GALNAC1 exhibits only a significant relationship with the abundance of activated CD4+ T-lymphocytes and monocyte 
cells. SRCC analysis was executed to correlate the role of ST6GALNAC1 expression and the abundance of several immune-related signatures in 
COAD tumours (N= >8000 tumours). Myeloid populations that were assessed included macrophages, activated CD4+ T-cells, activated CD8+ T-
cells, Tregs and monocytes. P< 0.05 was considered statistically significant. 
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Figure 39: ST6GALNAC2 exhibits a significant relationship with the abundance of all myeloid cell populations. SRCC analysis was executed 
to correlate the role of ST6GALNAC2 expression and the abundance of several immune-related signatures in COAD tumours (N= >8000 tumours). 
Myeloid populations that were assessed included macrophages, activated CD4+ T-cells, activated CD8+ T-cells, Tregs and monocytes. P< 0.05 
was considered statistically significant. 
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Figure 40: ST3GAL4 exhibits a weak association with the abundance of monocytic cellular populations. SRCC analysis was executed to 
correlate the role of ST3GAL4 expression and the abundance of several immune-related signatures in COAD tumours (N= >8000 tumours). 
Myeloid populations that were assessed included macrophages, activated CD4+ T-cells, activated CD8+ T-cells, Tregs and monocytes. P< 0.05 
was considered statistically significant. 
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Figure 41: ST6GAL1 exhibits negative correlations with the abundance of several myeloid cell populations. SRCC analysis was executed to 
correlate the role of ST6GAL1 expression and the abundance of several immune-related signatures in COAD tumours (N= >8000 tumours). 
Myeloid populations that were assessed included macrophages, activated CD4+ T-cells, activated CD8+ T-cells, Tregs and monocytes. P< 0.05 
was considered statistically significant. 
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2.3.6 The correlative relationship between sialyltransferases and immune checkpoint 

proteins 

The TIMER analysis could indicate the correlative relationships between deregulated 

sialyltransferase expression and the abundance of prevalent immune checkpoint genes that are 

heavily associated with malignancies (Figure 42-45). The immune checkpoints that were 

analysed as part of this analysis have been associated with tumour progression over a variety 

of cell types. Thus, any correlative relationship may indicate factors contributing to CRC 

tumour heterogeneity and their roles in the TME. ST6GALNAC1 has indicated a non-significant 

poor correlative relationship with all of the pro-tumorigenic immune checkpoint genes that 

were queried (Figure 42). In contrast, ST6GALNAC2 displayed an SRCC that was associated 

with the abundance of most immune checkpoints, excluding both CTLA4 and SIGLEC15, with 

the highest abundant expression relating to CD274 (Figure 43). However, of the two 

checkpoint proteins that were mentioned, there was only a significant association with CTLA4. 

Similar to ST6GALNAC1, ST3GAL4 expression exerted no correlative relationship across all 

analysed immune checkpoint genes as part of the TIMER analysis (Figure 44). However, 

ST3GAL4 expression was characterised by significant association with the immune 

checkpoints TIGIT, LAG3, CD274, CTLA4 and SIGLEC15, underlining low expression levels 

are associated with the abundance of the queried immune checkpoints. Lastly, ST6GAL1 

expression analysis has shown limited correlative relationships to the abundance of immune 

checkpoint genes, similar to the other query genes. However, there is a significant association 

with immune checkpoint genes CD274 and SIGLEC15, both of which are frequently associated 

with tumour progression (Figure 45).  
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Figure 42: ST6GALNAC1 shares a poor correlation with pro-tumorigenic immune checkpoint proteins. The correlative relationship between 
the query gene ST6GALNAC1 and the abundance of pro-tumorigenic immune checkpoint proteins SIGLEC15, CD274, CTLA4, TIGIT, and LAG3 
was determined via the TIMER database.  
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Figure 43: ST6GALNAC2 expression shares a significant correlation with pro-tumorigenic immune checkpoint proteins excluding 
SIGLEC15. The correlative relationship between the query gene ST6GALNAC2 and the abundance of pro-tumorigenic immune checkpoint 
proteins SIGLEC15, CD274, CTLA4, TIGIT, and LAG3 was determined via the TIMER database.   
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Figure 44: ST3GAL4 expression shares a significant correlation with pro-tumorigenic immune checkpoint proteins. The correlative 
relationship between the query gene ST3GAL4 and the abundance of pro-tumorigenic immune checkpoint proteins SIGLEC15, CD274, CTLA4, 
TIGIT, and LAG3 was determined via the TIMER database. 
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Figure 45: ST6GAL1 expression shares a significant correlation with only CD274 and SIGLEC15. The correlative relationship between the 
query gene ST6GAL1 and the abundance of pro-tumorigenic immune checkpoint proteins SIGLEC15, CD274, CTLA4, TIGIT, and LAG3 was 
determined via the TIMER database. 
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2.3.7 Deregulated sialyltransferase expression denoting CRC patient survival outcomes 

As glycan synthesis is one of the biological processes that become deregulated within tumour 

malignancies, it is worth characterising the role of deregulated expression profiles of 

sialyltransferases on prognostic clinical survival outcomes (Figure 46-49). Low ST6GALNAC1 

expression exhibited poor prognostic outcomes in all survival criteria (P< 0.05) (Figure 46). 

Inversely, ST6GALNAC2 has shown the complete opposite, emphasising that high deregulated 

expression was correlated to reduced survival outcomes in OS criteria (P< 0.05), the RFS 

criteria (P< 0.05), and PPS criteria (P< 0.05) (Figure 47). Similarly, survival curves 

demonstrated that higher ST3GAL4 expression correlated greater to poor clinical survival in 

OS and RFS survival criteria (P< 0.05). Moreover, PPS criteria characterised low expression 

was associated with poor survival outcomes. However, over the extended period, the 

prognostic value of high ST3GAL4 expression also displayed similar survival outcomes as low 

ST3GAL4 expression in PPS survival (Figure 48). Similar to observed survival data of 

ST6GALNAC1, ST6GAL1 survival demonstrated low expression was associated with poor 

survival outcomes of CRC patients across all survival parameters (P< 0.05) (Figure 49).
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Figure 46: Low ST6GALNAC1 expression is associated with poor survival outcomes. Comparisons between high ST6GALNAC1 expression 
(red) and low ST6GALNAC1 expression (black) were conducted to elucidate the relationship between query gene expression and the prognostic 
factor in COAD patients. Survival curves were constructed to outline ST6GALNAC1 expression with survival criteria: overall survival (OS), post-
progression survival (PPS), and relapse-free survival (RFS) criteria. P< 0.05 was considered statistically significant. 
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Figure 47: High ST6GALNAC2 expression is associated with poor survival outcomes in all survival criteria. Comparisons between high 
ST6GALNAC2 expression (red) and low ST6GALNAC2 expression (black) were conducted to elucidate the relationship between query gene 
expression and the prognostic factor in COAD patients. Survival curves were constructed to outline ST6GALNAC2 expression with survival 
criteria: overall survival (OS), post-progression survival (PPS), and relapse-free survival (RFS) criteria. P< 0.05 was considered statistically 
significant.
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Figure 48: High ST3GAL4 expression is associated with poor survival outcomes in OS and RFS criteria. Comparisons between high 
ST3GAL4 expression (red) and low ST3GAL4 expression (black) were conducted to elucidate the relationship between query gene expression and 
the prognostic factor in COAD patients. Survival curves were constructed to outline ST3GAL4 expression with survival criteria: overall survival 
(OS), post-progression survival (PPS), and relapse-free survival (RFS) criteria. P< 0.05 was considered statistically significant. 
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Figure 49: Low ST6GAL1 expression is associated with poor survival outcomes in COAD patients. Comparisons between high ST6GAL1 
expression (red) and low ST6GAL1 expression (black) were conducted to elucidate the relationship between query gene expression and the 
prognostic factor in COAD patients. Survival curves were constructed to outline ST6GAL1 expression with survival criteria: overall survival (OS), 
post-progression survival (PPS), and relapse-free survival (RFS) criteria. P< 0.05 was considered statistically significant. 
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2.3.8 ST6GalNAc1 exhibited lower expression in CRC patient tissues 

The in silico analysis obtained via UALCAN transcriptomics required experimental validation 

to confirm the deregulation of sialyltransferase ST6GalNAc1 and ST6GalNAc2, which are 

both directly involved in STn production. Therefore, immunohistochemistry staining was 

performed on tissue microarrays (N=18) (Figure 50). The transition from NAT to COAD 

tissues indicated greater changes in tissue morphology, particularly the standard epithelial cell 

structure which forms epithelial crypts in normal epithelial colon tissues have lost their 

arrangement due to their irregular morphology. In addition, the presence of goblet cells have 

been reduced in the tumour tissues, indicating a reduction in the mucin layer. Conversely, there 

are greater fibrous connective tissue in the tumour cores which are largely clustered around the 

tumour cells, a prominent feature that is not present in normal epithelial tissue cores. 

Furthermore, ST6GalNAc1 exhibited greater staining intensity in the normal colon patient 

tissues in comparison to the malignant tissue cores (enhanced brown staining in NAT and AT 

tissues with respect to COAD), with respective images of the tissue cores shown (Figure 50A). 

This was further emphasised by quantitative analysis of the staining, which revealed decreased 

levels of staining were present in the malignant tumour tissues (P< 0.05) (Figure 50C). 

However, ST6GalNAc2 exhibited no significant differences between NAT, AT and COAD 

tissue cores, similar to the data observed from UALCAN transcriptomics (Figure 50B). 
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Figure 50: ST6GalNAc1 has low expression in CRC tissues. (A) IHC was performed on the CRC tissue array (BC05023a) with a primary 
ST6GalNAc1 antibody. Representative images of core tissues were visualised at x4 and x10 magnification. (B) IHC was performed on the CRC 
tissue array (BC05023a) with a primary ST6GalNAc2 antibody. Representative images of core tissues were visualised at x4 and x10 magnification. 
(C) Scoring analysis of CRC tissue array cores for ST6GalNAc1 and ST6GalNAc2 staining intensity to outline expression. Data was presented as 
box plots for NAT and AT as the normal cohort (grey) compared against malignant (COAD) tissues (red), error bars ± SD. Unpaired student’s t-
test. * P< 0.05.
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2.4 Discussion 

This chapter has demonstrated the multifaceted roles of deregulated sialyltransferase 

expression patterns of ST6GalNAc1, ST6GalNAc2, ST3GalIV and ST6Gal1. It also shows 

their possible role in STn production and the clinical relevance associated with CRC 

progression. By elucidating miRNA targets and regulatory mechanisms that modulate their 

expression, we can provide some insights that determine the effectiveness of sialyltransferases 

as therapeutic targets in cancer treatment. Furthermore, this chapter aimed to answer several 

questions that were outlined in this project. Thus, we believe we have identified miRNAs that 

can disrupt the Siglec-15/Sia axis by affecting the production of the STn antigen.  

 

2.4.1 In silico target prediction analysis 

Prediction analysis of interactive partners identified ST6GALNAC1 to be co-expressed with the 

AGR2 gene via GeneMANIA. AGR2 proteins are primarily localised to the ER, which plays a 

role in the organelles’ homeostasis through the formation, breakage and subsequent 

isomerisation of disulphide bonds that are involved in nascent protein maturation (Moidu et 

al., 2020). Additionally, AGR2 is characterised as a prominent oncogene that has correlated 

with tumour onset and progression in multiple tumour malignancies, including CRC (Tian et 

al., 2022; Xiu et al., 2019). However, there is evidence of extracellular AGR2 secretion (Fessart 

et al., 2016), that initiates disparate O-glycosylation patterns in comparison to ER-resident 

AGR2 (Pirro et al., 2021). Other interactive partners that were identified included C1GALT1, 

COSMC, B3GNT6 and GALNT6 from STRING analysis. C1GALT1 and COSMC are 

responsible for the biosynthesis of core 1 O-glycans. High energy exertion from an α-GalNAc-

Thr conformational structure is recognised by C1GALT1, and by assisting 3D structural 

rearrangement with α-GalNAc-Ser peptide chains, C1GALT1 enables glycosylation of both 

acceptor molecules (González-Ramírez et al., 2022). Furthermore, C1GALT1 overexpression 

in CRC tumours has promoted tumour pathophysiological properties, including growth, 

survival and migration. Conversely, siRNA-mediated KO suppressed C1GALT1 expression, 

repressing the tumour phenotype in vitro and in vivo (Hung et al., 2014). C1GALT1 function 

in core-1 O-glycan physiology retains greater sialylation in tumour cells, prompting reduced 

antigen recognition from myeloid cells via the production of the (Galβ1,3GalNAc) T antigen. 

Moreover, a lack of core-1 and core-3 O-glycan murine models suggested higher levels of Tn 

antigen present (Bergstrom et al., 2016). Furthermore, higher levels of Tn antigen were 
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indicative of greater instances of spontaneous chronic colitis-associated CRC (Bergstrom et 

al., 2016). This could suggest that the production of the tumour-associated T antigen could 

impact the availability of the Tn antigen substrate and negatively impact the production of the 

STn antigen in colitis-associated CRC. In solid CRC tumours, the literature reported the 

downregulation of B3GNT6 as a prognostic factor for reduced survival outcomes following 

downregulated expression profiles in tumour cohorts (Xiao et al., 2022), supporting our 

multiomics findings. Furthermore, lower B3GNT6 expression profiles were correlated to a 

higher proportion of CIN type tumours and KRAS mutations (Xiao et al., 2022). In association 

with ST6GalNAc1, B3GNT6 functions in O-glycan biosynthesis (Sun et al., 2023), primarily 

in the production of core-3 and core-4 O-glycans but also adopts a secondary function in the 

extension of core-1 O-glycans without the assistance of B3GALT5 or ST6Gal1 (Cherian et al., 

2015). Downregulated expression of B3GNT6 in COAD tumours may suggest a reduced 

number of core-3 and core-4 O-glycans are synthesised from the extension of the Tn antigen, 

which enables the availability of the Tn antigen to remain high. This could emphasise dual 

roles within the glycan biosynthesis pathway and provide insights for producing several Siglec 

ligands.  

 

ST6GalNAc2 indicated co-expression with AHSG from the STRING analysis, a pro-

tumorigenic gene often associated with dysregulated metabolic processes and is upregulated in 

several tumours (Xing et al., 2023). Furthermore, AHSG possesses two differing human alleles 

that can result in three separate genotypes, including AHSG*1, AHSG*2, and heterozygous 

AHSG1/2. The resultant genotypes are contrasted by only two amino acids, which change O-

glycosylation sites at position 256 (Lin et al., 2019). Changes in the AHSG genotype were 

shown to affect glycosylation patterns and exhibited greater fucosylation in patient samples 

(Lin et al., 2019). The diversity of glycosylation sites and O-glycan structures may emphasise 

possible sialylated capping of the glycoprotein by the ST6GalNAc2 protein. Furthermore, there 

is a greater emphasis on gene communication with MUC genes. Collectively, mucin genes 

produce tumour-associated truncated O-glycans, including the Tn and STn antigens (Sanz-

Martinez et al., 2023). There are several reports which indicate the overexpression of MUC1 

in the development of CRC tumours alongside advanced tumour stage and greater tumour 

invasion and metastasis (Li et al., 2019). Spatial analysis also revealed an intercellular crosstalk 

between MUC1+ tumour cells and myofibroblasts that stimulated mucinous COAD tumour 

development (Zhou et al., 2024). A previous report has identified four tandem repeat domains 

within MUC1 that displayed glycosylation preferences for ST6GalNAc2, ST6GalNAc3 and 
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ST6GalNAc4 and underlined the importance of a lectin domain for glycosylation site selection 

following the addition of GalNAc (Coelho et al., 2023). As ST6GalNAc2 is dependent on 

particular glycosylation sites for MUC1 sialylation, this could provide insights into 

ST6GALNAC2’s physical interactions with other mucin genes in a similar manner. This may 

suggest ST6GalNAc2 having initial interactions with glycoproteins prior to sialylated capping 

of STn by ST6GalNAc1. Furthermore, although MUC1 revealed no significant difference in 

expression between normal and COAD tumours and is contradicted within the literature. It is 

suggested that terminal sialylation of mucins is independent of the available glycoproteins that 

are present due to other deregulated sialyltransferases.  

 

Protein analysis depicted several fucosyltransferases, such as FUT1, FUT2 and FUT3, 

interacting with ST3GalIV. FUT1 exhibited enhanced expression in the tumour cohort as part 

of our findings. Similarly, within the literature, FUT1 displayed upregulated expression in CRC 

in vitro and has been associated with poor clinical survival in CRC patients (Wu et al., 2021). 

Terminal fucosylation modifications are elevated in tumours due to greater FUT1 activity. 

FUT1 function in CRC remains limited, but it could suggest similar mechanisms in CRC for 

the formation of fucosylated sLE antigens following interactions with ST3GalIV. Similarly, 

galactosyltransferases, including B3GALT and B4GALT proteins, are involved in O-glycan 

and N-glycan biosynthesis, respectively, by functionally adding galactose residues for complex 

O-glycan and N-glycan extension via b1,3 and b1,4-linkages (Hassinen et al., 2019; Lee et al., 

2011). Additionally, it has been shown that B4GALT proteins stimulated AKT activation-

induced b-catenin translocation following downregulated expression profiles (Zhang et al., 

2024). However, the role of galactosyltransferases in the context of CRC largely remains 

unexplored. A previous report, however, identified liver metastases of CRC murine models 

displayed higher levels of sialylation. It also demonstrated upregulated expression profiles of 

both B3GALT and B4GALT type proteins alongside other glycan biosynthesis pathway 

enzymes (Lee et al., 2011). This could suggest that greater galactosyltransferase activity could 

be responsible for tumour invasion and metastasis to secondary organ locations such as the 

liver. Interestingly, ST3GAL4 gene communication revealed physical interactions with 

carbohydrate sulphotransferase proteins (CHST2, CHST5, CHST6) as part of the GeneMANIA 

analysis. CHST proteins catalyse proteoglycan biosynthesis via sulphation of hydroxyl and 

amine constituent groups of glycan substrates from the 3’-phosphoadenosine-5’-

phosphosulphate donor molecule (Begolli et al., 2023). A previous study identified the 
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overexpression of CHST4 in CRC cells. In contrast, CHST5 exhibited greater prevalence in 

normal epithelial cells, and CHST2 has shown no significant difference between normal and 

CRC (Yu et al., 2018). Moreover, it has been suggested that overexpression of CHST1, CHST2 

and CHST4 may contribute to the sulphation modifications of Siglec ligands that can enhance 

receptor-ligand binding (Jung et al., 2021). From the overexpression of CHST1, Siglec-15 

demonstrated significantly greater binding in HEK293 and U937 cells (Büll et al., 2021; Jung 

et al., 2021). Although CHST1 was not observed to have physical interactions with the 

ST3GAL4 gene, it may provide possible insights into the role of CHST proteins in the 

biosynthesis of Siglec ligands, including the STn antigen.  

 
 
ST6GAL1 GeneMANIA analysis revealed pathway interactions with the POU2F1 transcription 

factor. The transcription factor is part of the DNA-binding POU domain family and has been 

shown to regulate tumour onset and progression (Tantin, 2013). Further to this, POU2F1 in 

CRC has demonstrated upregulated in tumours and correlated with oxaliplatin treatment 

resistance by stimulating glycolysis and pentose phosphate pathways (Lin et al., 2022). 

Moreover, a recent report identified the ubiquitination at K272 (Lysine residue, position 272) 

of the POU2F1 transcription factor having shown evidence of suppressing CRC via reduced 

PI3K/AKT signalling (Xia et al., 2024). POU2F1 may regulate the expression of ST6GAL1 in 

the glycan biosynthesis pathway. The overexpression of both ST6GAL1 and POU2F1 could, 

therefore, suggest an increase in a2,6 sialylation. Other interactions that were highlighted from 

our findings revealed predicted interactions with SOX2, FUT1 and CD22 (Siglec-2). SOX-2 is 

another transcription factor that utilises its HMG domain to directly bind to DNA sequences 

for transcriptional modulation (Mirzaei et al., 2022). Preferential ligands for CD22 are usually 

presented as a2,6 sialylated glycans (Crocker et al., 2007). This could suggest the direct 

involvement of ST6Gal1 in the production of CD22 preferential ligands following assisted 

fucosylation by FUT1 and transcription factors SOX2 and POU2F1 facilitating enhanced 

transcriptional ST6GAL1 expression. 

 
 

2.4.2 In silico expression analysis 

Previous evidence within the literature demonstrated the abnormal overexpression of 

sialyltransferases in tumour malignancies and tumour progression, with an emphasis on the 

overproduction of the STn antigen and hypersialylation (Munkley, 2016; Sanz-Martinez et al., 
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2023). However, UALCAN transcriptomics analysis identified significant downregulation of 

ST6GALNAC1, and ST3GAL4 and no significant difference in the expression of ST6GALNAC2 

in the tumour cohort when compared against the normal tissue control group. A previous report 

indicated that enhanced ST6GALNAC1 expression was dependent on the deregulation of M2 

pro-tumorigenic phenotype macrophages and the progression of CRC cells in vitro. 

Furthermore, stimulation in STn production was also observed (Kvorjak et al., 2020). 

Moreover, a recent study reported the overexpression of GALNT6 in CRC tissues, an important 

glycosyltransferase in glycan biosynthesis (Peng et al., 2021). Additionally, the deregulation 

of GALNT6 stimulated pro-tumorigenic characteristics of CRC cells in vitro, which increased 

the production of the Tn antigen. GALNT6 has been shown as an interactive partner in the 

STRING analysis. Its upregulated expression profiles in CRC tumours indicated the increased 

production of the Tn antigen precursor, which may underline the STn antigen’s overexpression 

and its production. In addition, both pro-tumorigenic antigens Tn and STn are prevalent in 

CRC tumours, both of which have strongly suggested poor survival outcomes in patients (Sun 

et al., 2018; Tian et al., 2024). Thus, this could infer the enhanced expression of the Tn antigen 

and STn production is independent of ST6GalNAc1 expression. Additionally, ST6GalNAc1 

may require intercellular signalling with myeloid cells to facilitate STn production within the 

TME. Moreover, interactions with pro-tumorigenic TAMs could also drive these observed 

expression patterns and promote tumour heterogeneity. ST3GAL4 expression suggested 

downregulated expression in COAD tumours from the transcriptomics analysis. This correlated 

with evidence from the literature, which demonstrated reduced ST3GAL4 expression in 

inflammation mediated colitis-associated CRC murine models (Bernard et al., 2023). 

Furthermore, ST3GalIV is an important player in the production of sLEx antigens via N-glycan 

α2,3-sialylation, and its KO greatly impacted the production of sLEx. However, there was not 

a complete abolishment of sLEx expression until dual KO with ST3GAL6 was conducted (Costa 

et al., 2023). However, downregulated expression in CRC may emphasise the role of other 

ST3Gal, such as ST3GalVI, to rescue the sLEx phenotype. In addition to this, a previous report 

identified the roles of both ST3GalI and ST3GalIV, which contributed to the synthesis of 

ligands for Siglec-7 and Siglec-9 binding. Interestingly, both of these are pro-tumorigenic and 

are associated with poor clinical survival (Rodriguez et al., 2021). It could suggest ST3GalIV 

involvement in possible ligand synthesis for pro-tumorigenic Siglecs, such as Siglec-15 

binding, although it has not been implicated in STn production. Furthermore, upregulated 

expression of ST6GAL1 is associated with CRC progression and tumour onset (Venturi et al., 

2019). Its expression profile exhibited profound transcriptomic changes in SW948 cells which 
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were related to chromosomal instability type tumours (Venturi et al., 2019). Moreover, 

ST6GAL1 expression was associated with reduced sensitisation to chemo-radiation therapies 

in organoids (Smithson et al., 2024). A previous report also demonstrated enhanced ST6Gal1 

expression resulted in increased ⍺2,6-sialylation at N-glycosylation sites, showing heightened 

resistance to Cetuximab-based therapies (Rodrigues et al., 2021). ST6Gal1 is a known 

modulator of N-glycans with ⍺2,6-sialylated linkages. Hence, greater sialylation could 

contribute to hypersialylation and reduced antigen recognition from myeloid cell populations. 

Similarly, there are also a number of other pro-tumorigenic characteristics that are also 

enhanced by increased ⍺2,6-sialylation. These included reduced sensitisation of therapeutic 

approaches, sialylation of EGFR and the activation of the PI3K/AKT pathway mediating 

gefitinib resistance (Chang et al., 2018). Moreover, adhesion molecules including intercellular 

adhesion molecule-1 (ICAM-1) and nectin-like molecule 2 (Necl-2) are also ⍺2,6-sialylated 

(Minami et al., 2013; L. Zhou et al., 2019). This suggested adhesion proteins are likely 

substrates of ST6Gal1 activity and induced cellular adhesion via ⍺2,6-sialylation can stimulate 

tumour progression. The predominant function of ST6Gal1 is the ⍺2,6-sialylation of N-

glycans. However, our findings highlighted the downregulated expression of ST6GalNAc1 

which sialylated the Tn antigen to form STn in a ⍺2,6-sialylated linkage. This inferred ST6Gal1 

activity rescues the sialylated STn phenotype leading to its overproduction. To determine the 

differing expression profiles that were reported, it could infer the roles of epigenetic 

mechanisms such as miRNAs manipulating sialyltransferase expression and activity.   

 

2.4.3 Epigenetic regulation of sialyltransferases 

UALCAN transcriptomics also characterised epigenetic regulation in the expression profiles 

of ST6GALNAC2, ST3GAL4 and ST6GAL1 by exhibiting significantly increased promoter 

methylation in the tumour cohort. It is common in CIMP molecular CRC subtype tumours to 

illicit greater CpG island methylation on the promoter regions of tumour-specific genes, 

significantly impacting tumour progression and metastasis (Nishiyama & Nakanishi, 2021). 

Furthermore, sialyltransferase expression can become heterogenous. GALNT genes that are 

part of the initial glycan biosynthesis pathway share abnormal expression in tumours following 

the hypermethylation of promoter regions (Vojta et al., 2016). Moreover, in a clinical trial 

conducted, findings identified promoter methylation of ST6GALNAC3 and zinc-finger protein 

660 (ZNF660) as diagnostic biomarkers in prostate cancer (Haldrup et al., 2018). As the 

hypermethylation of gene promoter regions controls tumour progression and also genes 
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involved in cell cycle regulation, targeting methylation sites of tumour suppressor genes may 

normalise gene expression. The use of DNA methyltransferase inhibitors, including 5-AZA-

2′-deoxycytidine and 5-AZAcytidine, both FDA-approved, have shown positive responses in 

clinical trials by inducing DNA hypomethylation on DNA sequences (Greville et al., 2016). 

Consequently, promoter methylation can inhibit gene expression by preventing available 

binding sites for transcription factors, which may impact the expression of sialyltransferases 

across tumours. This could be the reason why ST6GALNAC2 and ST3GAL4 displayed 

downregulated expression in COAD tumours. Furthermore, it could also infer that the 

expression of these sialyltransferases is tumour specific. This suggests the interplay of miRNAs 

that regulate gene expression at the post-transcriptional level and other epigenetic modification 

mechanisms in solid CRC tumours. Moreover, it has been reported that the deacetylation of 

histone proteins can repress gene transcription (Erfani et al., 2022).  

 

As part of the epigenetic modifications that are associated with manipulating sialyltransferase 

expression. The identification of novel candidate miRNAs that are predicted to be involved in 

the regulation of the chosen sialyltransferases were determined and the roles they play in CRC 

progression. In particular, the expression profiles of oncomirs and subsequent tumour 

suppressor miRNAs that were identified may play a direct role in the regulation of 

oncogenes/tumour suppressor genes such as the sialyltransferases chosen for this study and 

their role in CRC progression. The identification of predicted miRNAs involved in modulating 

gene expression and the binding affinities of predicted binding sites for the 3’ UTR region of 

the target mRNAs have suggested a high likelihood of gene silencing (Wang et al., 2021). For 

complementarity binding with target mRNA sequences, the Ago proteins are directed by the 

guide strand of the miRNA duplex. In addition, the complementarity between the mRNA-

miRNA sequences can also dictate targeting efficiency (Hiers et al., 2024). Conversely, upon 

engagement with the target mRNA strand, full complementarity binding between nucleotide 

bases will lead to directed degradation of the target, whilst in contrast, only partial 

complementarity between the miRNA and target mRNA demonstrates translational repression 

(Shang et al., 2023). Following the binding of the RISC complex to the target mRNA strand, 

further scaffolding proteins, including TNRC6, facilitate the binding of transcriptional factors 

such as CCR4-NOT deadenylase complex to stabilise the overall structure (Rehwinkel et al., 

2005). The stabilisation of the complex assists in target degradation or translational repression 

of the mRNA strand.  
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To determine that the role of sialyltransferases in STn production is affected by miRNA 

activity, ST6GALNAC1 was predicted to be regulated by miR-21, miR-30e and miR-26b. As 

our findings suggested a tumour suppressor role of ST6GALNAC1 in COAD tumours, all three 

miRNAs were demonstrated to have significant upregulation in the tumour cohorts. Previous 

reports have correlated miR-21 as a pro-tumorigenic oncomir that exhibits upregulated 

expression in multiple cancer types, including CRC, serving as a tumour biomarker (Li et al., 

2023). Within the CRC tumour landscape, the synergistic effect of miR-21 and miR-335 was 

reported in advanced stage and MSI type CRC tumours, with the interplay of both miRNAs 

correlating to reduced survival outcomes in CRC patients (Calvo-López et al., 2022). Several 

tumour associated signalling pathways have also been suggested as a result of enhanced miR-

21 activity, including greater PI3K/AKT and TGF-b signalling following deregulated 

expression profiles in tumour malignancies (Despotovic et al., 2021; Lai et al., 2021). Similar 

mechanisms have also been suggested to induce CRC progression. The role of miR-30e 

displayed upregulated expression in solid tumours and serves as a potential biomarker for CRC 

malignancies (Peng et al., 2020). Moreover, miR-30e expression profiles induced the CXCL12 

axis, which facilitated CRC tumour progression (Wei et al., 2023). Previous reports have 

suggested that deregulated expression profiles of miR-26b correlated with CRC tumours and 

the modulation of MMP-9 (Farouk et al., 2023). However, the evidence in the literature of 

miR-26b’s oncogenic properties remains limited and would require experimental validation to 

elucidate its role in CRC tumours. Evidence in the literature has shown that dysregulated 

expression patterns of miRNAs can drive tumour onset (Hussen et al., 2021). The significance 

between miRNA binding on the 3’ UTR seed region and downregulated ST6GALNAC1 

expression may address the observations that we have witnessed.  

 

The profile of ST6GALNAC2 is not differentially expressed between normal and tumour 

cohorts. Therefore, the effect of miRNA activity to modulate its expression remains 

unnecessary. Similarly, the role of miR-588 also exhibited no significant difference and 

information regarding its expression was not available within the UALCAN database. This 

could suggest that the role of epigenetic modifications, such as promoter methylation has a 

greater impact in regulating ST6GALNAC2 expression in comparison to the other 

sialyltransferases.  

 



Mohammed Saqif Ahmad  Chapter 2 

 164 

Of the two miRNAs identified for regulating ST3GAL4 expression, let-7g and miR-98 

demonstrated high expression in the tumour cohort that was obtained via transcriptomics 

analysis. Both miRNAs have only shown partial complementarity binding with the ST3GAL4 

gene sequence, suggesting translational repression. Within the tumour landscape, let-7g 

exhibited significant expression in CRC tumours and reduced patient survival, signifying its 

role as an oncomir following ST3GAL4 downregulation (Cho et al., 2021). In silico analysis 

from a previous study has also supported these findings, which largely correlated to progression 

free survival and OS independent of tumour grade and patient age (Yang et al., 2017). One 

study suggested the inhibition of let-7g has a significant effect on CRC migration, invasion and 

modulation of the influx of Ca2+ via calcium channels (Chang et al., 2019). Typically, signal 

transduction mechanisms are activated through an increase of intracellular Ca2+ which can 

activate transcription factors and DNA regulatory elements in promoter regions necessary for 

transcriptional regulation. Thus, controlling the rate of transcription of regulatory genes 

(Johnson et al., 1997). Interestingly, the expression of miR-98 was shown to exhibit higher 

expression within high grade intra-epithelial dysplastic polyps of human orthologous familial 

APC porcine models (Stachowiak et al., 2017). The deregulation of the APC tumour suppressor 

gene is involved in the initial stages of CRC tumour onset due to somatic mutations and loss 

of heterozygosity in 80% of sporadic CRC tumour diagnoses (Zhang & Shay, 2017). This may 

indicate the role of miR-98 as a predictive biomarker of CRC development. A suggested 

pathway from the literature proposed miR-98 as a tumour suppressor via directed targeting of 

frizzled receptor 3 (FZD3) inhibiting Wnt signalling and CRC cellular proliferation (Kenneth 

et al., 2023).  

 

ST6GAL1 regulation was characterised by the reduction of activity in tumour suppressor 

miRNAs miR-484, miR-125a and miR-125b in COAD tumours. Within the literature, miR-

484 has typically expressed reduced expression in CRC (Jia et al., 2022). Other studies have 

also corroborated miR-484 expression and identified it as a tumour suppressor miRNA, 

particularly in MSI type CRC tumours that display distinct hypermethylation on its promoter 

regions (Mei et al., 2015). Furthermore, the role of long non-coding RNA (lncRNA) molecules 

(LINC01315) has also shown competitive binding to miR-484 to negatively impact its 

expression in tumours through ‘sponging’, thus promoting CRC progression and metastasis (Li 

et al., 2022). In addition to this, a recent study reported that miR-484 expression in the serum 

of CRC patients was downregulated in lower tumour grade (grade I-II) in comparison to 
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expression profiles in normal tissues. In contrast, miR-484 expression reported elevated levels 

in advanced CRC tumour grade (III-IV) (Lu & Lu, 2015). This may suggest that miR-484 

expression profiles are stage dependent in CRC. Possible targets may have also been identified, 

both CD137 (co-stimulatory ligand expressed on activated CD8+ T-cells for antitumour 

response induction) and pro-inflammatory cytokine IL-8 have shown downregulated 

expression inhibiting MSI type CRC when miR-484 was overexpressed (Jia et al., 2022; Mei 

et al., 2015). Therefore, miR-484 downregulation could suggest a greater presence of an 

immunosuppressive TME, likely due to ineffective antitumour response generation and 

stimulated tumour progression following chronic inflammation. Possible elucidation of 

signalling pathways affected by miR-484 downregulation in CRC remains limited and would 

require further investigation. A previous study has elucidated that the expression of miR-125a 

was reduced in CRC in vitro (Zhang et al., 2020). Furthermore, it was reported that miR-125a 

has established downregulation in CRC tissues and in vitro cell lines. Conversely, its 

overexpression in functional studies suggested tumour reduction in several criteria, including 

migration, invasion and EMT, following the direct targeting of tafazzin (TAZ), a transcriptional 

regulator in hippo signalling (Tang et al., 2019). Therefore, this could suggest greater emphasis 

on regulation across N-glycan biosynthesis following ST6GalI mediated sialylation. Moreover, 

suggested pathways have indicated that miR-125a was responsible for the direct targeting of 

regulators in the PI3K/AKT and mTOR signalling pathways (Li et al., 2020; Liang et al., 2017). 

Similar to its counterpart, miR-125b has been reported with low expression in CRC tumour 

cells and tissues. However, when overexpressed, miR-125b improved tumour sensitivity to 

chemotherapy treatment (Zeng et al., 2021). Inversely, another thorough study also reported 

that repressed miR-125b expression led directly to greater chemoresistance in cells to 

oxaliplatin and 5-FU-based therapies (Park et al., 2020). A suggested pathway could involve 

the direct targeting of STAT3 and the regulation of JAK/STAT signalling, which ensures 

effective regulation of pro-tumorigenic genes related to cellular proliferation and apoptosis 

(Johnston & Grandis, 2011; Zhang et al., 2022). Upon elucidating the role of both miR-125a 

and miR-125b clustered expression in CRC, a previous study reported significant CpG 

hypermethylation on their promoter regions in CRC tissues, resulting in their inactivation 

(Chen & Xu, 2015).  

 

Interestingly, miR-30e identified for ST6GALNAC1 was revealed as a predictive miRNA 

candidate in the regulation of GALNT6, GALNT7 and B3GNT6. The function may indicate a 
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dual role in the regulation of multiple sialyltransferases in glycan biosynthesis. GALNT7 has 

shown significant downregulation in the tumour cohort, suggesting miR-30e as a probable 

oncomir. Similarly, a previous study reported direct targeting of GALNT7 by miR-30e in 

cervical cancer cells repressed its expression profile. Thus, miR-30e could play a similar role 

in CRC progression (Wu et al., 2017). These findings also infer predicted binding with 

B3GNT6, indicating a similar function. Interestingly, GALNT6 was overexpressed in tumour 

tissues (Peng et al., 2021). This could imply other members of the miR-30 family involved in 

further regulation of multiple genes particularly in the case of GALNT6. Evidence from the 

literature has suggested that genes from the same miRNA family possess similar functions to 

one another due to conserved sequence and structural similarities (Kamanu et al., 2013). 

Therefore, the likelihood of other miRNAs, including hsa-miR-30a-5p, hsa-miR-30b-5p, hsa-

miR-30c-5p, hsa-miR-30d-5p could be involved separately for GALNT6 regulation and 

subsequent Tn antigen production. In contrast, hsa-miR-199a-5p and hsa-miR-665 were 

predicted to regulate the four main sialyltransferase query genes ST6GALNAC1, 

ST6GALNAC2, ST3GAL4 and ST6GAL1. However, both miRNAs were not observed in the 

individual prediction analysis of each of the aforementioned genes. Further experimental 

validation could underline complex disease mechanisms related to tumour progression (Dou et 

al., 2023). The role of hsa-miR-147a in the regulation of C1GALT1, C1GALTC1, FUT1 and 

POU2F1 suggested its role as a possible tumour suppressor miRNA. Indeed, the 

downregulated expression profile of miR-147a has been observed in CRC tumours (Tan et al., 

2022). Correspondingly, it has also been shown to target LINC00263 to suppress the lncRNA’s 

oncogenic properties, and its knockdown promoted tumour progression (Lee et al., 2021). The 

role of miR-147a in glycan biosynthesis has not been reported, albeit it is suggested that the 

formation of the T antigen is possible due to regulating both C1GALT1 and COSMC. Lastly, 

both hsa-miR-541-3p and hsa-miR-96-5p were predicted for ST6GALNAC1, ST6GAL1, 

ST3GAL4 and MUC1 regulation. Evidence from the literature detailing miR-541 in CRC 

remains limited but was suggested to have downregulated expression in both prostate and CRC 

tumours (Fu et al., 2024; Pashaei et al., 2017). Based on the evidence from the literature, it 

could highlight a tumour suppressor role in ST6GAL1 regulation. However, this may not fully 

describe its role in the other genes. In comparison, miR-96 displayed enhanced expression 

patterns in CRC correlating with poor clinical survival in CRC patients (Chen et al., 2022; Ge 

et al., 2020). Furthermore, based on the evidence from the literature, it may emphasise a direct 

role in regulating both ST6GALNAC1 and ST3GAL4, as both exhibited decreased expression 

profiles in CRC. MUC1-derived STn is a tumour associated glycopeptide that has 



Mohammed Saqif Ahmad  Chapter 2 

 167 

demonstrated abnormal expression in tumours (Marchiori et al., 2020). As our findings 

demonstrated no significant difference in the expression of MUC1 between normal and tumour 

cohorts, it is possible that sialylation, other post-translational modifications and epigenetic 

factors contributed to the production of overexpressed MUC1-derived sialylated glycans. The 

intensity of O-glycosylation for glycan biosynthesis is independent of the number of 

glycosylation sites available. This was observed following an increase in MUC1 tandem 

repeats, which did not proportionally increase the production of sialylated glycans (Syrkina et 

al., 2019). Therefore, miR-541 and miR-96 may regulate MUC1. However, this would not 

significantly impact its expression profile, and a greater emphasis would be placed following 

MUC1 sialylation and other epigenetic factors in a CRC context-dependent environment. In 

addition to sialyltransferases, including ST3GAL4, directed targeting by miR-96 may influence 

its expression and synthesis of sialylated glycans. Furthermore, the role of miRNAs in relation 

to ST6GALNAC1, which is the major player in STn production, could underline miR-98 

mediated regulation in STn production is independent of ST6GalNAc1 activity. 

Hypermethylation of ST6GALNAC1 and the loss of heterozygosity has been observed in a prior 

study but still contributed to significant tumour progression in oesophageal squamous cell 

carcinomas (Iwaya et al., 2017). Another study reported that the biosynthesis of the STn 

antigen could also be a result of mutations and the loss of heterozygosity of COSMC (Munkley, 

2016). Hence, the overexpression of STn could be independent of CRC progression and would 

not require ST6GalNAc1 activity. However, this also may only be possible due to external 

factors including sialylation and hypermethylation controlling expression and function. 

Moreover, experimental validation utilising miRNA mimics/antagomirs and post-translational 

modification studies will be required for further elucidation of the glycan biosynthesis 

pathway.  

 

2.4.4 Associated tumour hallmark enrichment analysis and their correlation with 

sialyltransferase expression  

Elucidating the relevance of regulatory signalling pathways and the expression of 

ST6GALNAC1, ST6GALNAC2, ST3GAL4, and ST6GAL1 highlighted several frequently 

associated tumour hallmarks related to CRC progression (Figure 51).  

 

Based on our GSEA analysis findings, the positive enrichment of EMT and MYC targets were 

identified in relation to ST6GALNAC1 expression. This suggested the possible involvement of 
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these targets and key signalling mechanisms driving CRC progression (Gao et al., 2023; Shin 

et al., 2023). Additionally, downregulation of IL-6-mediated JAK/STAT3 signalling was 

observed. The pro-inflammatory stimulation and release of IL-6 and subsequent JAK/STAT3 

signalling were associated with the induced EMT in multiple solid tumours (Huang et al., 

2022). Through this pathway, the activation of EMT is directly mediated by a collection of 

tyrosine and serine/threonine kinases (Huang et al., 2022). A previous study has reported a 

direct correlation between the development of EMT and CRC metastasis, which occurred 

through crosstalk between CRC tumour cells and TAMs (Wei et al., 2019). Therefore, 

ST6GALNAC1 is suggested to facilitate TME heterogeneity via signalling with myeloid cell 

populations and tumour associated EMT pathways. However, from our findings, the 

downregulated enrichment of the inflammatory response and IL-6 mediated JAK/STAT3 

signalling could infer EMT is likely mediated through another mechanism. Thus, this suggested 

the upregulation of MYC targets could facilitate EMT in CRC progression. Dishevelled-3, a 

key protein in Wnt signalling, has been shown to induce EMT in CRC progression through 

enhanced MYC signalling and Wnt/b-catenin translocation (Yang, et al., 2023). Moreover, 

other MYC targets, including syntrophin b1 (SNTB1), enhanced EMT associated CRC 

progression via similar signalling pathways when silenced in knockdown studies (Zhang et al., 

2023). In addition, another MYC target may also be highly involved, including Zinc finger 

protein SNAI1 (SNAIL), a key modulator of EMT. A previous study demonstrated MYC 

induced SNAIL transcription promoted EMT through TGF-b signalling (Meškytė et al., 2020). 

Therefore, the deregulation of ST6GALNAC1 and its relevance to CRC progression could be 

characterised by the MYC/Wnt/b-catenin crosstalk as a possible axis in solid tumours.  

 

ST6GALNAC2 GSEA analysis identified the enrichment of E2F and MYC targets. There has 

been evidence that E2F enhanced expression profiles correlate with tumour onset and 

progression from being involved in transcriptional regulation (He et al., 2023). Moreover, a 

large proportion of CRC KRAS mutant and CIN type tumours have also exhibited high 

expression levels of E2F (Chong et al., 2022). Furthermore, enhanced E2F expression was 

directly associated with clinicopathological characteristics of CRC tumours and reduced 

patient survival outcomes (Xu et al., 2022). Another common pro-tumorigenic signalling 

pathway that was highlighted by GSEA analysis revealed upregulated TGF-b signalling. TGF-

b is a multifaceted cytokine that is implicated in tumorigenesis and is known to frequently 

regulate immune function between normal self-cells and tumour cells via promoting the 
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activation and production of tumour associated neutrophils (Shang et al., 2020). Moreover, 

TGF-b has been implicated in several pathophysiological characteristics associated with the 

CRC phenotype, including EMT, angiogenesis, cellular stemness, tumour invasion and 

metastasis (Papavassiliou et al., 2023). Deregulation of the TGF-b isoforms can affect 

downstream effectors, including SMAD, which can induce pro-tumorigenic signalling towards 

the nucleus (Attisano & Wrana, 2002). Activation of these TGF-b1 and TGF-b3 isoforms occur 

through the presence of avβ6 or avβ8 integrin molecules that facilitate the binding of TGF-b 

ligands to their complementary receptors forming a hetero-tetrameric complex between TGF-

b receptor 1 and TGF-b receptor 2 (TGFbR1 and TGFbR2), respectively (Li et al., 2022). The 

kinase domain of TGFbR2 phosphorylates TGFbR1 at glycine (Gly, G) and Serine-rich 

domains, thus activating TGFbR1 to subsequently phosphorylate SMAD2/SMAD3. These 

proteins then form complexes with SMAD4, followed by a nuclear translocation that modulates 

the transcription of pro-tumorigenic genes (Colak & Ten Dijke, 2017). Interestingly, SMAD3 

was identified as part of the GeneMANIA analysis for ST6GALNAC2, suggesting a high 

likelihood of signal transduction following ST6GALNAC2 deregulation. Identifying mTOR 

and TGF-b enriched hallmarks in relation to ST6GALNAC2 could suggest the activation of 

both PI3K/AKT/mTOR and TGF-b/SMAD signal transduction mechanisms that promote CRC 

progression. Moreover, downregulated enrichment revealed tumour hallmarks that were 

related to EMT, the inflammatory response and the IFNγ response. This suggested that CRC 

tumours were not mediated by inflammation. As such deregulated ST6GALNAC2 expression 

is less likely to be implicated in tumours such as colitis-associated CRC, which promotes 

tumour progression following large intestinal tissue damage as a result of sustained chronic 

inflammation (Zhou et al., 2023). Moreover, this specific type of CRC is mediated by 

underlying health conditions, including IBD and UC (Dan et al., 2023). Conversely, the role 

of the IFNγ cytokine typically modulates immunological responses to infection and 

inflammation and plays a role in anti-tumour activity (Coelho et al., 2023). The identification 

of the IFNγ response as negatively enriched may emphasise a reduction in IFNγ mediated 

signalling, particularly related to the downstream effector JAK/STAT pathway (P. Sharma et 

al., 2017). Furthermore, missense mutations in the IFNγ DNA sequence alongside reported 

mutations in JAK1/JAK2 have inhibited the expression of genes involved in encoding proteins 

for antigen recognitions (Patel et al., 2017). Thus suggesting increased resistance to immune 

checkpoint blockade therapies.  
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GSEA enrichment analysis of ST3GAL4 revealed contradictory findings compared to 

ST6GALNAC1 and ST6GALNAC2, which identified the enrichment of the inflammatory 

response, IL-6 mediated JAK/STAT3 signalling and the IFNγ response. The inflammatory 

response and elevated levels of IL-6 are both observed under chronic inflammatory states, and 

the hyperactivation of both pathways is associated with reduced patient survival (Hirano, 2021; 

Johnson et al., 2018; Lin et al., 2019). Interestingly, chronic inflammation from conditions 

including UC and CD have implications associated with CRC development, which see greater 

instances of inflammation prior to the development of polyps and CRC tumours (Rogler, 2014). 

As previously mentioned, the activity of miR-98 has shown higher levels of expression in APC 

mutant polyps, which are also correlated to greater inflammation and inflammatory cytokine 

production (Klampfer, 2011). This may emphasise that ST3GAL4 downregulated expression is 

more commonly associated with inflammation mediated conditions that lead to sporadic CRC 

tumours. Additionally, KRAS signalling was revealed as positively enriched. Deregulated 

KRAS is a common oncogene identified in CRC tumour onset and is a known driver of CRC 

development (Sameer, 2013). Thus, this suggested that ST3GAL4 is associated with tumour 

onset rather than tumour progression. Moreover, IFNγ response was shown to induce PD-L1 

expression via the modulation of the PI3K/AKT signalling pathway (Gao et al., 2018). 

Furthermore, ST3GAL4 GSEA analysis identified the enriched hallmark TNFa signalling via 

NFkb, an inflammatory pro-tumorigenic signalling mechanism involving the activation and 

induction of NFkb for transcriptional regulation, similar to STAT signalling (De Simone et al., 

2015). Furthermore, in response to stimuli, deregulation of the NFkb pathway could illicit the 

activation and polarisation of macrophages to the M2 tumorigenic phenotype and stimulate the 

release of anti-inflammatory cytokines, including IL-10 (Liu et al., 2017). As ST3GAL4 

expression is downregulated in CRC tumours, this suggested an immunomodulatory role that 

stimulates TAMs mediated immunosuppression, possibly through NFkb. Downregulated 

enrichment of tumour hallmarks identified MYC, E2F, mTOR signalling and DNA repair. In 

contrast to ST6GALNAC1 and ST6GALNAC2, the downregulated enrichment of these 

pathways may infer that ST3GAL4 expression has a greater emphasis on inflammatory 

mediated signalling in CRC progression. Based on these findings, ST3GAL4 may play a pre-

emptive role in CRC development and could be utilised as a significant diagnostic biomarker 

and therapeutic target.  
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ST6GAL1 GSEA analysis revealed the enrichment of the early oestrogen response as being 

significantly relevant to the CRC phenotype. However, due to the low number of DE genes 

involved in the analysis, it is difficult to draw conclusions relating to signalling pathways and 

cancer hallmarks associated with CRC tumour progression. Nevertheless, previous evidence 

has correlated the role of the early oestrogen response via premature oestrogen receptor 

activation in positive breast cancer cases (Skriver et al., 2020). Typically, neoadjuvant 

endocrine therapy is used in the treatment of oestrogen receptor (ER+) HER2- breast cancer 

tumours, inhibiting the deregulation of oestrogen within the body (López-Velazco et al., 2024). 

Although it is difficult to speculate, these findings suggested the likelihood of CRC metastases 

to breast tissues. A previous study demonstrated that there is a possibility of primary CRC 

tumours metastasising to breast tissues (Hsieh & Hsu, 2019). However, the occurrence of breast 

metastases originating from CRC tumours is extremely rare. Further elucidation of the query 

genes could underline specific pro-tumorigenic signalling pathways related to the CRC 

phenotype. Moreover, these findings, have suggested the activity of each sialyltransferase is 

context-dependent with specific CRC molecular subtypes.  
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Figure 51: Summary of the GSEA enrichment analysis of the queried sialyltransferases ST6GALNAC1, ST6GALNAC2, ST3GAL4 and 
ST6GAL1 and their association with tumour hallmarks that are frequently manifested in CRC progression. GSEA enrichment analysis 
revealed the positive enrichment of several signalling pathways associated with CRC progression including EMT, inflammation, and Wnt 
signalling. The deregulation of key pathways that are highlighted drives tumour progression and tumour heterogeneity, emphasising the correlation 
between sialyltransferase expression and their potential as therapeutic targets.  
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2.4.5 The role of sialyltransferases and myeloid cell populations 

Sialyltransferase expression and the abundance of immune related signatures may emphasise 

intercellular signalling that enhances TME heterogeneity. The SRCC quantitative analysis 

exhibited a non-correlative relationship between myeloid cells and ST6GALNAC1 expression. 

However, it did report significance between the query gene and CD4+ T-lymphocytes and 

monocytes. A previous study revealed that monocytes and macrophages would account for a 

significant proportion of tumour infiltrating myeloid cells via a pan-cancer transcriptomics 

analysis (Cheng et al., 2021). Therefore, pro-tumorigenesis of myeloid cell populations, 

including CD4+ T-lymphocytes, could enhance TME heterogeneity (Zhao et al., 2021). 

Furthermore, a pan-cancer study revealed tumour stromal heterogeneity predicted naïve CD4+ 

T-lymphocyte response to efficacious immunotherapeutic treatment (Qian et al., 2020). 

Additionally, the depletion of monocyte populations in tumours also correlated to an 

immunosuppressive tumour phenotype in patients (Ortiz-Muñoz et al., 2023). At the gene level, 

a previous report identified DE ST6GALNAC1, and miRNAs involved in ST6GALNAC1 

regulation stimulated intra-tumour heterogeneity upon the occurrence of CRC metastasis (Urh 

et al., 2022). Conversely, another study identified STn engagement with Siglec-15 induced 

TGF-b secretion from monocytes and macrophages (Hugonnet et al., 2021). This suggested 

possible tumoral recruitment and greater tumour heterogeneity from ST6GALNAC1 

expression. It has been shown that immunotherapeutic treatment approaches elicit a positive 

response in a small subset of patients. However, targeting pro-tumorigenic myeloid cells in 

conjunction with the specific targeting of therapeutic targets may further enhance the clinical 

effectiveness of treatment strategies. Monocytes demonstrate plasticity in a tumorigenic 

environment and can contribute to tumour heterogeneity when differentiated into pro-

tumorigenic M2 macrophages. Direct blocking of M2 polarisation and stimulating monocyte 

differentiation to anti-tumorigenic M1 macrophages could prevent TAM formation (Olingy et 

al., 2019). Hence, this suggests improvements to current immunotherapeutic approaches. 

Additionally, stimulating CD4+ T-cells to Th1 cells and inducing CD8+ T-cell activation could 

significantly improve anti-tumour activity (Speiser et al., 2023). 

 

TISIDB analysis revealed several correlations of multiple myeloid cell populations with 

ST6GALNAC2 expression. Several interactions with myeloid cells and components related to 

the TME could regulate immune tolerance and tumour metastasis (Bai et al., 2023). Moreover, 

solid CRC tumours have displayed an immunogenic phenotype that is characterised by 
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immune-induced inflammation which contributed to TME heterogeneity (Chen & Mellman, 

2017). Thus, this suggested possible targets for increasing therapeutic efficacy. Additionally, 

this may infer a broader immunomodulatory role associated with ST6GalNAc2 activity. 

Observable changes in sialylation of cell surface antigens may alter the antigen recognition of 

tumour cells and macrophages, modulating their activation and polarisation. A previous study 

reported the crosstalk between tumour cells and macrophages, which stimulated ST6GALNAC1 

and STn antigen production in colitis-associated CRC (Kvorjak et al., 2020). Therefore, this 

could infer the crosstalk between ST6GALNAC2 expression and macrophages in a similar 

fashion. Furthermore, ST6GALNAC2 expression correlating with activated T-cell lymphocytes 

is intriguing. Following the terminal capping of sialoglycan ligands for Siglec receptors and 

upon engagement, studies have shown reduced activation of effector myeloid cells, including 

CD4+ and CD8+ T-lymphocytes (Wang et al., 2022). Hence, this suggests that ST6GALNAC2 

expression has little effect on the activation of myeloid cells, as there was no significant 

difference in ST6GALNAC2 expression between normal and tumour cohorts. Additionally, a 

reduction in sialylated glycans on plasma membranes will enable further antigen recognition 

and stimulation of anti-tumour activity (Munkley, 2022).  

 

ST3GAL4 demonstrated a significant correlative relationship with macrophages and 

monocytes, albeit only the monocyte cell population revealed an SRCC of greater than >0.2. 

A previous study demonstrated that the early stages of chronic inflammation were characterised 

by monocytic adhesion to the endothelium following the recruitment by pro-inflammatory 

cytokines such as TNFa (Ingersoll et al., 2011). Furthermore, IFNg was also shown to increase 

the adhesive capabilities of monocytes through the upregulation of pro-tumorigenic immune 

checkpoint proteins inducing PD-L1 (Cai et al., 2023). The identification of the IFNg response 

as enriched suggested a possible mechanism for driving chronic inflammation mediated tumour 

progression. Correspondingly, Sialoadhesin, a monocytic and macrophage marker, interacts 

with α2,3-sialylated glycan structures synthesised by ST3GalIV, thus promoting tumour 

progression (Singh & Choi, 2019). Similarly, cancer-associated fibroblasts that display N-

glycan ligands produced by ST3GalIV activity can serve as Siglec ligands that prevent antigen 

recognition and drive tumoral recruitment of M2 macrophages (Boelaars et al., 2024). The 

terminal capping by ST3Gals may emphasise greater tumoral recruitment towards the tumour 

stroma, leading to heterogenous immunosuppression. However, reduced expression of 
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ST3GAL4 in CRC tumours could suggest that other sialyltransferases rescue the inflammatory 

phenotype and infer the inhibition of myeloid cells via ST3GalIV activity as tumour specific. 

 

ST6GAL1 TISIDB analysis revealed similar correlative relationships as ST3GAL4, possibly 

indicating myeloid regulation in a similar mechanism. A previous study reported ST6Gal1 

activity modulated monocyte and macrophage activity in association with NFkb nuclear 

translocation and phosphorylation of ERK and AKT (Rusiniak et al., 2022). Furthermore, 

greater α2,6 sialylation induced by ST6Gal1 activity significantly impacted immune signalling 

pathways in chronic inflammatory immune cell models (Holdbrooks et al., 2020). Furthermore, 

prolonged TNFa mediated NFkb nuclear translocation was reduced in ST6GAL1 knockdown 

studies, indicating a significant role in modulating tumour associated inflammation. Other 

sialylated targets that were also reported to influence immune cells included tumour necrosis 

factor receptor 1 (TNFR1) stimulated via TNFa activity, preventing phorbol-12-myristate-13-

acetate (PMA) mediated apoptosis of macrophages (Liu et al., 2011). Thus, increased α2,6 

sialylation of TNFR1 may underline desensitisation to TNFa mediated apoptosis and inducing 

M2 macrophage polarisation. As α2,6 sialylated glycans are predominantly synthesised by 

ST6Gal1 activity, it may signify its role in mediating a hypersialylated TME via preventing 

antigen recognition. Additionally, it suggested an immunomodulatory role in myeloid tumoral 

recruitment, inducing tumour heterogeneity and greater immunosuppression.  

 

2.4.6 The role of sialyltransferases and pro-tumorigenic immune checkpoint proteins 

ST6GALNAC1 exhibited a significant association with TIGIT, a pro-tumorigenic immune 

checkpoint protein, via TIMER analysis (Urh et al., 2022). TIGIT expression has been 

associated with tumour progression and has demonstrated the regulation of myeloid cell 

exhaustion, including CD8+ T-cells (Liang et al., 2021). Furthermore, deregulated TIGIT 

expression has emphasised reduced overall survival in CRC patients (Liang et al., 2021). This 

suggested the involvement of other immune checkpoint related pathways that facilitated 

tumour progression via deregulated sialoglycan biosynthesis.  

 

In contrast, ST6GALNAC2 TIMER analysis revealed distinct relationships with most immune 

checkpoint proteins, excluding SIGLEC15. ST6GalNAc2 is involved in STn antigen 

production to a lesser extent (Miao & Zhao, 2016; Schneider et al., 2001). However,  this 

suggested that ST6GALNAC2 expression is more associated with the synthesis of other glycan 
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ligands. Hence, ST6GALNAC2 expression is not correlated to the abundance of SIGLEC15. 

ST6GalNAc2 expression altered the abundance of other O-glycans on the cellular surface, such 

as promoting galectin-3 binding and inducing tumour progression (Ferrer & Reginato, 2014). 

Furthermore, there were greater levels of core-1 O-glycans, including the T antigen, that were 

produced (Ferrer & Reginato, 2014). Additionally, another study demonstrated the role of 

ST6GalNAc2 in the synthesis of the disialyl-T antigen (Fuseya et al., 2023). Therefore, this 

suggests that ST6GalNAc2 exhibits a complex role in the synthesis of multiple glycan 

structures.  

 

ST3GAL4 exhibited no correlative relationship with all the queried immune checkpoint genes. 

However, ST3GAL4 did demonstrate a significant association with several immune 

checkpoints, including TIGIT, LAG3, CD274, CTLA4 and SIGLEC15. One study reported the 

synthesis of Siglec ligands mediated by ST3GalIV activity for Siglec-7+ and Siglec-9+ tumour 

cells and is associated with the synthesis of both N- and O- glycan structures (Rodriguez et al., 

2021). Moreover, ST4GalIV has shown to be the major contributor of E-, P- and L- selectin 

ligands in comparison to its ST3GalIII and ST3GalVI counterparts (Mondal et al., 2015). 

Targeting P-selectin glycoprotein ligand-1 (PSGL-1) demonstrated positive responses in PD-

1/PD-L1 resistant melanomas (DeRogatis et al., 2022). Thus, this suggested possible treatment 

strategies upon ST3GalIV and PSGL-1 dual targeting for patients who responded poorly to 

immune checkpoint blockade therapy. Conversely, ST3GAL4 expression may be associated 

with the production of other pro-tumorigenic immune checkpoint proteins and is possibly not 

solely limited to the production of Siglec ligands.  

 

ST6GAL1 expression analysis exhibited only a significant association with immune 

checkpoints CD274 and SIGLEC15. Siglec ligands mediated by ST6Gal1 have been suggested 

in tumour progression. The regulation of ST6Gal1 activity corresponded to the development 

and characterisation of cis-ligands for Siglec-7+ NK cells (Jame-Chenarboo et al., 2024). 

Moreover, CD33 was capable of recognising both α2,3 and α2,6 sialylated glycan structures, 

which suggested a possible functionality of ST6Gal1 activity (Rodrigues et al., 2020). 

Similarly, PD-L1 is a highly glycosylated protein that is upregulated in cancer. PD-L1 

exhibited several N-glycosylation sites at residues N192, N200 and N219 (Asn192, Asn200, 

Asn219), stabilising the protein structure and inhibiting T-cell activity (Li et al., 2016). Another 

study has also reported that PD-L1 glycosylation helped in the stability and maturation of the 

PD-L1 ligand, which was necessary for immune evasion (Shi et al., 2022). Therefore, N-
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glycosylation of PD-L1 and possible synthesis of Siglec ligands has emphasised the 

tumorigenicity of ST6Gal1 in glycan biosynthesis. Furthermore, sialyltransferases associated 

with multiple immune checkpoint proteins could suggest a potential introduction for 

combination therapies that target sialyltransferases alongside current immune checkpoint 

blockade approaches. 

 

2.4.7 The role of sialyltransferases and patient survival 

Several reports have demonstrated the enhanced expression of ST6GALNAC1 in multiple 

malignancies, including lung adenocarcinoma (LUAD), lung squamous cell carcinoma 

(LUSC), and ccRCC (Alabiad et al., 2021; Bai et al., 2018). However, based on the findings 

from our multiomics approach, patient survival data correlated with low ST6GALNAC1 

expression with reduced survival in all queried parameters (P< 0.05). These findings also 

supported both transcriptomics and IHC findings, exhibiting a lower prevalence of 

ST6GALNAC1 in tumour tissues. Similarly, reduced expression of ST6GALNAC1 was shown 

to promote tumour progression in patient samples and in vitro cell lines in oesophageal 

squamous cell carcinoma, another epithelial tumour malignancy (Iwaya et al., 2017). 

Additionally, the silencing of other O-linked glycosyltransferases impacted the expression of 

ST6GALNAC1. A recent study reported that C1GALT1 knockdown also downregulated the 

expression of ST6GALNAC1 and B3GNT6, both of which are heavily involved in O-linked 

glycan biosynthesis (Khiaowichit et al., 2022). Therefore, this highlighted that low expression 

of ST6GALNAC1 is a significant contributor to tumour progression and subsequent reduced 

patient survival, possibly in CRC tumours.  

 

High levels of ST6GALNAC2 expression were associated with poor survival outcomes in all 

patient survival criteria. A previous study has indicated the activity of miR-135b and miR-182 

mediated abnormal ST6GALNAC2 expression in CRC in vitro, prompting greater treatment 

resistance to 5-FU-based approaches (Liu et al., 2017). Similarly, another study reported the 

direct targeting of ST6GALNAC2 by miR-182/-135b activity inhibited pro-tumorigenic 

characteristics, including migration, adhesion and invasion in CRC cells (Jia et al., 2017). 

However, the expression of ST6GALNAC2 may be context-dependent. In breast cancer 

tumours, ST6GALNAC2 was identified as a tumour suppressor and was correlated to improved 

survival (Murugaesu et al., 2014). Other pathological diseases, such as acute coronary 

syndrome, have also reported reduced ST6GALNAC2 expression (Hadžibegović et al., 2014). 
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Suggesting the possibility of ST6GALNAC2 expression as context-dependent with regard to 

CRC progression.  

 

In comparison, ST3GAL4 displayed high expression that correlated only with OS and RFS 

criteria. Conversely, ST3GAL4 expression demonstrated significantly reduced expression in 

tumour cohorts identified from our transcriptomics data. This discrepancy suggests the 

involvement of other factors which determine the differential expression of ST3GAL4 in CRC. 

One study reported that the presence of IFNg induced the expression profile of ST3GalIV, 

stimulating pro-tumorigenic pathways, including NFkb nuclear translocation and PI3K/AKT 

signalling (Templeton et al., 2021). However, the role of ST3GAL4 in CRC survival remains 

to be elucidated. Nevertheless, based on the mechanisms provided as part of our findings, it 

suggests possible implications of external factors that modulate the differential expression of 

ST3GAL4. Thus, impacting patient survival outcomes. 

 

Similarly to ST6GALNAC1, low ST6GAL1 expression in CRC patients has correlated with 

decreased survival across all criteria, albeit exhibiting higher expression in CRC tumours 

obtained from UALCAN transcriptomics. Inversely, ST6Gal1 overexpression in CRC was 

identified and has shown higher expression in lower grade tumours (grade I-II), in contrast to 

advanced grade (grade III-IV) (Zhang et al., 2017). Therefore, this suggested ST6GAL1 may 

play a role in the initial stages of tumour development compared to the development and 

metastasis of more advanced CRC tumours. Furthermore, due to the genetic heterogeneity of 

CRC tumours, ST6GAL1 expression may also be dependent on the molecular subtype and 

therapeutic intervention. A previous study demonstrated MSI type tumours exhibited lower 

levels of ST6GAL1, whilst CIN tumours revealed high expression of the ST6GAL1 gene (Pérez 

et al., 2020). Similarly, ST6GAL1 expression was upregulated in CRC patients following 

chemoradiation therapies, possibly inferring ST6GAL1 as a major player in tumours that 

developed treatment resistance (Smithson et al., 2022). Hence, it suggested the differential 

expression of ST6GAL1 across CRC molecular subtypes, malignancies and before and after 

receiving treatment.  As such, from the collective evidence as part of this chapter, our findings 

have outlined possible mechanisms that are involved in the observable discrepancies between 

the sialyltransferase genes, transcriptomics analysis and patient survival data. Furthermore, to 

better understand the differential expression of these sialyltransferase genes, in silico tools 

would require certain parameters to be more constringent for data curation and analysis. 
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2.4.8 Possibilities of other sialyltransferases involved in the production of the STn antigen 

The present multiomics approach identified miRNAs involved in sialyltransferase expression. 

However, other sialyltransferases may impact STn production and play a pivotal role in CRC 

progression. It is well known that the STn antigen displays a high binding affinity for the 

engagement with the Siglec-15 protein, the putative ligand synthesised by ST6GalNAc1 and 

ST6GalNAc2 (Murugesan et al., 2021).  However, it has also been reported that other sialylated 

glycans can also display high binding affinities for Siglec-15, particularly when modulated via 

upregulated sialyltransferases ST3GAL4 and ST6GAL1 (Briard et al., 2018). Moreover, we 

have emphasised the role of GALNT proteins involved in the initial stages of GalNAc type-O 

glycosylation. Furthermore, several GALNT genes have deregulated expression profiles in 

CRC (Lavrsen et al., 2018; Liao et al., 2023). Thus, this suggests that upregulated GALNT 

proteins such as GALNT4 and GALNT6 could facilitate sialylation, increasing the production 

of the T antigen. Consequently, this could enhance the production of the STn antigen 

independently of ST6GalNAc1 and ST6GalNAc2 expression. Similarly, other post-

translational modifications, including the sulphation of sialoglycans, can play a pivotal role in 

tumour onset and immune evasion. The overexpression of carbohydrate sulfotransferases such 

as CHST1 and CHST2 can stimulate the occurrence of hypersialylation (Jung et al., 2021). 

Thus promoting Siglec binding. Additionally, CHST1 overexpression exhibited a greater effect 

on sialoglycan binding and heavily impacted the preferential binding of Siglecs for specific O-

glycans. Elucidating the roles of these proteins may provide further information on the 

production of the STn antigen in glycan biosynthesis within CRC. Contrary to the present 

literature, the multiomics approach that was adopted to elucidate the inner workings of 

sialyltransferases in glycan biosynthesis and STn production has underlined the production of 

the STn antigen is independent of ST6GalNAc1/ST6GalNAc2 expression. However, based on 

the evidence from the literature and our in silico data mining analysis, their interactions with 

other possible gene targets underline their potential as therapeutic targets in CRC progression. 

Furthermore, it has been demonstrated that the interplay of other sialyltransferases that are 

involved in glycan biosynthesis, including ST3GalIV, ST6Gal1 and possibly 

sulphotransferases such as CHST1, may rescue STn production. Additionally, epigenetic 

modifications that were identified alongside the differential expression of sialyltransferases 

may work in conjunction and achieve a synergistic effect on their respective expression 

profiles.  
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2.4.9 Limitations and future directions 

This chapter characterised the crosstalk of interactive gene and protein targets and elucidated 

several regulatory pathways associated with CRC progression by integrating the data of key 

databases. However, it is worth mentioning that there are several limitations that would need 

to be addressed when utilising a one-method approach. Power calculations of the patient cohort 

tissue samples for the UALCAN database was not incorporated into the analysis as the 

algorithms for expression profiles are pre-generated with sample parameters and sample sizes 

not solely fixed. The addition of a power calculation can determine the minimum sample size 

required for a sample cohort to illicit an effect and any significant relationship between two 

variables (Burgess, 2014). Therefore, implementing power calculations within the algorithms 

to underline expression profiles will greatly enhance any significance that is identified. 

Although well-defined pathways and predictive targets were identified, it may not fully grasp 

the interplay of complex sialylation networks without experimental validation to confirm their 

significant impact on cellular behaviour and tumorigenesis (Kaur et al., 2021; Subramanian et 

al., 2020). Similarly, differences in methodological approaches, including data compilation, 

distinct computational models across studies, and variations in data selection and 

normalisation, all present challenges for data comparability (Ye & Vakhrushev, 2021). These 

can accentuate varied data processing algorithms, affecting final data outcomes and evaluation 

metrics. Particularly, in the case of miRNA target prediction, the variance of candidate 

miRNAs that were chosen to regulate the sialyltransferases are varied among each of the 

databases that were used. This highlighted that the algorithms provide different score 

predictions for creating a hierarchy of predicted miRNAs, underlining the difficulty in 

replicating a meta-analysis of available experimental data. Furthermore, limited sample size, 

sample availability and the requirement of specific computational tools and algorithms 

generated difficulties, which require sophisticated data mining tools and specialist software 

that limits reproducibility. Experimental validation can also present significant challenges. 

There are difficulties in the histological staining of truncated O-glycans, particularly in the 

histological staining of the STn antigen, especially as antibodies exhibit low target specificity, 

initiating cross-reactive staining of similar glycans (Loureiro et al., 2018). However, 

addressing these challenges can introduce robust data interpretation without the generation of 

false positive results. Further improvements to the chapter would involve characterising the 

identified miRNAs involved in sialyltransferase gene regulation. From this, transfection 

studies incorporating antagomirs/mimics will normalise the expression of miRNAs capable of 
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effective mRNA targeting. Hence, determining the expression profiles of these 

sialyltransferases in the presence of positively transfected cell lines would underline the direct 

binding of miRNA-mRNA strands. Although IHC analysis elucidated the expression of 

ST6GalNAc1 and ST6GalNAc2 at the protein level, it would be greatly beneficial to determine 

the expression profiles of the other query sialyltransferases, ST3GalIV and ST6GalI as well. 

Additionally, increasing the sample size of stained patient samples would reduce the variation 

between normal and malignant tissues. Furthermore, evidence from the literature has shown 

the overexpression of the STn antigen in CRC malignancies (Dombek et al., 2022). Hence, it 

would prove beneficial to elucidate the expression analysis of the STn antigen by IHC analysis 

and infer other sialyltransferases are involved in rescuing STn production upon observing the 

downregulation of ST6GalNAc1 and ST6GalNAc2. 
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2.5 Conclusion 

To conclude, this chapter has predicted possible oncomirs and tumour suppressor miRNAs 

involved in regulating the sialyltransferases of interest that were identified utilising the miRNA 

prediction database software tools (Table 10). MiRNAs were chosen based on a score 

prediction algorithm and were cross-referenced across four possible databases and the most 

frequent hits that appeared were chosen for further analysis. Moreover, the further analysis of 

these candidate miRNAs revealed only a certain proportion of miRNAs with high binding 

affinities towards their respective target genes. One key example that underlined miRNA 

targeting is the tumour associated oncomirs miR-21 that is overexpressed in several 

malignancies including CRC and was demonstrated as targeting ST6GALNAC1 expression. 

Furthermore,  physical interactions and communications with neighbouring genes/proteins 

highlighted by GeneMANIA and STRING analysis tools also revealed common miRNA 

elements, indicating that miRNAs are involved in the regulation of multiple sialyltransferases 

in the glycan biosynthesis pathway. Thus, this suggested possible regulatory mechanisms for 

the production of tumour associated glycans including the STn, Tn and T antigens. When 

associating sialyltransferase expression to commonly associated tumour hallmarks in relation 

to CRC progression, several prominent signalling pathways were revealed including TGF-b 

and Wnt/b-catenin signalling. Both of these pathways are commonly deregulated in CRC 

progression. In addition, ST3GAL4 expression underlined the enrichment of inflammatory 

signalling responses which possibly indicate its role in inflammation mediated CRC 

development, possibly stemming from pathologies including IBD, CD and UC. In relation to 

the tumour heterogeneity CRC tumour possess and the possible involvement in the TME, the 

association between sialyltransferase expression alongside myeloid cell populations and 

immune checkpoint proteins have suggested sialyltransferase expression is correlated to 

multiple facets of CRC tumour progression. In particular, the role of ST6GAL1 overexpression 

in the prevalence of PD-L1+ and Siglec-15+ tumours, both of which are capable of inducing 

immunosuppression and driving CRC progression. Upon elucidating the protein expression of 

ST6GalNAc1 and ST6GalNAc2 at the protein level, it was surmised that the production of the 

STn antigen is independent of sialyltransferase activity. Therefore, this inferred the interplay 

of other sialyltransferases that could rescue the production of the STn antigen. Moreover, one 

the project’s objectives referred to the disruption of the Siglec-15/Sia axis through various 

mechanisms and its impact on miRNA activity. Hence, this chapter has emphasised the roles 

of sialyltransferases as potential therapeutic targets and identified several miRNAs that may 
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prove useful in miRNA-mediated therapies. However, further elucidation and experimental 

validation of these identified miRNAs and gene targets are required to gain further insights into 

the regulation of the Siglec-15/Sia axis.  

 
Table 10: Summary of the expression profiles of sialyltransferases and their respective 
miRNAs in CRC. 

 
 

Query genes Sialyltransferase 
expression in 
CRC tumours 

Identified miRNAs 
predicted for 
sialyltransferase 
expression  

miRNA 
expression 
profile in CRC 
tumours 

ST6GALNAC1 Downregulated hsa-miR-21-5p  
hsa-miR-30e-5p  
hsa-miR-26b-5p 

Overexpressed 
Overexpressed 
Overexpressed 

    
    
    
    
ST6GALNAC2 Not differentially 

expressed 
hsa-miR-588 N/A 

    
    
    
    
ST3GAL4 Downregulated  hsa-miR-193a-3p  

hsa-miR-370-3p 
Overexpressed 
Overexpressed 

    
    
    
    
ST6GAL1 Upregulated hsa-miR-125a-5p  

hsa-miR-125b-5p  
hsa-miR-484 
 

Under expressed 
Under expressed 
Under expressed 
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Chapter 3 - Characterisation of a novel small 
molecule Siglec-15 inhibitor and its effect on 
miRNA regulation as a treatment alternative 

for CRC progression
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3.1 Introduction 

3.1.1 Siglec-15 as a therapeutic target in CRC progression 

As mentioned in Chapter 1, Siglec-15 is also a recently discovered pro-tumorigenic immune 

checkpoint protein (Figure 52), that was identified in immunosuppression and correlated to 

tumour progression in several malignancies (Figure 53) (Wang et al., 2019). Typically, it is 

expressed as a plasma membrane receptor on solid tumours, which has demonstrated an 

abnormal expression of Siglec-15 in various tumour types. Further to this, its overexpression 

is also contributed to by enhanced N-glycosylation at N172 (N, Asparagine), which stabilised 

the protein structure and stimulated transport to the plasma membrane (Chen et al., 2020). Of 

note, a pan-cancer analysis reported the overexpression of Siglec-15 in OV, LSCC, NSCLC, 

CRC and many others (Li et al., 2020). Furthermore, particularly in the CRC tumour landscape, 

significantly enhanced SIGLEC15 expression was associated with MSI type tumours (Du et 

al., 2021). In addition to this, Siglec-15 is associated with having sequence similarity with PD-

L1 (a pro-tumorigenic immune checkpoint protein ligand), with approximately 30% of the 

extracellular domain possessing homology (Huang et al., 2023). The functional role of PD-L1 

is associated with the activation of the PD-1 pathway. However, sequence homology may infer 

shared immunoregulatory functions with Siglec-15. What is also interesting is that the 

expression of PD-L1 and Siglec-15 have exhibited mutually exclusive expression on the 

surface of tumour cell populations (Sun et al., 2021). However, a recent study reported a greater 

proportion of tumour and tumour stromal cells exhibited higher levels of Siglec-15 in 

comparison to PD-L1 (Lu et al., 2023). This underlines Siglec-15 as an ideal candidate for 

targeted therapeutic approaches, particularly in PD-L1- Siglec-15+ and dual positive cancer 

patients. As part of this study, we primarily focused on the characterisation of a newly 

synthesised organic b-amino carbonyl compound for Siglec-15 targeting and elucidating 

downstream regulatory mechanisms that are affected in CRC progression, namely the 

involvement of miRNAs. Although Siglec-15 has been identified as a pan-cancer associated 

therapeutic target, we have utilised CRC in vitro cell models to investigate the oncogenic role 

of Siglec-15 following Siglec-15 targeted inhibition. Characteristics of CRC tumours provide 

a well-established model system for studying the cytotoxic profile of therapeutic agents for 

treating epithelial tumours. However, it is emphasised that by targeting CRC tumours, there 

are much broader applications in the treatment of other Siglec-15+ tumours. Moreover, 

following preliminary characterisation of the b-amino carbonyl compound, the next steps 
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would follow in a combination approach with PD-L1 antagonists for improved clinical 

effectiveness (Sun et al., 2021).  
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Figure 52: AlphaFold model (Q6ZMC9) of the tertiary structure of the Siglec-15 protein. Siglec-15 is a type-I transmembrane protein that 
comprises of several distinct extracellular structural domains, a single ITAM intracellular domain and a transmembrane region. Furthermore, the 
Siglec-15 protein structure possesses a V-set binding domain located on the N-terminus and serves as the primary region for sialoglycan ligand 
binding. Obtained from the AlphaFold PBD (https://alphafold.ebi.ac.uk/entry/Q6ZMC9; accessed 4th Dec 2021),  

 

https://alphafold.ebi.ac.uk/entry/Q6ZMC9
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Figure 53: Siglec-15 interactions in the tumour microenvironment. Increased interactions of Siglec-15/STn antigen binding within the TME. 
Consequently, these interactions induce significant immunosuppression. Inhibitory Siglec molecules such as Siglec-15 enable tumour cells to 
evade recognition by immune cells, preventing T-cell activation and generation of an effective immune response. Additionally, there is greater 
polarisation of monocytes to the pro-tumorigenic macrophage phenotype. Thus, the interactions of Siglec-15 enhance tumour progression [created 
with BioRender]. 



Mohammed Saqif Ahmad  Chapter 3 

 190 

3.1.2 The role of miRNAs in the Siglec-15/Sia axis 

Several miRNAs have been elucidated to impact the Siglec-15/Sia axis (Table 11). A recent 

report has identified SIGLEC15 as a target of miR-4786 in bladder cancer. However, the 

molecular sponging of miR-4786 by BTB domain and CNC homolog 1 intrinsic transport 2 

(BACH1-IT2) has prevented miRNA-mRNA target binding, which induced SIGLEC15 

expression (Li et al., 2024). However, the identification of miRNAs associated with CRC 

progression in relation to the Siglec-15/Sia axis remains generally unclear, with the exception 

of miR-6715b-3p, which we have elucidated as part of this chapter (Ahmad et al., 2023; 

Mustafov et al., 2024). This chapter aimed to investigate the effects of a b-amino carbonyl 

compound utilised for Siglec-15 targeting and the subsequent effects on miRNA regulation and 

their gene targets in association with CRC progression. In particular, a small-RNA sequencing 

method analysis will be utilised to profile miRNAs within CRC in vitro cell models following 

treatment exposure. Through this high-throughput approach, comparisons between the 

untreated and treated condition will reveal the top 5 most significantly upregulated and 

downregulated miRNAs that have substantial changes in their expression profiles. From this, 

it is hypothesised that these miRNAs may act as downstream effectors following Siglec-15 

inhibition and outline targets associated with various CRC tumour hallmarks including 

proliferation, invasion and several oncogenic signalling pathways. In addition,  
 

Table 11: Summary of miRNAs linked to SIGLEC15 regulation.  

 
 Observed cell type 

expression 
MiRNAs linked to 
directly target 
SIGLEC15 

Reference  

SIGLEC15  Tumour cells, 
osteoclasts, TAMs 

miR-6715b-3p, 
miR-4786, 
miR-582-5p, 
miR-7109 

(Ahmad et al., 2023; 
Boelaars & Van Kooyk, 
2024; Läubli, 2024; 
Lenza et al., 2023; Li et 
al., 2024; Liu et al., 
2020; Ren et al., 2022) 
 

    

3.1.3 β-amino carbonyl compounds as possible treatment therapies in CRC 

b-amino ketones, a class of carbonyl compounds, are structured with an amine group of a b-

carbon to a ketone functional group is a key pharmacophore typically synthesised in natural 

products, environmentally derived medication and bioactive molecules. There have been 
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numerous strategies that have enabled the synthesis of b-amino ketones with the focus of 

generating significantly high yields whilst maintaining low costs (Sun et al., 2015). 

Structurally, these compounds behave as biological scaffolds which can exhibit a variety of 

pharmacological properties including anticancer, anti-inflammatory and anti-viral (Figure 54) 

(Roman, 2015). Moreover, several derived b-amino carbonyl compounds are already clinically 

available for treating pathological diseases (Farzaneh et al., 2018). The chemical synthesis of 

b-amino carbonyls including 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one 

(SHG-8) is primarily produced through a Mannich reaction which is a standardised carbon-

carbon bond reaction utilised for organic synthesis (Shi et al., 2021). A classical reaction 

synthesised carbonyl compounds through reacting acetophenone, aromatic aldehydes and 

aromatic amines via an amine exchange reaction and the addition of ketones to Schiff bases 

(ligands that contain nitrogen and oxygen donors) (Craig et al., 1964). Furthermore, later 

approaches incorporated HCl/EtOH mediated catalysis for the condensation reaction to further 

improve the reaction rate (Wu et al., 2007). Other approaches are available for b-amino ketone 

synthesis; however, the components can differ. Another approach utilised the reduction of 

enaminone molecules, involving the direct reduction and hydroamination of carbonyl alkynes 

to synthesise enamines with terminal alkynes that are hydro-aminated (Hammouda & Elattar, 

2022). The selection of the SHG-8 compound for characterising its cytotoxic profile in CRC 

was aimed to demonstrate treatment efficacy in Siglec-15 inhibition following specific binding 

to the Siglec-15 V-set binding domain. Preliminary testing of SHG-8 highlighted favourable 

cytotoxicity (data not shown) and underlined significant inhibition of tumour viability with 

minimal off-target effects.  In addition, the literature highlighted SHG-8 possesses efficient 

pharmacokinetic properties including suitably reduced toxicity and improved bioavailability, 

suggesting SHG-8 has an ideal therapeutic profile for in vitro applications (Mustafov et al., 

2024). Thus, this provided a strong case for elucidating its cytotoxic profile as a Siglec-15 

small molecule inhibitor. Furthermore, small-RNA sequencing approaches will elucidate 

differentially expressed miRNAs in the presence of SHG-8 and underline the direct targeting 

of specific oncogenes associated with CRC progression. The top targets for analysis will be the 

gene target with the highest score prediction and whether the gene target is differentially 

expressed between normal and tumour cohorts. From this, prediction binding software will 

outline key binding sites on the target mRNA strand. Hence, this would highlight potential 

gene targets associated with CRC progression. 
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Figure 54: β-amino carbonyl compound derivatives of diphenyl-3-(phenylamino)propan-1-one used for various treatments. β-amino 
carbonyl compounds are important in the development of synthetic molecules used for various treatments and can be found in natural products 
and bioactive molecules. They can possess high levels of drug potency. The β-amino carbonyl Tolperisone has been developed for use in improving 
vasodilation. Ondansetron is another example of a β-amino carbonyl compound; this molecule is typically used as an antiemetic agent to prevent 
nausea, vomiting and other adverse side effects and is frequently given to cancer patients. Oxyfedrine, another β-amino carbonyl compound, has 
been developed as a β-adrenoreceptor agent for use as a therapeutic treatment in coronary diseases. Lobeline, an identified alkaloid has been used 
as a cholinesterase inhibitor and also in the treatment of asthma and bronchitis. Fluoroalkyl compounds, including Sitagliptin, are also derivatives 
of β-amino carbonyl compounds and are used in the treatment of diabetes (Doggrell & Hancox, 2013; Hammouda & Elattar, 2022; Remya et al., 
2023) [created with Chemdraw].
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3.1.4 The use of experimental cell lines 

For the experimental work as part of this Chapter, in vitro, CRC cell lines must exhibit the 

positive expression of Siglec-15. Therefore, from this, we determined the feasibility of the 

SHG-8 compound as a Siglec-15 small molecule inhibitor and alternative to current therapeutic 

treatments. A greater proportion of CRC tumours are diagnosed in adult patients (typically 45-

50+ years). In addition, it was highlighted in chapter 1 that the large proportion of diagnoses 

for CRC tumours typically were presented in males. Thus, appropriate cell lines are required 

to accurately represent the larger target population (Briggs et al., 2022). Some of the more 

frequently used CRC cell lines utilised in cancer studies are the SW480 and HCT116 cell lines 

due to their extensively characterised molecular profiles. The origin of the SW480 cell line was 

established in the lab of Albert Leibovitz and later characterised and authenticated by the work 

of Jørgen Fogh alongside its more metastatic cell line SW620  (Leibovitz et al., 1979). The 

SW480 (ATCC designation: CCL-228) cell line is an adherent cell line originating from 

primary COAD tumours. The cell line isolated from the large intestine/colon of a 50-year-old 

male presented with an epithelial morphology, which is unable to differentiate and comprises 

of flat polygonal shaped cells forming clusters of epithelial cells (colonies) (Capes-Davis, 

2018; Duranton et al., 2003; Tomita et al., 1992). Additionally, ultrastructural analysis of the 

cell line identified that SW480 cells contained large glycogen stores and displayed deep 

cellular protrusions when grown in vitro (Biazik, 2010). Conversely, the origin of the HCT116 

(ATCC designation: CCL-247) cell line was established from colorectal carcinoma colon 

tissues of a 48-year-old male alongside its clonal cell line HCT116b and also displaying an 

adherent epithelial morphology similar to SW480 cells. Furthermore, both SW480 and 

HCT116 cells are also able to develop spheroids with a diameter that can range from 150µm - 

400µm (Butler et al., 2017; Heck et al., 2023). Both cell lines have differing metastatic 

potentials; HCT116 was characterised as a significant proliferative cell line. In contrast, 

SW480 cells demonstrated a low metastatic potential (Butler et al., 2017; Depciuch et al., 

2020). The molecular profile of SW480 cells positively expresses several oncogenes associated 

with CRC progression, including KRAS, MYC, MYB and TP53, although the latter is 

characterised by mutant p53 and is not present in HCT116 cells (McCoy et al., 1984). By 

comparing two cell lines with differing molecular characteristics, it enabled the exploration of 

varying tumour associated characteristics associated with CRC. 
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Figure 55: Synthesis of 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one (SHG-8) via the sulfonic acid functionalised silica 
nanospheres (SAFSNS) nano-catalyst. The reaction incorporated the use of acetophenone, benzaldehyde and 4-bromo benzaldehyde precursor 
molecules in the presence of ethanol at room temperature (RT). Completion of the reaction was confirmed with thin layer chromatography (TLC). 
The product was purified and recrystallised to a yellow solid with a generated yield of 85%. Characterisation of the 3-(4-bromophenyl)-1-phenyl-
3-(phenylamino)propan-1-one (SHG8) was performed using spectroscopic techniques including IR, mass spectrometry, 1HNMR and 13C NMR. 
Synthesis and characterisation of the SHG-8 compound via the Mannich reaction were performed by collaborators at the American University of 
Ras Al Khaimah, Ras Al Khaimah, UAE.
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3.1.5 Rationale, Aim and Research questions 

Small molecule inhibitors used in the normalisation of the immune response have targeted 

immunomodulatory signalling pathways to stimulate positive responses to immunotherapeutic 

treatment methods (Van Der Zanden et al., 2020). However, as far as the literature is concerned, 

the utilisation of small molecule inhibitors targeting Siglec-15 has not been explored in treating 

Siglec-15+ tumours. Understanding the clear impact for the environmental and clinical benefit 

of b-amino carbonyl compounds and their biological significance, the compound 3-(4-

bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one (referred to as SHG-8, as part of this 

thesis) was synthesised via an environmentally stable nano-catalyst in a one-step mediated 

reaction (Figure 55) (Shi et al., 2021). A collection of synthesised b-amino carbonyl 

compounds and other organic compounds were first developed in house at the University of 

Ras Al Khaimah via the Mannich reaction. Initial screening of the cytotoxic properties for each 

compound revealed SHG-8 as the most cytotoxic compound that was developed by our 

collaborators. It was hypothesised that SHG-8 may prove to be an effective anti-cancer agent 

in CRC tumours and its mechanism of action was to be elucidated in vitro. Following this, the 

role of SHG-8 as a small molecular inhibitor against Siglec-15 was investigated. It was 

hypothesised that the nature of the SHG-8 compound could interact with the V-set binding 

domain of the Siglec-15 target and possibly indicate treatment alternatives for CRC treatment 

and management. In addition to this, b-amino carbonyl compounds may affect miRNA 

expression patterns and pathways associated with CRC progression following treatment, and 

the regulation of SIGLEC15 through these mechanisms is largely unclear. Therefore, we aimed 

to characterise the anti-tumorigenic properties of the b-amino carbonyl compound SHG-8 on 

CRC in vitro cell models SW480 and HCT116. In addition, we emphasised the possible 

mechanisms of action relating to cellular death and aimed to elucidate deregulated miRNAs 

via small-RNA sequencing analysis following treatment exposure. Thus, we proposed a 

possible axis relating to CRC progression.  

 

This chapter poses several research questions for the utilisation of small molecule inhibitors in 

the treatment of Siglec-15+ tumours, which will be addressed below:  

1. With molecular docking simulations of the AlphaFold Siglec-15 protein, does SHG-8 

exhibit a high binding affinity for the V-set binding domain for competitive inhibition? 
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2. What comparisons can be made by the cytotoxic effects of SHG-8 against in vitro cell 

models SW480 and HCT116 when used against conventional anti-cancer agents such 

as cisplatin? 

3. What is the mechanism of action for the induction of apoptosis pathways that are 

stimulated in CRC cells following SHG-8 exposure? 

4. What is the relevance of the differentially expressed miRNAs following SHG-8 

treatment exposure in relation to CRC progression and how are they directly affecting 

their identified gene target? 
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3.2 Methodology 

3.2.1 Reagents, synthesis and characterisation of 3-(4-bromophenyl)-1-phenyl-3-

(phenylamino)propan-1-one 

Materials, reagents and solvents required for one-step nano-catalyst mediated synthesis of the 

SHG-8 compound were obtained from Merck (Merck, Feltham, UK) and Spectrochem 

(Spectrochem, Mumbai, India). Previous synthesis and characterisation data of the 

environmentally benign developed nano-catalyst (sulfonic acid-functionalised silica 

nanospheres; SAFSNS) was conducted based on the recent publication (Ahmad et al., 2021). 

Progression of the SHG-8 synthesis reaction was directly monitored via thin-layer 

chromatography (TLC) on silica gel plates, with the separated dots visualised with ultraviolet 

light (UV, λ254 nm). In addition, the infrared spectra and mass spectrum of the SHG-8 

compound were measured by a PerkinElmer FTIR spectrophotometer (PerkinElmer, 

Connecticut, USA) and electrospray (ESI-MS) Shimadzu LCMS-spectrophotometer 

(Shimadzu, Milton Keynes, UK). 1H and 13C NMR spectra to determine the molecular weight 

of the SHG-8 compound were recorded with Bruker AV-400 NMR spectrometer (Bruker, 

Coventry, UK) with tetramethylsilane used as an internal standard. The high-resolution mass 

spectrum was also recorded with an Agilent 6540 HD Accurate Mass QTOF/LC/MS (Agilent 

Technologies, Loughborough, UK), which was determined with an electrospray ionisation 

(ESI) technique.  

 

Synthesis of the SHG-8 compound was prepared with the SAFSNS nano-catalyst (0.03g) 

through direct mixing of acetophenone (1.1 mmol), 4-Bromo benzaldehyde (1 mmol), and 

aniline (1 mmol) in 1mL volume of ethanol at RT. Following the addition of all the 

constituents, the reaction mixture was stirred for a period of 4h. Completion of the synthesis 

reaction was indicated by TLC, then subsequently left to air dry at RT to evaporate excess 

ethanol and H2O. The resultant process obtained a yellow solid. Purification of the synthesised 

SHG-8 compound to remove the SAFSNS catalyst required dissolution via dichloromethane 

(5mL) at 35°C, followed by gradual filtering. Further purification of the product involved 

recrystallisation using an ethanol solvent, producing an 85% yield from the initial individual 

reagents and a compound purity of 96%.  
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3.2.2 Molecular docking  

The Siglec-15 protein structure (Uniprot ID: Q6ZMC9) was downloaded from the AlphaFold 

protein structure database (https://alphafold.ebi.ac.uk, accessed 4th Dec 2021). The reasoning 

behind this was due to no unbound Siglec-15 protein structures available to the protein 

databank (PDB), as only the crystal Siglec-15 bound with a Fab structure was available (Varadi 

et al., 2022). In addition, the COACH server (https://zhanggroup.org/COACH/, accessed 11th 

February 2022), predicted several protein binding sites of protein receptor-ligand interactions 

(Yang et al., 2013). For docking analysis, an SDF file of the chemical structure of the SHG-8 

(C21H18BrNO) compound was uploaded alongside the Siglec-15 AlphaFold model onto the 

Webina 1.0.5 software (https://durrantlab.pitt.edu/webina/, accessed 12th February 2022), and 

converted to PDBQT files prior to blind docking (Siglec-15 AlphaFold structure as protein 

model and SHG-8 as binding ligand) via AutoDock Vina. The grid box was centred at the 

ARG143 residue, the main residue responsible for ligand binding (Crocker et al., 2007), with 

the following parameters: centre_x = -23, center_y = 6, center_z = 13.272 and size_x = 28, 

size_y =21, size_z = 22. Additionally, further parameters included 2 CPU usage and 

exhaustiveness for the global search was set at 8 for high confidence prediction. The molecular 

docking simulation of SHG-8 binding towards the V-set binding domain of the Siglec-15 

protein structure was conducted in December 2021. This approach utilised structural data 

available at the time and provided an effective bases for highlighting SHG-8’s binding affinity 

and any subsequent binding sites on the protein structure. Following on from this, the current 

modelling software has undergone significant updates which included greater model accuracy 

and predictions for ligand-receptor binding interactions and the incorporation of post-

translational modifications. Although SHG-8 has not been remodelled with the updated 

AlphaFold software, it is worth mentioning that further enhancements could further refine the 

binding dynamics regarding SHG-8 and Siglec-15 and expand from our initial findings.  

 

3.2.3 UALCAN transcriptomics data mining 

The UALCAN transcriptomics database (http://ualcan.path.uab.edu, accessed on 2nd February 

2023) outlined corresponding TCGA genomic expression data for query genes SIGLEC15 

(ENSG00000197046) and PTTG1IP (ENSG00000183255) following comparisons between 

normal tissue and CRC COAD cohorts. Furthermore, expression data was presented as TPM, 

with box plots constructed using GraphPad Prism 9.0 software and Welch’s t-test PERL script 

https://alphafold.ebi.ac.uk/
https://zhanggroup.org/COACH/
https://durrantlab.pitt.edu/webina/
http://ualcan/
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statistical analysis encoded onto the UALCAN software to identify differences in 

clinicopathological features between cohorts (Chandrashekar et al., 2022). In addition, 

methylation of the SIGLEC15 gene was also determined alongside the expression profile of 

PTTG1IP at the protein level and its promoter methylation.   

 

3.2.4 Cell culture and treatments 

Human CRC cell lines SW480 and HCT116 were utilised in association with glioblastoma 

(GB) cell line U87MG, all of which were obtained from ATCC (ATCC, Virginia, USA). The 

adherent SW480, HCT116 and U87MG cell lines were cultivated using high glucose (4.5g/L 

D-glucose, 0.11g/L sodium pyruvate) DMEM (Gibco, Bleiswijk, Netherlands) and MEM 

(Gibco, Bleiswijk, Netherlands) media, respectively. Followed by supplementation with 10% 

FBS (Gibco, Bleiswijk, Netherlands), 1% penicillin/streptomycin (10,000U/mL) (Gibco, 

Bleiswijk, Netherlands) and 1% L-glutamine (200mM) (Gibco, Bleiswijk, Netherlands).  

In addition, both human monocytic cell lines THP-1 and U937 were also obtained from ATCC 

(ATCC, Virginia, USA). Similarly, the THP-1 and U937 suspension cell lines were grown with 

the following conditions: high glucose (4.5h/L D-glucose, 0.11g/L sodium pyruvate) DMEM 

(Gibco, Bleiswijk, Netherlands) media, and supplemented with 10% FBS (Gibco, Bleiswijk, 

Netherlands) and 1% penicillin/streptomycin (10,000U/mL) (Gibco, Bleiswijk, Netherlands). 

Furthermore, prior to experimental work, both monocytic cell lines were differentiated into 

macrophages 48h post-PMA treatment (50ng/mL). For SHG-8 evaluation on normal epithelial 

cells, the human normal colonic epithelial tissue HcoEPiC primary cell line was obtained from 

iXcells Biotechnologies (iXcells Biotechnologies, San Diego, USA). To support its growth and 

maintenance, the HcoEPiC cell line was maintained using epithelial cell growth media (iXcells 

Biotechnologies, San Diego, USA) supplemented with 1% antibiotic-antimycotics (iXcells 

Biotechnologies, San Diego, USA). All experimental cell lines were placed for incubation at 

37°C, 5% CO2 and experimental work was performed for each cell line upon reaching an 80% 

confluency. To determine the cytotoxic profile of SHG-8 on tumour cells in vitro, the SHG-8 

compound was solubilised in dimethyl sulfoxide (DMSO) at a concentration of 10 mM.  

 

3.2.5 Immunofluorescence staining 

To confirm the chosen CRC in vitro cell lines were indeed Siglec-15+, the U87MG cells were 

proposed to have the highest Siglec-15 expression, as indicated from the Human Protein Atlas 
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database (https://www.proteinatlas.org; accessed 4th November 2021), which provided 

comprehensive expression profiles across various human cell lines and tissues. Hence, based 

on this information, U87MG cells were used as a positive control to confirm positive Siglec-

15 expression in CRC in vitro cell lines HCT116 and SW480. CRC cells HCT116 and SW480 

alongside GB U87MG cells were seeded onto coverslips within 12 well plates at a density of 

3x105 cells/well and were left to adhere overnight. Following cellular adherence, DMEM 

media was removed via three consecutive PBS wash steps at 5 min at RT prior to cellular 

fixation with 4% paraformaldehyde (PFA) for a fixation period of 40 min. The fixation was 

subsequently removed by a further three consecutive wash steps, and all wells were treated 

with 1% BSA/PBS (5g BSA/500mL PBS) blocking buffer for 1h. This was followed by 

incubation with a primary Siglec-15 antibody (Life Technologies Limited, Renfrewshire, UK) 

(1:500 dilution, recommended by the manufacturer) at 4°C overnight. Following the antibody 

incubation, an excess antibody was removed with three consecutive PBS wash steps before all 

wells were treated with an anti-rabbit Alexa-488 secondary antibody (Life Technologies 

Limited, Renfrewshire, UK) (1:500 dilution, recommended by the manufacturer) for 1h on a 

rocker at RT in the dark. The coverslips were then mounted onto microscope slides and 

submerged in DAPI Antifade Mounting Medium (2Bscientific, Hatfield, UK) before 

visualisation with an EVOS XL Core Imaging system (Fisher Scientific, Hemel Hempstead, 

UK) at 40x magnification with the DAPI (blue) and GFP (green) filters.  

 

3.2.6 MTT cell viability assay 

CRC cell lines HCT116 and SW480 alongside normal epithelial cell line HcoEPiC cells were 

seeded onto 96 well plates at cellular densities of 2.5x104 cells/well and were placed to adhere 

in the incubator at conditions 37°C, 5% CO2 (N=5). Following cellular adherence, all wells 

were treated with different SHG-8 concentrations: 20µM, 40µM, 60µM, 80µM and 100µM to 

determine the compounds’ IC50 value and were left to incubate for 24h at 37°C, 5% CO2. 

Following the treatment period, all wells were treated with 20µL MTT (0.5mg/mL) and placed 

into the incubator for 2h at 37°C for formazan crystals to develop. Subsequently, the MTT was 

removed by inverting the excess solution and the remaining formazan crystals were solubilised 

with isopropanol in the dark for 30 min on a shaker at RT. Absorbance values were recorded 

at 540nm via a CLARIOstar plus multi-mode microplate reader (BMG LABTECH, Aylesbury, 

UK). The average percentage of cellular viability was calculated based on the following 

equation: 

https://www.proteinatlas.org/
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(Treatment	 − 	Background)
(Average	treatment	control) = x	 

 
x

no. of	replicates	(N = 3) =
(cell	viability	x	100) = 		%	cell	viability	 

 

Equation 1: Used to determine % cell viability of SW480, HCT116 and HcoEPiC cells 

following 24h SHG-8 exposure in the MTT viability assay.  

 

3.2.7 Wound healing migration assay 

SW480 cells were seeded at a density of 4x105 cells/well onto 12 well plates and were placed 

to incubate at 37°C, 5% CO2 (N=3). Upon reaching cellular adherence and total well coverage, 

a 2µL tip was used to create scratches in vertical and horizontal directions, with an overlap of 

both in the epicentre. The detached cells were washed off with several PBS washes before well 

treatment with the SHG-8 10µM and 40µM concentrations and control conditions DMSO and 

cisplatin 100µM. Images that pertained to the wound were taken at separate time intervals at: 

0h, 24h and 48h using an Olympus CKX41 inverted microscope (Olympus Life Science 

Solutions, Stansted, UK) at 4x magnification. All images that were taken of the wound area 

were analysed through ImageJ analysis software (ImageJ bundled with Java8, 

https://imagej.net/ij/download.html, accessed 20th February 2023). In addition, installed macro 

plugins for wound healing analysis studies (Wound_healing_size_tool.ijm) were obtained and 

implemented based on the following study (Suarez-Arnedo et al., 2020). Further to this, wound 

healing parameters included: variance window radius set at 20, threshold value set at 100, 

percentage of saturated pixels remained at a default of 0.001, and a global scale was set.   

 

3.2.8 Colonisation assay 

SW480 cells were seeded at a total of  1x103 cells/well onto 12 well plates and were left to 

adhere at 37°C, 5% CO2 (N=3). Following adherence of the tumour cells, all wells were treated 

with the conditions: SHG-8 10µM and 40µM concentrations and control conditions DMSO 

and cisplatin 100µM for a 24h treatment period. Subsequently, the treatment was replaced with 

supplemented high glucose DMEM media and was placed in an incubator at 37°C, 5% CO2  

https://imagej.net/ij/download.html
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for a total of 7 days. The colonisation was determined by the total number of observable 

colonies in the DMSO control condition (colonies were determined as a cluster of cells totalling 

larger than 30-50 cells) (Niyazi et al., 2007). Following the 7-day incubation protocol, all wells 

were fixed with 4% PFA for 40 min at RT and then removed by three consecutive PBS wash 

steps at 5 min. The wells were stained with 0.1% crystal violet (Pro-Lab Diagnostics, Wirral, 

UK) for 45 min on a rocker at RT. The wells were then washed with a further three consecutive 

PBS wash steps at 5 min to remove excess crystal violet, and images of the colonies were taken 

at both 4x and 10x magnifications using an Olympus CKX41 inverted microscope (Olympus 

Life Science Solutions, Stansted, UK).  

 

3.2.9 Nuclear fragmentation staining via DAPI 

For determining cell death, SW480 cells were seeded onto circular coverslips within 12 well 

plates at a density of (4x105 cells/well) and placed for adhering at 37°C, 5% CO2 (N=3). The 

wells were treated with the following conditions: DMSO, 10µM and 40µM SHG-8 and 100µM 

cisplatin for a treatment period of 24h. Following the treatment period, all wells were washed 

with PBS and fixed with 4% PFA for 40 minutes at RT. The fixation was removed by 

consecutive PBS wash steps for 3 min at RT on a rocker. The coverslips were placed onto 

microscope slides containing DAPI Antifade Mounting Medium (2Bscientific, Hatfield, UK). 

Fluorescent images of the microscope slides were then taken using an EVOS XL Core Imaging 

system (Fisher Scientific, Hemel Hempstead, UK) at 40x magnification with the DAPI (blue) 

filter.  

 

3.2.10 Cell death determination via Annexin-V/ propidium iodide staining 

To determine apoptosis occurrence post treatment, SW480 cells were seeded at 3x106 

cells/well onto 6 well plates and were left to adhere at 37°C, 5% CO2 (N=3). The wells were 

subsequently treated with DMSO, 10µM SHG-8, 40µM SHG-8 and 100µM cisplatin for a 

treatment period of 24h. Following the treatment period, all wells underwent cold shock with 

1mL ice-cold PBS and a density of 1x106 cells was harvested to 100μL suspensions. The 

SW480 treated cell suspensions were treated with 1µL RNase A (10mg/mL) prior to labelling 

with Annexin-V FITC (5μL) and propidium iodide (PI) (100μg/mL) via the dead cell apoptosis 

kit with Annexin-V FITC and propidium iodide for flow cytometry (Invitrogen, Inchinnan, 

UK), as per the manufacturer’s instructions. 400µL of 1x binding buffer was added to all 
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treated cell suspensions following a 15 min incubation at RT and then placed on ice to maintain 

cellular viability. Fluorescent analysis was conducted via the Guavasoft 3.1.1 software and 

Guava easyCyte HT system (Merck Millipore, Watford, UK). 

 

3.2.11 Reactive Oxygen Species stimulation assay 

To determine reactive oxygen species (ROS) production as a possible mechanism of action, 

SW480 cells were seeded at a density of 1.5x104 cells/well onto clear bottom black opaque 96 

well plates and were left for cellular adherence overnight at 37°C, 5% CO2 (N=3). ROS 

production was determined via the ROS Detection Assay Kit (Abcam, Cambridge, UK), as per 

the manufacturer’s instructions. Following adherence, all wells were treated with 20µL ROS 

red dye and placed to incubate at 37°C, 5% CO2 for 1h. Following incubation, all wells were 

treated with 20µL of each treatment condition: DMSO, 10µM and 40µM SHG-8, 100µM 

cisplatin, H2O2 (internal positive control), PBS (internal negative control), DMEM media 

(background) at 11x concentrations following the manufacturer’s protocol. Fluorescence 

readings were taken at separate time intervals scheduled at 15-, 30-, 45-, 60- and 75-minutes 

at 37°C, 5% CO2 with the following emission/excitation wavelengths Ex/Em = 520/605 nm 

using a CLARIOstar plus multi-mode microplate reader (BMG LABTECH, Aylesbury, UK).  

 

 

𝑅𝑂𝑆	𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
(𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

𝑛𝑜. 𝑜𝑓	𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒𝑠  

 

Equation 2: Used to determine ROS production of SW480 cells following 24h SHG-8 

exposure with the ROS assay kit.  

 

3.2.12 Quantitative analysis of Siglec-15 protein expression via flow cytometry 

The CRC SW480 cell line was seeded at a cellular density of 3x106 cells/well onto 6 well plates 

for overnight adherence at 37°C, 5% CO2 (N=3). All wells were treated with the following 

conditions: DMSO, 10µM and 40µM SHG-8 and 100µM cisplatin for a 24h treatment period. 

Following the treatment protocol, all wells were cold shocked with ice-cold PBS and were later 

harvested with 10mM disodium ethylenediaminetetraacetic acid (EDTA) (3.7g of disodium 

EDTA dihydrate in 950ml dH2O) and resuspended with 2% BSA:PBS (10g BSA:500mL PBS) 

flow cytometry buffer. Each harvested cell suspension was washed with ice-cold PBS and 
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placed in a microfuge at 200xg for 5 min. The samples were then later resuspended with a 

primary mouse Siglec-15 antibody (R&D Systems, Minneapolis, USA) (0.25µg/106 cells) 

diluted in flow cytometry buffer and were placed on ice to incubate for a total of 1h. Following 

antibody incubation, all cell suspensions were washed with ice-cold PBS and placed in a 

microfuge at 200xg for 5 min before resuspension with an anti-mouse Alexa-488 secondary 

antibody (Life Technologies Limited, Renfrewshire, UK) (1:500 dilution, as recommended by 

the manufacturer) in flow cytometry buffer and were placed on ice to incubate for a further 45 

min in the dark. Following incubation of the secondary antibody, all cell suspensions were 

placed in a microfuge at 200xg for 5 min and resuspended in flow cytometry buffer. 

Fluorescent analysis was recorded via the Guava easyCyte HT system (Merck Millipore, 

Watford, UK) and Guavasoft 3.1.1 software and fluorescence intensity was recorded. 

Furthermore, mean fluorescence intensity (MFI) was determined from the obtained raw 

fluorescent emission data.  

 

3.2.13 Cytokine expression determination via enzyme-linked immunosorbent assay   

Pro-inflammatory cytokine secretion of TNFa and IL-1b was determined following SHG-8 

treatment in THP-1 and U937 differentiated macrophages via enzyme-linked immunosorbent 

assay (ELISA) methods (N=2). Both monocytic cell lines were differentiated with PMA 

(50ng/mL, solubilised in ethanol) for a period of 48h before treatment with SHG-8 at 40µM 

and lipopolysaccharide (LPS) (50ng/mL) stimulation for 24h. The treatment conditions were 

as follows: untreated control, LPS stimulation 50ng/mL only, LPS 50ng/mL + SHG-8 40µM 

combination and SHG-8 40µM only. Centrifugation of the differentiated macrophages allowed 

the harvesting of the treatment supernatant and was placed on microwell strips in duplicate at 

a concentration of 200µg/mL alongside internal standards via cytokine human ELISA kit (Life 

Technologies Limited, Renfrewshire, UK), following several wash steps as per the 

manufacturers’ protocol. Following this, 50µL of biotin conjugate was added to the tagged 

strips, which were incubated for 2h using a microplate shaker. Subsequently, the strips were 

then washed, and all strips were treated with 100µL of streptavidin-HRP for 1h. Following 

this, the strips were washed, and 100µL of TMB substrate solution was added to all treatment 

wells for 10 min at RT or until a noticeable colour change was detected. Upon reaching a 

discernible colour change, 100µL of stop solution was added to each well strip and later 

measured at 620nm via a CLARIOstar microplate reader (BMG LABTECH, Aylesbury, UK). 
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3.2.14 RNA extraction, sample purification and reverse transcription quantitative 

polymerase chain reaction  

To elucidate the expression profiles of genes and miRNAs following SHG-8 treatment, reverse 

transcription quantitative polymerase chain reaction (RT-qPCR) methods were conducted 

(N=3). 

 

3.2.14.1 RNA extraction 

Total RNA was obtained from the cellular lysis of SW480 CRC treated cells 24h post-treatment 

with the following conditions: DMSO, 10µM and 40µM SHG-8 and 100µM cisplatin using 

the TRIzol method (Life Technologies Limited, Renfrewshire, UK). Following cell lysis, the 

RNA quality and quantity of all treated samples for mRNA and miRNA expression analyses 

were recorded using Nanodrop ND-1000 spectrophotometer UV-Vis Nanogen Inc. (Marshall 

Scientific, Hampton, USA). Expression analysis was only conducted with samples with a 

260/280 purity of  >2.0.  

 

3.2.14.2 Sample purification  

Following sample quantification, all treated samples were subjected to DNase treatment 

(removal of DNA contaminants) with the RNase-free DNase kit (Qiagen, Hilden, Germany). 

In contrast, miRNA expression analyses required further purification and miRNA enrichment 

which was aided with the miRvana miRNA Isolation Kit (Life Technologies Limited, 

Renfrewshire, UK) as per the manufacturer’s instructions. 

 

3.2.14.3 Reverse transcription quantitative polymerase chain reaction  

Samples designated for gene expression analysis undertook cDNA synthesis protocols for 

reverse transcription, which was performed using the high-capacity cDNA reverse 

transcription kit (Applied Biosystems, Massachusetts, USA), with final products at a 

concentration of 100ng/µL. In addition to this, reverse transcription protocols are listed in 

Table 12. Subsequently, cDNA samples ready for gene expression analyses were then 

processed as part of SYBR green reverse transcription-quantitative polymerase chain reaction 

(RT-qPCR) methods using the corresponding cDNA template samples and master mix reagent 

PowerUp SYBR Green Master mix (Applied Biosystems, Massachusetts, USA). In addition, 

SYBR green primers were used as GAPDH forward (GGAGCGAGATCCCTCCAAAAT) and 
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reverse (GGCTGTTGTCATACTTCTCATGG), PTTG1IP forward 

(GTCTGGACTACCCAGTTACAAGC) and reverse (CGCCTCAAAGTTCACCCAA) and 

SIGLEC15 forward (CGCGGATCGTCAACATCTC) and reverse 

(GTTCGGCGGTCACTAGGTG) which were used at 10µM concentrations following primer 

solubility with RNase-free H2O with the following setup (Table 13).  

 

After miRNA expression analysis sample purification, all treated samples were subjected to 

miRNA quantification before reverse transcription methods with the TaqMan MicroRNA 

Reverse Transcription kit (Applied Biosystems, Massachusetts, USA) with the following 

experimental setup (Table 14). RT-qPCR for miRNA expression analyses was conducted using 

the TaqMan Universal Master mix II, no UNG (Applied Biosystems, Massachusetts, USA), in 

addition to TaqMan primers and cDNA sample templates with the following experimental 

setup (Table 15).  

 

All samples were analysed in mechanical triplicate via QuantStudio 7 Flex Real-Time PCR 

System (Applied Biosystems, Massachusetts, USA). GAPDH and U47 gene primers were used 

as housekeeping controls for gene and miRNA analyses, respectively. Furthermore, the relative 

expression of SIGLEC15, gene targets and candidate miRNAs was performed via the 2–∆∆Ct 

method. 

 

 

Table 12: Experimental protocol for mRNA reverse transcription. 

Protocol Step Temperature Time 

Reverse transcription 25°C 10 min 

37°C 120 min 

Stop Reaction 85°C 5 min 

Hold 4°C Hold 
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Table 13: Experimental protocol for RT-qPCR gene expression method. 

Protocol Step Temperature Time No. of cycles 

Enzyme activation 

Denaturation 

95°C 20 s 1 

95°C 1 s                          

40 Annealing/Extension 60°C 20 s 

 

 
Table 14: Experimental protocol for miRNA reverse transcription. 

Protocol Step Temperature Time 

Reverse transcription 16°C 30 min 

42°C 30 min 

Stop Reaction 85°C 5 min 

Hold 4°C Hold 

 

 

Table 15: Experimental protocol for RT-qPCR miRNA expression method. 

Protocol Step Temperature Time No. of cycles 

Enzyme activation 

Denaturation 

95°C 10 min  1 

95°C 15 s                          

40 Annealing/Extension 60°C 60 s 

 

3.2.15 Extraction, library preparation and small RNA-sequencing  

To elucidate the differential expression of specific miRNAs following SHG-8 treatment, small 

RNA-sequencing (sRNA-seq) analysis was conducted by Biomarker technologies (Biomarker 

Technologies Inc., California, USA) to correlate DE miRNAs to possible gene targets and their 

relevance to CRC progression (N=4). Please find the available data posted in the Mendeley 

repository: doi: 10.17632/r2xdf868k9.1.  
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3.2.15.1 RNA extraction  

Total RNA was obtained from the cellular lysis of SW480 CRC treated cells 24h post-treatment 

with the following conditions: DMSO and 40µM SHG-8 using the TRIzol method (Life 

Technologies Limited, Renfrewshire, UK). Following cell lysis, the RNA quality and quantity 

of all treated samples for miRNA expression analyses were recorded via Nanodrop ND-1000 

spectrophotometer UV-Vis Nanogen Inc. (Marshall Scientific, Hampton, USA) and 4150 

TapeStation System (Agilent Technologies, California, USA). All samples displayed RIN 

numbers >7.0, indicating good RNA integrity and expression analysis was only conducted with 

samples with a 260/280 purity of  >2.0. 

 

3.2.15.2 Library preparation for RNA sequencing 

Preparation of the sequencing sample library required a 1.5µg RNA sample as the input 

material and was performed using the NEBNext® small RNA library prep set for Illumina 

(New England Biolabs, Hitchen, UK) as per the manufacturer’s instructions, with index codes 

linking sequences to each sample. Initially, ligation of the 3’ SR adaptor was produced via the 

addition of the 3’ SR Illumina adaptor, RNA sample and nuclease-free H2O. The resulting 

reaction mixture was placed into a preheated thermal cycler for 2 min at 70°C and later 

transferred to cool on ice. Subsequently, the addition of 3’ ligation reaction mixture (2X) and 

3’ ligation enzyme mix to the 3’ SR adaptor reaction mixture was performed, followed by 1h 

incubation in a preheated thermal cycler at 25°C. Additionally, the hybridisation of the SR RT 

primer to excess 3’ SR adaptor strands transforms single stranded DNA molecules to double 

stranded DNA, thus preventing the dimerisation of adaptor molecules. Following this, the 

ligation of the 5’ SR adaptor was conducted prior to synthetic reverse transcription and PCR 

amplification. The resulting PCR amplicons were purified via AMPure XP (Beckman Coulter, 

High Wycombe, UK) and the quality of purification was determined via the Agilent 

Bioanalyser 2100 instrument (Agilent Technologies, California, USA).  

 

3.2.15.3 Data clustering 

The samples tagged with index codes were clustered with a cBot Cluster Generation System 

(Illumina, Cambridge, UK) alongside a TruSeq 110 PE Cluster Kit v4-cBot-HS (Illumina, 

Cambridge, UK) kit, following the manufacturer’s standard pipeline. Following the generated 

clustering, the libraries were later sequenced using an Illumina Hiseq 2500 instrument 
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(Illumina, Cambridge, UK), and subsequent paired-end reads were generated based on the 

input data.  

 

3.2.15.4 Paired end data analysis 

The obtained raw data was presented in a fastq format and processed through PERL script 

software. Removal of adapters, ploy-N, exhibited low-quality reads, and sequences <18 

nucleotides and >30 nucleotides were filtered to produce clean reads. Additionally, several 

parameters, including Q20, Q30, GC-content and sequence duplication, were all determined 

from the remaining data. 

 

3.2.15.5 MiRNA prediction 

Imputing the clean reads dataset to the Bowtie software 

(https://www.bowtiexp.com/downloads/) and implementing several databases for prediction 

analysis including Silva (https://www.arb-silva.de), GtRNAdb (https://gtrnadb.ucsc.edu), 

Rfam (https://rfam.org) and Repbase (https://www.girinst.org/repbase/), filtered out all non-

coding RNAs excluding miRNAs. The remaining clean reads were utilised to correlate 

currently known miRNAs and predictions of possible miRNA targets via comparisons with 

miRbase. In addition, Randfold tools (https://bio.tools/randfold) were used to assist in 

predictions for calculating secondary structures of non-coding RNA sequences. 

 

3.2.15.6 MiRNA expression  

MiRNA expression was determined for each sequenced sample (four control groups vs four 

sample groups). Small RNAs were mapped to the original sequences, and the read count for 

individual miRNAs was constructed based on mapping. 

 

3.2.15.7 Differential miRNA expression via computational programming R methods 

The differential expression of treated and untreated conditions was compared using the DESeq 

R package (1.10.1) (R-4.4.1-arm64.pkg, followed by install - macro package). The software 

provides DE of miRNA expression data via negative binomial distribution models. Adjusted 

P-values of P >0.05 were incorporated using Benjamini and Hochberg’s false discovery rate 

method, which selected out DE miRNAs. Moreover, DE of samples was also performed using 

IDEG6 software, which characterised P-value adjustment with Q-values (Storey & Tibshirani, 

https://www.bowtiexp.com/downloads/
https://gtrnadb.ucsc.edu/
https://rfam.org/
https://bio.tools/randfold


Mohammed Saqif Ahmad  Chapter 3 

 210 

2003). Q-value< 0.05, and Log2 foldchange ³ 1 was used as the parameter threshold that 

determined the significance of DE miRNAs (Mustafov et al., 2024).  

 

3.2.15.8 GO and KEGG enrichment analysis via computational programming R 

methods 

Enrichment analysis for GO utilised DE genes as the input dataset for comparisons using the 

GOseq R package, which has been derived from Wallenius non-central hyper-geometric 

distribution (Mustafov et al., 2024). Furthermore, KEGG pathway analysis of biological 

processes, molecular function and cellular components was generated via the KEGG database 

(https://www.genome.jp/kegg/) alongside the KOBAS statistical software (Kanehisa et al., 

2007; Mao et al., 2005).  

 

3.2.16 Statistical analysis 

Statistical analyses of all experiment work were performed. Several in vitro assays, including 

MTT, colonisation, IF, Siglec-15 MFI following SHG-8 treatment and RT-qPCR of 

SIGLEC15, PTTG1IP and miRNA candidates were compared using one-way ANOVA 

followed by Dunnett’s multiple comparison post-hoc tests. In addition, migration distance was 

statistically compared using Welch’s one-way ANOVA followed by Dunnett’s multiple 

comparison post-hoc test. Pro-inflammatory TNFa and IL-1b cytokine secretion from 

differentiated macrophages were compared via one-way ANOVA followed by Tukey’s 

multiple comparison post-hoc tests. Furthermore, statistical analysis for ROS production was 

determined using two-way ANOVA followed by Dunnett’s multiple comparison post-hoc 

tests. UALCAN transcriptomics analysis detailing genomic miRNA and gene target expression 

data, promoter methylation, and proteomics expression were all compared using an unpaired 

student’s t-test. Determination of the IC50 for SHG-8 activity was identified through technical 

and biological replicates (N=5). Other experimental assays were performed with (N=3) 

biological and technical replicates, unless stated otherwise. SRNA-sequencing analysis was 

performed with (N=4) biological replicates. Statistical significance was denoted in the form of 

asterisks as provided: *P <0.05, **P <0.01, *** P<0.001, ****P <0.0001. All constructed 

graphs were produced via GraphPad Prism 10.

https://www.genome.jp/kegg/
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3.3 Results 

3.3.1 Synthesis and characterisation of 3-(4-bromophenyl)-1-phenyl-3-

(phenylamino)propan-1-one 

Synthesis and structural characterisation of the SHG-8 compound via the one-step Mannich 

reaction were performed by collaborators at the American University of Ras Al Khaimah, Ras 

Al Khaimah, UAE. 

 

Synthesis of the 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one (SHG-8) 

compound was conducted using the environmentally friendly SAFSNS nano-catalyst at RT, 

which had produced a high yield from the addition of initial products. Characterisation of the 

SHG-8 was further performed by spectroscopy methods including IR, Mass, 1H NMR and 13C 

NMR and recorded a melting point of 122-126°C that is representative of the literature (123–

127°C) (Kidwai et al., 2008). In addition, IR spectroscopy methods revealed sharp peaks at 

3391 cm-1 and 1667 cm-1, indicating the presence of an amine (-NH) and ketone (C=O) 

functional group (Figure 56).  

 

Moreover, the 1H NMR spectra identified two COCH2 protons within the structure appearing 

as a multiplet at d 3.41-3.3.45 and the singular NH proton as a singlet d 4.56. The proton of the 

CH group adjacent to NH appeared as a triplet at d 4.96. A total of fourteen aromatic protons 

were identified highlighted as the following: two protons as a doublet at d 6.53, one proton 

exhibited as a triplet at d 6.68, two further protons as a multiplet at d 7.07-7.11, two protons 

exhibited as a doublet at d 7.31, multiplet of four protons at d 7.42-7.57, a multiplet of a singular 

proton at d 7.55-7.57 and lastly two protons as a doublet at d 7.79 (Figure 57). In contrast, 13C 

NMR analysis revealed a total of fifteen peaks recorded at d 45.9, 54.1, 113.8, 118.6, 121.3, 

128.2, 128.3, 128.8, 129.4, 132.0, 133.7, 136.7, 142.3, 146.3, 197.9 (Figure 58).  

 
Further to this, the mass spectroscopy ESI method revealed a mass-to-charge ratio (m/z) of 380 

at an [M+H]+ peak (Figure 59). In addition to this, HRMS ESI spectroscopy also correlated 

with an m/z peak of 380.0643 matching a structural formula of C21H19BrNO [M+H]+ with an 

associated mass of 380.0645, with D 0.0002 (Figure 60).  
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Figure 56: FTIR spectrum of the SHG-8 compound revealed functional groups present within the structure. Fourier Transform Infrared 
Spectroscopy (FTIR) method to identify certain functional groups across an infrared spectrum to elucidate SHG-8’s structural profile.  
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Figure 57: 1H NMR spectrum of the SHG-8 compound in a CDCl3 solvent confirmed SHG-8 structure. 1H NMR methods are used in the 
identification/confirmation of unknown structures by determining the magnetic resonance of protons localised across the molecule and the different 
types of resonance emitted as a result of the final SHG-8 compound. 
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Figure 58: 13C NMR spectrum of the SHG-8 compound in a CDCl3 solvent confirmed SHG-8 structure. The13C NMR method utilises the 
magnetic resonance of carbon atoms localised within a given structure to assist in structural identification and connectivity to other organic 
molecules
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Figure 59: ESI-MS spectrum of the SHG-8 compound revealed the molecule weight of the compound. Electrospray ionisation is utilised to 
determine the molecular weight of polar structural molecules whilst minimising structural fragmentation. 
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Figure 60: High-resolution mass spectrum (HRMS) of the SHG-8 compound confirming a molecular weight of 380.0645 and structural 
formula as C21H18BrNO. HRMS methods distinguished the identification of compounds that are presented with the same molecular mass through 
interactions with halides. 
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3.3.2 Molecular docking analysis prediction and in silico Siglec-15 expression in CRC 

tumours 

COACH prediction analysis revealed several amino acid residues of the Siglec-15 protein 

structure to interact with the SHG-8 molecule as a ligand (Table 16). Of those identified, amino 

acid residues involved in binding were at positions: 44, 70, 143, 152, 153, 154, 155 and 157. 

Furthermore, the binding affinity of the predicted protein receptor-ligand interactions was 

recorded at -5.2 kcal/mol with direct binding to the V-set binding domain and the target site 

was exhibited at high confidence (Figure 61A). In addition, the interactions within the V-set 

binding domain revealed amino acid residues that are structurally part of the protein structure 

and within 5.0 Å of SHG-8 binding were revealed as Trp44, Tyr87, Tyr154, Arg143, Asp152, 

Arg153 (Figure 61A). Additionally other structural conformations of the bound SHG-8 ligand 

in association with the Siglec-15 protein revealed predicted localisation of the R143 within the 

protein structure (Figure 61B). In addition, the updated software of AlphaFold modelling 

comprises of greater modelling accuracy and also incorporates post-translational modifications 

which may impact the tertiary structure of the Siglec-15 protein structure. For Siglec-15, it is 

worth highlighting that any modifications such as glycosylation and phosphorylation could 

alter the conformational structure of the binding pocket or prevent the availability of key 

residues from binding.  

 

To determine if Siglec-15 is in fact deregulated in CRC progression, UALCAN transcriptomics 

analysis revealed enhanced SIGLEC15 expression in the tumour cohort in comparison to the 

normal tissue cohort with the mean expression of 0.232 TPM and 0.107 TPM, respectively (P< 

0.001) (Figure 62A). Moreover, SIGLEC15 expression was significantly hypomethylated in 

COAD tumours in contrast to normal colon tissues (P< 0.0001) (Figure 62B).  

 
To confirm the CRC cell lines HCT116 and SW480 cells express Siglec-15 on the plasma 

membranes, Siglec-15 antibody staining in comparison to the GB U87MG cell line was 

conducted. When compared against U87MG cells, both cell lines were shown to fluorescently 

express Siglec-15 at the protein level (Figure 63). 
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Figure 61: Molecular docking analysis revealed possible amino acid residues contact with SHG-8 binding. (A) Protein docking analysis of 
the AlphaFold Siglec-15 protein structure identified amino acid residues predicted to be within 5.0 Å of the SHG-8 compound ligand and possible 
interactions via Autodock Vina software. (B) Changes in Siglec-15 structural conformation highlighted the localisation of the R143 residue, which 
is critical in salt bridge formation and ligand binding.  
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Table 16: COACH prediction revealed Sia binding sites. COACH prediction analysis exhibited possible amino acid residues in contact between 
the Siglec-15 protein structure and the binding of the SHG-8 compound.  
 

Rank C-score Cluster size  Ligand Name Consensus binding residues 

1 0.12 7  SIA 44, 70, 143, 152, 153, 153, 155, 157 

     

2 0.05 3 UNL 50, 159, 161 

     

3 0.03 2 FMT 48, 140, 141, 142, 156, 159, 160 

     

4 0.03  2 MAN 236, 247, 248, 249 

     

5 0.02 1 2E9WA00 234, 247, 249, 251 

     

6 0.02 1 N/A 134, 137, 138, 217, 219, 220 

     

7 0.02 1 N/A 22, 23, 24, 25, 26, 28, 49, 51, 52, 53, 55, 58, 59 

     

8 0.02 1 2EC8A00 19, 56. 57. 58 

     

9 0.02 1 N/A 83, 110, 113, 114, 135, 136, 140 
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10 0.02 1 2JLKA01 178, 179, 225, 227 
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Figure 62: SIGLEC15 is overexpressed and hypomethylated in COAD tumours. (A) UALCAN TCGA genomic data exhibiting mRNA 
expression of SIGLEC15 in normal (grey) (N=37) and COAD (red) (N=313) cohorts. Welch’s t-test PERL script. *** P<0.001. (B) UALCAN 
transcriptomics analysis was conducted to determine the methylation of the promoter regions of SIGLEC15 between normal tissue (grey) and 
COAD tumour (red) cohorts. error bars ± SD. Welch’s t-test PERL script. **** P<0.0001. 
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Figure 63: Expression of Siglec-15 was validated within in vitro CRC cell lines SW480 and HCT116. IF staining analysis was conducted to 
determine if Siglec-15 is expressed in CRC cell lines HCT116 and SW480 (N=3).  
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3.3.3 Determining the cytotoxicity profile of the SHG-8 compound in vitro 

The cytotoxicity of the SHG-8 compound at varying concentrations (20µM, 40µM , 60µM, 

80µM and 100µM) was elucidated on SW480 cells in vitro via several functional assays 

(Figure 64). Conventional anti-cancer therapies such as cisplatin were used as a positive control 

for the experimental work to draw significant comparisons between the functionality of both 

compounds. In addition, the negative control DMSO was utilised at a concentration of 1%. 

Cytotoxicity assays revealed significant cytotoxic profiles in both HCT116 and SW480 cell 

lines with IC50 values of 17.75µM and 20.78µM, respectively (P< 0.0001). Additionally, at the 

highest concentration of 100µM, there was significant cell death, reaching as high as 95.412% 

and 95.339% in SW480 and HCT116 cells (P< 0.0001). In contrast, normal epithelial HcoEPiC 

cells have shown no significant difference in cellular viability at 20µM. In addition, the 

observed IC50 value for this cell line was recorded as 92.34µM (P< 0.0001), which is 

significantly greater than the recorded IC50 values for both HCT116 and SW480 cell lines. 

Thus, indicating SHG-8 activity induced reduced toxicity in normal epithelial cells. Moreover, 

SHG-8 demonstrated a dose-dependent cytotoxicity upon reaching higher concentrations, with 

cellular viability decreasing from 77.18% at 40µM to 45.26% at 100µM concentration (P< 

0.0001).  

 

Wound healing analysis of SW480 cells treated with the SHG-8 compound revealed the 

inhibition of cellular migration of 15.37%  at 24h following SHG-8 exposure with the 40µM 

treatment (P< 0.05, P< 0.01) (Figure 65A). In addition to this, comparative images taken of the 

wound healing area also supported observations of reduced migration of the treatment 

conditions across a 48h treatment period when compared against the DMSO control (Figure 

65B). Moreover, both SHG-8 treatment conditions at 10µM and 40µM has shown similar anti-

migration at 48h recorded an open wound area of 13.22% and 13.28% in comparison to the 

DMSO control condition, respectively.  

 

Furthermore, all treatment conditions resulted in reduced cellular colonisation (N=3), indicated 

by quantitative colonisation assay data with both 10µM and 40µM concentrations, resulting in 

the formation of no colonies alongside the cisplatin control (P< 0.0001) (Figure 66A). This 

was also similarly observed via comparative images of the well plate and brightfield images of 

the colonies present in the DMSO control condition at 4x and 10x magnification (Figure 66B, 

66C). 
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Figure 64: SHG-8 exhibited a dose-dependent cytotoxicity against tumour and epithelial cells in vitro. The MTT cytotoxicity assay was 
performed to elucidate the SHG-8 cytotoxic profile in normal epithelial and tumour cell lines following 24h SHG-8 exposure. Additionally, the 
IC50 of the SHG-8 compound was determined in the three HCT116 (N=5), SW480 (N-5) and HcoEPiC (N=3) cell lines. Data is presented as mean 
± SD. One-Way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test. **** P<0.0001. 
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Mohammed Saqif Ahmad       Chapter 3 

 226 

` 
Figure 65: SHG-8 reduced tumour migration in SW480 cells following a 24h treatment period. (A) The migration assay was performed to 
determine the effect of the SHG-8 compound on tumour cell migration across 48h (N=3). Data is presented as mean ± SD. Welch’s One-Way 
ANOVA followed by Dunnett’s multiple comparison post-hoc test. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. (B) Comparative images of 
migration distance taken at 4x magnification of SW480 cells treated with SHG-8 at 10µM and 40µM condition across a 48h treatment period. 
Image analysis was conducted using ImageJ software with plugins outlined by (Suarez-Arnedo et al., 2020).  
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Figure 66: SHG-8 inhibited tumour cell colonisation following 24h SHG-8 treatment exposure. (A) Colonisation assays determined the effect 
of SHG-8 treatment on SW480 colonisation post 24h treatment period and proliferation across 7 days post-treatment (N=3). Data is presented as 
mean ± SD. One-way ANOVA statistical analysis followed by Dunnett’s multiple comparison post-hoc test. **** P<0.0001. (B) Visualisation of 
the 12-well plate utilised for 24h treatment of SW480 colonisation assay following 0.1% crystal violet staining. (C) Comparative images taken of 
the colonies of the DMSO control condition following 24h SHG-8 treatment period at 4x and 10x magnification stained with 0.1% crystal violet 
staining. Colonies were determined in the DMSO control condition of cellular clusters that are greater than >30 cells. 
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3.3.4 SHG-8-mediated cellular death  

To determine the likelihood of apoptotic cell death induced in SW480 cells following SHG-8 

treatment, DAPI nuclear staining; a marker of apoptotic death, was conducted (Figure 67). 

Fluorescent images taken of the DAPI filter at 40x magnification revealed apoptotic induction 

following SHG-8 treatment in a dose-dependent manner. This indicated greater instances of 

nuclear fragmentation at 10µM and 40µM conditions in comparison to the DMSO control 

(Figure 67). Additionally, cells treated with SHG-8 had undergone structural changes to their 

morphology presenting with irregular shapes; a possible effect of nuclear fragmentation 

(shown by white arrows). 

 

Moreover, flow cytometry staining of cellular death was performed to give a quantitative view 

of the effect of SHG-8 on SW480 cells (Figure 68). Annexin-V and PI dual staining revealed 

a significant proportion of cells undergoing apoptosis at 100µM cisplatin, 10µM and 40µM 

SHG-8 conditions in contrast to DMSO (Figure 68A). Furthermore, cisplatin demonstrated a 

larger proportion of cells undergoing early apoptosis (lower left quadrant) of 13.88%. In 

contrast, both 10µM and 40µM conditions exhibited a higher proportion of cells undergoing 

late apoptosis (upper right quadrant), shown at 15.74% and 17.75%, respectively. In addition, 

all conditions have shown minute cell populations exhibiting necrosis (upper left quadrant). 

Following on from this, cell cycle arrest analyses via PI staining demonstrated SHG-8 induced 

greater cell cycle arrest at the G2/M phase at higher concentrations, demonstrating populations 

of 13.31% and 16.17% cells in comparison to 10.97% in DMSO, respectively (Figure 68B). 

Interestingly, the cisplatin condition exhibited the greatest proportion of cells arresting at the 

S phase (12.80%), when compared against SHG-8 demonstrating 5.95% and 5.96% of cells at 

10µM and 40µM correspondingly. Moreover, the DMSO control condition exhibited the 

largest proportion of cells in the G0/G1 phase with 80.94% of cells arrested. However, only a 

small subset of the cell population had undergone cellular arrest at the sub-G0 phase of the cell 

cycle. 

 

ROS production was hypothesised as a possible stimulant for apoptosis induction in CRC cells 

following SHG-8 treatment. Measuring ROS production via fluorescence emission 

demonstrated no significant difference between SHG-8 treatments and the control conditions 

(Figure 69). Further to this, only the positive control H2O2, a known stimulant in ROS 

production, exhibited significant ROS production ranging from 0 min to 120 min. Hence, it is 
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inferred that ROS production is independent of SHG-8-mediated cytotoxicity and is not the 

mechanism of action for which cellular death occurs.  
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Figure 67: SHG-8 activity stimulated dose-dependent apoptosis in SW480 CRC cells. Nuclear fragmentation via DAPI staining was conducted 
to elucidate the apoptosis induction following SHG-8 10µM and 40µM treatment on SW480 cells. Morphological irregularities and nuclear 
fragments are indicated by white arrows (N=3). 
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Figure 68: Annexin-V and PI dual staining revealed SHG-8 stimulated late apoptosis activation at higher concentrations and cell cycle 
arrest at the G2/M phase. (A) Annexin-V/propidium iodide dual staining of CRC cells following 24h treatment 10µM and 40µM SHG-8 
treatment condition. Quadrats are divided into four sections. FITC- and PI+ (upper left quadrant) represented SW480 cells undergoing necrosis. 
FITC+ and PI+ (upper right quadrant) represented SW480 cells undergoing late apoptosis. FITC- and PI- (lower left quadrant) represented SW480 
live cells. FITC+ and PI- (lower right quadrant) represented SW480 cells undergoing early apoptosis. (B) Cell cycle arrest of G1/S/G2/M determined 
via PI staining of SW480 cells treated with SHG-8 24h treatment period. Conditions are presented as DMSO (green), cisplatin 100μM (light blue) 
and SHG-8 at 10μM (dark blue) and 40μM (pink) conditions.  
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Figure 69: SHG-8 apoptosis induction is not mediated by ROS production in SW480 cells. ROS production was determined in SW480 cells 
following 24h SHG-8 exposure as a possible mechanism of action. Fluorescence intensity was taken at several time intervals at excitation/emission 
520/605nm (N=4). Data is presented as mean ± SD. Two-way ANOVA followed by Dunnett’s multiple comparison post-hoc test was conducted. 
****P< 0.0001.
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3.3.5 Siglec-15 expression following SHG-8 treatment exposure 

Determining the expression of Siglec-15 at the gene and protein level, several methods, 

including IF, RT-qPCR and flow cytometry methods, were performed (Figure 70). RT-qPCR 

expression analysis exhibited SIGLEC15 gene expression at 10µM and 40µM treatment 

conditions with 24h exposure of SHG-8 versus the cisplatin positive and DMSO negative 

control conditions (P< 0.05, P< 0.01) (Figure 70A). SIGLEC15 exhibited significantly 

downregulated expression, highlighted by a two-fold decrease in expression at 10µM and 

40µM conditions. Two differing methodologies were utilised to illustrate Siglec-15 protein 

expression to underline the variance and reliability of the experiemntal data that was collated 

between flow cytometry and immunofluorescence approaches. Flow cytometry image and 

quantitative analysis of Siglec-15 expression indicated no significant difference in protein 

expression following SHG-8 treatment at both 10µM and 40µM conditions when compared 

against the DMSO control (Figure 70B). Moreover, quantitative image analaysis of IF images 

underlined the mean GFP intentisty via the ImageJ software, which demonstrated significant 

downregulation of Siglec-15 at the protein level following 24h SHG-8 exposure (P< 0.01, P< 

0.001) (Figure 70C, 70D). 
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Figure 70: RT-qPCR methods underline SHG-8 activity plays a role in downregulating SIGLEC15 gene expression. (A) RT-qPCR 
expression analysis of SIGLEC15 in SW480 cells following 24h SHG-8 treatment exposure (N=3). One-way ANOVA statistical test followed by 
Dunnett’s multiple comparison post-hoc test, *P<0.05, **P<0.01. (B) Flow cytometry analysis of Siglec-15 expression, following treatment of 
SHG-8 in SW480 cells (N=3). Treatment conditions are as follows: DMSO (light blue), cisplatin 100μM (dark blue), SHG-8 10μM (pink) and 
40μM (red) conditions. In addition, mean fluorescence intensity (MFI) was also calculated based on the flow cytometry expression peaks. Data is 
presented as mean ± SD. One-way ANOVA followed by Dunnett’s multiple comparison post-hoc test was conducted. (C) IF image visualisation 
of SW480 cells stained with a primary Siglec-15 antibody following 24h SHG-8 exposure taken at 40x magnification with DAPI and GFP filters 
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(N=3). (D) Quantitative analysis of mean green fluorescence intensity of IF image visualisation following SHG-8 treatment (N=3). Data is 
presented as mean ± SD. One-way ANOVA followed by Dunnett’s multiple comparison post-hoc test was conducted. ** P <0.01,  *** P <0.001.
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3.3.6 Pro-inflammatory cytokine secretion in differentiated macrophages via ELISA 

Determining the role of cytokine expression and possible stimulation of myeloid cells within 

the TME, pro-inflammatory cytokine expression of TNFa and IL-1b was determined following 

24h SHG-8 exposure and LPS (50ng/mL) mediated activation (Figure 71). Stimulation by LPS 

had resulted in the activation of both THP-1 and U937 differentiated macrophages and 

significantly induced the secretion of both TNFa and IL-1b, in comparison to the untreated 

control condition (P< 0.001) (Figure 71A-D). Furthermore, the 40µM SHG-8 treatment 

condition inhibited LPS stimulation and pro-inflammatory cytokine secretion of TNFa and IL-

1b in all observable treatment conditions (P< 0.001)  (Figure 71A-D). In addition, the 40µM 

SHG-8 only treatment condition had significantly inhibited pro-inflammatory cytokine 

secretion of TNFa secreted in U937 (7.731ng/mL) and IL-1b in THP-1 cells (11.52ng/mL) in 

comparison to the control condition (Figure 71B, 71C).
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Figure 71: SHG-8 inhibited the secretion of pro-inflammatory cytokines in differentiated macrophages. (A) Elucidation of TNFα cytokine 
secretion following LPS stimulation and SHG-8 exposure of THP-1 differentiated macrophages via ELISA method. Data is presented as mean ± 
SD. One-way ANOVA statistical test followed by Tukey’s multiple comparison post-hoc test. *P< 0.05, ****P< 0.0001. (B) Elucidation of TNFα 
cytokine secretion following LPS stimulation and SHG-8 exposure of U937 differentiated macrophages via ELISA method. Data is presented as 
mean ± SD. One-way ANOVA statistical test followed by Tukey’s multiple comparison post-hoc test. *P< 0.05, **P< 0.01, ****P< 0.0001. (C) 
Elucidation of IL-1b cytokine secretion following LPS stimulation and SHG-8 exposure of THP-1 differentiated macrophages via ELISA method. 
Data is presented as mean ± SD. One-way ANOVA statistical test followed by Tukey’s multiple comparison post-hoc test. * P< 0.05, ***P< 0.001, 
****P< 0.0001. (D) Elucidation of IL-1b cytokine secretion following LPS stimulation and SHG-8 exposure of U937 differentiated macrophages 
via ELISA method. Data is presented as mean ± SD. One-way ANOVA statistical test followed by Tukey’s multiple comparison post-hoc test. 
**P< 0.01, ****P< 0.0001. 
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3.3.7 sRNA-seq analysis  

Elucidation of DE miRNAs was determined via sRNA sequencing analysis of SHG-8 treated 

for 24h and untreated conditions (Figure 72). The constructed heatmap identified multiple DE 

miRNAs following SHG-8 exposure, indicated by a shift in expression profiles from the 

untreated DMSO condition to the treatment group (Figure 72A). Furthermore, the correlation 

analysis revealed a positive correlation between both treatment groups, hinting that cellular 

exposure to SHG-8 has a profound effect on miRNA expression profiles (Figure 72B). 

Moreover, a total of 185 DE miRNAs were identified as part of the volcano plot analysis. Of 

those DE miRNAs that were identified, 106 miRNAs were classified as significantly 

downregulated, and 79 miRNAs were classified as significantly upregulated following a two-

fold change in expression as the cut-off (Figure 72C). In addition to this, the top five most 

significantly downregulated miRNAs were all revealed to be novel miR-1031, novel miR-

1130, novel miR-308, novel miR-503 and novel miR-993. In contrast, the top five significantly 

upregulated miRNAs were revealed as novel miR-1401, novel miR-1065, novel miR-233, 

novel miR-1431 and hsa-miR-6715b-3p (Table 17). Additionally, the DE of miRNAs revealed 

signalling transduction mechanisms and functional activity relating to translation, ribosomal 

structure and biogenesis. These were all enriched functional terms in the cluster of orthologous 

genes (COG) classification of consensus analysis (Figure 72D).  

 

KEGG and GO classification analysis was also conducted on the sRNA-seq data to elucidate 

enriched biological processes and signalling pathways following SHG-8 treatment (Figure 73). 

KEGG analysis revealed several enriched biological processes that possibly indicate signalling 

pathways related to inhibiting tumour progression (Figure 73A). This revealed autophagy, 

hippo signalling and lysosomes were all significantly enriched. Furthermore, GO classification 

analysis also exhibited the enrichment of biological processes, such as the regulation of 

myeloid cell apoptotic processes, including neutrophils, regulation of oxidative stress, response 

to IL-6, regulation of IFNb production and regulation of cellular components and cellular 

response (Figure 73B). Interestingly, enrichment of lysosomes, cytoplasmic vesicle 

membranes and vesicle membranes all showed the highest enrichment for cellular components 

(Figure 73C). Moreover, determining the molecular function associated with DE miRNAs 

revealed GTP binding, nucleic acid binding and protein domain specific binding as the most 

enriched molecular functional terms (Figure 73D). 
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Figure 72: SHG-8 stimulated the DE of miRNAs following 24h treatment at 40µM condition.  (A) SRNA-seq analysis revealed DE miRNAs 
between SHG-8 treated and untreated conditions. (B) Correlation analysis for DE miRNAs between untreated control condition groups and SHG-
8 treatment condition group. (C) Constructed volcano plot illustrating the top deregulated miRNAs following SHG-8 treatment. (D) COG 
functional classification of consensus sequence analysis was conducted to elucidate possible enriched deregulated mechanisms.
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Table 17: List of the top five differentially expressed miRNAs that are significantly upregulated and downregulated following 24h SHG-
8 exposure. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 MIRNA NAME  DIFFERENTIAL 

EXPRESSION  

LOG2FC 

SMALL-RNA SEQUENCING ANALYSIS  hsa-miR-6715b-3p Upregulated 4.559 

 novel_miR_1401 Upregulated 4.435 

 novel_miR_1431 Upregulated 3.975 

 novel_miR_233 Upregulated 3.970 

 novel_miR_1065 Upregulated 3.934 

 novel_miR_1031 Downregulated -5.113 

 novel_miR_308 Downregulated -4.571 

 novel_miR_503 Downregulated -4.563 

 novel_miR_1130 Downregulated -4.456 

 novel_miR_993 Downregulated -4.316 
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Figure 73: SHG-8 activity induced several biological processes relating to cell death and hints of miRNA dysregulation. (A) KEGG pathway 
enrichment depicting the possible enrichment of molecular pathways between SHG-8 treated and untreated conditions. (B) GO classification 
analysis reveals enriched biological processes between SHG-8 treated and untreated conditions. (C) GO classification analysis reveals enriched 
cellular components between SHG-8 treated and untreated conditions. (D) GO classification analysis revealing enriched molecular functions 
between SHG-8 treated and untreated conditions.
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3.3.8 Experimental validation of sRNA-seq findings  

Validation of the hsa-miR-6715b-3p expression profile was investigated via UALCAN 

transcriptomics and RT-qPCR analyses methods (Figure 74). Indeed, in silico analysis revealed 

significant downregulation in the expression of miR-6715b-3p in the tumour cohort with a 

mean expression of 0.655 TPM. In comparison, the significant expression of the miRNA was 

recorded at 6.949 TPM (P< 0.05) in normal tissues (Figure 374A). Moreover, experimental 

validation of the expression profile identified a significantly enhanced expression pattern 

following SHG-8 treatment at both 10µM and 40µM conditions in contrast to the DMSO 

control (Figure 74B). Thus, this confirms the results of the sRNA-seq analysis.  

 

Furthermore, sRNA-seq analysis revealed pituitary tumour-transforming 1 protein interacting 

protein (PTTG1IP) as a possible target of miR-6715b-3p and seemed to be involved in 

regulating its gene expression. Due to the downregulated expression of miR-6715b-3p before 

treatment and enhanced expression post-SHG-8 activity, it could indicate PTTG1IP as a 

possible oncogene in CRC tumours. To investigate the possibilities of PTTG1IP expression 

and its relevance to CRC progression, in silico analyses characterised PTTG1IP’s gene 

expression, protein expression and the level of promoter methylation observed in CRC 

progression (Figure 75). Subsequently, data analysis demonstrated that the PTTG1IP gene is 

significantly downregulated in COAD tumours, exhibiting mean expression of  242.052 TPM 

and 169.849 TPM in normal tissue and COAD tumour cohorts, respectively (P< 0.001) (Figure 

75A). Further analysis has also revealed no significant difference in the promoter methylation 

of both cohorts (Figure 75B). However, transcriptomics analysis at the protein level 

corresponded with significant translation of the PTTG1IP protein in the tumour cohort with an 

expression of 0.00 in comparison to a recorded expression value of -0.554 in normal tissues 

(P< 0.05) (Figure 375C). Additionally, in vitro validation via RT-qPCR methods indicated that 

PTTG1IP expression profiles were significantly reduced following SHG-8 exposure in both 

10µM and 40µM conditions demonstrating a relative mean expression of 0.525 TPM and 0.449 

TPM, respectively (P< 0.001, P< 0.0001) (Figure 75D). In addition to this, PTTG1IP 

expression identified a 1.12 lower fold change in the treatment conditions following SHG-8 

treatment, inferring an SHG-8 mediated effect on PTTG1IP regulation in SW480 cells in vitro. 

As all of the experimental data have indicated PTTG1IP as a possible target of miR-6715b-3p, 

further in silico predictions have revealed possible binding sites on the target mRNA strand 

(Figure 75E). Sfold software predictions illustrated a possible binding site on the PTTG1IP 
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gene at position 1-23 on the 5’ UTR seedless region, exhibiting a high binding affinity towards 

the target. Furthermore, high levels of PTTG1IP expression has demonstrated poor prognostic 

outcomes in RFS and PPS survival criteria (P< 0.05) (Figure 75F). In comparison, OS survival 

criteria suggested low PTTG1IP expression has a significantly greater impact on poor clinical 

survival outcomes (P< 0.05) (Figure 75F). 
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Figure 74: Validation of miR-6715b-3p reveals tumour suppressor activity following SHG-8 mediated cytotoxicity in SW480 cells. (A) 
UALCAN TCGA genomic data exhibiting miRNA expression of miR-6715b-3p in normal (grey) and COAD (red) cohorts. Welch’s t-test PERL 
script. *P < 0.05. (B) RT-qPCR expression analysis of miR-6715b-3p in SW480 cells following 24h SHG-8 treatment exposure (N=3). One-way 
ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test. **P<0.01.
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Figure 75: Following SHG-8 treatment, expression analysis revealed PTTG1IP; a possible oncogene in CRC progression, may be a target 
of miR-6715b-3p. (A) TCGA genomic data exhibiting mRNA expression of PTTG1IP in normal (grey) and COAD (red) cohorts, error bars ± SD. 
Welch’s t-test PERL script. ***P< 0.001. (B) UALCAN transcriptomics analysis was conducted to determine the methylation of the promoter 
regions of PTTG1IP between normal tissue (grey) and COAD tumour (red) cohorts. Methylation data is presented as box plots, error bars ± SD. 
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Welch’s t-test PERL script statistical analysis. (C) UALCAN proteomics analysis was conducted to determine the protein expression of PTTG1IP 
between normal tissue (grey) and COAD tumour (red) cohorts, error bars ± SD. Welch’s t-test PERL script statistical analysis. *P< 0.05. (D) RT-
qPCR expression analysis of PTTG1IP in SW480 cells following 24h SHG-8 treatment exposure (N=3). One-way ANOVA statistical test followed 
by Dunnett’s multiple comparison post-hoc test. ***P< 0.001, ****P< 0.0001. (E) Predicted positional binding sites of miR-6715b-3p on the 
target PTTGIP mRNA strand were conducted via Sfold prediction software, revealing high binding affinities. (F) Comparisons between high 
PTTG1IP expression (red) and low SIGLEC15 expression (black) were conducted to elucidate the relationship between SIGLEC15 and the 
prognostic factor in COAD patients. Survival curves were constructed to outline SIGLEC15 expression with survival criteria: overall survival 
(OS), post-progression survival (PPS), and relapse-free survival (RFS) criteria. P< 0.05 was considered statistically significant. 
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3.4 Discussion 

The treatment of diagnosed CRC tumours with conventional front-line therapeutic approaches 

entails clinical regimens that focus on chemotherapies, radiotherapies and surgical resection of 

the tumour or a combination of these approaches that improve the likelihood of patient 

remission (Johdi & Sukor, 2020). Nevertheless, the prevalence of CRC malignancies has 

steadily shown an increase despite the advancements made in tumour diagnosis, prognosis and 

disease management (Piawah & Venook, 2019). In recent years, the development of targeted 

anti-tumour drug molecules including small molecule inhibitors and blocking antibodies, has 

shown positive patient response. This is partly due to their pharmacological characteristics, 

exhibiting high specificity for their therapeutic target, high clinical efficacy and low toxicity to 

surrounding tissues/organs (Zhai et al., 2019). In contrast to macromolecular therapeutic agents 

like targeted antibodies, small molecule inhibitors possess several key advantages, including 

lower cost, improved pharmacokinetics, simple storage, transportation and patient tolerance 

(Zhong et al., 2021). Thus, these factors underline the significant potential of small molecule 

therapeutic agents for anti-cancer development. In particular, they have emerged as potential 

therapies in several tumour malignancies, including CRC, which inhibited tumour progression 

(He et al., 2021). With reference to the prevalence of CRC worldwide, the development and 

characterisation of the b-amino carbonyl compound (SHG-8) was elucidated to target the 

Siglec-15/Sia axis.  
 

This chapter emphasised the unique role of the SHG-8 compound as a treatment alternative to 

current therapeutic approaches, as being the first small molecule inhibitor for targeting the pro-

tumorigenic Siglec-15 protein. Additionally, miRNAs involved in SIGLEC15 regulation 

remained limited within the literature, and we aimed to elucidate the clinical relevance of these 

miRNAs to CRC progression as outlined in this project. Thus, we believe we have identified 

deregulated miRNAs in CRC progression following the disruption of the Siglec-15/Sia axis 

via SHG-8 binding to the V-set binding domain. Thus preventing engagement of the STn 

antigen. 

 

3.4.1 Synthesis and characterisation of the SHG-8 compound 

The SHG-8 structure is comprised of three aromatic rings that are connected by a b-amino 

ketone group. Additionally, the introduction of a halide constituent to the aromatic ring 
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enhances the structures’ hydrophobicity and lipophilicity capabilities. The chemical synthesis 

of 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one compounds and their 

derivatives are accomplished through a one-step Mannich reaction involving the key 

constituents: an aromatic amine, aromatic aldehyde and ketone in the presence of a catalyst 

(Iwanejko et al., 2018). There have been several iterations for the synthesis of these 

compounds, but there are a number of limiting factors that prevent their applicability, some of 

which can include long reaction time, excessive temperature, low recyclability and challenges 

in product purification (Cai & Xie, 2013). Furthermore, the incorporation of some catalysts 

used for chemical synthesis may pose environmental risks due to their corrosive and toxic 

properties. Hence, it would prove substantial for the development of a catalyst that is both 

recyclable and effective in the Mannich reaction, which resulted in the heterogenous SAFSNS 

nano-catalyst, as synthesised in a previous study (Ahmad et al., 2021).   

 

3.4.2 Molecular docking simulations for SHG-8:Siglec-15 interactions 

Previous reports have suggested that Siglec-15 activity upon engagement of the STn antigen 

requires canonical ligand binding (Crocker et al., 2007). For this to occur, interactions between 

arginine residues and sialoglycan carboxylate groups are required for salt bridge formation 

(Crocker et al., 2007). Molecular docking analysis elucidated the V-set binding pocket capable 

of ligand interaction, in particular, amino acid residues within 5.0 Å of ligand binding identified 

R143, a key residue in glycan ligand binding (Murugesan et al., 2021). Further supporting this, 

another study demonstrated sialidase treatment prevented Siglec-15-Fc binding. Additionally, 

the study has also reported the mutation of R143 to an alanine residue greatly impacted Siglec-

15-Fc binding (Ding et al., 2023). Hence, SHG-8 binding to R143 with a high binding affinity 

may suggest specificity towards the Siglec-15 protein. Furthermore, binding to the V-set 

domain may underline competitive binding and possibilities for outcompeting the STn antigen. 

Moreover, the expression profile of key sialyltransferases, including ST6GalNAc1, is 

responsible for STn production and is commonly deregulated in CRC tumours (Kvorjak et al., 

2020). Our findings from Chapter 2 suggested that the production of the STn antigen maybe 

context-dependent, inferring that low availability of the STn substrate ligand will be unable to 

outcompete the SHG-8 molecule. Similarly, glycan sulphation has been shown to play a role 

in mediating Siglec-15/STn antigen interactions (Boelaars & Van Kooyk, 2024). Affecting the 

production of the STn antigen in conjunction with SHG-8 treatment may significantly inhibit 

the Siglec-15/Sia axis. However, it is also understood that the STn antigen is not the only ligand 
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capable of Siglec-15 binding. Glycan microarrays elucidated Siglec-15 specific for α2,6-linked 

glycan structures produced from GlcNAc (Murugesan et al., 2020). Additionally, activation of 

the Siglec receptor may require binding partners to enable ligand engagement. In particular, a 

recent study characterised CD11b (macrophage marker) as a binding partner on activated T-

cells (Lenza et al., 2023). Thus, the interactions between protein receptor-ligand binding 

remains highly complex. However, whilst the molecular docking simulations utilised the 

previous Siglec-15 AlphaFold protein model, it is important to underline the role of post-

translational modifications that are implicated in the overall protein structure. Modifications 

including glycosylation, methylation and phosphorylation which is limited in the literature 

could influence the binding affinity of the SHG-8 compound due to unavailable binding sites 

and the orientation of the structure preventing access to the V-set binding domain. Future 

studies could incorporate either validated/predicted modified sites into structural modelling to 

further refine docking simulation providing a greater understanding of protein receptor-ligand 

binding interactions. Furthermore, it would also illustrate the binding of SHG-8 with Siglec-

15 in its native and modified structural conformations, which could possibly identify 

mechanisms for inhibitor binding and any changes to efficacy.  

 

3.4.3 Abnormal SIGLEC15 expression is hypomethylated in CRC tumours 

In silico tools correlated the upregulated expression of SIGLEC15 in tumours as indicated 

within the literature. Dysregulated transcriptional regulation may provide a possible indication 

of abnormal SIGLEC15 expression in COAD tumours. For instance, CpG island methylation 

on the promoter regions of gene sequences is a common occurrence of CRC CIMP molecular 

subtype tumours (Nishiyama & Nakanishi, 2021). However, in the case of SIGLEC15, which 

exhibited significant hypomethylation in COAD tumours, this has suggested that SIGLEC15 

expression is independent of promoter methylation. Moreover, a recent study reported high 

SIGLEC15 expression was observed following a negative correlation of CpG methylation sites 

in thyroid carcinomas (Lan, et al., 2022). Furthermore, transcriptional regulation may also be 

affected through interactions with STn at the protein level, primarily through the release of 

TGF-b (Flavell et al., 2010). A previous study highlighted the interaction of Siglec-15 with the 

STn antigen-stimulated TGF-b following the activation of its downstream target Syk 

(Takamiya et al., 2013). Typically observed within the literature, the secretion of an 

immunosuppressive cytokine such as TGF-b is mediated by TAMs in advanced tumour grade 

stages, which also exhibited high levels of Siglec-15 expression (Takamiya et al., 2013). 
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Secretion of TGF-b interacts with receptor kinases, leading to a phosphorylation-mediated 

signalling cascade of SMAD proteins (SMAD2 and SMAD3). Upon activation, SMAD 

proteins associate with SMAD4, forming a trimeric complex that is translocated to the nucleus, 

facilitating transcriptional modulation (Tzavlaki & Moustakas, 2020). Conversely, a previous 

study has suggested elevations of Siglec-15 expression are dependent on the immune status of 

the tumour, with the heterogenous TME an important contributor to Siglec-15 expression 

(Mutka et al., 2023). However, the mechanism by which that occurred remains unclear. 

Additionally, transcriptional regulation may also imply the interplay of miRNAs on SIGLEC15 

expression. As such, due to the expected overexpression typically seen of SIGLEC15 in solid 

tumours, the deregulation of tumour suppressor miRNAs involved in SIGLEC15 gene 

regulation could be inferred. Furthermore, only complementarity binding between miRNAs 

and their target mRNA strands is able to fully degrade the target strand or induce translational 

repression (Shang et al., 2023). Thus, the deregulation of a number of transcriptional 

mechanisms is related to abnormal SIGLEC15 expression.  

 

3.4.4 SHG-8’s cytotoxic profile in vitro 

The findings that explored the cytotoxic profile of the SHG-8 compound identified a significant 

dose-dependent cytotoxicity in CRC cell lines. With a recorded IC50 value of 17.75µM and 

20.78µM in SW480 and HCT116 cells, respectively, this demonstrated a higher efficacy in 

comparison to the conventional anticancer agent cisplatin. A previous report indicated cisplatin 

exhibited an IC50 of 23.61µM in CRC (Zhang et al., 2019). Hence, it has been suggested that 

SHG-8 is a more effective inhibitor in promoting anti-tumorigenic properties. Additionally, 

there has also been reports of combination therapies that are able to enhance the efficacy of 

cisplatin treatment, possibly due to acquired therapeutic resistance (Hoffmeister et al., 2012). 

Therefore, a possibility of a combination approach utilising both SHG-8 and cisplatin may 

prove effective in reducing tumour progression. Furthermore, the role of SHG-8 on epithelial 

cells indicated a substantially higher IC50 of 92.34µM and lower treatment efficacy in 

comparison to the SW480 and HCT116 cell lines. A key characteristic of targeted approaches 

is preventing the likelihood of off-target effects and adverse cytotoxicity against normal 

cellular tissues. Similar to the action of SHG-8, another small molecule inhibitor, actein, a 

triterpene glycoside, has demonstrated significant inhibition of SW480 and HT-29 CRC cells 

in contrast to reduced efficacy in HCoEPiC cells (Yan et al., 2021). Additionally, the 

concentration-dependent cytotoxicity observed in HCoEPiC cells has indicated increased 
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sensitisation to SHG-8 treatment. Ultimately, the cytotoxic profile of SHG-8 on tumour and 

normal epithelial cells has highlighted the potential for SHG-8 treatment alternatives in 

comparison to conventional anti-cancer treatments that are currently available.  

 

Other functional assay data revealed significantly reduced cellular migration following 40µM 

SHG-8 exposure and 100µM cisplatin at 24h. However, SHG-8 treatment demonstrated no 

significant difference in the reduction of cellular migration at the 48h interval at both 10µM 

and 40µM concentrations. Various mechanisms and signalling pathways could be involved to 

rescue cellular migration and drive cellular movement and metastasis (Stuelten et al., 2018). In 

osteosarcomas, Siglec-15 stimulated the activation of autophagy through interactions with 

beclin-1, an autophagic protein which induced EMT and tumour migration (Zheng et al., 2022). 

Another possible protein target that has been suggested is the overexpression of dual specificity 

phosphatase 1 (DUSP1), which rescued the tumour phenotype following SIGLEC15 

knockdown stimulating tumour proliferation, migration and invasion (Fan et al., 2021). A pre-

clinical study reported the immunoregulation of the PD-1/PD-L1 pathway can work 

independently to the functional role of Siglec-15 (Wang et al., 2019). Moreover, the 

interactions of the PD-1/PD-L1 axis in CRC modulated cellular migration through signalling 

transduction mechanisms that promoted the activation of the ERK/MAPK signalling pathway 

and EMT (Cao et al., 2022). Additionally, a recent study demonstrated that high levels of IFNg 

were required for stimulating PD-L1 expression, which negatively affects Siglec-15 expression 

(Zhou et al., 2023). Thus, mutually exclusive expression of both pro-tumorigenic immune 

checkpoints on tumour cell populations could suggest dual targeting is necessitated for 

inhibiting cellular migration. 

 

Moreover, all treatment conditions exhibited a profound effect on cellular colonisation as no 

colonies were present in comparison to the DMSO control condition. Similarly, other reports 

have highlighted several small molecule inhibitors and combination therapy approaches that 

significantly inhibited CRC proliferation in vitro (Chen et al., 2020). Siglec-15 has been a 

known contributor to cellular proliferation in several malignancies (Chen et al., 2024). 

Inversely, the targeting and KO of SIGLEC15 had shown reduced cellular proliferation and 

stimulated apoptosis following reduced STAT3 signalling (He, et al., 2022). This was also 

similarly observed in another study that observed SIGLEC15 KO in osteosarcomas (Song et 

al., 2022). Hence, there is a direct correlation between the blocking of Siglec-15 with SHG-8 
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treatment and its effect on the capability of tumour cells undergoing cellular proliferation and 

colonisation. These findings have, therefore, suggested that SHG-8 is a suitable therapeutic 

agent to target Siglec-15 and exert its cytotoxic effects on tumour cells. However, the impact 

of PD-L1 to rescue several pro-tumorigenic characteristics like cellular migration may 

highlight the need for combination therapies with PD-L1 antagonists. 

 

3.4.5 SHG-8 mediated apoptosis in CRC cells 

Elucidation of the SHG-8’s possible mechanism of action was performed. Greater instances of 

apoptosis induction were elucidated at higher SHG-8 treatment conditions. This has also been 

previously reported with several anti-tumour compounds, including cisplatin, which has 

stimulated apoptosis in several tumour types (Singh & Lim, 2022). Additionally, comparative 

images (highlighted by white arrows) are indicative of apoptotic like features, including 

nuclear fragmentation, abnormal cellular morphology and reductions in cellular size 

(Majtnerová & Roušar, 2018).  It has been extensively studied that p53 is a key regulator of 

the apoptotic process. When cells have undergone significant amounts of stress, p53’s 

functional role inhibits cellular differentiation of DNA sequences that appear ‘damaged’ 

(Wang et al., 2023). However, the cell line utilised for the experimental work, SW480, 

possesses several missense mutations on the TP53 gene. In particular, 237G>A mutation 

(R273H) changes the codon from CGT TO CAT, resulting in the substitution of arginine to 

histidine residues. In addition, the 309C > T (P309S) mutation changes the codon from CCG 

to TCG, resulting in the substitution of proline to serine residues (Schroy et al., 1995). Both of 

which have resulted in p53 loss of function. Therefore, this would typically lead to tumour 

development (Zhang et al., 2020).  

 

However, in the case of SW480 cells treated with SHG-8, cellular death is suggested to have 

occurred via a p53-independent pathway. It has been suggested that the presence of DNA 

damage was associated with the inhibition of p53 translation via reduced ribosomal activity 

(Boon et al., 2024), only then could p53 independent apoptosis take place. A suggested 

pathway is the role of Fas-mediated apoptosis. Fas receptors act as death receptors, which 

recognise and internalise Fas ligands (FasL) into a dimeric complex (Nikoletopoulou et al., 

2013). Following this, adapter molecules, including FAS-associated death domain protein 

(FADD), are coupled with the Fas/FasL complex, inducing the activation of caspase-8 and 

subsequent cascade into the cleavage and activation of caspase-3 and caspase-7 (Cao et al., 
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2021). The Fas/FasL pathway is also further stimulated through the activation of TNF and IFNg 

in a p53 independent manner (Porta et al., 2005). There are also other p53 independent 

apoptotic pathways that have been studied. Ferroptosis, as one example could induce apoptosis 

from the accumulation of iron and lipid peroxidation of cells (Li et al., 2020). This is unlikely 

the mechanism of SHG-8 action as there is no iron present within its biological structure. In 

addition, morphological characteristics commonly associated with conventional apoptotic 

pathways are not observed (Xie et al., 2016). Our findings have elucidated the inhibition of 

pro-inflammatory cytokines TNFa and IL-1b production from differentiated macrophages 

following SHG-8 treatment, which will be discussed further below. Therefore, this suggests 

that inflammation-mediated apoptosis is highly unlikely to occur as a mechanism of action. 

This also rules out the induction of tumour necrosis factor-related apoptosis-inducing ligand 

(TRAIL) mediated apoptosis as TNFa is required for activating the signalling cascade 

(Pimentel et al., 2023).  

 

Quantitative analysis via Annexin-V/PI dual staining revealed a greater proportion of cells 

undergoing late apoptosis following SHG-8 exposure. Thus, this demonstrated SHG-8 

mediated cell death is unlikely to be through necrosis and necrotic signalling. Moreover, the 

cell cycle arrest at the G2/M phase was also made evident via PI staining. A previous study 

reported CIN type CRC tumours displayed reduced cellular arrest at the G2/M checkpoint, 

emphasising greater mutation and cellular proliferation of damaged DNA sequences (Fernando 

et al., 2021). Primarily, the G2 checkpoint halts entry to mitosis upon the identification of 

damaged DNA sequences (Fernando et al., 2021). However, cellular arrest within the cell cycle 

could indicate double-stranded breaks within the DNA helical structure, thus stimulating, in 

this case, p53 independent apoptosis (Sunada et al., 2021). Furthermore, it was also reported 

that cisplatin-induced cellular arrest at the S phase of the cell cycle, which was also identified 

in our findings (Pian et al., 2022).  

 

It was also hypothesised that the role of ROS production could be a stimulus for apoptosis 

induction. It has been reported that high levels of ROS in the TME can significantly damage 

DNA sequences and protein structures, thus inducing the activation of apoptosis (Redza-

Dutordoir & Averill-Bates, 2016). However, this doesn’t seem to be the case, as only H2O2 

displayed significantly high levels of ROS production following SHG-8 exposure. Hence, this 
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suggested a similar signalling pathway modulating apoptosis induction. However, the 

mechanism of action remains unclear.  

 

3.4.6 SIGLEC15 expression in CRC cells following SHG-8 treatment 

The therapeutic potential of SIGLEC15 in tumour onset and progression has been emphasised 

in several tumour types and is not solely limited to CRC progression (Du et al., 2021; Hu et 

al., 2021; Li et al., 2020). Comprehensive analyses have reported that SIGLEC15 mRNA 

expression is frequently associated with tumour tissues in comparison to normal tissues (Wang 

et al., 2023). Thus, RT-qPCR expression analysis highlighted that SHG-8 treatment conditions 

inhibited SIGLEC15 expression in SW480 cells. Transcriptional regulation of SIGLEC15 was 

previously mentioned above. Other epigenetic modifications have also been suggested to play 

a role in SIGLEC15 expression. Chromatin remodelling factor AT-rich interaction domain 1A 

(Arid1a) stimulated the transcription factor Jun/Fos, enhancing chromatin access of the 

SIGLEC15 promoter regions, resulting in overexpression (Sun, et al., 2024). Conversely, 

deacetylation of histone proteins has also been reported to repress gene transcription by 

preventing transcription factors from binding to the SIGLEC15 mRNA strand (Erfani et al., 

2022). Moreover, the role of non-coding RNAs such as miRNAs was also shown to directly 

target SIGLEC15 to modulate its expression profile in vitro in several malignancies, including 

miR-4786, miR-582-5p and miR-7109 (Li et al., 2024; Li et al., 2020; Ren et al., 2022). Thus, 

it is suggested that SHG-8 induced significant epigenetic modifications that negatively 

impacted SIGLEC15 expression in tumour cells, and further clarification could shed insights 

into possible transcriptional elements involved in its regulation. However, there was no 

significant difference in Siglec-15 expression at the protein level from flow cytometry analysis. 

Although affecting Siglec-15 protein expression is unlikely, the main goal was to competitively 

block the V-set binding domain and change its conformational structure upon SHG-8 binding 

(Li & Ji, 2019). Thus, SHG-8 could theoretically outcompete the binding of the STn antigen, 

although binding assays are required to confirm (Hunter & Cochran, 2016). Additionally, 

several limiting factors can also contribute to the ligand binding ability to protein targets, 

including availability of binding sites, concentration of competing ligands, protein and ligand 

concentration and external stimuli including temperature and pH (Hunter & Cochran, 2016). 

However, our findings have also shown reduced Siglec-15 expression following SHG-8 

treatment via IF intensity analysis. It is possible that quantitative analysis obtained directly 

from IF images is unreliable as it largely depends on the chosen fields of view. The number of 
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cells emitting fluorescence and the resolution of quantified IF images are important to 

determining accurate MFI (Shihan et al., 2021). Additionally, acquisition parameters relating 

to exposure times, gains and binning are all factors that can affect MFI variation. Furthermore, 

image acquisition using advanced confocal imaging, high stability of the fluorophore probe 

and mounting media are required to prevent variations in brightness, all of which could affect 

reproducibility (Datta et al., 2020). In addition to this, differences in gating and threshold 

methods using analysis software such as ImageJ or FIJI to remove the background noise may 

prove difficult and could retain traces of background fluorescence, thereby affecting 

quantification (Gómez et al., 2019). Hence, a transition to more standardised protein expression 

methods is required. Several methods include flow cytometry as seen from our findings, ELISA 

and quantification of bands obtained via western blotting for quantifying protein expression 

(Barkovits et al., 2021). The differing findings from both methodologies can also be explained 

by the turnover rate for Siglec-15. Changes in protein homeostasis is heavily regulated to 

ensure proteins are not damaged or misfolded and their function remains intact following 

protein disruption (Ross et al., 2021). If Siglec-15 does possess a slower turnover rate, then 

any effect of SHG-8 on Siglec-15 protein expression will take more than 48h to illicit an effect. 

Based on these findings, inhibiting SIGLEC15 expression with SHG-8 has suggested the 

interplay of miRNAs and other epigenetic modifications which impacted its transcription. 

 

3.4.7 SHG-8 inhibited pro-inflammatory cytokine secretion 

CRC development and progression have been associated with chronic inflammation, 

particularly with pathologies associated with an inflammatory state, such as UC-associated 

CRC, IBD and CD (Muthusami et al., 2021). Enhanced secretion of pro-inflammatory 

cytokines, including TNF-α and IL-1β, are commonly associated with the development of the 

TME via the stimulation of pro-tumorigenic immune cells, including TAMs (Wen et al., 2022). 

Therefore, this suggests that increased levels of both cytokines can lead to the development of 

chronic inflammation and facilitate tumour progression. Inflammation-related signalling is 

typically associated with the detection of foreign pathogens, which are presented with specific 

molecular signatures that are recognised by specific recognition receptors (Li & Wu, 2021). 

These recognition receptors later stimulate the activation of adaptor proteins, leading to a 

signalling cascade event that results in the cleavage and release of pro-inflammatory cytokines 

such as IL-1β (Sharma & Kanneganti, 2023). SHG-8 treatment suppressed the stimulation of 

pro-inflammatory cytokines in both differentiated macrophage cell lines THP1 and U937. 
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Moreover, a correlative link has been suggested between ROS production and the secretion of 

pro-inflammatory cytokines (Singh & Manna, 2022). Hence, it could indicate low levels of 

ROS production are unable to induce the release of TNF-α and IL-1β as seen from our findings. 

Therefore, it has been inferred that SHG-8 may play a role as a feasible treatment in 

inflammation-mediated CRC tumours.  

 

3.4.8 DE of miRNAs revealed several enriched signalling pathways and biological 

processes 

SHG-8 mediated DE of miRNAs has suggested its compatibility in the treatment of CRC 

tumours to reduce tumour proliferation. To determine if SIGLEC15 expression is mediated by 

interacting miRNAs, sRNA seq analysis was performed and compared SHG-8 treated and 

untreated conditions, which has shown a direct correlative relationship. Although a large 

number of miRNAs were revealed to be significantly DE following treatment, no miRNAs that 

were significantly regulating SIGLEC15 were revealed. Therefore, it could be inferred that 

reduced SIGLEC15 expression is likely a result of other epigenetic modifications that have 

transcriptional control over the SIGLEC15 gene. Albeit, the significant upregulation of miR-

6715b-3p was identified via constructed volcano plot analysis. One thing that requires 

consideration is that a number of novel miRNAs have exhibited no identified profile in the 

miRDB database upon classification. Also, there is very little in the literature regarding miR-

6715b-3p, which was the most deregulated miRNA in our sRNA-seq data. Nevertheless, a 

previous report has suggested its role in regulating the activation of autophagy through its direct 

target sestrin 1 (SESN1), in Huntington’s disease (Anderson et al., 2022; Martínez-González et 

al., 2021). Additionally, in the tumour landscape, miR-6715b-3p has demonstrated reduced 

expression in prostate adenocarcinomas (Anderson et al., 2022; Martínez-González et al., 

2021). Possibly suggesting its role as a tumour suppressor miRNA, as observed in our data. 

Validation findings from in silico and RT-qPCR methods further confirmed miR-6715b-3p 

expression as a tumour suppressor miRNA following SHG-8 treatment. Furthermore, a recent 

study reported a synergistic effect between miR-6715b-3p and miR-34a in inhibiting tumour 

progression (Orellana et al., 2019). Hence, this miRNA would indicate the regulation of 

possible oncogenes related to CRC progression.  

 

COG functional classification revealed significant enrichment of translation, ribosomal 

structure and biogenesis alongside signal transduction mechanisms. MiRNAs can play an 
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important role in modulating protein translation by directly targeting mRNA target strands. 

Primarily, the inhibition of signal transduction molecules like the tyrosine kinase c-Met by 

miR-146a targeting can inhibit the stimulation of cellular proliferation pathways, including 

PI3K/AKT and Wnt/b-catenin pathways (Bleau et al., 2018; Y. Zhang et al., 2018). Moreover, 

another study which conducted sRNA-seq analysis revealed miR-6715b-3p induced the 

activation of the tyrosine kinase ErbB2, MAPK and PI3K/AKT signalling. In addition to this, 

the study also demonstrated significantly decreased p53 signalling (Ingelson-Filpula & Storey, 

2023). Thus, this has suggested the role of miR-6715b-3p in stimulating p53-independent 

apoptosis and inhibition of signal transduction mechanisms relating to translation. 

 

SRNA-seq KEGG pathway analysis revealed several biological processes and functions 

enriched following SHG-8 treatment. Of the number of pathways exhibited, the enrichment of 

cellular senescence, autophagy, lysosomal enrichment and hippo signalling were all of interest. 

These pathways are highly regulated, and multiple miRNAs would be involved in regulating 

the genes involved in cellular death pathways, such as senescence and autophagy. Autophagy 

is a recycling mechanism that designates cellular proteins and organelles for lysosomal 

degradation for recycling these components (Debnath et al., 2023). During the autophagic 

process, several autophagy-related genes are stimulated and subsequently encode and 

transcribe the production of double membrane-bound vesicles (autophagosomes). The 

initiation occurs via a mTOR mediated signalling cascade triggered by kinases such as UNC-

51-like kinase 1 (ULK1). The function of this is to engulf cellular organelles and proteins, 

which are internalised following interactions with neighbouring lysosomes. The contents are 

then ultimately degraded by lysosomal hydrolysis (Nishimura & Tooze, 2020). In addition to 

this, it has also been referred to as another programmed cell death mechanism. Based on the 

literature search, miR-6715b-3p may function as an autophagic modulator in CRC progression. 

Furthermore, it has been suggested that the baseline levels of p53 can repress the activation of 

autophagy. However, at times of cellular stress, upregulated p53 can promote its activation, 

and inversely, independent mechanisms can trigger autophagy to degrade mutant p53 

(Kenzelmann Broz et al., 2013; Tasdemir et al., 2008). Hence, it could be hypothesised that the 

role of p53-independent apoptosis is associated with the induction of autophagy and miR-

6715b-3p may serve as a potential regulator of the process. If autophagy is a likely process that 

is stimulated following SHG-8 treatment, it could also emphasise the enrichment of lysosomes, 

lysosomal cellular components and the positive regulation of cellular components that are 
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found in both KEGG and GO analysis. The other interesting pathway observed was the hippo 

signalling pathways following SHG-8 treatment. Hippo signalling is involved in regulating the 

size of organs and is an important tissue homeostatic pathway that is frequently deregulated in 

malignancies (Yu et al., 2015). The hippo signalling pathway relies on the phosphorylation of 

hippo kinases (MST1, MST2) and large tumour suppressor kinases (LATS1, LATS2) which 

trigger the inactivation of transcription activator proteins yes-associated protein (YAP) and 

transcriptional co-activator with PDZ-binding motif (TAZ) (Harvey et al., 2013). Under a 

hypomethylated structural conformation, these transcription activator proteins are translocated 

to the nucleus and bind with neighbouring transcription factors to modulate gene expression 

(Harvey et al., 2013). However, dysregulation of the hippo signalling pathway or the loss of 

protein function from those mentioned above can lead to tumour onset and progression (Wan 

et al., 2020). Furthermore, the crosstalk of autophagy and hippo signalling has been previously 

reported, particularly initiated by metabolic stress (Gwinn et al., 2008). Therefore, the role of 

autophagy in SHG-8 treated tumours may infer metabolic stress as a possible mechanism of 

action via hippo signalling.  

 

GO analysis of biological processes revealed the regulation of immune cell apoptosis, 

regulation of oxidative stress and IFNb and response to IL-6. IL-6 is a known pro-inflammatory 

cytokine that is associated with CRC progression via the STAT3 signalling pathway (Sharma 

et al., 2022). Additionally, several cell types within the colon have exhibited inflammatory 

receptors for cytokines, including TNFa, IL-1b and IL-6, in inflammation mediated 

pathologies including IBD, UC and CD (Muthusami et al., 2021). As seen in our ELISA 

findings, pro-inflammatory cytokines, including TNFa and IL-1b secretion, were inhibited 

following SHG-8 exposure, possibly suggesting the inhibition of IL-6 responses in a similar 

fashion. In addition, IFNb production is typically produced in the TME and is found to have 

an anti-tumour functional role upon inhibiting tumoral recruitment of angiogenic neutrophils 

(Kumaran Satyanarayanan et al., 2019). Moreover, it was reported to also regulate pro-

tumorigenic differentiation of myeloid cells (Dunn et al., 2006). However, it was revealed that 

the interplay of IFNb in JAK/STAT signalling could induce apoptosis and cell cycle arrest 

(Xiang et al., 2022). This could suggest the stimulated production of IFNb in CRC progression 

as a possible route to induce apoptosis via SHG-8 treatment. The sRNA-seq findings revealed 

the positive regulation of myeloid cell apoptosis, particularly in regard to neutrophils. It has 

been reported that the stimulation of IFNb production inhibits the tumoral recruitment of 
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neutrophils upon blocking pro-tumorigenic mechanisms related to angiogenesis and 

immunosuppression (Wu et al., 2020).  

 

GO enrichment analysis revealed significant enrichment of nucleic acid binding as the main 

molecular function following SHG-8 treatment. As seen with the constructed heat map, the DE 

of miRNAs is highly involved in regulating several biological processes relating to the 

inhibition of CRC progression. Direct binding of the miRNA to the 3’ UTR region involves 

displaying a complementarity sequence to a length of approximately 6-8 nucleotides referred 

to as the seed region (Shukla et al., 2011). Following the engagement with the target mRNA 

strand, full complementarity binding between nucleotide bases will lead to directed degradation 

of the target, whilst only partial complementarity between the miRNA and target mRNA 

demonstrates translational repression (Shang et al., 2023). It is also important to note that 

mRNA regulation via direct targeting with miRNAs revealed functional binding sites on the 5’ 

UTR and coding regions, however transcriptional efficiency may be affected as a consequence 

(Shukla et al., 2011).  

 

3.4.9 Validation studies of PTTG1IP as a target of miR-6715b-3p 

The identification of DE miRNAs following SHG-8 exposure revealed PTTG1IP, a possible 

CRC oncogene, as a predicted target of miR-6715b-3p. Additionally, in silico proteomics 

analysis indicated higher levels of PTTG1IP expression in tumours. Furthermore, RT-qPCR 

methods demonstrated significantly downregulated expression following treatment, suggesting 

an oncogenic role. Hence, in silico and experimental validation confirmed sRNA-seq findings. 

However, it was found interesting that PTTG1IP exhibited a reduced expression profile 

between normal and tumour cohorts at the gene level. This has suggested its overexpression 

may be a result of other post-translational modifications since promoter methylation exhibited 

no significant difference between normal and tumour cohorts. A previous report highlighted 

phosphorylation at Y174 (Tyrosine; Y) can inhibit its expression profile (Smith et al., 2013). 

A more recent study also demonstrated that the transmembrane domain of PTTG1IP is 

palmitoylated (addition of saturated fatty acid to cysteine residues via thioester side chain), 

which prevents domain cleavage by γ-secretase, enabling enhanced functional activity (Aßfalg 

et al., 2024). In CRC progression, increased hypermethylation at the protein level may 

potentiate PTTG1IP functional activity. However, following SHG-8 exposure, increased 

transcriptional regulation by miR-6715b-3p and other epigenetic modifications may inhibit its 
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expression profile. Previous reports have demonstrated the overexpression of PTTG1IP in 

several malignancies including CRC (Hsueh et al., 2013; Read et al., 2016; Watkins et al., 

2010). However, there are also contradictions of low PTTG1IP expression associated with 

reduced clinical survival (Tan et al., 2019). As seen from our patient survival data, low 

PTTG1IP expression correlated to lower OS outcomes in contrast to RFS and PPS survival 

criteria. Particularly in the CRC landscape, the expression of PTTG1IP abundance was found 

to be commonly associated with genetic instability, somatic TP53 mutation, and extramural 

vascular invasion (Read et al., 2016). Furthermore, it was also reported that PTTG1IP function 

involves binding to both p53 wild type and mutants, and its overexpression can modulate the 

activity of effector genes, including MDM2 proto-oncogene (MDM2), cyclin dependent kinase 

inhibitor 1A (p21) and stratifin (SFN) (Read et al., 2016). The overexpression of PTTG1IP in 

solid tumours may be presented as a unique driver of tumour progression, and its expression 

seems to be context dependent (Imruetaicharoenchoke et al., 2017). Particularly in the case of 

SHG-8 treated SW480 cells, PTTG1IP overexpression following treatment may impact the 

functional ability of mutant p53 and promote the activation of p53 independent apoptosis 

pathways. As mentioned previously, miRNAs have been reported to exert transcriptional 

regulation of target genes upon binding at uncommon complementary binding sites, namely 

the coding and 5’ UTR regions. MiR-6715b-3p binding at the 5’ UTR may impact 

transcriptional efficiency and underline its inability to effectively regulate the PTTG1IP gene. 

However, full complementarity between the miRNA and nucleotide bases is suggestive of 

complete degradation of the target, which may be stimulated following SHG-8 activity (Shang 

et al., 2023; Shukla et al., 2011). Thus, our findings suggest that although PTTG1IP is an 

oncogene and is commonly overexpressed in CRC. Further mechanistic studies would 

underline its role in CRC tumour progression and metastasis. Moreover, the role of PTTG1IP 

in CRC progression is limited, further experimental validation could provide insights into the 

crosstalk between the miR-6715b-3p/PTTG1IP and Siglec-15/Sia axes as targets for SHG-8 

treatment approaches in CRC. 

 

3.4.10 Future directions 

Subsequent follow-up studies are required to further elucidate SHG-8’s mechanism of action 

and thus offer a complete outlook on SHG-8 as a treatment alternative for CRC. Additional 

parameters within the study design could implement power calculations to ensure there is 

statistical significance between variables, particularly changes in miRNA and gene target 
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expression profiles. A key objective is particularly in relation to the induction of extrinsic 

apoptosis pathways. Determining the expression profiles of autophagic markers, Fas/FasL, 

caspases and cleaved caspase counterparts may underline the role of Fas-mediated apoptosis 

or autophagy as possible mechanisms for cellular death (Sena et al., 2022). Moreover, reduced 

SIGLEC15 expression following SHG-8 treatment would likely require in vitro SIGLEC15 KO 

and knockdown studies to further elucidate the interplay of miRNAs and any off-target effects 

of SHG-8 treatment. In addition to this, due to the pro-tumorigenic nature of PD-L1, a 

combination approach with PD-L1 antagonists may share possible synergism in Siglec-15+ PD-

L1+ tumours and prevent both immune checkpoints from rescuing the tumour phenotype. 

Ligand binding assays would characterise the interaction of SHG-8 to Siglec-15 and help 

determine the binding affinity to the R143 residue when competing against the STn antigen 

ligand. Additionally, treatment with sialidases in a co-culture environment would explore the 

competitive binding of SHG-8 against STn. Lastly, patient derived xenografted (PDX) murine 

models may outline the clinical efficacy of SHG-8 in vivo, thus determining its therapeutic 

window and identifying adverse effects before the transition to clinical settings (Pothuraju et 

al., 2024). Similarly, in vivo models can help ascertain drug pharmacokinetics that are currently 

unknown with SHG-8. In particular, determining SHG-8’s half-life is key for establishing 

dosing regimens. Additionally, expanding on differing drug delivery routes may enhance the 

efficacy of SHG-8, either through intravenous or intraperitoneal can achieve varying effective 

drug potencies that can induce tumour cell death. Undertaking these methods could enhance 

SHG-8’s potential as a prospective treatment alternative in Siglec-15+ tumours. 
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3.5 Conclusion 

To conclude, molecular docking analysis revealed SHG-8 binding with R143, a critical amino 

acid residue required for canonical glycan binding with the STn antigen. Subsequently, 

functional data analyses revealed SHG-8 exerted dose-dependent cytotoxicity in vitro against 

CRC cell lines. In addition, further mechanistic studies revealed late apoptosis induction 

following SHG-8 exposure and cell cycle arrest at the G2/M phase. Conversely, the enrichment 

of autophagy and the role of Fas-mediated apoptosis are possible p53 independent mechanisms 

of action due to p53 mutant cell lines utilised for this experimental work. SHG-8 was shown 

to inhibit the pro-inflammatory cytokine secretion of TNFa and IL-1b suggesting SHG-8 is a 

potential inhibitor of inflammation-mediated CRC tumours. Moreover, sRNA-seq analysis 

identified 185 DE miRNAs following SHG-8 treatment, highlighting miR-6715b-3p as the 

most significantly upregulated miRNA and its target PTTG1IP as a possible oncogene in CRC 

progression. MiR-6715b-3p is a novel miRNA that has not been previously associated with 

CRC progression and has shown downregulated expression in other pathologies. Hence, due 

to its downregulated expression profile, it has warranted further investigation for oncogenes as 

direct targets of miR-6715b-3p activity. Validation of PTTGIP demonstrated a higher 

prevalence in tumour adjacent normal tissues. Hence, the context-dependent expression of 

PTTG1IP in malignant tumours may underline its potential as a prognostic marker. Although 

the crosstalk between the miR-6715b-3p/PTTG1IP and  Siglec-15/Sia axes requires further 

elucidation, we believe we have elucidated possible ways to disrupt the Siglec-15/Sia axis and 

the impact of SHG-8 on miRNA regulation as per the project objectives. This Chapter has 

elucidated novel b-amino carbonyl compounds such as Siglec-15 small molecule inhibitors as 

a therapeutic alternative in CRC progression. 
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4.1 Introduction 

4.1.1 Background overview 

As mentioned in chapter 1, CRC tumours display a high level of tumour heterogeneity due to 

frequently occurring sporadic mutations in DNA sequences, which results in increased 

treatment resistance (Molinari et al., 2018). This has highlighted significant limitations of 

current therapeutic approaches which are associated with poor patient response and reduced 

clinical survival (Molinari et al., 2018). It is now crucial to improve upon these approaches for 

better clinical response and inhibit tumour recurrence.  

 

Recent immunotherapeutic approaches predominantly rely on immune checkpoint blockade 

strategies against targets such as PD-1 and PD-L1 for immune normalisation and stimulating 

the activation of immune responses for effective inhibition of tumours (Gou et al., 2020). 

However, only a small subset of treated patients exhibit positive treatment response and full 

remission, emphasising reduced sensitisation to therapies and poor overall survival (Sun et al., 

2020). Hence, this underlines the involvement of other immune checkpoint proteins, such as 

Siglecs.  

 

4.1.2 The role of Siglec-15 and the STn antigen as therapeutic targets 

Abnormal Siglec-15 expression has been associated with tumour progression in several 

malignancies due to its involvement in the development of the TME and immunosuppression 

(Lu et al., 2023). As mentioned in chapters 2 and 3, Siglec-15 and PD-L1 are both expressed 

by different clones of tumour cells that are mutually distinct from one another (Fudaba et al., 

2021). This has suggested a significant role in modulating immune evasion in PD-L1- patients 

and rescuing the tumour phenotype. As seen in other malignancies, a higher proportion of 

cancer patients were reported to have high expression of PD-L1 in tumour tissues. 30.3% of 

PDAC and 70.3% of nasopharyngeal tumours all exhibited PD-L1+ status, in comparison to 

18.6% of PDAC and 37.9% in nasopharyngeal tumours exhibiting Siglec-15+ status, 

respectively (Chen et al., 2022; Zhao et al., 2022). However, only a small proportion of tumour 

cells exhibited dual positive expression in both malignancies. Furthermore, a greater proportion 

of stromal immune cells were reported to have higher Siglec-15 expression. The report 

indicated 83% of myeloid cells in lung malignancies, 70.1% in breast tumours, 95.2% in head 

and neck squamous cell carcinoma tumours and 89% in bladder malignancies all exhibited 
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upregulated Siglec-15 expression (Shafi et al., 2022). For Siglec-15 to induce an 

immunosuppressive tumour microenvironment, activation of the receptor only occurs through 

canonical glycan ligand binding with the STn antigen, the putative ligand of Siglec-15 (Crocker 

et al., 2007; Fan et al., 2021; Wang et al., 2019). On a molecular level, the binding of receptor-

ligand interactions is determined via R143 (R, Arginine) interactions with the carboxyl group 

of glycan structures forming salt bridges (Crocker et al., 2007; Fan et al., 2021; Wang et al., 

2019). These interactions prevent T-cell activation and the inability to trigger an immune 

response (Lenza et al., 2023). Inversely, the inhibition of Siglec-15 demonstrated the opposite 

effect. Siglec-15 downregulation stimulated the levels of TNFα pro-inflammatory cytokines, 

inducing a pro-inflammatory TME (Wang et al., 2019). Simultaneously, dual targeting with 

PD-L1 antagonists enhanced patient responses to therapy, in comparison to monotherapies that 

targeted either immune checkpoint protein (Wang et al., 2022). Highlighted by a melanoma 

murine model, the knockdown of SIGLEC15 stimulated T-cell response, enhancing tumour 

inhibition and overall survival (He et al., 2021). Thus, this underlines the importance of Siglec-

15 targeting as a therapeutic approach in PD-L1 therapy-resistant patients.  

 

4.1.3 Rationale, Aim and Research questions 

Within the literature, the development and characterisation of small molecule inhibitors 

targeting Siglec-15 remains largely unknown. However, the characteristics of these inhibitors 

may underline enhanced tumour infiltration in comparison to currently available blocking 

antibodies used in immune checkpoint blockade approaches. The previous chapter emphasised 

the characterisation of synthesised small molecule inhibitors targeting Siglec-15 as a 

therapeutic strategy in CRC tumours (Ahmad et al., 2023). Nevertheless, currently, existing 

small molecule inhibitors may be repurposed and exhibit better binding affinity to Siglec-15, 

suggesting a therapeutic approach for Siglec-15+ tumours. The high throughput screening of 

1500 currently available small molecule inhibitors via MTiOpenScreen 

(https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/; accessed 24th March 

2024) integrated drug library software (drug-lib) was utilised for preliminary analysis. Custom 

parameters were applied for establishing the grid coordinates for the V-set binding domain 

before a hierarchy was generated. The custom grid coordinates were stated as the following: 

X=-23, Y=6, Z=13.272. In addition, the size of the V-set binding domain grid was set to 

identify residues at: X=30, Y=24, Z=24. The initial screening revealed aleplasinin with the 

highest binding affinity to the Siglec-15 protein structure. There is limited information in the 

https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/
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literature regarding the usage of aleplasinin in treatment. Albeit, clinically, aleplasinin was 

previously utilised as an inhibitor of plasminogen activator inhibitor-1 (PAI-1/SERPINE1) for 

the treatment of Alzheimer’s disease (Kellici et al., 2021; Stevenson et al., 2022). Furthermore, 

the inhibition of SERPINE1 via aleplasinin exposure was suggested as a possible treatment 

approach for COVID-19 (Kellici et al., 2021). In the tumour landscape, a recent study reported 

that aleplasinin exposure inhibited HER2+ normal and resistant breast cancer progression in 

vitro (Boz Er & Er, 2024). In this chapter, we aimed to highlight the binding site of aleplasinin 

to the Siglec-15 protein structure via the V-set binding domain and elucidate the cytotoxic 

profile of aleplasinin on SW480 and HCT116 cells for Siglec-15 targeting. In addition, the 

elucidation of mRNA targets was determined through Illumina RNA sequencing methods 

following the impact of aleplasinin exposure on gene expression. 

 

This chapter highlighted several key research questions, which are listed below:  

1. Using molecular docking simulations, can aleplasinin be able to bind to the Siglec-15 

protein structure at the V-set binding domain? 

2. Experimental utilising in vitro cell lines, can aleplasinin exert anti-tumorigenic 

properties in SW480 and HCT116 in vitro cell models with cytotoxicity assays? 

3. Utilising apoptotic staining assays, what are possible mechanisms of action that induce 

apoptosis in vitro? 

4. Can sequencing methods underline whether aleplasinin exposure can induce the 

differential expression of target genes and what are their relevance to CRC progression? 

5. Can a combination of multiomics and gene expression analyses determine the impact 

of miRNAs in CRC cell models following aleplasinin exposure and what is the impact 

of these identified miRNAs on identified gene targets? 
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4.2 Methodology 

4.2.1 Molecular docking  

Aleplasinin was revealed as the highest binding affinity ligand towards the V-set binding 

domain of the Siglec-15 protein structure using the MTiOpenScreen prediction software. 

Incorporating the Siglec-15 AlphaFold structure (Q6ZMC9) into the integrated drug library of 

over 1500 compounds, a custom parameter predictive modelling was performed with the 

following grid coordinates: X = -23, Y = 6, Z = 13.272, for all drug compounds. Following 

this, the search grid to identify interacting ligands were performed with the following 

parameters: X = 30, Y = 24, Z = 24. The AlphaFold Siglec-15 structure (Q6ZMC9) was utilised 

for docking analysis with the CB-DOCK2 (https://cadd.labshare.cn/cb-dock2/index.php; 

accessed 23rd April 2024) software for predicting binding interactions. Amino acid residues 

that interacted with the aleplasinin ligand were determined. The aleplasinin ligand chemical 

structure (C28H27NO3) was uploaded to the CB-DOCK2 software as an SDF file, and blind 

docking was performed with the parameters set by default. Interactions were verified using 

Biolip (Version 2021.09.15) (Yang et al., 2012). 

 

4.2.2 SIGLEC15 GSEA enrichment analysis 

Enrichment analysis of gene sets related to specific cancer hallmarks was conducted for 

SIGLEC15 using the TCGA dataset (TCGA, PanCancer Atlas) from the cBioPortal open access 

omics repository (http://cbioportal.org/ accessed on 19 September 2023). The selected dataset 

for CRC comprised a total of 524 patient samples for omics analysis. The SIGLEC15 query 

gene was modified to include only DE genes in relation to the normal tissue cohort with a z-

score threshold of ± 2.0. Only the 3416 significant DE genes relating to the SIGLEC15 dataset 

were chosen for enrichment analysis. The resulting datasets were then sorted to include only 

the Log2 expression level in a ranked hierarchy. Following this, the SIGLEC15 dataset was 

uploaded into the GSEA v4.3.2 software as a rnk file (.csv to .rnk file type change) 

(https://www.gsea-msigdb.org/ accessed on 12 January 2024). Specific parameters of each 

dataset were set at 1000 permutations, no collapse (all DE genes were utilised). Upregulated 

and downregulated pathways and biological processes were identified relating to tumour 

progression (FDR< 0.25 and P< 0.05 were considered as statistically significant). 

 

https://cadd.labshare.cn/cb-dock2/index.php
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4.2.3 Cell culture and treatments 

Human CRC cell lines SW480 and HCT116 were obtained from ATCC (ATCC, Virginia, 

USA). Both adherent SW480 and HCT116 cell lines were cultivated using high glucose (4.5g/L 

D-glucose, 0.11g/L sodium pyruvate) DMEM (Gibco, Bleiswijk, Netherlands) media. 

Followed by supplementation with 10% FBS (Gibco, Bleiswijk, Netherlands), 1% 

penicillin/streptomycin (10,000U/mL) (Gibco, Bleiswijk, Netherlands) and 1% L-glutamine 

(200mM) (Gibco, Bleiswijk, Netherlands). All experimental cell lines were placed for 

incubation at 37°C, 5% CO2 and experimental work was performed for each cell line upon 

reaching an 80% confluency. To determine the cytotoxic profile of aleplasinin on tumour cells 

in vitro, the aleplasinin compound was solubilised in dH2O at a concentration of 10mM.  

 

4.2.4 MTT cell viability assay 

CRC cell lines HCT116 and SW480 were seeded onto 96 well plates at cellular densities of 

2.5x104 cells/well and were placed to adhere in the incubator at conditions 37°C, 5% CO2. 

Following cellular adherence, all wells were treated with an aleplasinin concentration range of 

20µM - 100µM to determine the IC50 value and were left to incubate at 48h at 37°C, 5% CO2. 

Following the treatment period, all wells were treated with 20µL MTT (0.5mg/mL) and placed 

into the incubator for 2h at 37°C for formazan crystals to develop. Subsequently, the MTT was 

removed by inverting the excess solution and the remaining formazan crystals were solubilised 

with isopropanol in the dark for 30 min on a shaker at RT. Absorbance values were recorded 

at 540nm via a CLARIOstar plus multi-mode microplate reader (BMG LABTECH, Aylesbury, 

UK). The average percentage of cellular viability was calculated based on the following 

equation, as shown in Chapter 3.  

 

4.2.5 Wound healing migration assay 

SW480 and HCT116 cells were seeded at a density of 4x105 cells/well onto 12 well plates and 

were placed to incubate at 37°C, 5% CO2. Upon reaching cellular adherence and total well 

coverage, a 2µL tip was used to create scratches in vertical and horizontal directions, with an 

overlap of both in the epicentre. The detached cells were washed off with several PBS washes 

prior to well treatment with the following conditions: DMSO, Cisplatin 100µM, aleplasinin 

30µM and aleplasinin 60µM. Images that pertained to the wound were taken at separate time 

intervals at: 0h, 24h, and 48h using an Olympus CKX41 inverted microscope (Olympus Life 
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Science Solutions, Stansted, UK) at 4x magnification. All images that were taken of the wound 

area were analysed through ImageJ analysis software (ImageJ bundled with Java8, 

https://imagej.net/ij/download.html, accessed 20th February 2023). In addition, installed macro 

plugins for wound healing analysis studies and parameters are outlined in Chapter 3. 

 

4.2.6 Colonisation assay 

SW480 and HCT116 cells were seeded at a total of  1x103 cells/well onto 12 well plates and 

were left to adhere at 37°C, 5% CO2. Following adherence of the tumour cells, all wells were 

treated with DMSO, cisplatin 100µM, aleplasinin 30µM and aleplasinin 60µM for a 48h 

treatment period. Subsequently, the treatment was replaced with supplemented high glucose 

DMEM media and was placed in an incubator at 37°C, 5% CO2, for a total of 5 days. The 

colonisation was determined by the total number of observable colonies in the DMSO control 

condition control (colonies were determined as a cluster of cells totalling larger than 30-50 

cells) (Niyazi et al., 2007). Following the 5-day incubation protocol, all wells were fixed with 

4% PFA for 40 min at RT and then removed by three consecutive PBS wash steps at 5 min. 

The wells were then stained with 0.1% crystal violet (Pro-Lab Diagnostics, Wirral, UK) for 45 

min on a rocker at RT. The wells were then washed with a further three consecutive PBS wash 

steps at 5 min to remove excess crystal violet, and images of the colonies were taken at both 

4x and 10x magnifications using an Olympus CKX41 inverted microscope (Olympus Life 

Science Solutions, Stansted, UK).  

 

4.2.7 Nuclear fragmentation staining via DAPI 

For determining cell death, SW480 and HCT116 cells were seeded onto circular coverslips 

within 12 well plates at a density of (4x105 cells/well) and placed for adhering at 37°C, 5% 

CO2. The wells were treated with the following conditions: DMSO, cisplatin 100µM, 

aleplasinin 30µM and aleplasinin 60µM for a treatment period of 48h. Following the treatment 

period, all wells were washed with PBS and fixed with 4% PFA for a period of 40 minutes at 

RT. The fixation was removed by consecutive PBS wash steps for 3 min at RT on a rocker. 

The coverslips were placed onto microscope slides containing DAPI Antifade Mounting 

Medium (2Bscientific, Hatfield, UK). Fluorescent images of the microscope slides were then 

taken using an EVOS XL Core Imaging system (Fisher Scientific, Hemel Hempstead, UK) at 

40x magnification with the DAPI (blue) filter.  

https://imagej.net/ij/download.html
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4.2.8 Acridine orange/ Ethidium bromide staining 

SW480 and HCT116 cells were seeded at a density of 2x106 cells/well and placed into an 

incubator overnight for adherence at 37°C, 5% CO2 conditions. Subsequently, the wells were 

treated with the following conditions: DMSO, cisplatin 100µM, aleplasinin 30µM and 

aleplasinin 60µM for a 48h treatment period. All cell treatments were harvested following 

trypsinisation and centrifuged at 1000rpm (170xg) for 5 min prior to resuspension with ice-

cold PBS and a further centrifugation step at 1000rpm (170xg) for 5 min. The cell pellets were 

resuspended with PBS, and a cellular density of 1x105 was taken for analysis in 25µL volumes. 

Staining of the resuspended cells was performed with 1µL acridine orange (AO) (100ug/mL) 

and 1µL ethidium bromide (EB) (100ug/mL), respectively, and incubated at RT and in the dark 

for 3 min. Following the incubation period, 20µL of the treated, stained cells were placed onto 

microscope slides, and visualisation was determined at 10x magnification using the EVOS XL 

Core Imaging system (Fisher Scientific, Hemel Hempstead, UK) with the GFP and RFP filters.  

 

4.2.9 Immunofluorescence staining 

HCT116 and SW480 cells were seeded at a density of 3x105 cells/well onto coverslips and 

incubated at 37°C, 5% CO2 conditions. Subsequently, all wells were treated with the following 

conditions: DMSO, cisplatin 100µM, aleplasinin 30µM and aleplasinin 60µM for a 48h 

treatment period. IF staining was determined following the protocol as mentioned in chapter 3, 

and visualisation was performed via EVOS XL Core Imaging system (Fisher Scientific, Hemel 

Hempstead, UK) at 10x magnification.  

 

4.2.10 Illumina RNA sequencing 

RNA-seq analysis was conducted on SW480 treated cells with aleplasinin 60µM and compared 

against DMSO untreated cells following a 48h treatment period. Extraction, sample 

purification and sequence library preparation were performed following the protocols as 

mentioned in Chapter 3. Please find attached the available data posted in the Mendeley 

repository: doi:10.17632/frb7ss9n92.1. The DE expression of genes was determined following 

aleplasinin treatment alongside KEGG and GO enrichment analysis to elucidate enriched 

signalling mechanisms and possible gene targets.  
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4.2.11 UALCAN transcriptomics 

The UALCAN transcriptomics database outlined corresponding to TCGA genomic expression 

data for the query genes: ASCL6 (ENSG00000164398) and SPRR2D (ENSG00000163216) 

following comparisons between normal tissue and CRC COAD cohorts. Similarly, identified 

miRNA candidates predicted for ASCL6 regulation were also determined between normal 

tissue and COAD tumours. Welch’s t-test PERL script statistical analysis was encoded onto 

the UALCAN software to identify differences in clinicopathological features between cohorts 

(Chandrashekar et al., 2022). The resulting data with P< 0.05 was considered as statistically 

significant.  

 

4.2.12 RT-qPCR 

Total RNA extraction and gene expression methods were conducted, as mentioned in Chapter 

3, for the following treatment conditions: DMSO, cisplatin 100µM, aleplasinin 30µM and 

aleplasinin 60µM. SYBR green primer sequences are as follows: SIGLEC15 forward 

(CGCGGATCGTCAACATCTC) and reverse (GTTCGGCGGTCACTAGGTG), ACSL6 

forward (GCACGGCGATCTGTGATTG) and reverse (GGCGGAACACCTGGTACAT) and 

SPRR2D forward (GCCTCTCCTGCAAGTGTGA) and reverse 

(TCCTCATTTATGACATTTTCAGTCTC). Gene expression analysis of HCT116 and 

SW480 cells following aleplasinin treatment was normalised to the DMSO control and all 

samples were amplified at 100ng/µL for reverse transcription prior to cDNA amplification. In 

addition, fold change expression was determined via the 2–ΔΔCt method. 

 

4.2.13 KM survival plots 

KM-plots (https://kmplot.com/analysis/, accessed on 26 July 2023) were constructed to outline 

the prognostic value of high (red) and low (black) expression of the ACSL6 query gene in 

COAD patient survival outcomes over an extended period of time. Parameters relating to OS, 

RFS, PPS, HR, 95% CI, and Log-rank P-value were also determined (Győrffy, 2021).  

 

4.2.14 In silico predictive miRNA data mining 

A series of miRNA-target predictive software databases were utilised to determine candidate 

miRNAs involved in the gene regulation of ACSL6 and SPRR2D. Common miRNAs across 

each of the chosen databases: TargetScan (https://www.targetscan.org/vert_80/; accessed 28 
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July 2023), miRSystem (http://mirsystem.cgm.ntu.edu.tw/index.php; accessed 28 July 2023), 

miRWalk (http://mirwalk.umm.uni-heidelberg.de/; accessed 28 July 2023 and miRDB 

(https://mirdb.org/; accessed 28 July 2023) were determined and presented in Venn diagrams 

(https://bioinfogp.cnb.csic.es/tools/venny/). In addition to this, frequent miRNA ‘hits’ 

associated with gene expression were further explored and possible gene binding sites were 

determined using Sfold software (https://sfold.wadsworth.org/cgi-bin/starmir.pl; accessed 13 

September 2023). 

 

4.2.15 GeneMANIA 

The GeneMania predictive database (https://genemania.org/; accessed 26th  July 2024) exhibits 

functional information relating to the queried gene ACSL6. Parameters and protocols were 

followed, as mentioned in Chapter 2. 

 

4.2.16 Search Tool for the Retrieval of Interacting Genes/Proteins analysis 

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) analysis identified PPI 

with defined parameters upon queried proteins. The STRING 11.0 (https://version-11-

0b.string-db.org/cgi/input?sessionId=brxKfZgAG9Au&input_page_show_search=on; 

accessed 17th July 2024) software highlighted PPI relationships between ACSL6. Construction 

of the framework was conducted with protocols as mentioned in Chapter 2. 

 

4.2.17 Statistical analysis 

Statistical analysis of aleplasinin cytotoxicity on cellular viability, colonisation, migration, and 

gene expression analyses were all determined by a one-way ANOVA statistical test followed 

by Dunnett’s multiple comparison post-hoc test. Quantitative apoptotic staining by AO/EB was 

determined by the two-way ANOVA statistical test followed by Dunnett’s multiple 

comparisons post-hoc tests. Unpaired student’s t-test was conducted on UALCAN 

transcriptomics analysis comparing gene and miRNA expression between normal and 

malignant tumour cohorts. Data presented with P< 0.05 was considered statistically significant. 

Graphs were produced with GraphPad Prism 10 software. 
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4.3 Results 

4.3.1 Aleplasinin docking analysis 

High-throughput screening using MTiOpenscreen (https://bioserv.rpbs.univ-paris-

diderot.fr/services/MTiOpenScreen/) of currently available inhibitors identified aleplasinin as 

an inhibitor of Siglec-15 via R143 receptor-ligand binding with a binding affinity of -7.8 

kcal/mol (Figure 76A). Molecular docking analysis also revealed amino acid residues within 

contact of the aleplasinin compound at a distance of 3Å. They amino acids were identified as 

ASN30, ALA41, GLN42, ARG43, TRP44, SER45, MET46, GLN47, VAL48, PRO49, 

PRO50, GLU51, VAL52, PRO63, CYS64, THR65, PRO86, TYR87, ASP124, SER126, 

ARG143, HIS151, ASP152, ARG153, TYR154, GLU155, SER156, ARG157 and HIS158 

(Table 18). It is well understood that Sigle-15 canonical binding occurs through the V-set 

binding domain, but it was unclear if the binding of aleplasinin was solely focused on the 

localised binding pocket. Therefore, blind docking of the aleplasinin ligand to the Siglec-15 

protein was performed. Molecular docking analysis revealed a total of five possible binding 

sites, which included the V-set binding domain at various locations of the Siglec-15 structure 

(Figure 76B). Of those other four possible allosteric binding sites, only one exhibited a higher 

binding affinity to the Siglec-15 V-set domain with a binding affinity of -9.1 kcal/mol (Figure 

76C). These interactions revealed a larger cavity volume and identified key amino acid residues 

within direct contact were: SER19, PHE20, VAL21, ARG22, THR23, LYS24, ILE25, ASP26, 

THR27, THR28, GLU29, VAL48, PRO49, PRO50, GLU51, VAL52, SER53, ALA54, 

GLU55, ASP58, ALA59, VAL61, PRO63, CYS64, LEU117, GLY118, ASP124, SER126, 

HIS163, THR165 and LEU243 (Figure 76C, Table 18). The other three allosteric sites 

exhibited a range of binding affinities from -6.7 kcal/mol to -6.9 kcal/mol with different amino 

acid residues responsible for binding (Figure 76D-1F, Table 18).

https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/
https://bioserv.rpbs.univ-paris-diderot.fr/services/MTiOpenScreen/
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Figure 76: Aleplasinin was capable of binding to Siglec-15 at the V-set binding domain through R143 interactions. (A) Protein docking 
analysis of the AlphaFold Siglec-15 protein structure identified amino acid residues predicted to be within 3.0 Å of the aleplasinin compound 
ligand and possible interactions with the V-set binding domain via CB-DOCK2 software. (B) Protein docking analysis of the AlphaFold Siglec-
15 protein with all possible binding sites via CB-DOCK2 software. (C-F) Protein docking analysis of the AlphaFold Siglec-15 protein structure 
identified amino acid residues predicted to be within 3.0 Å of the aleplasinin compound ligand and possible interactions with allosteric binding 
sites via CB-DOCK2 software. 
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Table 18: Molecular docking analysis between the aleplasinin contact ligand and the Siglec-15 protein structure revealed several binding 
sites. Information regarding amino acid residues in contact with the aleplasinin compound ligand is listed below, with respective binding affinities 
and the size of the binding pocket via CB-DOCK2 software.  
 

 VINA 

SCORE 

(BINDING 

AFFINITY) 

KCAL/MOL 

CAVITY 

VOLUME 

(Å3) 

CENTRE 

(X, Y, Z) 

DOCKING 

SIZE 

CONTACT RESIDUES  

BINDING SITE 1 -9.1 571 -8, -11, 4 24, 24, 24 SER19, PHE20, VAL21, ARG22, THR23, LYS24, ILE25, ASP26, 

THR27, THR28, GLU29, VAL48, PRO49, PRO50, GLU51, VAL52, 

SER53, ALA54, GLU55, ASP58, ALA59, VAL61, PRO63, CYS64, 

LEU117, GLY118, ASP124, SER126, HIS163, THR165, LEU243 

      

BINDING SITE 2 -7.8 331 -12, 1, 20 24, 24, 24 ASN30, ALA41, GLN42, ARG43, TRP44, SER45, MET46, GLN47, 

VAL48, PRO49, PRO50, GLU51, VAL52, PRO63, CYS64, THR65, 

PRO86, TYR87, ASP124, SER126, ARG143, HIS151, ASP152, 

ARG153, TYR154, GLU155, SER156, ARG157,  HIS158 

      

BINDING SITE 3 -6.9  145 3, 2, -1 24, 24, 24 ALA56,  GLY57, ALA83, GLY84, GLU85, PRO90, VAL92,  

LEU110,  HIS111, ARG113, PHE114, ARG131, LEU132, ALA133, 

LEU134, ALA135, ASP136, ASP137, ARG138, TYR140, ARG161, 
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ALA166, ALA167, PRO168, ARG169, VAL171, ASN172, 

THR188, GLU190, GLY217, HIS218, GLY219, HIS220, LEU221 

      

BINDING SITE 4 -6.8 104 -24, 0, 0 24, 24, 24 PHE93, CYS95, GLU102, LEU103, CYS104, GLN105, THR106, 

ALA107, LEU108, SER109, GLY112, ARG113, PHE114, ARG115, 

LEU116, LEU117, GLY118, ASN119, PRO120, ARG122, ASP124, 

GLU130 

      

BINDING SITE 5 -6.7 155 -8, 8, 3 24, 24, 24 ALA56, GLY57, ALA83, GLU85, ALA88, GLY89, PRO90, 

GLN91, VAL92, LEU108, LEU110, HIS111, ARG113, PHE114, 

GLU130, ARG131, LEU132, ALA133, LEU134, ALA135, ASP136, 

ASP137, ARG138, TYR140, ALA166, ALA167, ARG169, 

GLU190, HIS218, HIS220, LEU221 
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4.3.2 SIGLEC15 GSEA enrichment analysis revealed positive enrichment of EMT 

SIGLEC15 GSEA analysis revealed a total of 39 possible gene sets related to the CRC 

phenotype (Figure 77-78). Of those identified, SIGLEC15 demonstrated an increase in the 

number of enriched gene sets. A total of 11 upregulated gene sets were shown to be enriched, 

which included cancer hallmarks such as EMT, myogenesis, adipogenesis, p53 and 

dysregulated KRAS signalling (FDR< 0.25 and P< 0.05) (Figure 77, Table 19). In contrast, only 

8 gene sets were shown as downregulated, highlighting biological processes and targets 

including MYC, E2F, IFNg response, G2/M checkpoint, protein secretion and mitotic spindles 

(FDR< 0.25 and P< 0.05) (Table 19, Figure 78). 
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Table 19: GSEA analysis underlined enriched signalling pathways corresponding to SIGLEC15 expression and its clinical relevance to 
CRC progression. GSEA enrichment scores for the association of SIGLEC15 with associated cancer hallmarks. NES scores are provided as 
Log2FC changes (N=524) (FDR< 0.25 and P< 0.05). 
 
 

 ENRICHED PATHWAY EFFECT ON GENE 

REGULATION 

NORMALISED 

ENRICHMENT SCORE 

(NES) 

FDR Q-VALUE 

SIGLEC15 Epithelial-Mesenchymal 

transition 

Upregulated 3.08 0.000 

 Myogenesis Upregulated 2.87 0.000 

 Apical junction Upregulated 2.53 0.000 

 Coagulation Upregulated 2.25 0.000 

 KRAS signalling –  Up Upregulated 2.15 0.000365 

 Late Oestrogen response Upregulated 2.14 0.000637 

 Early Oestrogen response  Upregulated 2.07 0.000137 

 KRAS signalling –  

Downregulation 

Upregulated 1.93 0.00670 
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 p53 pathway  Upregulated  1.80 0.0176 

 Hypoxia Upregulated 1.73 0.0292 

 Adipogenesis  Upregulated 1.60 0.0686 

 EF2 Targets  Downregulated -3.76 0.000 

 G2/M checkpoint Downregulated -3.35 0.000 

 MYC targets V1 Downregulated -2.71 0.000 

 Mitotic spindles  Downregulated  -2.38 0.000622 

 MYC targets V2 Downregulated -2.14 0.00118 

 IFNg response  Downregulated  -1.71 0.0366 

 Protein Secretion  Downregulated -1.66 0.0394 

 Spermatogenesis  Downregulated  -1.47 0.106 
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Figure 77: SIGLEC15 GSEA analysis revealed EMT, myogenesis, adipogenesis and p53 pathways were all significantly upregulated. GSEA 
analysis was conducted utilising the TCGA, PanCancer Atlas dataset for omics analysis. Significantly, DE genes in COAD and commonly 
associated cancer hallmarks were determined in relation to SIGLEC15 expression. FDR< 0.25 and P< 0.05.
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Figure 78: SIGLEC15 GSEA analysis revealed MYC, E2F, IFNg response, G2/M checkpoint and protein secretion all significantly 
downregulated. GSEA analysis was conducted utilising the TCGA, PanCancer Atlas dataset for omics analysis. Significantly, DE genes in COAD 
and commonly associated cancer hallmarks were determined in relation to SIGLEC15 expression. FDR< 0.25 and P< 0.05.
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4.3.3 Characterisation of aleplasinin cytotoxicity in vitro 

The cytotoxicity of the aleplasinin compound was elucidated on SW480 and HCT116 cells in 

vitro (Figure 79). Conventional anti-cancer therapies such as cisplatin were used as a positive 

control for the experimental work to draw significant comparisons with the functionality of 

aleplasinin. Aleplasinin exhibited significant dose-dependent cytotoxicity on both respective 

cell lines, achieving 91.4% and 92.6% cell death in SW480 and HCT116 cells at the highest 

concentration of 100µM. In addition, aleplasinin demonstrated greater efficacy than cisplatin, 

which only induced cellular death of 44.9% and 74.3% in SW480 and HCT116 cells at 100µM, 

respectively (P< 0.0001) (Figure 79A, 79C). Dose response curves revealed significant 

cytotoxic profiles in both HCT116 and SW480 cell lines with IC50 values of 38.31µM and 

57.38µM, respectively (Figure 79B, 79D). 

 

Wound healing analysis of SW480 and HCT116 cells following 48h aleplasinin exposure was 

conducted (Figure 80). Quantitative analysis of the wound area identified significant reduction 

of cellular migration only at the 60µM aleplasinin condition with 41.07% and 42.32% in 

SW480 and HCT116 cells at 48h, respectively (P< 0.05, P< 0.01) (Figure 80A, 80B). Both 

60µM and cisplatin conditions were shown to gradually decrease the rate of cellular inhibition 

in both cell lines (P< 0.05, P< 0.01) (Figure 80C). In addition, only cisplatin treatment was 

shown to inhibit cellular migration only in HCT116 cells following 48h treatment at 38.2% 

(P< 0.05) (Figure 80B). In contrast, the 30µM aleplasinin treatment demonstrated no 

significant difference in the inhibition of cellular migration across all recorded time intervals 

when compared against the control condition. Following this, comparative images pertaining 

to the wound area also indicated similar inhibition at the 60µM condition affecting tumour cell 

migration (Figure 80D, 80E).  

 

In  the colonisation assay, both HCT116 and SW480 CRC cells exhibited a significant 

reduction in cell colonisation at the 60µM condition (P< 0.0001), similar to the cisplatin 

positive control (Figure  81A, 81B), which is also highlighted by the low number of colonies 

present in the stained plate images (Figure 81C, 81D). Additionally, there was significantly 

less colonies formed in the HCT116 cells. In contrast, aleplasinin at the 30µM condition has 

no effect on cellular colonisation following 24h treatment exposure. Images relating to the 

colonies present are also forming a greater number of colonies in comparison to same assay for 

SHG-8 treatment. There may be differences that could arise from variations in experimental 
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conditions which contributed to colony growth including cell seeding, DMSO concentration 

and assay time and also passage number of the cell line that were used. 
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Figure 79: SHG-8 exhibited a dose-dependent cytotoxicity against tumour cells in vitro. (A) Dose-dependent cytotoxicity was determined via 
MTT cytotoxicity assay for the aleplasinin compound at varying concentrations following 48h treatment in SW480 cells. (N=5) Data is presented 
as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test. **** P< 0.0001. (B) Dose-response 
curve of SW480 cells following 48h aleplasinin treatment for determining the IC50 profile. (C) Dose-dependent cytotoxicity was determined via 
MTT cytotoxicity assay for the aleplasinin compound at varying concentrations following 48h treatment in HCT116 cells. (N=5) Data is presented 
as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test. ****P< 0.0001. (D) Dose-response 
curve of SW480 cells following 48h aleplasinin treatment for determining the IC50 profile. 
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Figure 80: Aleplasinin reduced tumour migration in SW480 cells following 48h exposure in SW480 and HCT116 cells. (A) The migration 
assay was performed to determine the effect of the aleplasinin compound on SW480 tumour cell migration across 48h (N=3). Data is presented as 
mean ± SD. Welch’s One-Way ANOVA followed by Dunnett’s multiple comparison post-hoc test. *P<0.05. (B) The migration assay was 
performed to determine the effect of the aleplasinin compound on HCT116 tumour cell migration across 48h (N=3). Data is presented as mean ± 
SD. Welch’s One-Way ANOVA followed by Dunnett’s multiple comparison post-hoc test. *P<0.05, **P<0.01. (C) Line graphs of the quantitative 
migration assay analysis to illustrate the effect of aleplasinin and cisplatin treatments on cellular migration following 48h exposure. *P<0.05, 
**P<0.01. (D) Comparative images of migration distance taken at 4x magnification of SW480 cells treated with aleplasinin at 30µM and 60µM 
conditions across a 48h treatment period. Image analysis was conducted using ImageJ software with plugins outlined by (Suarez-Arnedo et al., 
2020). (E) Comparative images of migration distance taken at 4x magnification of HCT116 cells treated with aleplasinin at 30µM and 60µM 
conditions across a 48h treatment period. Image analysis was conducted using ImageJ software with plugins outlined by (Suarez-Arnedo et al., 
2020). 
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Figure 81: Aleplasinin inhibited tumour cell colonisation following 48h treatment period. (A) Colonisation assays determined the effect of 
aleplasinin treatment on SW480 colonisation post 48h treatment period and proliferation across 5 days post-treatment (N=3). Data is presented as 
mean ± SD. One-way ANOVA statistical analysis followed by Dunnett’s multiple comparison post-hoc test. ****P< 0.0001. (B) Colonisation 
assays determined the effect of aleplasinin treatment on HCT116 colonisation post 48h treatment period and proliferation across 5 days post-
treatment (N=3). Data is presented as mean ± SD. One-way ANOVA statistical analysis followed by Dunnett’s multiple comparison post-hoc test. 
***P< 0.001. (C) Visualisation of the 12-well plate utilised for 48h treatment of SW480 colonisation assay following 0.1% crystal violet staining. 
(D) Visualisation of the 12-well plate utilised for 48h treatment of HCT116 colonisation assay following 0.1% crystal violet staining.
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4.3.4 Apoptosis staining of CRC cells following aleplasinin treatment  

To determine the likelihood of aleplasinin-mediated cellular death induced in SW480 and 

HCT116 cells, DAPI nuclear staining, a marker of apoptotic death, was performed (Figure 82). 

Fluorescent images taken at the DAPI filter of both treated cell lines at 40x magnification 

revealed cellular death in only 60µM and cisplatin conditions, possibly suggesting apoptotic 

induction in a dose-dependent manner (Figure 82A, 82B). Additionally, there was very little 

cellular death at the 30µM aleplasinin treatment condition when compared against the DMSO 

control. Features commonly associated with apoptotic induction were present in both 

mentioned conditions, including abnormal morphological changes, irregular cellular size and 

fragmentation of the nucleus (shown by red arrows). 

 

Moreover, AO/EB staining of cellular death was performed to give a quantitative view of the 

effect of aleplasinin on SW480 and HCT116 cells (Figure 83). Qualitative images of AO/EB 

staining on SW480 and HCT116 cells following 48h aleplasinin exposure revealed dose-

dependent cytotoxicity and a significant proportion of cells undergoing apoptosis across all 

treated conditions (Figure 83A). In addition, both aleplasinin 60µM and cisplatin treatment 

conditions has shown a higher proportion of cells dual stained, suggesting late apoptosis 

induction. Indeed, quantitative analysis of stained cells following exposure revealed there was 

a significant reduction in healthy viable cells in all treated conditions in both SW480 and 

HCT116 cell lines (P< 0.01, P< 0.0001) (Figure 83B, 83C). Indeed, quantitative analysis of 

stained cells following exposure revealed there was a significant reduction in healthy viable 

cells in all treated conditions in both SW480 and HCT116 cell lines (P< 0.01, P< 0.0001) 

(Figure 83B, 83C). In addition, the significant presence of cells undergoing early apoptosis 

(47.2%) was observed in SW480 cells induced via 30µM aleplasinin treatment (P< 0.05) 

(Figure 83B). However, this wasn’t the case in HCT116 cells as there was no significant 

difference in the proportion of cells undergoing apoptosis (Figure 83C). In comparison to the 

DMSO control condition, cisplatin and aleplasinin 60µM treatment conditions demonstrated a 

greater proportion of cells undergoing late apoptosis at 53.73% and 47.51% in SW480 cells 

and 29.41% and 47.51% in HCT116 cells, respectively (P< 0.05, P< 0.01, P< 0.001). 

Interestingly, there was also a significant increase in the number of cells undergoing necrosis, 

particularly in HCT116 cells following 48h cisplatin (37.99%) and aleplasinin 60µM (37.15%) 

treatment exposure when compared against the DMSO control (P< 0.01)  (Figure 83C). 
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Figure 82: Aleplasinin activity stimulated apoptosis at the 60µM in CRC cells. (A) Nuclear fragmentation via DAPI staining was conducted 
to elucidate the apoptosis induction following aleplasinin 30µM and 60µM treatment on SW480 cells. The morphological irregularities and nuclear 
fragments are indicated by red arrows (N=3). (B) Nuclear fragmentation via DAPI staining was conducted to elucidate the apoptosis induction 
following aleplasinin 30µM and 60µM treatment on HCT116 cells. The morphological irregularities and nuclear fragments are indicated by red 
arrows (N=3). 
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Figure 83: Aleplasinin exerts dose-dependent apoptotic induction at varying concentrations. (A) Qualitative images stained with AO/EB 
following 48h aleplasinin exposure in SW480 and HCT116 cells. Cellular staining is denoted as follows: Green stained cells represent cells that 
are healthy and viable. Yellow stained cells represented a proportion of cells undergoing early apoptosis. Orange-stained cells represented a 
proportion of cells undergoing late apoptosis. Red stained cells represented a proportion of cells undergoing necrosis. (B) Quantitative analysis of 
the number of apoptotic AO/EB stained cells present following 48h aleplasinin treatment in SW480 cells. AO/EB quantification was determined 
by the two-way ANOVA statistical test followed by Dunnett’s multiple comparisons post-hoc tests (N=3). *P< 0.05, **P< 0.01, ****P< 0.0001. 
(C) Quantitative analysis of the number of apoptotic AO/EB stained cells present following 48h aleplasinin treatment in HCT116 cells. AO/EB 
quantification was determined by the two-way ANOVA statistical test followed by Dunnett’s multiple comparisons post-hoc tests (N=3). *P<0.05, 
**P< 0.01, ****P< 0.0001.  
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4.3.5 The role of aleplasinin on Siglec-15 expression 

To determine the impact of aleplasinin on Siglec-15 expression in SW480 and HCT116 cells, 

several methods were utilised. In particular, RT-qPCR methods determined SIGLEC15 gene 

expression following aleplasinin treatment, whilst IF methods were used to determine the effect 

of aleplasinin on Siglec-15 protein expression (Figure 84). Gene expression analysis revealed 

the downregulation of the SIGLEC15 gene in a dose-dependent manner in both SW480 and 

HCT116 cell lines in the 60µM condition (P< 0.01) (Figure 84A, 84B). In contrast, the 30µM 

aleplasinin treatment condition only significantly downregulated SIGLEC15 expression in 

SW480 cells, and there was no significant difference in its expression in HCT116 cells (P< 

0.05) (Figure 84A). Similarly, IF visualisation and quantification of aleplasinin treated SW480 

and HCT116 cells revealed no significant difference in the expression of the Siglec-15 protein 

(Figure 84C-F). 
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Figure 84: Aleplasinin exposure affects SIGLEC15 expression in a dose-dependent manner at the gene level. (A) RT-qPCR expression 
analysis of SIGLEC15 in SW480 cells following 48h aleplasinin treatment exposure (N=3). One-way ANOVA statistical test followed by 
Dunnett’s multiple comparisons post-hoc tests, *P< 0.05, **P< 0.01, **** P< 0.0001. (B) RT-qPCR expression analysis of SIGLEC15 in HCT116 
cells following 48h aleplasinin treatment exposure (N=3). One-way ANOVA statistical test followed by Dunnett’s multiple comparisons post-hoc 
tests, **P<0.01. Gene expression analysis of HCT116 and SW480 cells following aleplasinin treatment was normalised to the DMSO control 
condition and all samples were amplified at 100ng/µL for reverse transcription prior to cDNA amplification. (C-D) IF image visualisation of 
SW480 and HCT116 cells stained with a primary Siglec-15 antibody following 48h aleplasinin exposure taken at 40x magnification with DAPI 
(blue) and green filters (N=3). (E-F) Quantitative analysis of the IF images taken of HCT116 and SW480 cells following 48h aleplasinin exposure 
(N=3). 
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4.3.6 Illumina RNA-sequencing  

Following 48h aleplasinin 60µM treatment of SW480 and the DMSO control condition, 

SW480 cells underwent total RNA extraction, upon which RNA Illumina sequencing was 

conducted to illustrate the effect of aleplasinin of gene expression (Figure 85). The effect of 

aleplasinin exposure exhibited a profound effect on gene expression, suggested by the change 

in the DE of genes when compared between the treated and untreated conditions in the 

constructed heatmap (Figure 85A). In addition, the correlation analysis of DE genes following 

aleplasinin treatment was revealed to be positively correlated, indicating changes in gene 

expression due to the aleplasinin compound (Figure 85B). Further analysis of the total number 

of DE genes identified a total of 5293 with varied expression profiles. Of those, 3482 genes 

were downregulated, and 1811 were upregulated genes (Figure 85C). The constructed volcano 

plot also exhibited that the most upregulated and downregulated genes were SPRR2D and 

ACSL6, respectively (Figure 85D). The most significantly DE gene targets were determined by 

a minimum set threshold of a Log2 fold change alongside the significance cut-off at P< 0.05. 

To determine the functional classification related to the DE genes, COG functional 

classification showed the enrichment of signal transduction mechanisms and post-translational 

modifications that were related to protein turnover and molecule chaperones (Figure 85E).  

 

Upon conducting KEGG and GO, functional analysis on the DE genes following aleplasinin 

exposure was performed (Figure 86). Several biological processes were enriched as part of the 

KEGG analysis. In particular, the enrichment of regulated transcription, regulation of gene 

expression and the Wnt signalling pathway were all observed (Figure 86A). Additionally, when 

comparing the molecular functions that were enriched, GO analysis identified several functions 

related to transcriptional regulation including DNA and nucleic acid binding, DNA binding 

transcription factors and transcriptional regulator activity alongside Wnt-activated receptor 

activity as well (Figure 86B). Furthermore, enrichment of cellular components revealed nuclear 

localisation (Figure 86C). 
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Figure 85: Aleplasinin stimulated the DE of gene targets following 48h treatment at 60µM. (A) Illumina RNA-seq analysis revealed DE genes 
between aleplasinin-treated and untreated conditions. (B) Correlation analysis for the presence of DE genes between untreated control condition 
group and aleplasinin treatment condition group. (C) The number of DE genes based on their expression patterns following 48h aleplasinin 
exposure. (D) Constructed volcano plot illustrating the top deregulated genes that are both upregulated and downregulated following aleplasinin 
treatment. (E) COG functional classification of consensus sequence analysis was conducted to elucidate possible enriched deregulated 
mechanisms. 
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Figure 86: Aleplasinin activity had induced transcriptional regulation via Wnt signalling. (A) KEGG pathway enrichment depicts the possible 
enrichment of molecular pathways between SHG-8 treated and untreated conditions. (B) GO classification analysis reveals enriched biological 



Mohammed Saqif Ahmad       Chapter 4 

 307 

processes between SHG-8 treated and untreated conditions. (C) GO classification analysis reveals enriched cellular components between SHG-8 
treated and untreated conditions. (D) GO classification analysis reveals enriched molecular functions between SHG-8 treated and untreated 
conditions.
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4.3.7 Validation of RNA Illumina sequencing targets in CRC  

To corroborate the reliability of the findings obtained from RNA Illumina sequencing, in silico 

and RT-qPCR methods were conducted to determine the expression profiles of the DE genes 

in relation to CRC tumours (Figure 87). UALCAN transcriptomics analysis indicated 

significantly upregulated expression for the ACSL6 gene in the COAD tumour cohorts with a 

mean expression of 3.087 TPM (P< 0.001) (Figure 87A). For SPRR2D, there was no significant 

difference in its expression profile between normal and malignant tumour cohorts which 

exhibited a mean expression of 0.079 TPM (Figure 87B). These findings underlined ACSL6 as 

a possible oncogene in CRC progression. Gene expression analysis of ACSL6 demonstrated 

significant downregulation of the gene at both 30µM and 60µM aleplasinin treatment 

conditions, with greater downregulation observed at higher concentrations (P< 0.05, P< 0.01) 

(Figure 87C). In contrast, SPRR2D expression was shown to have no significant difference in 

its expression profile following aleplasinin treatment (Figure 87D). Furthermore, the clinical 

role of ACSL6 and CRC prognosis was determined via Kaplan-meier plot (Figure 87E). The 

survival plot analysis revealed high ACSL6 expression was associated with lower OS outcomes 

over an extended period of time (P< 0.05).
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Figure 87: In silico and RT-qPCR methods validated the role of ACSL6 oncogenic activity following aleplasinin exposure in SW480 cells. 
(A) UALCAN TCGA genomic data exhibiting mRNA expression of ACSL6 in normal (grey) and COAD (red) cohorts, error bars ± SD. Welch’s 
t-test PERL script. ****P< 0.0001. (B) UALCAN TCGA genomic data exhibiting mRNA expression of SPRR2D in normal (grey) and COAD 
(red) cohorts, error bars ± SD. Welch’s t-test PERL script. (C) RT-qPCR expression analysis of ACSL6 in SW480 cells following 48h aleplasinin 
treatment exposure (N=3). One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test. *P< 0.05, **P< 0.01. (D) 
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RT-qPCR expression analysis of SPRR2D in SW480 cells following 48h aleplasinin treatment exposure (N=3). One-way ANOVA statistical test 
followed by Dunnett’s multiple comparison post-hoc test. (E) Survival curves were constructed by Kmplot software (N=1061) to outline ACSL6 
expression with overall survival (OS) criteria. The cut-off between the illustrated low and high expression levels were based on the distribution of 
ACSL6 expression values that were within the dataset. The thresholds were defined on quartiles at the 25th percentile as low expression and 75th 
percentile classified as high expression, and values were later stratified based on the group classifications into low and high expression groups. P< 
0.05 was considered statistically significant. 
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4.3.8 Impact of miRNAs in regulating ACSL6 and SPRR2D gene targets following 

aleplasinin treatment and possible binding partners 

Elucidating the impact of miRNAs involved in the regulation of ACSL6 and SPRR2D following 

aleplasinin treatment could emphasise regulatory mechanisms associated with CRC 

progression (Figure 88). Cross-referencing several miRNA prediction databases for common 

miRNA “hits” revealed a possible 2 and 37 predicted miRNAs involved in the regulation of 

ACSL6 and SPRR2D, respectively (Figure 88A, 88B). Upon further in silico analysis, predicted 

binding sites were identified. The miRNAs associated with the highest binding affinity for the 

ACSL6 mRNA strand were revealed as hsa-let-7a-5p with -20.1 kcal/mol at position 7-27 on 

the seed region of the 3’ UTR. In addition, hsa-miR-527 was identified as the miRNA with the 

highest binding affinity with -21.5 kcal/mol to the SPRR2D gene at position 612-629 at the 

seedless region of the 3’ UTR (Figure 88C). Moreover, both hsa-let-7a-5p and hsa-miR-527 

were shown to have partial complementarity and full complementarity to their respective 

genes. From these predictions, UALCAN transcriptomics analysis exhibited the expression 

profile of let-7a-5p as significantly downregulated in the tumour cohort with a mean expression 

of 5848.54 TPM in comparison to the normal tissue group with a mean TPM of 14,802.93 

(Figure 88D). Hence, this suggested a tumour suppressor expression profile of this miRNA. 

For elucidating possible binding partners for the role of ACSL6 in CRC progression, 

GeneMANIA and STRING analyses were utilised. At the gene level, ACSL6 interactions 

suggested significant interactive prediction (orange) with phytanoyl-CoA 2-hydroxylase 

(PHYH) and acyl-CoA synthetase short chain family member 2 (ACSS2) (Figure 88E). In 

addition, the ACSL6 framework demonstrated co-expression (purple) with acyl-CoA 

synthetase family member 2 (ACSF2) and retinoid X receptor b (RXRB) genes. Furthermore, 

ACSL6 was predicted to be co-localised (light blue) with a number of carnitine palmitoyl 

transferase 1 (CPT1) genes and physical interactions (red) with zinc finger protein 16 (ZNF16). 

From the STRING PPI analysis, the ACSL6 protein interactions revealed direct interactions 

with fatty acid synthase (FASN) and carnitine palmitoyl transferase 1A (CPT1A), which was 

also previously identified in the GeneMANIA framework (Figure 88F). Similarly, secondary 

expansion of the PPI framework also revealed interactions with multiple other acyl-CoA 

synthetase long chain family member with an ALCC score of 0.00 via STRING analysis at a 

confidence interval of ≥ 0.900 (Figure 88F, Table 20).
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Table 20: Predicted ACSL6 STRING PPI relationship and association analysis. Computational analysis of the query ACLS6 protein following 
construction of the PPI framework. 
 
 

 Number 
of nodes 

Number 
of edges  

Average node degree Average local 
clustering 
coefficient 

Expected number 
of edges 

PPI enrichment 
P-value 

ACSL6 8 12 3 0.00 7 0.0539 
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Figure 88: Let-7a-5p and miR-527 were predicted as miRNA candidates involved in ACSL6 and SPRR2D regulation. (A) Cross-referenced 
miRNAs from miRNA prediction databases demonstrated “37 hits” for ACSL6 regulation. (B) Cross-referenced miRNAs from miRNA prediction 
databases demonstrated “2 hits” for SPRR2D regulation. (C) Predicted positional binding sites of the miRNAs were conducted, revealing high 
binding affinities for the ACSL6 and SPRR2D target genes via Sfold predictive software. (D) Expression analysis was determined for predicted 
miRNA hsa-let-7a-5p and was compared between normal (grey) and COAD tumours (red) cohorts via UALCAN transcriptomics analysis. Welch’s 
t-test PERL script statistical analysis. **P<0.01. (E) ACSL6 gene framework predicted functional information based on corresponding genes and 
gene datasets via the GeneMANIA database. (F) ACSL6 STRING framework highlighting possible PPI from interacting proteins and direct 
associations via computational data mining. The framework is developed with a confidence interval of ≥ 0.900.  
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4.4 Discussion 

From this chapter, the repurposing and utilisation of currently available small molecule 

inhibitors that were previously used in disease treatment may underline an approach for Siglec-

15 targeting. The characterisation of aleplasinin, a drug compound previously used in 

Alzheimer’s disease, and its application as a possible anti-cancer agent was elucidated 

(Vashchenko et al., 2023). It is important to mention that the specificity of repurposed 

therapeutic agents is key for Siglec-15 targeting, largely due to the necessity for minimising 

any potential off-target effects to healthy cells/tissues. Furthermore, repurposing drug 

compounds provides a cheaper alternative with already characterised safety profiles that have 

been used in targeting specific tumour markers in CRC progression and treatment resistance 

(Ma et al., 2023). In particular, chemoresistance plays a major role in CRC progression due to 

the heterogenous nature of the tumours themselves, stemming from various somatic mutations 

including APC or KRAS (Ma et al., 2023). Hence, specifically targeting CRC tumours with 

repurposed drug compounds presents a feasible approach for molecular targets such as Siglec-

15. 

 
 

4.4.1 Aleplasinin as a Siglec-15 Inhibitor 

A high-throughput screening analysis of many currently available small molecule inhibitors 

used in clinical trials was identified based on their binding affinities to the V-set binding 

domain of the Siglec-15 protein structure. From these screened candidates, aleplasinin was 

revealed as a possible protein inhibitor with the highest binding affinity of -7.8 kcal/mol to the 

R143 residue, which is responsible for canonical glycan ligand binding via salt bridge 

formation (Crocker et al., 2007). Competitively inhibiting the STn antigen could provide 

insights for preventing subsequent immunosuppression. Typical strategies for Siglec-15 

blocking are the development of blocking antibodies characterised by a high binding affinity 

to disrupt the Siglec-15/Sia axis (He et al., 2021). However, the large size of the antibody 

prevents efficient infiltration into the tumour and requires high specificity for targeting. In 

contrast, the nature of small molecule inhibitors is better equipped for tumour penetration and 

may offer inherent advantages over traditional monoclonal antibodies, including 

pharmacokinetics (Zhong et al., 2020). Repurposing clinically available therapeutic agents like 

aleplasinin may require less development for transitioning to an approved drug within a clinical 

setting. One study suggested this was an ideal approach for developing compounds with 
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reduced overall costs and shorter timelines required for clinical settings than de novo drug 

development (Fu et al., 2022). Additionally, although this was the first instance of repurposing 

aleplasinin for its possible therapeutic potential as an anti-cancer agent in CRC, repurposing 

available drug compounds for anti-cancer targeting is not new. The therapeutic potential of 

drug compounds that are not anti-cancer agents has shown success in patient response and are 

either FDA-approved or are in clinical trials for treating various malignancies (Sleire et al., 

2017). Some examples included Pitavastatin (NCT05977738), a cholesterol inhibitor, and 

Posaconazole (NCT04825275), an antifungal medication that was both repurposed for treating 

glioblastomas. In contrast, drug compounds such as metformin, a diabetic therapeutic agent, 

reported successful patient response as an adjunct therapy in several tumour types (Schein, 

2021), and utilised in several clinical trials (NCT01529593, NCT05929495, NCT01632020) 

for multiple malignancies including CRC. Thus, characterising the therapeutic potential of 

aleplasinin on CRC progression may pave the way for its transition as an anti-cancer 

therapeutic agent.   

 

4.4.2 Enrichment analysis of SIGLEC15 in CRC progression 

Elucidating the relevance of signalling pathways associated with CRC progression and the 

expression of SIGLEC15 identified the enrichment of several tumour hallmarks.  

Upregulated enrichment of tumour hallmarks revealed EMT, myogenesis, adipogenesis and 

p53. Adipogenesis is referred to as the process by which mesenchymal stem cells are 

differentiated into adipocytes through a series of signalling transduction pathways  (Ambele et 

al., 2020). Particularly relating to CRC progression, the increased lipid storage of adipocytes 

is utilised as energy storage sites for the metabolic regulation of solid tumours  (Han et al., 

2023). Moreover, it was reported that the interplay between adipogenesis related genes 

stimulated EMT and enhanced glycolytic metabolism, both of which were associated with CRC 

metastasis (Holowatyj et al., 2020). Our findings, which also highlighted EMT and 

adipogenesis in the enrichment analysis, suggested CRC progression is facilitated by enhanced 

EMT and the interplay of adipogenesis related genes. Additionally, myogenesis is referred to 

as the process of the formation of skeletal muscle tissue from the fusion of precursor myoblasts 

(Bentzinger et al., 2012). However, the correlation between myogenesis and CRC development 

remains limited. Nevertheless, previous reports have suggested myogenesis plays a role in 

cachexia-associated CRC development (Ruan et al., 2023). Cachexia-associated CRC is 

defined as a metabolic syndrome that is characterised by increased skeletal muscle loss and/or 
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loss of fat deposits in CRC patients (Dunne et al., 2024). In particular, cachexia-associated 

CRC was correlated with chronic inflammation induced via stimulated pro-inflammatory 

cytokine IL-6 production (Chovsepian et al., 2023). It was previously reported that Siglec-15 

induced genes related to the tumoral recruitment of TAMs via a pro-inflammatory TME, 

emphasising IL-6 to play a key role in the differentiation and activation of the polarised tumour 

associated phenotype (Wang et al., 2023). Hence, it may be inferred that Siglec-15 activity 

stimulated IL-6-mediated tumoral recruitment in cachexia-associated CRC and signalling 

pathways, including myogenesis. Conversely, the role of p53 and SIGLEC15 in CRC 

development is unclear. However, a previous report identified low SIGLEC15 expression 

correlated with upregulated p53 signalling in breast cancer (Cao et al., 2022). As PD-L1 and 

Siglec-15 share mutually exclusive expression in cancer cell populations, Siglec-15- tumour 

cells may experience greater intracellular p53 signalling (Cho et al., 2020). In contrast, tumour 

hallmarks that were downregulated in CRC progression with regard to SIGLEC15 expression 

demonstrated enrichment of MYC, E2F and other biological processes. MYC is a deregulated 

oncogene in several malignancies and a promising therapeutic target in CRC (Tan et al., 2022). 

In particular, MYC was identified as one of the oncogenes capable of regulating glycosylation 

of tumour cells. MYC regulates the production of Siglec ligands responsible for suppressing 

myeloid cell activation and stimulating immunosuppression (Gabay et al., 2014). As MYC is 

associated with downregulated genes in the enrichment analysis, this suggested that another 

oncogene, such as KRAS, could rescue the glycosylation and synthesis of Siglec ligands. One 

previous study reported that KRASG12D mutations stimulate the levels of protein glycosylation 

and activate pro-tumorigenic signalling pathways, including MAPK and MYC (Zhang et al., 

2023). Furthermore, KRAS deregulation is a key predictor in CRC onset and progression 

(Jančík et al., 2010). Additionally, it was previously reported that MYC also stimulated N-

glycan branching in COAD tumours (Sakuma et al., 2012). However, in this context, MYC is 

a driver of ST6GalNAc4 expression, a key sialyltransferase responsible for the production of 

the disialyl-T antigen, a ligand for Siglec-7 (Smith et al., 2023). The key difference between 

both the disialyl-T antigen and the STn antigen is the further addition of a Neu5Ac residue to 

the already sialylated STn antigen (Dimitroff, 2015). However, the downregulated enrichment 

of MYC suggests decreased production of sialoglycan ligands such as disialyl-T antigen 

following abnormal SIGLEC15 expression. It may infer that oncogenes such as MYC are 

reduced in Siglec-15+ tumours, and the overexpression of KRAS is more likely to synthesise 

the STn antigen. It was also reported that sialylation pathways were negatively associated with 

E2F targets (Wu et al., 2023). Several malignancies, including CRC, have demonstrated E2F 
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transcription factors regulate downstream pro-tumorigenic signalling pathways, including the 

AKT/PI3K signalling pathway (Xu et al., 2021). However, the direct correlation between 

Siglec-15 and E2F has not been elucidated. It could suggest that other transcription 

factors/oncogenes are likely involved in transcriptional regulation, such as KRAS, a prominent 

oncogene in CRC progression and also in dysregulated glycosylation, as mentioned in chapter 

2.  

 

4.4.3 Aleplasinin cytotoxicity on tumour cell characteristics in vitro 

Aleplasinin demonstrated a dose-dependent cytotoxicity in reducing cellular viability in both 

in vitro cell lines, highlighted by the IC50 values of 57.38µM and 38.31µM. Aleplasinin also 

demonstrated greater efficacy of 90.4% and 91.6% cellular death than the positive control 

cisplatin. It was reported that Siglec-15 expression is highly prevalent in CRC progression, 

suggesting aleplasinin may be capable of disrupting the Siglec-15/Sia axis in tumour 

proliferation and progression (Lu et al., 2023). Additionally, further elucidation of the role of 

aleplasinin on normal epithelial cells would highlight its safety profile as a potential treatment 

alternative when compared to conventional anti-cancer agents such as cisplatin. In recent years, 

FDA-approved chemotherapeutic agents, including cisplatin and oxaliplatin, have been heavily 

used in CRC, which suffers from significant consequences such as adverse effects on 

neighbouring cells/tissues (Wu et al., 2022). Furthermore, there was significant inhibition of 

cellular migration and colonisation following aleplasinin treatment over 48h. These are key 

clinicopathological characteristics commonly associated with tumour progression and 

advanced clinical tumour stage (Chen et al., 2020). Hence, aleplasinin demonstrated its 

effectiveness in limiting CRC metastasis. There are subtle differences between HCT116 and 

SW480 cells in their pathological characteristics. Whilst SW480 cells are categorised as COAD 

tumours, HCT116 cells have a colorectal carcinoma morphology, which exhibits greater 

metastatic and proliferative potential (Depciuch et al., 2020). Furthermore, HCT116 cells were 

reported to have the highest migratory behaviour in comparison to other metastatic cell lines, 

including SW620 cells (Brás et al., 2022). Similarly, another study demonstrated SW480 and 

HCT116 cells to have significant migratory activity over 72h due to both cell lines possessing 

enhanced EMT states (Druzhkova et al., 2020). This suggested that regardless of the metastatic 

potential of possible CRC tumours that are diagnosed, aleplasinin can exert significant 

inhibition on the migratory and colonisation ability of malignant tumour cells. Conversely, 

SIGLEC15 GSEA analysis revealed the enrichment of EMT in relation to CRC tumour 
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hallmarks, suggesting a possibility of inducing CRC progression and migration. Significantly 

impacting SIGLEC15 expression via aleplasinin exposure may be a consequence of reduced 

migration by 48h and inhibiting EMT. Typically, EMT plays a significant role in wound 

healing and restoring epithelial cell integrity upon responding to cellular damage and 

inflammation (Mittal, 2018). To highlight this, EMT is discerned through the activity of several 

EMT translational factors, including SNAIL, the activity of miRNAs as well as other 

epigenetic modifications (Hong et al., 2022). In the context of tumour progression, EMT 

promotes metastatic properties, enabling tumour cells to exhibit characteristics that are 

epithelial and mesenchymal in a transition state for better cellular survival and induce 

migration to secondary organ sites (Hong et al., 2022). Exploring the impact of EMT markers 

following SIGLEC15 inhibition may underline specific pathways related to Siglec-15 mediated 

CRC progression.  

 

4.4.4 Aleplasinin induced apoptosis in CRC cells 

As observed in the functional assays, cellular death analyses via AO/EB and nuclear 

fragmentation staining suggested that aleplasinin treatment stimulated apoptotic signalling 

pathways similar to other anti-cancer agents and possibly induced the production of apoptotic 

markers (Ranasinghe et al., 2022). Several other compounds have initiated the activation of 

apoptosis in CRC following treatment. A small molecule inhibitor targeting karyopherin b1 

(Kpnβ1) stimulated apoptosis in cancer cells and induced cell cycle arrest (Ajayi-Smith et al., 

2021). Thus suggesting aleplasinin is a potent small molecule inhibitor. In addition, AO/EB 

staining revealed a larger proportion of red-stained cells following aleplasinin treatment, 

possibly indicating the occurrence of necrosis. The differences between AO/EB staining could 

suggest variations in apoptotic signalling pathways between both cell lines, underlined by 

molecular and pathophysiological characteristics between HCT116 and SW480 cells (Galluzzi 

et al., 2018). As previously mentioned in Chapter 3, SW480 cells have persistent p53 mutant 

characteristics, which are not observed in HCT116 cells. Additionally, HCT116 differs from 

SW480 cells by exhibiting positive expression for induced TGFb1 and TGFb2 expression 

(Yeung et al., 2010). There is a greater likelihood of p53 independent apoptosis pathways 

occurring in SW480 cells, as mentioned in Chapter 3. However, within HCT116 cells, p53 

dependent apoptosis activation is possible. There are two distinct pathways of p53-mediated 

apoptosis induction. Firstly, the intrinsic pathway is regulated by the activity of Bcl-2 that 

triggers the activation of cell death effectors Bcl-2 associated X, apoptosis regulator (BAX) 
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and Bcl-2 antagonist/killer 1 (BAK), which permeabilise the outer membrane of mitochondria 

for cell death by caspases (Aubrey et al., 2018). This pathway primarily becomes activated 

upon external stress conditions. In contrast, the extrinsic pathway involves the activation of 

TNF receptors that possess an intracellular death domain (Czabotar et al., 2014). The initiation 

of the extrinsic pathway relies on the recruitment of caspase-8, which triggers a signalling 

cascade with other caspases (caspase-3, caspase 7) for effective apoptosis (Jost et al., 2009). 

As seen in our findings, aleplasinin exerts a concentration-dependent effect on nuclear 

fragmentation, an indication of DNA damage and a stress stimulus that consequently resulted 

in cellular death (Borges et al., 2008). Thus, this suggested that the activation of the intrinsic 

pathway may be the mechanism for apoptotic initiation. However, to confirm this, 

experimental validation of the expression of key proteins associated with the intrinsic pathway 

may underline some mechanistic insights. Key intrinsic apoptotic markers that would be 

evaluated for this pathway could include BH3-domain proteins (BH3 domains are short peptide 

motifs that trigger mitochondrial associated apoptosis) such as Bcl-2 interacting mediator of 

cell death (BIM) and Bcl-2 associated agonist of cell death (BAD) (Czabotar et al., 2014). 

Additionally, the activation of caspases such as caspase-9 can trigger the activation of other 

caspases that are also involved in the permeabilisation of the mitochondria (Li et al., 2017). 

Therefore, it may be worth considering the expression of known caspases and their inactivated 

non-cleaved counterparts following aleplasinin exposure.  

 

4.4.5 RNA Illumina sequencing analysis revealed DE genes 

Comparisons between aleplasinin treated and untreated conditions following 48h treatment 

period emphasise numerous DE genes, including ACSL6 and SPRR2D, as the most 

significantly downregulated and upregulated. It was previously reported that ACSL6 has been 

documented as a potential oncogene in CRC progression (Angius et al., 2019; Huang et al., 

2018). Moreover, in silico analysis revealed its upregulated expression profile in the CRC 

tumour cohort and high expression is associated with reduced overall survival outcomes. It was 

demonstrated that ACSL6 plays a key role in the stimulation of lipid biosynthesis, facilitating 

both cancer metabolism and cell proliferation (Quan et al., 2021). Cellular exposure to 

aleplasinin could underline the regulation of key metabolic pathways associated with tumour 

metabolism and outline ACSL6 as a therapeutic target in CRC progression. Conversely, the 

other gene target that displayed the most significantly upregulated expression via RNA 

Illumina sequencing was SPRR2D. The role of SPRR2D in CRC progression remains limited 
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within the literature. Additionally, in silico and RT-qPCR methods revealed no significant 

difference in the expression of SPRR2D between normal and malignant tissues alongside 

treated and untreated conditions. Further investigation into the role of SPRR2D is warranted to 

elucidate its role in aleplasinin-mediated cytotoxicity.  

 

4.4.6 RNA Illumina sequencing analysis revealed the enrichment of Wnt signalling 

Enrichment of biological processes from KEGG analysis identified transcriptional regulation 

and Wnt signalling pathways following aleplasinin exposure. Additionally, GO associated 

molecular functions also revealed the enrichment of DNA binding, transcriptional factor 

activity, nucleic acid binding and Wnt receptor activity. Thus, suggesting Wnt signalling and 

transcriptional regulation as promising mechanisms of action mediated by aleplasinin 

treatment. The canonical Wnt/b-catenin is heavily characterised by the binding of the Wnt 

ligand to LDL receptor related protein 5 and protein 6 (LRP5/6) core receptors and frizzled 

(FZD) proteins (Shi et al., 2017). Under normal homeostasis, b-catenin is phosphorylated by a 

protein complex comprised of glycogen synthase kinase 3β (GSK3β), casein kinase I (CKI) 

and APC. This complex is also further structurally supported by the role of axin (Tewari et al., 

2021). The phosphorylation of b-catenin by GSK3β and the activity of APC directs the b-

catenin protein to ubiquitin mediated proteolysis in the cytoplasm (Zhao et al., 2022). The 

dysregulation of the Wnt signalling pathway is also reported in the development of multiple 

malignancies, including CRC (Bian et al., 2020). Moreover, the signalling pathway is reliant 

on over-accumulated b-catenin nuclear translocation and stimulation of Wnt target genes via 

the binding with transcription factor T cell factor/lymph enhancer factor 1 (TCF/LEF1) (Bugter 

et al., 2021). Furthermore, it was suggested that the deregulation of specific genes in the Wnt/b-

catenin pathway, including GSK3β and APC, play a significant role in the development of 

colitis-associated CRC (Foersch & Neurath, 2014). Several genes display a loss of function, 

including APC in CRC progression, and Wnt/b-catenin signalling could be viewed as a 

possible regulatory mechanism for CRC onset. In particular, Axin2 and ring finger protein 43 

(RNF43) that functionally prevent the binding of Wnt ligands have downregulated expression 

in IBD-related CRC tumours. Additionally, the crosstalk with NFkB may also play a role in 

colitis-associated CRC progression. The dishevelled segment polarity protein 2 (Dvl2) is a key 

adapter molecule in Wnt/b-catenin signalling, and upon binding with the c-terminal side of 

TNFR1, can induce TNFR1 endocytosis inhibiting NFkB (Tang et al., 2022). This led to the 

stimulation of colitis-associated CRC. Our findings suggested the stimulation of Wnt tumour 
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suppressor genes following aleplasinin exposure as a possible regulatory axis in inhibiting CRC 

progression, particularly relating to inflammation-mediated CRC tumours. However, no 

specific inflammatory markers were experimentally elucidated. It may provide further insights 

into the role of aleplasinin treatment in CRC tumours.  

 

4.4.7 Induced lipid metabolism via Wnt signalling is a possible mechanism in CRC 

progression 

Further elucidation of ACSL6’s role in lipid metabolism may outline further targets involved 

in functional regulation. The development of the GeneMANIA gene and STRING PPI 

frameworks revealed direct interactions with CPT1A and FASN. It was demonstrated that 

FASN plays a key role in de novo lipogenesis and is important in the production of palmitate 

derived from acetyl-coenzyme A (CoA) and malonyl-CoA in the presence of NADPH (Fhu & 

Ali, 2020). Particularly in the CRC landscape, abnormal expression patterns of FASN have 

correlated with tumour onset, playing a role in reduced sensitisation to treatment (Han et al., 

2023; Jin et al., 2021). The interactions between FASN and ACSL6 in lipid metabolism 

pathways are suggested to facilitate the activation of fatty acids for stimulating metabolic 

activity and enhancing cellular energy efficiency. Thus, this suggested the stimulation of 

cellular survival and proliferation of tumour cells. In addition, the role of FASN activity was 

identified in regulating CRC metastasis via modulation of the Wnt signalling pathway (Fhu & 

Ali, 2020). Similarly, this was also demonstrated in another study, which reported that 

upregulated FASN expression was associated with enhanced CDK8 and β-catenin activity 

(Firestein et al., 2010). This may underline a possible regulatory mechanism that is directed 

through downregulated ACSL6 mediated Wnt signalling. As part of lipid metabolism, CPT1A 

was shown to play an important role in the transport and oxidation of fatty acid chains (Wang 

et al., 2018). Similarly to ACSL6, the expression profile of CPT1A is upregulated in CRC 

tumours by facilitating the enhanced growth of adipocytes (Xiong et al., 2020). Moreover, it 

was reported that CPT1A overexpression in cervical cancer tumours enhanced Wnt signalling 

and subsequent β-catenin nuclear translocation (Liu et al., 2024). Hence, this suggests a similar 

mechanism may be involved in CRC tumour onset. From these findings, the 

CPT1A/ACSL6/FASN axis is possibly implicated in CRC progression via deregulated lipid 

metabolism pathways that are essential for enhanced tumour proliferation and cellular survival.  
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4.4.8 Future directions 

The findings from chapter 4 provided the characterisation of the aleplasinin compound on 

Siglec-15+ CRC cells. However, further characterisation of aleplasinin is required before its 

transition to a clinical setting, primarily elucidating its safety profile with regard to normal 

epithelial cells. From this, it will present a clearer image for feasibly repurposing currently 

available small molecule inhibitors. Additionally, elucidation of EMT and inflammatory 

markers may underline mechanistic signalling pathways, including Wnt/b-catenin signalling 

that are affected by aleplasinin treatment. Highlighting the interactions between the let-7a-

5p/ACSL6 axis through knockdown studies and miRNA mimics for normalised miRNA 

expression would validate ACSL6 as a direct target that is implicated in CRC progression. 

Furthermore, the ASCL6/CPT1A/FASN crosstalk may provide insights into the role of ACSL6 

and lipid metabolism to play a role in CRC progression, but further experimental validation is 

required to emphasise the roles of CPT1A and FASN in the lipid metabolism pathway. These 

interactions may outline the enhanced synthesis, storage, uptake and breakdown of lipids in 

facilitating tumour progression (Fu et al., 2021). The clarification of lipid signatures taken in 

lipid metabolic panels may prove useful as a diagnostic tool and predictor for CRC tumour 

onset and progression (Zhou et al., 2022). Similarly, the characterisation of aleplasinin using 

PDX murine models may underline the clinical efficacy of aleplasinin and highlight its 

therapeutic window and any adverse systemic effects before transitioning to human patients. 

In addition, the requirement of CRC in vivo data is essential to emphasise aleplasinin’s 

specificity for Siglec-15 targeting in murine models. Comparative studies in other tumour 

models could also elucidate whether aleplasinin demonstrates selectivity for CRC tumours or 

provides cytotoxicity for a broader application in various Siglec-15+ tumours. The role of 

aleplasinin in mediating immune function was not tested. Hence, aleplasinin exposure of 

immune effector and regulatory cells, including CD4+, CD8+, and M1-polarised macrophages 

alongside immune response markers, including IL-2, would suggest aleplasinin regulation of 

immune function (Morad et al., 2021). Furthermore, co-culture experiments may highlight the 

activation of immune cells in the presence of tumour cells following aleplasinin exposure. 

Conversely, aleplasinin exposure may play a role in the inhibition of pro-tumorigenic pro-

inflammatory markers such as TNFa would be validated by ELISA experiments. Additionally, 

a large proportion of patients develop resistance to therapies, resulting in reduced patient 

survival. Utilising aleplasinin against treatment resistant cells may inhibit tumour progression 
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and can be used alternatively in resistant tumours (Dong et al., 2022). Ultimately, these further 

studies would significantly improve the characterisation of aleplasinin as an anti-cancer agent. 
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4.5 Conclusion 

In conclusion, this chapter elucidated the primary testing of aleplasinin’s cytotoxic profile in 

CRC cell lines as a possible Siglec-15 inhibitor. Our findings have proven significant dose-

dependent cytotoxicity in vitro and highlighted the possible involvement of the let-7a-

5p/ACSL6 axis in CRC progression. Additionally, aleplasinin treatment may induce apoptotic 

signalling in a p53-independent manner. However, there may be variations in signalling 

pathways due to the characteristic differences associated with SW480 and HCT116 cells. In 

silico prediction targets have elucidated the roles of CPT1A and FASN, both of which are 

previously implicated in CRC progression. From our in silico and RNA Illumina sequencing 

findings, the ASCL6/CPT1A/FASN crosstalk may play a role in deregulated Wnt signalling 

and suggested lipid metabolism as a unique driver of CRC tumour progression. Additional 

experimental validation and in vivo studies will further optimise aleplasinin’s efficacy and 

toxicological profile for utilisation as a treatment alternative to currently available anti-cancer 

agents. Nevertheless, the work in this chapter has addressed a novel approach for repurposing 

clinically available small molecule inhibitors for Siglec-15 targeting the treatment of solid CRC 

tumours.  
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Over the past several decades, the prevalence of CRC has consistently risen worldwide, 

escalating the number of patient mortalities. CRC has displayed distinct age and sex 

distribution patterns across each of the molecular CRC subtypes. The accumulation of sporadic 

mutations appear much more frequently in an aging population, with typical mutations in APC, 

KRAS and TP53 all of which are commonly associated with CRC tumour onset  (Zaki et al., 

2022). Similarly, delayed diagnosis and late screening of adenomatous polyps and early-stage 

CRC tumours can allow initial tumours to progress over a number of years to advanced disease 

stages leading to high mortality rates. Although most CRC diagnoses are commonly associated 

with older patients, increased trends in EO-CRC and the highly heterogeneous nature of the 

tumours themselves pose a substantial risk. In particular, males have more frequent diagnoses 

in comparison to their female counterparts in MSI type tumours (Massat et al., 2013). Similarly, 

anatomical distribution of CRC tumours can vary between males and females. In males, the 

distribution of CRC tumours are more likely to be present in the rectum and distal colon, whilst 

females are more prone to tumours manifesting in the proximal region of the colon (White et 

al., 2018). Hence, are often left misdiagnosed/undiagnosed. Although this study has greatly 

focused on the greater population of patients that are typically diagnosed with CRC, and the in 

vitro cell models utilised as part of the experimental work to reflect this. The future studies 

implementing this work would greatly benefit from the inclusion of other cell models that stem 

from patients such as those that are derived from EO-CRC patients and female patients as well. 

From this inclusion, there can be a better understanding of the age and sex distribution of CRC 

tumours following the alternative Siglec-15 targeting treatment approaches as proposed in this 

study.  

 

The current literature has emphasised the targeting of immune checkpoint proteins, including 

PD-1, PD-L1, LAG-3 and CTLA-4 for effective anti-cancer immune response. As the 

emerging immune checkpoint protein in cancer, Siglec-15 has demonstrated abnormal 

expression in malignancies as observed in the literature and our findings (Mustafov, Ahmad, 

et al., 2024). However, very little is known about the oncogenic role of Siglec-15 and the 

Siglec-15/Sia axis in CRC as a whole. For current conventional immunotherapeutic treatments, 

it is typically comprised of monoclonal blocking antibodies that prevent Siglec-15 interaction 

with the STn antigen. However, there is now an unmet clinical need for the development of 

novel targeted therapeutic strategies that effectively treat CRC tumours. To address this aspect, 

this study has primarily focused on elucidating oncogenic cellular signalling pathways that are 

involved in CRC progression and how they are affected following Siglec-15 targeting. By 
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highlighting the mechanisms that are potentially involved, it would identify new therapeutic 

targets that may operate independently or synergistically with Siglec-15 in CRC tumours. The 

rationale for this study emphasised targeting Siglec-15 with novel, effective therapies and the 

disruption of the Siglec-15/Sia axis in CRC tumours. This disruption aimed to also elucidate 

miRNA activity following treatment exposure and explore these compounds as treatment 

alternatives (Mustafov, Ahmad et al., 2024). Inhibiting the binding of the STn antigen would 

effectively enable T-cell activation and generation of an immune response in an immunological 

capacity whilst its inhibiting its oncogenic function will prevent tumour proliferation and 

progression in CRC tumours.  

 

Firstly, a multiomics approach characterised the multifaceted roles of sialyltransferases 

involved in the production of the STn antigen, the putative ligand of Siglec-15, as part of the 

findings in chapter 2 (M. S. Ahmad et al., 2024). Engagement of the STn antigen with Siglec-

15 inhibits the activation of T-cells, preventing the generation of an effective immune response 

against the tumour cells. The sialyltransferases ST6GalNAc1 and ST6GalNAc2, key enzymes 

in the glycan biosynthesis pathway, synthesise the STn antigen upon sialylation of the Tn 

antigen. Moreover, the roles of ST3GalIV and ST6GalI also play significant roles in the 

synthesis of N- and O-glycans and were suggested to be involved in sialylation modifications. 

Hence, elucidating the regulatory mechanisms of key sialyltransferases to inhibit the 

production of the STn antigen suggested a possible therapeutic approach in inhibiting Siglec-

15+ CRC tumours. Thus, this would highlight their potential as therapeutic targets. Herein, we 

established the expression profiles of the investigated sialyltransferases in CRC and elucidated 

the impact of miRNAs on their regulation, a key research question that was posed as part of 

this investigation. From our investigation, we established candidate miRNAs miR-21, miR-

30e and miR-26b to be involved in regulating ST6GALNAC1 expression. Similarly, miR-588 

was identified for ST6GALNAC2 regulation, albeit the transcriptomics database utilised for this 

study contained no information regarding the miRNA expression profile. In addition, let-7g 

and miR-98 was predicted to regulate ST3GAL4, whilst miR-484, miR-125a and miR-125b 

was highlighted for ST6GAL1 regulation. These miRNAs all displayed various oncogenic and 

tumour suppressor expression profiles and were predicted to have a high binding affinity 

towards their corresponding target gene. Furthermore, the common miRNA candidates were 

demonstrated to relate with other interacting sialyltransferases and also exhibited high binding 

affinities including hsa-miR-199a-5p and hsa-miR-665 for the four sialyltransferases that were 

investigated and miR-147 for C1GALT1 and COSMC, both of which are influential in the 
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synthesis of the precursor molecule of the STn antigen. We also established the role of the 

sialyltransferases in their contribution to CRC tumour heterogeneity. Immunohistochemistry 

analysis revealed low ST6GalNAc1 expression in CRC patient tissues, indicating STn 

production is independent of ST6GalNAc1 activity, which may be rescued by the activity of 

other sialyltransferases. Thus, our findings suggested that inhibiting these sialyltransferases 

could inhibit the production of the STn antigen. Ultimately, it is believed that with further 

development, validation and exploration of these miRNAs and their regulatory mechanisms of 

the query sialyltransferases, there is a greater potential of targeting sialyltransferases for overall 

disruption of the Siglec-15/Sia axis.   

 

The interaction of Siglec-15 and the STn antigen relies on direct binding with the R143 residue 

located in the V-set binding domain. However, the development of small molecule inhibitors 

for Siglec-15 targeting is currently unexplored, and existing conventional treatments, such as 

cisplatin, exhibit significant adverse effects on cells/tissues throughout the body. Therefore, 

the utilisation of b-amino carbonyl compounds as treatment alternatives for Siglec-15+ tumours 

was suggested as an effective therapeutic option for investigation. Herein, we aimed to 

elucidate the cytotoxic profile of the SHG-8 compound on CRC cell lines as a potential small 

molecule inhibitor for Siglec-15, as part of the findings in chapter 3 (Ahmad et al., 2023). Our 

findings emphasised the dose-dependent cytotoxicity of SHG-8 in vitro and is ability to induce 

apoptosis. Conversely, sRNA-seq analysis following SHG-8 treatment revealed the DE of 185 

miRNAs, particularly the most significant miRNA upregulation as miR-6715b-3p and the 

direct targeting of PTTG1IP, a possible oncogene in CRC. Further analysis demonstrated the 

miR-6715b-3p/PTTG1IP axis as a potential mechanism in CRC progression. Our research 

questions stemmed from the possibility of SHG-8 binding to the V-set domain, and our findings 

suggested that SHG-8 could act as a Siglec-15 small molecule inhibitor. Moreover, compared 

to conventional anti-cancer agents, SHG-8 displayed reduced cytotoxicity against normal 

colonic epithelial cells, emphasising its potential as a treatment alternative to platinum-based 

therapeutic agents. The evidence presented in chapter 3 highlighted the impact of SHG-8 as an 

anti-cancer agent, showing sufficient promise as a therapeutic strategy. This paves the way for 

the novel development of small molecule inhibitors targeting Siglec-15 following the 

development and characterisation of b-amino carbonyl compounds. As discussed in Chapter 3,  

future directions for SHG-8 as a Siglec-15 inhibitor will focus on further characterising  its 
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efficacy and safety profiles prior to transitioning to clinical settings. It is hoped that there will 

be a shift from conventional agents to more optimised therapies.  

 

Similarly, other approaches for developing inhibitors targeting Siglec-15 were also evident. 

Repurposing available small molecule inhibitors for off-label treatment has proven effective in 

various pathologies and, therefore, poses as a feasible strategy for Siglec-15+ tumours due to 

their already characterised safety profiles. In addition, several advantages signify small 

molecule inhibitors as effective anti-cancer agents, including their small size and 

pharmacokinetic profiles. Moreover, repurposing available therapeutic agents reduces costs 

and timelines compared to de novo drug development. Our virtual screening of therapeutic 

compounds revealed aleplasinin as having significant binding affinity to the V-set domain of 

Siglec-15, highlighting its potential as a small molecule inhibitor. Hence, we aimed to 

repurpose aleplasinin, an Alzheimer’s disease therapeutic agent, as a treatment alternative in 

cancer and as a potential small molecule inhibitor of Siglec-15, as part of the findings in chapter 

4 (Ahmad et al., 2024b, in press). Our research focused on characterising the cytotoxicity of 

aleplasinin in vitro, which demonstrated low IC50 values in SW480 and HCT116 cells. 

Furthermore, aleplasinin exposure induced the DE of gene targets, particularly the oncogene 

ACSL6 and the enrichment of the Wnt/b-catenin signalling pathway, the latter being frequently 

associated with CRC progression. Further analysis revealed ACSL6 as a target of let-7a-5p 

alongside the interplay of CPT1A and FASN, key proteins involved in lipid metabolism. These 

findings suggested that the tumour suppressor let-7a-5p becomes deregulated in CRC 

progression, highlighting the relevance of lipid metabolism pathways in CRC development. 

The CPT1A/ACSL6/FASN crosstalk and the let-7a-5p/ACSL6 axis highlighted possible 

mechanisms associated with CRC progression identifying let-7a-5p and these proteins as 

potential therapeutic targets. In addition, the cytotoxic profile of aleplasinin supported its 

feasibility as a treatment alternative targeting Siglec-15, reinforcing the likelihood of 

repurposing existing therapeutic agents for cancer treatment. Ultimately, we provided evidence 

for the development of novel, effective therapies against Siglec-15+ CRC tumours while also 

identifying other possible therapeutic targets associated with CRC progression.  

 

Our research illustrated the use of alternative treatments for Siglec-15 targeting, and the impact 

of miRNAs in gene regulation, as established in our findings. The evidence presented here 

opens new avenues for Siglec-15 inhibitors and aids in the identification of new therapeutic 
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strategies. As previously mentioned, the expression of Siglec-15 is mutually exclusive with 

PD-L1 expression, and the inhibition of one could allow the other to rescue the tumour 

phenotype. We anticipate that SHG-8 and aleplasinin may exhibit synergistic effects with PD-

L1 antagonists in Siglec-15+ PD-L1+ tumours. The future impact of these approaches will 

highlight Siglec-15 inhibition for potential immune checkpoint blockade and facilitate their 

transition towards clinical trials for CRC tumours and other malignancies. 

 

To conclude, the current study has emphasised the targeting of Siglec-15 with small molecule 

inhibitors aleplasinin and SHG-8 in CRC tumours and the overall disruption of the Siglec-

15/Sia axis. Through extensive in vitro experimentation and in line with the literature, this 

study underlined the oncogenic role of Siglec-15, primarily its involvement in cellular viability 

and proliferation. This research has provided further insights into the complexities of Siglec-

15 and identified novel therapeutic targets that may work synergistically or independently with 

Siglec-15 in CRC tumour progression. Through cytotoxic functional assays, the small molecule 

inhibitors demonstrated the inhibition of pro-tumorigenic characteristics that are frequently 

associated with Siglec-15 including cellular viability, migration and colonisation with in vitro 

cell models SW480 and HCT116. These findings support their proposed use as viable treatment 

alternatives to current conventional therapies in CRC management. Moreover, our 

observations suggested that sialyltransferases involved in STn production may serve as 

therapeutic targets particularly ST6GalNAc1 and ST6Gal1, and regulatory mechanisms 

associated with their expression require further exploration. In particular, transfected cell 

models with antagomirs of identified miRNAs including miR-21 could underline the 

sialyltransferase gene expression profiles, and confirm whether they are involved in 

sialyltransferase regulation.  

 

A critical aspect of this study was to explore the role of miRNAs in the Siglec-15/Sia axis and 

their function in regulating gene expression following treatment. This research elucidated 

specific miRNAs involved in gene regulation of sialyltransferases functionally active in glycan 

biosynthesis. Conversely, miRNAs were demonstrated for direct targeting of identified 

deregulated gene targets in CRC progression such as PTTG1IP and ACSL6, offering miRNA-

based therapeutic strategies for Siglec-15+ CRC tumours. Thus, this underlined novel targets 

that also serve as biomarkers for CRC progression. Furthermore, the combination of small 

molecule inhibitors and PD-L1 antagonists and/or miRNA-based treatments may exhibit 

synergistic effects and require further investigation. Additional mechanistic studies are needed 
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to further characterise the efficacy and safety profiles of SHG-8 and aleplasinin before 

transitioning to clinical trials such as the utilisation of in vivo murine models as highlighted 

previously. Addressing challenges related to dosing and off-target effects in pre-

clinical/clinical trials would highlight any long-term implications. Ultimately, this study 

expanded the therapeutic landscape of Siglec-15+ tumours and would help facilitate the 

development of further inhibitors for Siglec-15 targeting, significantly advancing the field of 

oncology. 
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Appendix 1 - Sequence alignment of the conserved human Siglec proteins: Siglec-15 
(NP_998767.1), Siglec-1 (NP_075556.1), Siglec-2 (NP_001762.2) and Siglec-4 
(NP_002352.1).   
 
CLUSTAL 2.1 multiple sequence alignment 
 
 
NP_001762.2      MHLLGPWLLLLVLEYLAFSDSSKWVFEHPETLYAWEGACVWIPCTYRALDGDLESFILFH 
NP_002352.1      --MIFLTALPLFWIMISASRGGHWGAWMPSSISAFEGTCVSIPCRFDFPD-ELRPAVVHG 
NP_075556.1      ---MGFLPKLLLLASFFPAGQASWGVSSPQDVQGVKGSCLLIPCIFSFPADVEVPDGITA 
NP_998767.1      -----------MEKSIWLLACLAWVLPTGSFVRTKIDTTENLLN---------------- 
                            .   :       *     . :    .:   :                   
 
NP_001762.2      NPEYNKNTSKFDGTRLYESTKDGKVPSEQKRVQFLGDK-NKNCTLSIHPVHLNDSGQLGL 
NP_002352.1      VWYFNSPYPKNYPPVVFKSRTQVVHESFQGRSRLLGDLGLRNCTLLLSNVSPELGGKYYF 
NP_075556.1      IWYY--DYSGQRQVVSHSADPKLVEARFRGRTEFMGNPEHRVCNLLLKDLQPEDSGSYNF 
NP_998767.1      ------------TEVHSSPAQRWSMQVPPEVSAEAGDAAVLPCTFTHPHRHYDGP----- 
                                  ..                *:     *.:       :        
 
NP_001762.2      RMESKTEKWMERIH---LNVSERPFPPHIQLPPEIQESQEVTLTCLLNFSCYGYPIQLQW 
NP_002352.1      RGDLGGYNQYTFSE---HSVLDIVNTPNIVVPPEVVAGTEVEVSCMVPDNCPELRPELSW 
NP_075556.1      RFEISEVNRWSDVKGTLVTVTEEPRVPTIASPVELLEGTEVDFNCSTPYVCLQEQVRLQW 
NP_998767.1      -----------------LTAIWRAGEPYAGPQVFRCAAARGSELCQTALSLHGR------ 
                                   ..      *          . .    *                
 
NP_001762.2      LLEGVPMRQAAVTSTSLTIKSVFTRSELKFSPQWSHHGKIVTCQLQDADGKFLSNDTVQL 
NP_002352.1      LGHEGLGEPAVLGRLREDEGTWVQVSLLHFVPTREANGHRLGCQASFPNTTLQFEGYASM 
NP_075556.1      QGQD-PARSVTFNSQKFEPTGVGHLETLHMAMSWQDHGRILRCQLSVANHRAQSEIHLQV 
NP_998767.1      --------------FRLLGNPRRNDLSLRVERLALADDRRYFCRVEFAG-DVHDRYESRH 
                                            *:.      ..:   *: . ..     .      
 
NP_001762.2      NVKHTPKLEIKVTPSDAIVREGDSVTMTCEVSSSNPEYTTVSWLKDGTSLKKQN------ 
NP_002352.1      DVKYPPVIVEMN--SSVEAIEGSHVSLLCGADSNPPPLLTWMRDGTVLREAVAE------ 
NP_075556.1      KYAPKGVKILLS-PSGRNILPGELVTLTCQVNSSYPAVSSIKWLKDGVRLQTKTGVLHLP 
NP_998767.1      GVRLHVTAAPRIVNISVLPSPAHAFRALCTAEGEPPPALAWSGPALGNSLAAVRS----- 
                                .     .  .   * .... *   :                     
 
NP_001762.2      ------------------------------------------------------------ 
NP_002352.1      ------------------------------------------------------------ 
NP_075556.1      QAAWSDAGVYTCQAENGVGSLVSPPISLHIFMAEVQVSPAGPILENQTVTLVCNTPNEAP 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ------------------TFTLNLREVTKDQSGKYCCQVSNDVGPGRSEEVFLQVQYAPE 
NP_002352.1      ------------------SLLLELEEVTPAEDGVYACLAENAYGQD-NRTVGLSVMYAPW 
NP_075556.1      SDLRYSWYKNHVLLEDAHSHTLRLHLATRADTGFYFCEVQNVHGSERSGPVSVVVNHPPL 
NP_998767.1      -------------PREGHGHLVTAELPALTHDGRYTCTAANSLG---------------- 
                                      :  .  :  . * * * . *  *                 
 
NP_001762.2      PSTVQILHSP-------------------------------------------------- 
NP_002352.1      KPTVNGTMV--------------------------------------------------- 
NP_075556.1      TPVLTAFLETQAGLVGILHCSVVSEPLATLVLSHGGHILASTSGDSDHSPRFSGTSGPNS 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      -----------------------------------------------AVEGSQVEFLCMS 
NP_002352.1      -----------------------------------------------AVEGETVSILCST 
NP_075556.1      LRLEIRDLEETDSGEYKCSATNSLGNATSTLDFHANAARLLISPAAEVVEGQAVTLSCRS 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      LANPLPTNYTWYHN---------------------------------------------- 
NP_002352.1      QSNPDPILTIFKEKQ--------------------------------------------- 
NP_075556.1      GLSPTPDARFSWYLNGALLHEGPGSSLLLPAASSTDAGSYHCRARDGHSASGPSSPAVLT 
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NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ------------------------------------------------------------ 
NP_002352.1      ------------------------------------------------------------ 
NP_075556.1      VLYPPRQPTFTTRLDLDAAGAGAGRRGLLLCRVDSDPPARLQLLHKDRVVATSLPSGGGC 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ---------GKEMQGRTEEKVHIPKILPWHAGTYSCVAENILGTG--------------- 
NP_002352.1      --------ILSTVIYESELQLELPAVSPEDDGEYWCVAENQYG----------------- 
NP_075556.1      STCGGCSPRMKVTKAPNLLRVEIHNPLLEEEGLYLCEASNALGNASTSATFNGQATVLAI 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ------------------------------------------------------------ 
NP_002352.1      ------------------------------------------------------------ 
NP_075556.1      APSHTLQEGTEANLTCNVSREAAGSPANFSWFRNGVLWAQGPLETVTLLPVARTDAALYA 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ---------QRGPGAELDVQYPPKK----------------------------------- 
NP_002352.1      ---------QRATAFNLSVEFAP------------------------------------- 
NP_075556.1      CRILTEAGAQLSTPVLLSVLYPPDRPKLSALLDMGQGHMALFICTVDSRPLALLALFHGE 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ------------------------------------------------------------ 
NP_002352.1      ------------------------------------------------------------ 
NP_075556.1      HLLATSLGPQVPSHGRFQAKAEANSLKLEVRELGLGDSGSYRCEATNVLGSSNTSLFFQV 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      --VTTVIQNPMPIREGDTVTLSCNYNSSNPSVTRYEWKPHGAWEEPSLGVLKIQNVGWDN 
NP_002352.1      ----VLLLESHCAAARDTVQCLCVVKS-NP-------EPSVAFELPSRNVTVNE------ 
NP_075556.1      RGAWVQVSPSPELQEGQAVVLSCQVHTGVPEGTSYRWYRDGQPLQESTSATLRFAAITLT 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      TTIACAACNSWCSWASPVALNVQYAPRDVRVRKIKPLSEIHSGNSVSLQCDFSSSHPKEV 
NP_002352.1      ---------------------------------------------------------SER 
NP_075556.1      QAGAYHCQAQAPGSATTSLAAPISLHVSYAPRHVTLTTLMDTGPGRLGLLLCRVDSDPPA 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      QFFWEKNGRLLGKESQ----------------------LNFDSISPEDAGSYSCWVNNSI 
NP_002352.1      EFVYS-----------------------------------------ERSGLVLTSILTLR 
NP_075556.1      QLRLLHGDRLVASTLQGVGGPEGSSPRLHVAVAPNTLRLEIHGAMLEDEGVYICEASNTL 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      GQTASKAWTLEVLYAPRRLR---------------------------------------- 
NP_002352.1      GQAQAPPRVICTARN--------------------------------------------- 
NP_075556.1      GQASASADFDAQAVNVQVWPGATVREGQLVNLTCLVWTTHPAQLTYTWYQDGQQRLDAHS 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ------------------------------------------------------------ 
NP_002352.1      ------------------------------------------------------------ 
NP_075556.1      IPLPNVTVRDATSYRCGVGPPGRAPRLSRPITLDVLYAPRNLRLTYLLESHGGQLALVLC 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ------------------------------------------------------------ 
NP_002352.1      ------------------------------------------------------------ 
NP_075556.1      TVDSRPPAQLALSHAGRLLASSTAASVPNTLRLELRGPQPRDEGFYSCSARSPLGQANTS 
NP_998767.1      ------------------------------------------------------------ 
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NP_001762.2      ---------VSMSPGDQVMEGKSATLTCESDANPPVSHYTWFDWNNQSLPYHSQKLRLEP 
NP_002352.1      --------------------------------------------------LYGAKSLELP 
NP_075556.1      LELRLEGVRVILAPEAAVPEGAPITVTCADPAAHAPTLYTWYHNGRWLQEGPAASLSFLV 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      VKVQHSGAYWCQGTNSVGKGRSPLSTLTVYYSPETIGRRVA------------------- 
NP_002352.1      FQGAHRLMWAKIGP---------------------------------------------- 
NP_075556.1      ATRAHAGAYSCQAQDAQGTRSSRPAALQVLYAPQDAVLSSFRDSRARSMAVIQCTVDSEP 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      --------------------------VGLGSCLAILILAICGLKLQRRWKRTQSQQGLQE 
NP_002352.1      --------------------------VGAVVAFAILIAIVCYITQTRRKKNVTESPSFSA 
NP_075556.1      PAELALSHDGKVLATSSGVHSLASGTGHVQVARNALRLQVQDVPAGDDTYVCTAQNLLGS 
NP_998767.1      -----------------------------RSEASVYLFRFHGASGASTVALLLGALGFKA 
                                                        .                 :   
 
NP_001762.2      NSSGQSFFVRNKKVRRAPLSEGPHSLGCYNPMMEDGIS---------------------- 
NP_002352.1      GDNPPVLFSSDFRISGAPEK--------YESERRLGSE---------------------- 
NP_075556.1      ISTIGRLQVEGARVVAEPGLDVPEGAALNLSCRLLGGPGPVGNSTFAWFWNDRRLHAEPV 
NP_998767.1      LLLLGVLAARAARR---------------------------------------------- 
                       :     :                                                
 
NP_001762.2      ---------------YTTLRFPEMNIPRTGDAESSEMQRPPPDCDDTVTYSALHKRQVGD 
NP_002352.1      ---------------RRLLG----------------LRGEPPELDLSYSHSDLGKRPTKD 
NP_075556.1      PTLAFTHVARAQAGMYHCLAELPTGAAASAPVMLRVLYPPKTPTMMVFVEPEGGLRGILD 
NP_998767.1      -------------------------------------RPEHLDTPDTPPRSQAQESNYEN 
                                                                   .        : 
 
NP_001762.2      YENVIPDFPEDEGIHYSELIQFGVGERPQAQENVDYVILKH------------------- 
NP_002352.1      SYTLTEELAEYAEIRVK------------------------------------------- 
NP_075556.1      CRVDSEPLASLTLHLGSRLVASSQPQGAPAEPHIHVLASPNALRVDIEALRPSDQGEYIC 
NP_998767.1      LSQMNPRSPPATMCSP-------------------------------------------- 
                         .                                                    
 
NP_001762.2      ------------------------------------------------------------ 
NP_002352.1      ------------------------------------------------------------ 
NP_075556.1      SASNVLGSASTSTYFGVRALHRLHQFQQLLWVLGLLVGLLLLLLGLGACYTWRRRRVCKQ 
NP_998767.1      ------------------------------------------------------------ 
                                                                              
 
NP_001762.2      ------------------------------------ 
NP_002352.1      ------------------------------------ 
NP_075556.1      SMGENSVEMAFQKETTQLIDPDAATCETSTCAPPLG 
NP_998767.1      ------------------------------------ 
                                                      
 



Mohammed Saqif Ahmad Appendices 

 410 

Appendix 2 - Patient information of IHC staining cores for ST6GalNAc1 and ST6GalNAc2 staining.  
 
Position No. Age Sex Organ/Anatomic Site Pathology diagnosis TNM Grade Stage Type 
A1 1 32 F Colon Adenocarcinoma T3N0M0 1  Malignant 

A2 2 32 F Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

A3 3 32 F Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 

A4 4 42 M Colon Adenocarcinoma T3N1M0 1  Malignant 

A5 5 42 M Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

A6 6 42 M Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 

A7 7 55 F Colon Mucinous adenocarcinoma  T3N1M0 1  Malignant 

A8 8 55 F Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

A9 9 55 F Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 

B1 10 50 M Colon Adenocarcinoma T3N0M0 1  Malignant 
B2 11 50 M Colon Cancer adjacent colon tissue - -  AT 
B3 12 50 M Colon Adjacent normal colon tissue - -  NAT 
B4 13 68 F Colon Adenocarcinoma T4N2M0 1  Malignant 
B5 14 68 F Colon Cancer adjacent colon tissue - -  AT 
B6 15 68 F Colon Adjacent normal colon tissue - -  NAT 
B7 16 62 M Colon Adenocarcinoma T4N0M0 1--2  Malignant 
B8 17 62 M Colon Cancer adjacent colon tissue - -  AT 
B9 18 62 M Colon Adjacent normal colon tissue - -  NAT 
C1 19 62 F Colon Adenocarcinoma T4N1M0 1--2  Malignant 
C2 20 62 F Colon Cancer adjacent colon tissue - -  AT 
C3 21 62 F Colon Adjacent normal colon tissue - -  NAT 
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C4 22 59 F Colon Adenocarcinoma T3N1M0 2  Malignant 
C5 23 59 F Colon Cancer adjacent colon tissue - -  AT 
C6 24 59 F Colon Adjacent normal colon tissue - -  NAT 
C7 25 46 F Colon Mucinous adenocarcinoma  T3N0M0 2  Malignant 

C8 26 46 F Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

C9 27 46 F Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 

D1 28 52 F Colon Adenocarcinoma T3N1M0 2  Malignant 
D2 29 52 F Colon Cancer adjacent colon tissue - -  AT 

D3 30 52 F Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 

D4 31 33 F Colon Adenocarcinoma T4N1M0 2  Malignant 

D5 32 33 F Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

D6 33 33 F Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 

D7 34 61 M Colon Adenocarcinoma T4N0M0 1  Malignant 
D8 35 61 M Colon Cancer adjacent colon tissue - -  AT 
D9 36 61 M Colon Adjacent normal colon tissue - -  NAT 
E1 37 67 M Colon Adenocarcinoma T3N1M0 2  Malignant 

E2 38 67 M Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

E3 39 67 M Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 

E4 40 53 F Colon Adenocarcinoma T3N0M0 -  Malignant 

E5 41 53 F Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

E6 42 53 F Colon Adjacent normal colon tissue - -  NAT 
E7 43 53 F Colon Adenocarcinoma T3N0M0 3  Malignant 
E8 44 53 F Colon Cancer adjacent colon tissue - -  AT 
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E9 45 53 F Colon Adjacent normal colon tissue - -  NAT 
F1 46 34 F Colon Adenocarcinoma T2N0M0 2  Malignant 

F2 47 34 F Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

F3 48 34 F Colon Adjacent normal colon tissue - -  NAT 
F4 49 74 F Colon Adenocarcinoma T3N1M0 3  Malignant 
F5 50 74 F Colon Cancer adjacent colon tissue - -  AT 
F6 51 74 F Colon Adjacent normal colon tissue - -  NAT 
F7 52 52 F Colon Adenocarcinoma T3N1M0 3  Malignant 

F8 53 52 F Colon Cancer adjacent colon tissue (chronic 
inflammation of mucous membrane) - -  AT 

F9 54 52 F Colon Adjacent normal colon tissue (chronic 
inflammation of mucous membrane) - -  NAT 
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Appendix 3 - List of attended Researcher Development Programme sessions and 

continuous professional development  

3.1 Development programmes: 
 
2021:  

• Getting published and promoting your research  
• How to stop procrastination  
• Thriving resiliently  
• Maximise your memory  
• Developing your impact plan 

 
2022:  

• Literature review 
• Overcoming the challenges of research  
• How to cope with stress  
• Public speaking for PGR's and academics  
• Social media bootcamp  
• Thesis writing  
• How to write a scientific paper  
• How to Write and Publish a Paper  
• Writing for Publication in Scientific Journals  
• Quantitative Data Analysis 1: Hypothesis Testing, Sample Size & Power  
• Quantitative Data Analysis 2: Correlation & Regression Methods  
• Getting to Know R  
• Data Analysis in R  
• Getting Started with Statistics  
• Writing for and submitting to a journal  
• Public speaking for PGR's and academics 
• Registration and Doctoral Review Assessment 
• RDP Summer school programme  

 
2023:  

• A Guide to Applying for External Research Funding for New Researchers 
• Research Ethics  
• The Viva and Process of Research Degree Examination  
• A Guide to Applying for External Research Funding for New Researchers  
• Build a Research Website in Under 3 hours  
• CVs, Application Forms and Personal Statements  
• Advanced Excel for Data Management and Analysis  
• Attracting Funding: Writing & Applying for Fellowships  
• Grant Writing Workshop for PhD and MSc by Research Students  
• How to Write a Scientific Paper (and Get it Published) 
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3.2 Seminars/Workshops: 
• Patient and Public Involvement (PPI) workshops – 23rd March 2023, 12th April 2023, 

10th May 2023 
 
 

3.3 Attended Conferences/Webinars: 
• SIALOGLYCO 2024 Research Conference, Lille, France – 4th-7th June 2024 
• UH LMS Annual Research Conference, Hatfield, UK – 11th June 2024 
• Berlin Early Cancer Forum, Berlin, Germany – 21st-22nd November 2023 
• UH LMS Annual Research Conference, Hatfield, UK – 13th June 2023 
• PGR Student Conference – Sustainability and Research, Hatfield, UK – 9th June 2023 
• Illumina Webinar: Empower your Research with RNA sequencing (online) – 23rd 

May 2023 
• 17th RNA Microsymposium, Vienna, Austria – 3rd-5th May 2023 
• 7th Annual Next-Gen Immuno-Oncology Conference, London, UK – 9th-10th March 

2023 
• The Festival of Genomics & Biodata, London, UK – 25th-26th January 2023 
• 4th Annual Biomarker and Companion Diagnostics Conference, London, UK – 6th-

7th October 2022 
• The RNA Isoform Landscape of Cancer (online) – 20th July 2022 
• UH LMS Research Conference, Hatfield, UK – 21st June 2022 
• Cell Symposium: Translational Immunometabolism, Basel, Switzerland – 19th March 

2022 
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Appendix 4 – List of Publications  
 

4.1 Peer reviewed 
journal publications 

Ahmad, M.S., Braoudaki, M., Siddiqui, S.S. (2024). 
Differential expression of ST6GALNAC1 and ST6GALNAC2 
and their clinical relevance to colorectal cancer progression. 
PLOS ONE. 

  
 Mustafov, D*., Ahmad, M*., Serrano, A., Braoudaki, B., 

Siddiqui, S.S. (2024). MicroRNA:Siglec crosstalk in cancer 
progression. Current Opinion in Chemical Biology. 
https://doi.org/10.1016/j.cbpa.2024.102502 (*shared first 
author). 

  
 Ahmad M.S, Braoudaki M, Patel H, Ahmad I, Shagufta, 

Siddiqui SS. (2023). Novel Siglec-15-Sia axis inhibitor leads to 
colorectal cancer cell death by targeting miR-6715b-3p and 
oncogenes. Frontiers in Immunology. 2023;14: 1254911. 
doi:10.3389/fimmu.2023.1254911 

  
 Braoudaki, M., Ahmad, M. S., Mustafov, D., Seriah, S., 

Siddiqui, M. N., & Siddiqui, S. S. (2022). Chemokines and 
chemokine receptors in colorectal cancer; multifarious roles 
and clinical impact. Seminars in cancer biology, 86 (Pt 2), 436–
449.https://doi.org/10.1016/j.semcancer.2022.06.002 

  

4.2 Journal papers in 
press  

Ahmad, M.S., Braoudaki, M., Candil-Barrado, A., Siddiqui, 
S.S. (2024). Deciphering the role of aleplasinin as a viable 
small molecule inhibitor of Siglec-15 in colorectal cancer 
progression. Life Sciences. 

  

4.3 Book chapters 
Ahmad, M.S., Seriah, S., Siddiqui, S.S. (2024). Impact of the 
Siglec-Sialoglycan Axis on the Cancer Immune Response. 
Springer Nature. 
DOI:https://doi.org/10.1007/16833_2024_272 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://doi.org/10.1016/j.cbpa.2024.102502
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Appendix 5 - List of abstracts, poster presentations and oral talks 
  

5.1 List of abstracts 

 

Ahmad M.S; Braoudaki M.; Siddiqui S.S. Characterisation 

of aleplasinin as a small molecule inhibitor targeting Siglec-

15 in colorectal cancer – UH LMS conference, Hatfield, UK, 

April 2024 

  

 Ahmad M.S; Braoudaki M.; Siddiqui S.S. Repurposing of 

aleplasinin as a small molecule inhibitor targeting Siglec-15 

in colorectal cancer – Sialoglyco 2024 Research 

Conference, Lille, France, June 2024 

  

 Ahmad M.S, Braoudaki M, Patel H, Ahmad I, Shagufta, 

Siddiqui S.S Novel Siglec-15-Sialoglycan axis inhibitor 

leads to colorectal cancer cell death targeting multiple 

oncogenic pathways - Early Cancer Forum Berlin, 

Germany, November 2023. 

  

 Ahmad M.S., Braoudaki M., Siddiqui S.S. New b-amino 

ketone compound regulates cell death in vitro and 

upregulates miR-6715b-3p in colon cancer cells.  – 17th 

Microsymposium on RNA Biology, Vienna, Austria May 

2023. 

  

 Ahmad M.S; Braoudaki M., Patel H., Siddiqui S.S.; 

Supervisor: Dr Shoib Siddiqui. Small molecule inhibitor 

regulates cell death through the Siglec15/Sia and miR-

6715b-3p/PTTG1IP axes in colon cancer cells – UH LMS 

conference, Hatfield, UK, April 2023 

  

 Ahmad M.S., Lione., L., Braoudaki M., Siddiqui S.S. MiR-

203a-3p and miR-512-3p mimic mediated cancer 

immunotherapy against Siglec-15; clinical implications in 
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colorectal cancer progression – UH LMS conference, 

Hatfield, UK, April 2022 

  

5.2 Poster presentations  

  

June 2024 Ahmad M.S., Braoudaki M., Siddiqui S.S. Validation of 

aleplasinin as a small molecule inhibitor targeting Siglec15 

in vitro – UH LMS conference, Hatfield, UK 

  

June 2024 Candil-Barrado, A.; Diz. C., Madejón, C., Ahmad M.S; 

García-Cela, E., Siddiqui S.S. Exploring the toxicological 

implications of Ochratoxin a on human colorectal cancer 

cell line – UH LMS conference, Hatfield, UK 

  

June 2024 Ahmad M.S; Braoudaki M.; Siddiqui S.S. Repurposing of 

aleplasinin as a small molecule inhibitor targeting Siglec-15 

in colorectal cancer – Sialoglyco 2024 conference, Lille, 

France 

  

June 2023 Ahmad, M.S., Waseem, S., Ahmad, I., Braoudaki, M., 

Siddiqui, S.S. Small molecule inhibitor regulates cell death 

and upregulates miR-6715b-3p in colon cancer cells – 17th 

Microsymposium on RNA Biology, Vienna, Austria 

  

April 2023 Ahmad, M.S., Waseem, S., Ahmad, I., Braoudaki, M., 

Siddiqui, S.S. Small molecule inhibitor synthesised with 

sustainable method regulates cytotoxicity in colon cancer 

cells– UH LMS conference, Hatfield, UK 

  

June 2022 Ahmad M.S., Lione., L., Braoudaki M., Siddiqui S.S. MiR-

203a-3p and miR-512-3p mimic mediated cancer 

immunotherapy against Siglec-15; clinical implications in 
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colorectal cancer progression – UH LMS conference, 

Hatfield, UK 

 

5.3 Oral presentations 

 

  

June 2024 Ahmad, M.S. “Repurposing of aleplasinin as a small 

molecule inhibitor targeting Siglec-15 in Colorectal cancer” 

– Sialoglyco 2024 Poster talk Lille, France 

  

November 2023 Ahmad, M.S. “Novel Siglec-15-Sialoglycan axis inhibitor 

leads to colorectal cancer cell death targeting multiple 

oncogenic pathways” - Early Cancer Forum Berlin, 

Germany 
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Appendix 6 – List of grant funding, awards and nominations 
 
 
May 2024 School of Life and Medical Sciences Dean’s awards 

nomination                                                                         
  
  
June 2023  3 min thesis competition winner at the University of 

Hertfordshire                        
  
  
April 2023        Funding support for conference attendance from the UH 

doctoral college                      
  
  
April 2022 Funding support for conference attendance from the UH 

doctoral college 
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Abstract
Aberrant Siglec expression in the tumour microenvironment
has been implicated in tumour malignancies and can impact
tumour behaviour and patient survival. Further to this,
engagement with sialoglycans induces masked antigen
recognition and promotes immune evasion, highlighting
deregulated immune function. This necessitates the elucida-
tion of their expression profiles in tumour progression. Micro-
RNAs (miRNAs) mediated targeting represents a novel
approach to further elucidate Siglec potential and clinical
relevance. Although miRNA activity in Siglec expression re-
mains limited, we highlight current literature detailing
miRNA:Siglec interactions within the tumour landscape and
provide insights for possible diagnostic and therapeutic stra-
tegies in targeting the Siglec/sialic acid axis.
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General overview
Human cells express a great variety of receptors and li-
gands on their membranes that enable optimal homeo-
stasis and intact cellular processes. The aberrant
expression of membrane glycolipids and glycoproteins in
addition to the unique distribution of surface molecules,
including sialic acid (Sia)-containing glycoconjugates,
have attracted research attention due to their
www.sciencedirect.com
involvement in various pathologies including cancer [1].
The acquisition of further scientific findings and
knowledge needs to be elucidated to fully understand
their comprehensive functions and implications in
health and pathogenesis.

Under normal homeostatic conditions, glycans exhibit
multiple functions, such as enabling communication

with both neighbouring cells and the immune system. In
the tumour landscape, the role of sialic acidebinding
immunoglobulin-type lectins (Siglecs) disrupts normal
immune signalling, thus promoting tumour progression
[2]. This review provides an opinion regarding recently
studied miRNA-Siglec interactions and their effects on
tumour progression.

Siglec structure, function, and ligand interaction
To date, a total of 15 human and 9 murine Siglec proteins
have been identified and are classified into distinct
groups based on sequence homology and domain con-
servation [3]. The groups that share high sequence and
functional homology are outlined as Sialoadhesin (Siglec-

1), cluster of differentiation 22 (CD22 or Siglec-2),
myelin-associated glycoprotein (MAG or Siglec-4), and
Siglec-15 with approximately 50%e80% similarity. In
contrast, the remaining Siglec family members are char-
acterised by lower sequence similarity (25e30%), due to
structural heterogeneity related to less conserved Ig-
domain-encoding due to rapid evolutionary events [4].

Siglecs are type-I transmembrane proteins consisting of
several structural domains. Each Siglec possesses a var-
iable number of C2-type domains and an N-terminal

Veset binding domain located on the extracellular
region, essential for sialoglycan binding [5]. Moreover,
each Siglec has preferential complementarity towards
respective sialoglycan ligands, such as those exhibiting
a2,8-, a2,6- or a2,3 glycosidic linkages [6,7]. The
intracellular constituent motifs displayed can be either
immunoreceptor tyrosine-based inhibition or activation
motifs (ITIM and ITAM, respectively) and define the
overall functionality of the Siglec receptor in relation to
immune function [8]. Upon sialoglycan engagement,
activating Siglec signalling occurs via the recruitment

and interaction with the adapter protein DNAX-
activation protein 12 (DAP12). In comparison to their
ITIM inhibitory Siglec counterparts, canonical down-
stream signalling is determined via the recruitment of
Current Opinion in Chemical Biology 2024, 81:102502
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Src tyrosine phosphatases SHP1 and SHP2, reducing
immune activation [9].

Siglec role in cancer
Aberrant expression of Siglecs and the overall Siglec/Sia
axis are implicated in tumour onset and progression,
displaying increased receptoreligand interactions that
pose detrimental effects on immune signalling [10].
Immune cells express Siglecs to interact with surface-
exposed sialoglycans. This interaction triggers inhibi-
tory signalling, hindering the detection and elimination

of tumour cells via effective immune response genera-
tion [11]. Further to this, tumour cells highly express
sialoglycans to induce Siglec engagement to evade
immune surveillance, posing as a unique driver that
emphasises enhanced binding and masked antigen
recognition, preventing immune cell activation [11]. For
instance, Siglec-15 expression is exhibited on the sur-
face of tumours cells and TAMs. Upon binding with the
STn antigen, Siglec-15 plays a role in immune modula-
tion and the development of a heterogeneous TME
[12]. Furthermore, Siglec-7/-9 activity modulates the

activation of NK cell mediated cytotoxicity. Sialoglycan
engagement with these inhibitory Siglecs stimulates
downstream immunosuppressive signalling that down-
regulates NK cell activation. Moreover, this interaction
diminishes NK cells’ ability to effectively release cyto-
toxic granules and IFN-g, reducing the anti-tumour
response [13]. Additionally, Siglec-10/CD24 activity
facilitate monocytic differentiation to pro-tumorigenic
polarised macrophage and enhances tumour growth
and metastasis through the release of IL-10 and TGF-
b [14].

Dysregulation of sialylation expression patterns and
glycosylation post-translational modifications are typi-
cally associated with cancer hallmarks. These changes
include erroneous branching of N-glycans, incomplete
O-glycan sequences, truncation and hypersialylation
resulting from the deregulation of sialyltransferase and
neuraminidase activity [15]. As a result, modified
sialoglycan production increases Siglec engagement on
tumour cell membranes, leading to immune evasion,
increased tumour growth and metastasis [16].

In addition to this, Siglecs exhibit distinct expression
profiles across several myeloid cell populations, thus
playing a key role in immune regulation. In particular,
Siglec activity promotes tumour microenvironment
(TME) development, including polarization of mono-
cytic differentiation to pro-tumorigenic polarised
macrophage phenotype or the altered cytotoxic func-
tionality and activation of immune cells [12].

Mutually exclusive expression of Siglec-15 and PD-L1

on cancer populations underscores Siglec-15 targeting
in PD-L1 negative patients. Encouraging patient
Current Opinion in Chemical Biology 2024, 81:102502
response with a Siglec-15 monoclonal antibody (NC318)
was shown in PD-L1 treatment resistant patients,
leading to possible combination therapeutic strategies
[17]. Furthermore, a humanised monoclonal antibody
(Epratzumab) was shown to have a positive response in
CD22 targeting and was well tolerated in non-Hodgkin’s
lymphoma patients in early phase I/II clinical trials [18].
Pre-clinical models also highlight potential implications

of Siglec expression patterns in tumour progression.
Blocking the Siglec-10/CD24 axis via a CD24-Fc vaccine
emphasised reduced immune related adverse events in
neuroblastoma murine models [19]. Similarly, CAR-T
therapies targeting CD22 in B cell malignancies have
shown promising patient response, having been inves-
tigated in pre-clinical and clinical trials, following pa-
tient relapses with CD19 CAR-T therapies [20].

Overall, the alteration of the homeostatic balance be-
tween Siglec/Sia engagement has been demonstrated to

lead to an immunosuppressive TME, which corresponds
to an increasingly described feature in cancer [21].
However, there is a need for further elucidation of their
gene expression regulation in tumour progression. One
such instance involves miRNA mediated Siglec regula-
tion in cancer. Although the context of Siglec:miRNA
interactions remains limited in the literature, there is a
correlation linking deregulated Siglec expression pat-
terns and miRNA activity on advanced tumour stage and
tumour type. A previous study exhibited LINC00973
acting as a molecular sponge of miR-7109, preventing its

binding to SIGLEC15. In addition, their interactions
were associated with advanced tumour grades in clear
cell renal cell carcinoma (ccRCC) and modulated
SIGLEC15 expression at the transcriptional level [22].
Similarly, overexpression of miR-494 in CD33 MDSCs
constituted to greater tumour heterogeneity and
significantly correlated with advanced tumour stage and
histological grade [23]. Thus, this could outline the
development of new miRNA-based therapeutic ap-
proaches targeting the Siglec/Sia axis in immuno-
therapy (Figure 1).
MicroRNA biogenesis and function
MicroRNAs (miRNAs) are small, non-coding single-
stranded RNA molecules that regulate gene expression
[24,25]. MiRNAs have been related to many biological
processes, such as embryonal development, human

cancer, neurodegenerative and cardiovascular disorders,
diabetes, and metabolic diseases [26e29]. Given their
multifunctional biological relevance, miRNAs have
gained significant importance as potential candidates for
diagnostic and prognostic biomarkers and possible
therapeutic agents [26]. Thus, it is important to un-
derstand howmiRNAs are synthesized and how they can
modulate gene expression. There are two pathways that
define the biogenesis of miRNAs, namely the canonical
and non-canonical pathways (Figure 2).
www.sciencedirect.com
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Figure 1

MicroRNA mediated Siglec regulation. Within the TME, Siglec-sialoglycan interactions mask antigen recognition on tumour cells, promoting tumour
progression and metastasis. The involvement of microRNA on Siglec gene regulation has the potential to impact Siglec loss of function and revert the
activation of the immune response against tumour cells. This figure was created with BioRender.com.
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Canonical miRNA biogenesis
The canonical miRNA biogenesis is a multistep process
that transforms primary miRNA transcripts (pri-
miRNAs) into functional, mature single-stranded
miRNAs that associate with Argonaute (Ago) proteins

to form the Ago complex, which usually is referred to as
the RNA-induced silencing complex (RISC) [30].

MiRNA synthesis begins within the nucleus, where
RNA polymerase II transcribes a DNA sequence
encoding a miRNA gene. This results in the formation of
a long, 50 capped, and 30 polyadenylated pri-miRNA
transcript characterised with a hairpin structure [31].
Within the nucleus, the pri-miRNA encounters the
microprocessor complex, a trimer formed by one Drosha
and two DiGeorge syndrome critical region gene 8

(DGCR8) molecules [32]. Drosha, an RNase III
enzyme, recognizes and cleaves the pri-miRNA,
releasing a shorter, hairpin-shaped RNA molecule
called a precursor miRNA (pre-miRNA) [30]. Following
Drosha-DGCR8 processing, the pre-miRNA is exported
from the nucleus to the cytoplasm. This step is facili-
tated by the Exportin-5 (XPO5)/RanGTP complex.
XPO5 interacts with pre-miRNA in a sequence-
independent manner and in the presence of a GTP-
binding nuclear protein Ran (RanGTP) [33].
www.sciencedirect.com
Once in the cytoplasm, the pre-miRNA encounters the
Dicer complex. Dicer, another RNase III enzyme, rec-
ognises the pre-miRNA and cleaves it at a defined po-

sition. This cleavage event generates a short, double-
stranded miRNA duplex containing the mature
miRNA and its passenger strand [34]. Once the miRNA
duplex is formed, it is loaded into an Ago protein with
the help of the Hsc70/Hsp90 chaperone machinery in an
ATP dependent manner [35]. This miRNA duplex can
be loaded into any of the four proteins of the Ago pro-
teins, with preferential loading on the most abundant
Ago2 paralog [36]. Upon Ago complex association, one
miRNA duplex strand (mature guide miRNA) is
retained, while the other (passenger strand) is discar-

ded, forming a single-stranded RNA-induced silencing
complex (RISC). Notably, both 5’ (5p) and 3’ (3p)
derived miRNAs could exert functionality on target
mRNAs [37].

The mature miRNA loaded onto the RISC complex is
guided towards its complementary mRNA targets within
the cytosol. Target recognition primarily relies on base-
pairing interactions between the miRNA seed region
(nucleotides 2e7/8 of the mature miRNA) and the
complementary sequence within the mRNA 30 un-

translated region (UTR) [38]. This interaction leads to
Current Opinion in Chemical Biology 2024, 81:102502
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Figure 2

An overview of the canonical and non-canonical pathways of miRNA biogenesis. The canonical miRNA biosynthesis commences with the tran-
scription of miRNA genes by RNA polymerase II or III, producing primary miRNA transcripts (pri-miRNA), which can be several hundred to thousands of
nucleotides (nts) long and might contain more than one hairpin structure. In the nucleus, the pri-miRNA transcripts are recognised and cleaved by the
Drosha enzyme (RNase III enzyme) and its co-factor, the Di-George Syndrome Critical Region 8 (DGCR8) enzyme. Once bound to each other, they form
a microprocessor complex which recognises the RNA stem loop and cleaves pri-miRNA to form 65–70 nts long precursor-miRNA (pre-miRNA). The
produced pre-miRNA is characterised by a two-nucleotide-long 30 overhang, which is subsequently recognised by a transmembrane protein, exportin 5,
which facilitates the export of the pre-miRNA to the cytoplasm, where its processing continues with the aid of Dicer. Dicer associates with the TAR-RNA
binding protein (TRBP) cofactor forming the Dicer-TRBP, which is incorporated in the removal of the terminal loop of the pre-miRNA and thus the pro-
duction of the mature double-stranded miRNA (dsRNA). The formed mature dsRNA is approximately 18–22 nts long and constitutes of a miRNA-guide
strand and a miRNA-passenger strand (miRNA/miRNA* or miR-3p/miR-5p, respectively). The strand with a lower 50-end stability, usually the guide strand,
subsequently associates with an RNA-induced silencing complex (RISC), which contains Argonaute (AGO 1–4) proteins. The miRNA-RISC complex is
then guided to a complementary mRNA sequence where it acts as a post-transcriptional regulator via inducing degradation or translational inhibition of
the target mRNA. This translational silencing occurs at the 30 untranslated region (UTR) region of the target mRNA. The non-canonical miRNA
biosynthesis includes pathways such as mirtron (a non-coding RNA molecule derived from introns) processing, omitting the Drosha/DGCR8 micro-
processor complex interaction and thus expanding the diversity of miRNA origins. This involves introns cleavage by spliceosomes or other debranching
enzymes present in the nucleus, resulting in the exclusion of the pre-miRNA hairpin, thus making the pre-miRNA ready for nucleus export via exportin 5
and further processing by Dicer. Another non-canonical miRNA biogenesis mechanism aids the generation of miR-3p strands via omitting the Dicer
cleavage. Instead, Ago2 and PARN ribonucleases remove the hairpin structure of the pre-miRNA and produce a miR-3p strand which can then act upon
its mRNA targets. This figure was created with BioRender.com.
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various modes of translational repression based on the
complementarity binding between the miRNA:mRNA
complex. During full complementarity binding, the

RISC complex can directly cleave the target mRNA,
Current Opinion in Chemical Biology 2024, 81:102502
leading to its full degradation. In contrast, partial
complementarity induces a wider range of regulatory
effects such as partial gene silencing and mRNA

destabilisation (Figure 2) [39].
www.sciencedirect.com
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Non-canonical miRNA biogenesis
In brief, non-canonical biogenesis utilises the Drosha/
DGCR8-independent and Dicer-independent pathways
in pre-miRNA transcript production. Mirtrons and viral
tRNA-like structures bypass the Drosha/DGCR8
microprocessor complex to generate the pre-miRNA
transcript. Additionally, m7G-capped pre-miRNAs uti-
lise a distinct export pathway and favour 3p-miRNA
incorporation into the silencing complex (Figure 2) [40].
Meanwhile, the Dicer-independent pathway requires
pre-miRNA cleavage supervised by Ago2, resulting in

the formation of a mature miRNA strand. Further
processing via 30 trimming is mediated by the PARN
ribonuclease enzyme, which can only generate func-
tional miRNA-3p [41].

MiRNA–Siglec interaction network
MiRNAeSiglec interactions represent an exciting
avenue for research in elucidating their therapeutic

potential and clinical relevance across the tumour
landscape (Table 1). This type of association has been
recently reported in bladder cancer. The upregulation of
BACH1-IT2 and its consequential impact on Siglec-15
expression, orchestrated by miR-4786-5p, offers a
compelling glimpse into the molecular intricacies un-
derlying cancer development [42]. BACH1-IT2 was seen
to promote tumour progression by suppressing miR-
4786, consequently increasing SIGLEC15 expression
on tumour cells facilitating greater immunosuppression
and heterogenous TME.

Similarly, the involvement of miRNAs such as miR-582-
5p and miR-7109 in the negative regulation of Siglec-15
expression in hepatocellular carcinoma (HCC) and
ccRCC respectively, has been reported [22,43]. In
HCC, the effect of sponging upon miR-582-5p by TUG1
resulted in elevated SIGLEC15 expression patterns,
indicating enhanced immunosuppression within HCC
cells and a greater number of inactivated T-cells [43].
Similarly, in ccRCC, the sponging of miR-7109 by
LINC00973 prevented effective miRNA binding and

regulation of the SIGLEC15 gene. This prompted
greater SIGLEC15 expression and immunosuppression
in the tumour cells [22]. These findings not only shed
light on the molecular interactions between miRNAs
and Siglecs in cancer progression but also hold promise
for the identification of potential diagnostic and thera-
peutic biomarkers.

Ahmad et al. explored the interplay between Siglec-15
and miRNAs in colorectal cancer (CRC) progression.
Utilisation of a small molecule inhibitor (SHG-8) was

predicted to bind to the Siglec-15 protein via the
ARG143 residue. Exposure to SHG-8 reduced tumour
progression and stimulated cytokine production from
differentiated macrophages. Therefore, this suggested a
potential activation of immune cells for an effective
immune response. Simultaneously, small RNA
www.sciencedirect.com
sequencing analysis demonstrated significant upregula-
tion of miR-6715b-3p, potentially targeting PTTG1IP, a
possible oncogene in CRC. This suggested a potential
regulatory axis involving Siglec-15 inhibition and sub-
sequent miRNA-driven oncogene suppression. Further
investigation into this regulatory axis is necessitated to
elucidate its clinical relevance to CRC progression.
However, its therapeutic potential holds promise for

novel CRC treatment strategies [44].

MiRNAeSiglec interactions can also act as a potential
therapeutic avenue in acute myeloid leukaemia (AML).
The interplay between miRNA-125b with the cell sur-
face marker CD33/SIGLEC3 is of growing interest. A
study investigated the potential of red blood cell-
derived extracellular vesicles (RBCEVs) for directed
delivery of anti-FLT3-ITD and anti-miR-125b oligonu-
cleotides in AML. CD33 conjugated antibody-coated
RBCEVs allowing for CD33þ specific targeting of AML

cells were loaded with antisense oligonucleotides
(ASOs) to inhibit FLT3-ITD or miR-125b. The
observed results demonstrated that the engineered EVs
reduced cellular viability and suppressed leukaemia
progression in vitro and in vivo due to the significant
increase in the uptake of RBCEVs. These results high-
light the importance of miR-125b and its regulation of
the CD33 gene [45].

Another report suggested that miRNA-Siglec in-
teractions have emerged as a valuable tool for chol-

angiocarcinoma (CCA) diagnosis and treatment [46].
MiR-3913-5p was identified as an independent prog-
nostic factor for CCA, with lower expression correlating
with poor survival outcomes. Further in vitro experi-
ments validated the differential expression of miR-
3913-5p in CCA, whereas computational target gene
prediction analysis identified RNF24 and SIGLEC10 as
potential downstream effectors of miR-3913-5p,
warranting further investigation [46]. MiR-3913-5p
was associated with the negative regulation of cell
metabolism, thus promoting tumour growth.
Conversely, SIGLEC10 potentially influenced metas-

tasis in CCA by altering cellular adhesion, whilst RNF24
affected tumour cell proliferation. Furthermore, a
computational approach highlighted miRNA involve-
ment in SIGLEC12 mediated tumorigenesis in kidney
renal papillary cell carcinomas (KRCC). Deregulated
expression of miR-133b/miR-654 and miR-574 was
predicted to modulate SIGLEC12 expression patterns.
Moreover, data may suggest Siglec-12þ KRCC tumours
upon miRNA exertion exhibit greater sensitisation to
immunotherapeutic checkpoint blockade [47]. Further
investigations highlighting the synergistic therapeutic

potentials of miR-319-5p and SIGLEC10, as well as the
miR-133b/miR-654 and miR-574/Siglec-12 axis, are
necessitated to validate their clinical relevance in CCA
and KRCC onset, respectively. Emerging technologies
such as small RNA-sequencing (sRNA-seq) and spatial
Current Opinion in Chemical Biology 2024, 81:102502
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transcriptomics approaches have provided insights to
our understanding of miRNA:Siglec interactions.
Sequencing analysis in combination with a multiomics
approach offered comprehensive insights into the com-
plex regulatory networking involving miRNAs and
Siglecs. These approaches identified regulatory path-
ways and characterisation of oncogenic targets that
impact the Siglec/Sia axis and its interactions on tumour

progression. The findings of Ahmad et al. suggested the
interplay of miR-6715b-3p with SIGLEC15 via PTTG1IP
through the use of sRNA-seq analysis, which suggested a
regulatory pathway associated with CRC progression
[44]. Furthermore, Rodriguez et al. bulk tissue tran-
scriptomics analysis revealed that the expression of
Siglec-7/-9 both correlated with myeloid cell markers
(TYROBP, FCER1G, C1QR and CD14) and co-
expressed on CD14þ myeloid cells in pancreatic
ductal adenocarcinoma (PDAC), suggesting these
sialylated tumour cells can play a part in controlling

immune suppression and provide new targets for cancer
immunotherapy [48].

Deregulated Siglec/miRNA networks may play a crucial
role in reducing sensitisation to immunotherapeutic
treatment. MiRNAs can modulate the expression of
Siglec genes to inhibit T-cell activation and promote
immunosuppression. It has been demonstrated that
miRNAs could impact immune checkpoint inhibitor
(ICI) efficacy. MiR-21, let-7a/b and miR-155 were
shown to regulate the polarisation of tumorigenic

macrophages [59e61]. In contrast, miR-28, miR-138
and miR-149 exhibited greater association for
enhanced T-cell exhaustion [62e64]. This may suggest
possible implications of miRNA activity in enhancing
treatment resistance in cancer. Nevertheless, pre-
clinical studies suggest a combination of miRNA-
based therapies with ICIs could overcome resistance
mechanisms and potentiate the treatment response to
immune checkpoint blockade in cancer patients. The
miRNA/Siglec network in initiating resistance to
immunotherapy remains largely unexplored. However,
further investigations on the Siglec/miRNA mediated

interactions could provide potential avenues for the
development of targeted immunotherapies that could
effectively overcome resistance.

However, miRNA-mediated Siglec regulation is not
solely limited to cancer. One study indicated upregu-
lated sialoadhesin expression in chronic obstructive
pulmonary disease (COPD) and presented miR-195-5p
targeting sialoadhesin expression, possibly emphasising
as a potential target in COPD treatment [65]. Similarly,
an in vivo study demonstrated that miR-1260 blocking

impeded sialoadhesin activity and inhibited the occur-
rence of inflammation in COPD murine models [66].
This highlights the interplay of miRNA-Siglec involve-
ment having significant implications in patient health.
The pathogenesis of Hirschsprung’s disease (HSCR), a
www.sciencedirect.com
rare congenital disorder characterised by the absence of
enteric neurons, has been linked to the interplay be-
tween miR-215 and its host gene, isoleucyl-tRNA syn-
thetase 2 (IARS2), along with their target SIGLEC8.
Expression analyses revealed that miR-215 levels were
significantly lower in the colon tissues of HSCR pa-
tients, positively correlating with IARS2 levels and
negatively with SIGLEC8 expression. These findings

suggest that the IARS2/miR-215/SIGLEC8 axis is a
critical factor in the development of HSCR [67]. A
recent study has demonstrated that in chronic hepatitis
C virus (HCV), miR-124 expression was associated with
STAT3 signalling promoting CD33þ MDSC differenti-
ation. They also suggested that the interaction between
miR-124 and RUNX1 stimulated the release of immu-
nosuppressive markers, such as iNOS and STAT3.
Silencing these interactions prevented MDSC differ-
entiation and enhanced CD4þT-cell activity, suggesting
a possible therapeutic application in conjunction with

antiviral treatment [68].

Elucidating miRNA:Siglec interactions present several
challenges within the clinical setting. Firstly, the in-
teractions involved between miRNA and Siglec activity
are highly complicated, leading to the difficult identi-
fication of downstream therapeutic targets. Further-
more, tissue specific expression patterns of miRNAs and
Siglecs pose challenges related to non-specific in-
teractions and off-target effects. Moreover, delivery
systems for miRNA-based therapeutics require further

optimisation for efficient and efficacious delivery to the
tumour site. In addition, variability in patient response
and individual differences related to genetic poly-
morphisms and gene heterogeneity may influence the
miRNA:Siglec interactive networks across patients.
Addressing these possible challenges is crucial for
elucidating the clinical relevance of miRNA:Siglec in-
teractions to enable their transition to clinical settings.
Conclusion
The intricate interplay among Siglecs, miRNAs, and
cancer progression unveils a compelling narrative within
the domains of immunology and oncology research.
Through meticulous investigations into various malig-
nancies, scientists have illuminated the crucial role of
miRNAs in modulating Siglec expression. This modu-
lation significantly impacts tumour behaviour and pa-

tient prognosis. While these examples suggest miRNA-
Siglec interactions can influence gene regulation, the
field is still developing. In conclusion, continued
exploration of these intricate molecular networks
promises to unravel possible diagnostic and therapeutic
avenues to enhance our understanding of cancer biology
and immune regulation.
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Abstract

Colorectal cancer (CRC) has become a significant global health concern and ranks among

the leading causes of morbidity and mortality worldwide. Due to its malignant nature, current

immunotherapeutic treatments are used to tackle this issue. However, not all patients

respond positively to treatment, thereby limiting clinical effectiveness and requiring the iden-

tification of novel therapeutic targets to optimise current strategies. The putative ligand of

Siglec-15, Sialyl-Tn (STn), is associated with tumour progression and is synthesised by the

sialyltransferases ST6GALNAC1 and ST6GALNAC2. However, the deregulation of both

sialyltransferases within the literature remain limited, and the involvement of microRNAs

(miRNAs) in STn production require further elucidation. Here, we identified miRNAs

involved in the regulation of ST6GALNAC1 via a computational approach and further analy-

sis of miRNA binding sites were determined. In silico tools predicted miR-21, miR-30e and

miR-26b to regulate the ST6GALNAC1 gene, all of which had shown significant upregulated

expression in the tumour cohort. Moreover, each miRNA displayed a high binding affinity

towards the seed region of ST6GALNAC1. Additionally, enrichment analysis outlined path-

ways associated with several cancer hallmarks, including epithelial to mesenchymal transi-

tion (EMT) and MYC targets associated with tumour progression. Furthermore, our in silico

findings demonstrated that the ST6GALNAC1 expression profile was significantly downre-

gulated in CRC tumours, and its low expression correlated with poor survival outcomes

when compared with patient survival data. In comparison to its counterpart, there were no

significant differences in the expression of ST6GALNAC2 between normal and malignant

tissues, which was further evidenced in our immunohistochemistry analysis. Immunohis-

tochemistry staining highlighted significantly higher expression was more prevalent in nor-

mal human tissues with regard to ST6GALNAC1. In conclusion, the integrated in silico

analysis highlighted that STn production is not reliant on deregulated sialyltransferase

expression in CRC, and ST6GALNAC1 expression is regulated by several oncomirs. We

proposed the involvement of other sialyltransferases in the production of the STn antigen

and CRC progression via the Siglec-15/Sia axis.
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Introduction

Colorectal cancer (CRC) is one of the most prevalent and lethal malignancies worldwide, with

patient diagnoses increasing each consecutive year [1]. Due to its malignant nature, CRC treat-

ment is heavily reliant on early screening and detection to improve patient survival [2]. Cur-

rent immune checkpoint blockade therapies have shown positive patient responses against

programmed cell death protein-1 (PD-1), with blocking antibodies such as pembrolizumab

and nivolumab being food and drug administration (FDA) approved for treatment in meta-

static CRC patients with significant microsatellite instability (MSI) mutations [3]. However,

not all patients respond positively to immunotherapeutic treatments, limiting clinical effective-

ness and resulting in a poor prognosis. There is an urgent need to further identify therapeutic

targets to optimise current treatment strategies for CRC.

The sialic acid-binding immunoglobulin-type lectin (Siglec)/sialic acid (Sia) axis is an

immunoregulatory pathway that establishes immune tolerance to self-cells. More recently, this

has been implicated in several cancer types, with Siglecs being focused upon as emerging ther-

apeutic cancer targets [4]. Siglec-15 is one such promising immune checkpoint protein that

exhibits distinct expression on cancer subpopulations compared to other immune check-

points, such as programmed death-ligand 1 (PD-L1) [5]. The interaction of sialoglycan ligands

upon Siglec-15 engagement prevents effective activation of T-lymphocytes [6]. The implica-

tions of Siglec-15 binding to sialoglycan ligands are those of inducing hypersialylation and

promoting immunosuppression, consequently resulting in the immune evasion of tumour

cells [7]. Several treatment strategies are being employed in the disruption of the Siglec-15/Sia

axis. Current therapeutic strategies involve blocking antibodies (NC318) that are in clinical tri-

als [8]. Similarly, another study highlighted the development of a monoclonal antibody (1-

15D1) that had a high binding affinity to the Siglec-15 protein and was capable of stimulating

T-cell response in vitro [9]. Moreover, other approaches for Siglec-15 disruption have utilised

protein aptamers to assist in checkpoint blockade and have high affinity against the Siglec-15

protein [10]. Further to this, our previous study also highlighted the development of a small

molecule inhibitor binding to the V-set binding domain to prevent sialoglycan binding [11].

Interestingly, upregulation of these Sia glycans has also been correlated with cancer-specific

glycosylation and serves as a unique driver in cancer onset and progression [12]. More specifi-

cally, Siglec-15/Sia binding is dependent on Sialyl-Tn (STn), likely synthesised by glycosyl-

transferases such as ST6GALNAC1, which have shown aberrant expression in cancer [13].

ST6GALNAC1’s involvement in STn antigen presentation is frequently upregulated in multi-

ple cancer types and has shown poor prognosis in CRC and prostate cancer (PCa) [14,15].

Similarly, ST6GALNAC2 participates in STn antigen generation to a lesser extent and demon-

strates high expression in CRC, and exhibits advanced cancer progression in follicular thyroid

carcinomas (FTC) [16,17]. Targeting sialyltransferases such as ST6GALNAC1 and ST6GAL-
NAC2may provide anti-tumour immunity and a greater response in current immune check-

point blockade therapies. However, evidence regarding miRNAs involved in their regulation

and STn production in the literature remain limited.

MiRNAs are small single-stranded RNA molecules capable of modulating gene expression

via 3’ untranslated region (UTR) binding post-transcriptionally [18]. Furthermore, the inter-

play of miRNAs enhances cancer hallmarks and its regulation, and correlates with targeting

key genes involved in promoting angiogenesis, cancer proliferation, and metastasis [19,20].

Similarly, the Siglec/Sia axis can also be modulated via miRNA expression. The upregulation

of miR-135b and miR-182 directly targets ST6GALNAC2 via the phosphoinositide 3-kinase/

protein kinase B (PI3K)/AKT signalling pathway, enhancing chemoresistance in CRC [21].
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The crosstalk between miRNA expression patterns and the Siglec-15/Sia axis could underline

certain dysregulated mechanisms.

In the current study, a multiomics approach was adopted to investigate the roles of

ST6GALNAC1 and ST6GALNAC2 in mediating the Siglec/Sia axis and its clinical relevance to

CRC tumorigenesis at the gene and protein levels. We further highlighted enriched pathways

associated with cancer hallmarks and identified possible signalling pathways related to tumour

onset. Moreover, we addressed the impact of each corresponding gene on the infiltration of

myeloid cells and their association with prominent immune checkpoints and immune func-

tion. This may provide insights into highlighting their roles in cancer progression.

Methodology

Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)

The STRING database identifies known and predicted protein-protein interactions (PPI) and

displays direct associations via computational data mining. The STRING 11.0 (https://version-

11-0b.string-db.org/cgi/input?sessionId=brxKfZgAG9Au&input_page_show_search=on;

accessed 2 August 2023) software highlighted PPI relationships in ST6GALNAC1 and

ST6GALNAC2. The development of the full PPI network included both functional and physi-

cal protein associations with� 10 protein interactors. Additionally, each individual protein

queried and� 20 protein interactors were included in the second expansion of the framework

with a high confidence interval, with� 0.700 considered significant.

GeneMANIA

The GeneMANIA database (https://genemania.org/; accessed 26 July 2023) predicts functional

information based on corresponding genes and gene datasets. The gene framework highlights

functional communication between genes via criterion comprising of physical interactions,

co-expression, predicted datamining, co-localisation, genetic interactions, and common path-

way interactions with respect to ST6GALNAC1 and ST6GALNAC2. Correlating genes with a

high degree of association were also represented [22].

UALCAN

The UALCAN database (http://ualcan.path.uab.edu; accessed 26 July 2023) is used as a tool for

cancer transcriptomics. Utilising TCGA genomic data for analysis, the mRNA expression of

ST6GALNAC1 (ENSG00000070526) and ST6GALNAC2 (ENSG00000070731) were compared

for normal and colon adenocarcinoma (COAD) cohorts. Similarly, gene expression of identi-

fied protein targets obtained from the STRING analysis were determined and compared

between normal and COAD subgroups. Additionally, predicted miRNA candidates involved

in gene regulation were also compared for normal and COAD cohorts. Statistical significance

of gene expression data (transcript per million; TPM) generated by the UALCAN database for

box plot construction was assessed via a Welch’s t-test PERL script encoded to identify signifi-

cant differences between cohorts based on clinicopathological features [23]. P< 0.05 was con-

sidered statistically significant.

In silico miRNA datamining

In silico analysis tools were utilised to determine common miRNA targets predicted to modu-

late ST6GALNAC1 expression and possible clinical relevance to CRC across several databases.

Venn diagrams (Venny 2.1.0) (https://bioinfogp.cnb.csic.es/tools/venny/; accessed 28 July

2023) were constructed using three separate miRNA prediction databases including
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TargetScan (https://www.targetscan.org/vert_80/; accessed 28 July 2023), MiRSystem (http://

mirsystem.cgm.ntu.edu.tw/index.php; accessed 28 July 2023), and MiRWalk (http://mirwalk.

umm.uni-heidelberg.de/; accessed 28 July 2023), and were further cross-referenced. Further-

more, common miRNA candidates were also determined for the identified in silico targets that

were shown to interact with ST6GALNAC1 and ST6GALNAC2. The most frequent miRNA

hits associated with ST6GALNAC1 were further explored for predicted binding sites via statis-

tical folding of nucleic acids and studies of regulatory RNAs (Sfold) software (https://sfold.

wadsworth.org/cgi-bin/starmir.pl; accessed 13 September 2023).

Gene Set Enrichment Analysis (GSEA)

GSEA of ST6GALNAC1 and ST6GALNAC2 were obtained via the TCGA dataset (TCGA,

PanCancer Atlas) from cBioPortal for Cancer Genomics (http://cbioportal.org/ accessed on

19 September 2023). CBioPortal is offered as an open access repository for interactive omics

patient data. The dataset for COAD tumours was selected, comprising of a total of 524

patient samples. Each of the corresponding genes were submitted as the queried gene and

modified to include the differential mRNA expression relative to the normal cohort with a

z-score threshold of ± 2.0. Following this, the mRNA comparative data between the altered

(differentially expressed group) and unaltered group (unchanged expression group) was

separated. Following this, the altered group containing only the significant differentially

expressed genes between the normal and COAD subgroups were selected, which also

included the query genes ST6GALNAC1 and ST6GALNAC2, respectively. The number of

differentially expressed genes for each dataset were recorded as 6667 genes for the ST6GAL-
NAC1 dataset and 4331 genes for the ST6GALNAC2 dataset and exported as TSV files. The

datasetswere uploaded into the GSEA v4.3.2 software as rnk files (https://www.gsea-msigdb.

org/ accessed on 19 January 2023) and enriched pathways and cancer hallmarks were identi-

fied (FDR < 0.25 and p < 0.05).

TISIDB

The TISIDB database (http://cis.hku.hk/TISIDB/index.php; accessed on 26 July 2023) provides

an integrated repository for identifying interactions between tumours and the immune system.

The TISIDB database collates information via several datasets including TCGA transcrip-

tomics and clinical data pertaining to multiple cancer types. The Spearman’s rank correlation

between the abundance of macrophages, activated CD4+ T-cells, activated CD8+ T-cells, regu-

latory T-cells (Tregs), and monocytes were assessed in conjunction with the expression of both

sialyltransferases, ST6GALNAC1 and ST6GALNAC2, in COAD tumours [24].

Tumour IMmune Estimation Resource (TIMER) analysis

The TIMER database (https://cistrome.shinyapps.io/timer/, accessed on 1 August 2023) serves

as an extensive platform to systematically analyse immune infiltrates over several cancer types.

For this study, specific parameters relating to the correlation of immune checkpoint protein

genes, including SIGLEC15, PDCD1, CD274, cytotoxic T-lymphocyte associated protein 4

(CTLA4), T-cell immunoreceptor with Ig and ITIM domains (TIGIT), and Lymphocyte-acti-

vation gene 3 (LAG3), were all compared with the abundance of ST6GALNAC1 and ST6GAL-
NAC2. Spearman’s rank correlation coefficient and p < 0.05 for log2 TPM was used to

determine the statistical significance of COAD tumours [25].
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Kaplan-Meier Plotter (KM PLOTTER)

The Kaplan-Meier plotter (https://kmplot.com/analysis/, accessed on 26 July 2023) database

tool was used to identify the prognostic association between the genomic expression data for

ST6GALNAC1 and ST6GALNAC2, along with corresponding patient survival outcomes in

COAD tumours. The prognostic expression of each highlighted sialyltransferase in CRC

patients was analysed over a period of time based on overall survival criterion (OS), relapse-

free survival (RFS), post-progression survival (PPS), hazard ratio (HR), 95% confidence inter-

val (CI), and Log-rank P-value [26].

Immunohistochemistry (IHC)

Colorectal cancer tissue array (BC05023a) obtained from Biomax (TissueArray.Com LLC,

Maryland, USA), containing 54 cores (18 COAD, 18 cancer adjacent colon tissue (AT), and 18

adjacent normal colon tissue (NAT), was subjected to histological staining. Deparaffinisation

was achieved by treating the sections with histoclean/ethanol followed by antigen retrieval via

sodium citrate treatment, and subsequently washed in 0.025% triton-x/PBS and incubated in

3% hydrogen peroxide:PBS for a period of 15 min. The slides were washed an additional three

times with Triton-X100/PBS for 5 min. Blocking of non-specific binding sites was performed

using 5% BSA/PBS, and the sections were then incubated in a humidity chamber for 1h at

room temperature (RT) whilst wrapped in parafilm. The slides were incubated overnight at

4˚C with the primary ST6GALNAC1 antibody (1:50) (Proteintech Group, Inc., Manchester,

UK) and ST6GALNAC2 antibody (1:100) (Life Technologies Limited, Renfrewshire, UK)

respectively. The slides were washed with 0.025% Triton X-100/PBS, followed by incubation

with a biotin-labelled anti-rabbit secondary antibody. Subsequently, the sections were washed

using a 0.025% Triton X-100/PBS wash step and 1h incubation with a streptavidin-HRP conju-

gate. Visualisation of both ST6GALNAC1 and ST6GALNAC2 antibody staining was achieved

via addition of DAB solution (Zytomed Systems GmBH, Berlin, Germany) and haematoxylin

as the nuclei stain for a period of 10 min at RT. Quantification of the staining was conducted

via an AxioCam Hrc (Zeiss Microscopy, Oberkochen, Germany) microscope at x4 and x10

magnifications. Both normal and malignant tissues were compared via the unpaired student’s

t-test.

Results

ST6GALNAC1 and ST6GALNAC2 gene and protein-protein molecular

networks

The STRING and GeneMANIA databases highlight predicted genes and PPI between interact-

ing queried proteins/genes. The ST6GALNAC1 gene framework, produced by GeneMANIA,

shows co-expression (purple) with anterior gradient 2 (AGR2) (Fig 1A) (Fig 1A). The ST6GAL-
NAC1 PPI network (Fig 1B) has shown multiple hits that correspond with N-acetylgalactosa-

minyltransferase (GALNT) enzymes and other sialyltransferases. Likewise, the average local

clustering coefficient (ALCC) (0.83) shows a strong correlation with multiple protein targets,

and the PPI enrichment score upon normalization shows significant node interactions at the

highest confidence interval (< 1.0 x 10–16) (S1 Table). Predicted gene communication involv-

ing ST6GALNAC2 has shown significant physical interactions with the MUC gene family (Fig

1C). The ST6GALNAC2 PPI framework (Fig 1D) has also demonstrated a comprehensive pre-

dicted interaction clustering of several protein targets with 26 nodes. The ALCC score (0.708)

and PPI enrichment (1.09 x 10−5) (S1 Table) show strong correlation between several protein

targets and with primary interactions associated with α-2-HS-glycoprotein (AHSG).
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Furthermore, both sialyltransferases show interactions with a cluster of EEF1 enzymes, partic-

ularly with EEF1A2, and communication with Core-1 synthase-glycoprotein-N-acetylgalacto-

samine 3-b-galactosyltransferase-1 (C1GALT1) and C1GALT1 Specific Chaperone 1

(C1GALT1C1) (Fig 1B and 1D).

Candidate miRNAs predicted in gene regulation and possible binding sites

UALCAN TCGA datamining highlighted the sialyltransferase expression profile of ST6GAL-
NAC1 and ST6ALNAC2 in CRC (Fig 2A). ST6GALNAC1 shows significant gene downregula-

tion in the tumour cohort of 46.056 TPM in comparison to the normal subgroup with a mean

expression of 173.703 TPM (p< 0.0001). Additionally, UALCAN expression analysis shows

Fig 1. ST6GALNAC1 and ST6GALNAC2 share significant gene and protein-protein interactions and may highlight key novel targets. (A) ST6GALNAC1
gene framework predicts functional information based on corresponding genes and gene datasets. (B) ST6GALNAC1 STRING framework highlighting

possible PPI from interacting proteins and direct associations via computational datamining. The framework is developed with a confidence interval

of� 0.700. (C) ST6GALNAC2 gene framework predicts functional information based on corresponding genes and gene datasets. (D) ST6GALNAC2 STRING

framework highlighting possible PPI from interacting proteins and direct associations via computational datamining. The framework is developed with a

confidence interval of� 0.700.

https://doi.org/10.1371/journal.pone.0311212.g001
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no significant change in the expression of ST6GALNAC2 between normal (3.509 TPM) and

tumour (1.813 TPM) cohorts. Similarly, the gene expression of the predicted targets AGR2 and

AHSG were also determined between normal and CRC tumour groups. UALCAN expression

identified significant expression of AHSG in the tumour subgroup (0.032 TPM) in comparison

to the normal tissue subgroup (0.00 TPM) (S1B Fig). In contrast, AGR2 had shown no signifi-

cant difference in the expression of both subgroups. Furthermore, only ST6GALNAC2 displays

enhanced promoter methylation in the tumour cohort (S2B Fig). Moreover, the Pearson corre-

lation between both ST6GALNAC1 and ST6GALNAC2 expression in CRC shows a low associ-

ation between the two genes, but the relationship has been shown to be significant (S3 Fig).

To identify the miRNAs involved in regulating the gene expression of ST6GALNAC1, sev-

eral databases were compared to identify the most frequent hits (Fig 2B). Of the multiple miR-

NAs cross-referenced, a total of 11 were predicted to be involved in the regulation of

ST6GALNAC1 based on targetscan, miRsystem and miRwalk databases (Fig 2B) (S2 Table).

We have found that none of the 11 commonly deregulated miRNAs (Fig 2B) were regulating

ST6GALNAC1 as their expression levels seem to be downregulated as well. Hence, we focused

on the miRNAs found common between Targetscan and miRsystem, and we found that miR-

21-5p, miR-30e-5p and miR-26b-5p as potential regulators of ST6GALNAC1 promoting CRC

progression when overexpressed (Fig 2C and 2D). All three miRNAs were also shown to regu-

late ST6GALNAC1 by miRPathDB database as well (data not shown). Moreover, common

miRNAs from the TargetScan database were identified between regulating AHSG and AGR2

Fig 2. In silico analysis demonstrates that sialyltransferase expression is downregulated in COAD tumours. (A) TCGA genomic data demonstrating the

mRNA expression of ST6GALNAC1 for both normal and colon adenocarcinoma (COAD) cohorts. Welch’s t-test PERL script. **** P< 0.0001 (B) In silico
analysis tools were utilised to construct Venn diagrams identifying common miRNA targets predicted to modulate ST6GALNAC1 expression. (C) The most

frequent miRNA hits associated with ST6GALNAC1 were further explored for predicted binding sites via the Sfold software. (D) TCGA genomic data

demonstrating the mRNA expression of candidate miRNAs with the highest binding affinities for normal and colon adenocarcinoma (COAD) cohorts.

Welch’s t-test PERL script; **** P< 0.0001.

https://doi.org/10.1371/journal.pone.0311212.g002
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in association with ST6GALNAC1 and ST6GALNAC2 (S4A Fig). Although no singular

miRNA was shown to regulate all four genes, common miRNAs across other predicted pro-

tein targets were also determined. The common miRNA element that correlated between

the targets GALNT3, GALNT8, B3GNT6 and ST6GALNAC1 identified hsa-miR-30a-5p to

be involved in gene regulation (S4B Fig). Similarly, predicted targets C1GALT1,

C1GALT1C1, AHSG and ST6GALNAC2 were compared for any common miRNA elements,

although none were identified (S4C Fig). Further to this, predicted miRNAs involved in

ST6GALNAC1 expression were further investigated, and the binding affinities to key bind-

ing sites were identified (Fig 2C). MiRNA activity for gene regulation typically occurs at the

3’ end of the UTR. MiR-21-5p exhibited a high binding affinity (-18.700 kcal/mol) towards

the seed region of the target ST6GALNAC1mRNA strand at position 2441–2458. Similarly,

the predicted binding of miR-30e-5p and miR-26b-5p also displayed high binding affinities

to the target mRNA strand at -22.200 kcal/mol and -17.600 kcal/mol, respectively. MiR-30e-

5p had a predicted binding site at position 2331–2348. In contrast, miR-26b-5p had demon-

strated a predicted binding site at position 2085–2113, all of which indicated a strong associ-

ation between nucleotide bases.

To understand the role of these identified candidate miRNAs and their relevance in relation

to CRC (Fig 2D), UALCAN data demonstrated significantly upregulated expression of all

three miRNAs in the COAD tumour subgroup. MiR-21 displayed a mean expression of

207,192.191 TPM in comparison to normal colon tissues. This was also similarly observed by

the mean expression of miR-30e with 7142.537 TPM and a mean expression of 518.048 TPM

for miR-26b in comparison to the normal colon tissue cohort.

GSEA analysis of sialyltransferases and cancer hallmarks

To identify various enriched pathways relating to ST6GALNAC1 and ST6GALNAC2 and can-

cer hallmarks, the GSEA of the TCGA, PanCancer Atlas dataset with a specific focus on signifi-

cantly differentially expressed (DE) genes relating to CRC were highlighted with respect to

ST6GALNAC1 (Fig 3) and ST6ALNAC2 (Fig 4). Out of a total of 47 gene sets displayed for

ST6GALNAC1 and the CRC phenotype, three gene sets were identified as significantly upregu-

lated, whilst seven gene sets were identified as being significantly downregulated with respect

to CRC (FDR< 0.25 and p< 0.05) (Fig 3A and 3B, S3 Table). Significant enrichment of EMT,

MYC targets, and hallmarks related to myogenesis were identified as being significantly

enriched. Additionally, enriched gene sets that had shown downregulation including the

inflammatory response, IL-6 mediated JAK/STAT3 signalling, and deregulated KRAS signal-

ling, among others. Similarly, ST6GALNAC2 highlighted 10 significantly enriched gene sets as

being upregulated (FDR< 0.25 and p< 0.05) (Fig 4A), and seven gene sets that were signifi-

cantly enriched as being downregulated out of a total of 42 gene sets (S4 Table). Upregulated

gene sets included the enrichment of E2F targets, MYC targets, the G2M checkpoint, mTOR

signalling, and other pathways (Fig 4A). Downregulated gene sets that were also enriched

included KRAS signalling, allograft rejection, EMT, inflammatory response, and IFNγ
response, among other pathways (Fig 4B).

Sialyltransferase expression correlates to the abundance of myeloid cells

To determine the role of both sialyltransferases and immune infiltration in situ, the abundance

of immune infiltrating cell populations correlating with ST6GALNAC1 and ST6GALNAC2
expression in colon adenocarcinomas (COAD) was determined (Figs 5A and 6A). Spearman’s

rank correlation coefficient (SRCC) significantly associated the abundance of activated CD4+

T-lymphocytes and monocyte populations with ST6GALNAC1 expression (Fig 5A). In

PLOS ONE Sialyl-Tn producing sialyltransferases in cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0311212 September 30, 2024 8 / 24

https://doi.org/10.1371/journal.pone.0311212


comparison, ST6GALNAC2 expression correlated with the abundance of several infiltrating

immune cell populations including activated CD4+ T-lymphocytes, activated CD8+ T-lympho-

cytes, Tregs, monocytes, and macrophages, with the most significant SRCC correlation with

the latter (0.206) (Fig 6A). Additionally, the association between the abundance of both

ST6GALNAC1 and ST6GALNAC2 and pro-tumorigenic immune checkpoints were also deter-

mined via TIMER analyses (Figs 5B and 6B). ST6GALNAC1 expression showed no significant

correlation with other pro-tumorigenic immune checkpoints (Fig 5B). However, ST6GAL-
NAC2 expression displayed an association with most pro-tumorigenic immune checkpoints,

excluding Siglec-15 (Fig 6B).

Fig 3. GSEA of ST6GALNAC1 identified significant enrichment between DEG’s and the CRC phenotype. GSEA of ST6GALNAC1 was obtained via the

TCGA dataset (TCGA, PanCancer Atlas) from cBioPortal outlining DEG’s and a total of 47 gene sets associated with cancer hallmarks. (A) The enrichment of

three gene sets was identified as being upregulated. FDR< 0.25 and p< 0.05. (B) Enrichment of seven gene sets was identified as being downregulated.

FDR< 0.25 and p< 0.05.

https://doi.org/10.1371/journal.pone.0311212.g003
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Fig 4. GSEA of ST6GALNAC2 identified significant enrichment between DEG’s and the CRC phenotype. GSEA of ST6GALNAC2 was obtained via the

TCGA dataset (TCGA, PanCancer Atlas) from cBioPortal outlining DEG’s and a total of 42 gene sets associated with cancer hallmarks. (A) ST6GALNAC2
highlighted 10 significantly enriched gene sets. FDR< 0.25 and p< 0.05. (B) Significant enrichment of seven gene sets was identified as being significantly

downregulated. FDR< 0.25 and p< 0.05.

https://doi.org/10.1371/journal.pone.0311212.g004

Fig 5. ST6GALNAC1 correlates with CD4+ T-lymphocytes and monocyte populations but shows no significant correlation with other pro-tumorigenic

immune checkpoints. (A) SRCC between the abundance of macrophages, activated CD4+ T-cells, activated CD8+ T-cells, regulatory T-cells (Tregs), and

monocytes were assessed in conjunction with the expression of ST6GALNAC1 in COAD tumours. P< 0.05 was considered statistically significant. (B) The

association between the abundance of ST6GALNAC1 and pro-tumorigenic immune checkpoints was determined via TIMER analysis.

https://doi.org/10.1371/journal.pone.0311212.g005
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Dysregulated sialyltransferase expression correlated with poor clinical

outcomes

To correlate the expression of ST6GALNAC1 and ST6GALNAC2 to patient survival data, sur-

vival curves outlining overall survival (OS), post-progression survival (PPS), and relapse-free

survival (RFS) were determined (Fig 7). ST6GALNAC1 shows low expression that is signifi-

cantly correlated to poor prognosis based on OS criteria (p< 0.05), the RFS criterion

(p< 0.05), and PPS (p< 0.05) survival in CRC patients (Fig 7A). Moreover, high ST6GAL-
NAC2 expression was significantly associated with poor prognosis in CRC patients under all

survival criteria (p< 0.05) (Fig 7B).

ST6GALNAC1 protein expression is more prevalent in normal colon tissues

IHC analysis was performed to investigate the presence of ST6GALNAC1 and ST6GALNAC2
proteins in CRC tissues (Fig 8). Minimal staining for ST6GALNAC1 and ST6GALNAC2 was

observed in the malignant tumour tissue cores, with representative images of ST6GALNAC1
and ST6GALNAC2 staining in the tissue sections shown (Fig 8A and 8B). Quantitative analysis

of the staining revealed a significant decrease in the expression of ST6GALNAC1 between nor-

mal and malignant tumour cores, with non-significant staining found in both subgroups for

ST6GALNAC2 staining.

Discussion

The current study has highlighted the multifaceted roles of both ST6GALNAC1 and ST6GAL-
NAC2 and their collective association with the Siglec-15/Sia axis and its clinical relevance to

Fig 6. ST6GALNAC2 correlated with the abundance of several infiltrating immune cell populations and displayed an association with most pro-

tumorigenic immune checkpoints, excluding Siglec-15. (A) SRCC between the abundance of macrophages, activated CD4+ T-cells, activated CD8+ T-cells,

regulatory T-cells (Tregs), and monocytes were assessed in conjunction with the expression of ST6GALNAC2 in COAD tumours. P< 0.05 was considered

statistically significant. (B) The association between the abundance of ST6GALNAC2 and pro-tumorigenic immune checkpoints was determined via TIMER

analysis.

https://doi.org/10.1371/journal.pone.0311212.g006

PLOS ONE Sialyl-Tn producing sialyltransferases in cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0311212 September 30, 2024 11 / 24

https://doi.org/10.1371/journal.pone.0311212.g006
https://doi.org/10.1371/journal.pone.0311212


CRC tumorigenesis. However, the regulatory mechanisms underlying their expression profiles

remain unclear. Hence, we have identified possible regulatory mechanisms and miRNA candi-

dates that seem to be involved in their regulation and, thereby, have some possible involve-

ment in STn production.

The GeneMANIA database predicted ST6GALNAC1 co-expression with AGR2. AGR2 is

localised to the endoplasmic reticulum (ER) and plays a crucial role in maintaining ER homeo-

stasis via the formation, breakage, and isomerisation of the disulphide bonds involved in

nascent protein maturation [27]. AGR2 has also been found to be a prominent pro-tumori-

genic gene that has consistently been associated with tumour onset and progression in a num-

ber of cancer types, including CRC [28,29]. Although AGR2 is predominantly localised in the

ER, there is also evidence suggesting the extracellular secretion of AGR2 [30], where ER-resi-

dent AGR2 displays disparate O-glycosylation patterns compared to secreted AGR2 [31]. Simi-

larly, ST6GALNAC2 was shown to be co-expressed with and function alongside AHSG, an

oncogene that is commonly associated with metabolic processes that have shown abnormal

expression in multiple cancer types [32]. Furthermore, PPI interactions have highlighted that

both sialyltransferases interact with a cluster of EEF1 proteins, particularly with EEF1A2.

EEF1A2 serves an important role in modulating protein translation elongation and can play

Fig 7. ST6GALNAC1 shows low expression to be significantly correlated to poor prognosis based on survival criteria. High ST6GALNAC2 expression was

significantly associated with poor prognosis under all survival criteria. Only miR-940 OS criteria highlighted that low expression was associated with poor

prognosis. (A) Survival curves outlining ST6GALNAC1 expression with regard to patient survival data outlining overall survival (OS), post-progression survival

(PPS), and relapse-free survival (RFS) criteria. P< 0.05 was considered statistically significant. (B) Survival curves outlining ST6GALNAC2 expression with

regard to patient survival data outlining overall survival (OS), post-progression survival (PPS), and relapse-free survival (RFS) criteria. P< 0.05 was considered

statistically significant.

https://doi.org/10.1371/journal.pone.0311212.g007
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key roles in several biological processes [33]. To note, little is mentioned in the literature

regarding the interactions between sialyltransferases and EEF1A2. However, in vitro studies

have demonstrated that EEF1A2 is capable of regulating several signalling pathways, including

PI3K/AKT and mTOR, via p53 inactivation [34]. Interaction with EEF1A2 could modulate the

activity of ST6GALNAC1/ST6GALNAC2 and sialoglycan synthesis differently in normal and

malignant tumour tissues.

Several previous studies have highlighted the aberrant expression of both sialyltransferase

enzymes in multiple cancer types and the overexpression of the STn antigen [35,36]. However,

TCGA genomic analysis highlighted significantly downregulated expression in the COAD

subgroups for ST6GALNAC1. A previous study highlighted that increased ST6GALNAC1
expression was only observed in the presence of M2 tumorigenic macrophages and CRC cells

in vitro, which also stimulated the production of the STn antigen [37]. Moreover, another

study outlined deficient mismatch repair (dMMR) CRC molecular subtype tumours displayed

significantly downregulated expression of GALNT6, a prominent glycosyltransferase in glycan

synthesis [38]. Consequently, this enhanced the pro-tumorigenic characteristics of SW480

cells in vitro and increased the expression of the Tn antigen, the precursor of the STn antigen.

Additionally, GALNT6 was observed to interact with ST6GALNAC1 via our STRING analysis.

This could suggest increased expression of the Tn antigen precursor molecule, and overexpres-

sion of STn may be independent of deregulated ST6GALNAC1 expression in CRC and may

require intercellular signalling to facilitate STn production in the TME. Further to this point,

Fig 8. Low staining of ST6GALNAC1 and ST6GALNAC2 was observed in malignant tumour tissues. (A) IHC analysis was performed to investigate the

presence of ST6GALNAC1 in CRC tissues (BC05023a). Representative images of a total of 54 core tissue samples representing normal and malignant tissue

cores were stained and visualised. (B) IHC analysis was performed to investigate the presence of ST6GALNAC2 in CRC tissues (BC05023a). Representative

images of a total of 54 core tissue samples, representing both normal and malignant tissue cores, were stained and visualised. (C) Quantitative analysis of the

IHC staining for both ST6GALNAC1 and ST6GALNAC2 was performed for normal (clear) and malignant (red) tumour tissues. Unpaired student’s t-test.

*P< 0.05.

https://doi.org/10.1371/journal.pone.0311212.g008
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interactions with TAMs may be necessary for enhanced expression patterns that drive tumour

heterogeneity within the TME and CRC progression. Further evidence also highlighted the

downregulated expression of ST6GALNAC2 in CRC cells [39]. This was also similarly observed

in CRC tumour samples [40]. Possible epigenetic mechanisms and regulatory expression

through miRNA activity may indicate dysregulated sialyltransferase activity. In addition, both

Tn and STn antigens are more prevalent in CRC tumours, correlating with poor prognosis

and reduced clinical survival outcomes in patients [40,41].

UALCAN datamining also indicated enhanced methylation of the promoter region of

ST6GALNAC2 in primary COAD tumours, suggesting a possible explanation for silencing

gene expression. Additionally, enhanced CpG island methylation in the promoter regions of

tumour-specific genes has also been associated with CRC tumorigenesis and further presents

as one of the molecular subtypes of CRC [42]. Enhanced methylation and subsequent silencing

of ST6GALNAC2 expression could prevent its expression. Similarly, epigenetic modifications

of histone proteins, including deacetylation may also repress ST6GALNAC2 transcription [43].

Simultaneously, predicted miRNA candidates involved in sialyltransferase regulation have

exhibited high binding affinities for the seed regions on the 3’ UTR of the mRNA target strand,

suggesting a high likelihood of gene silencing [44]. Further to this point, full complementarity

binding of the miRNA candidate to the target mRNA strand will lead to directed target degra-

dation. In contrast, partial complementary binding can exhibit translational repression [45].

The role of pro-tumorigenic miR-21 has been characterised in the development and progres-

sion of multiple tumour malignancies, including CRC, which has also been highlighted as a

potential tumour biomarker [46]. Furthermore, miR-21 was shown to induce advanced stage

MSI type CRC tumours in conjunction with miR-335 activity, leading to poor prognosis in

CRC patients [47]. In addition to this, miR-21 may play a role in tumour associated signalling

pathways, including PI3K/AKT and TGF-β signalling [48,49]. This could suggest likely signal-

ling pathways that stimulate CRC progression. Similarly, miR-30e has also been suggested as a

potential biomarker for CRC development [50]. Moreover, miR-30e exhibited overexpression

in CRC in vitro via stimulating the CXCL12 axis [51]. MiR-30e has also been demonstrated to

be consistently deregulated in chemoresistant CRC patients [52]. The overexpression of miR-

26b has also been observed in CRC and was identified to correlate with the expression of

MMP-9 [53]. However, the role of miR-26b as an oncomir in CRC remains limited and

requires further elucidation. Additionally, several miRNAs may facilitate the progression of

the TME. Extracellular vesicles containing miR-21 stimulated tumour immune evasion in

CRC via upregulated expression of the immune checkpoint PD-L1 in TAMs, thus enhancing

tumour migration and invasion [54,55]. It has been understood that changes in miRNA

expression patterns drive the onset of malignancies [56]. Moreover, the significance between

these miRNA interactions on the seed region of the 3’ UTR and ST6GALNAC1 expression

may address its downregulated expression in CRC tumour malignancies. Additionally, it may

suggest miRNAs are involved in modulating tumour heterogeneity in CRC and their activity

enhanced pro-tumorigenic characteristics including treatment resistance, which inevitably

results in poor survival outcomes. However, other epigenetic modifications as were observed

with ST6GALNAC2may downplay the roles of these sialyltransferases in STn production.

Therefore, this may provide insights into how ST6GALNAC1 can become deregulated and

may suggest the involvement of other sialyltransferase proteins to play a role in STn

production.

We have correlated the role of ST6GALNAC1 and ST6GALNAC2 expression and the

enrichment of specific gene sets associated with cancer hallmarks.

With respect to ST6GALNAC1, upregulation of EMT and MYC targets provide ample evi-

dence, as reported in the literature, of its role as a possible oncogene, and may also outline
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possible signalling pathways through which to carry out tumorigenesis [57,58]. Of note, several

downregulated mechanisms relating to ST6GALNAC1 also involve IL-6-mediated JAK/STAT3

signalling. Pro-inflammatory stimulation of IL-6 underlines signalling via JAK/STAT3, which

promote EMT in multiple cancer types [59]. JAK/STAT3 signalling pathways mediate the acti-

vation of EMT through a series of tyrosine and serine/threonine kinases [59]. A previous study

associated EMT with CRC metastasis, emphasising crosstalk between CRC tumour cells and

TAMs [60] ST6GALNAC1may facilitate TME heterogeneity following interactions with mye-

loid cells and EMT pathways. However, the observation of both this pathway and the inflam-

matory response showing downregulated enrichment supported our findings that EMT is

mediated through another mechanism. This may suggest the activity of MYC targets in CRC

progression. Disheveled-3 was shown to induce EMT in CRC progression mediated through

MYC signalling and Wnt/β-catenin activity [61]. Moreover, syntrophin beta 1 (SNTB1) was

shown to mediate EMT progression in CRC through a similar mechanism in knockdown stud-

ies [62]. Furthermore, enriched MYC targets may highlight the involvement of Zinc finger

protein SNAI1 (SNAIL), a key regulator of the EMT process. Indeed, MYC was shown to

induce SNAIL transcription and promote EMT via TGF-β action [63]. Characterisation of

ST6GALNAC1 and other gene targets in the MYC/Wnt/β-catenin crosstalk may propose a

possible axis in CRC tumorigenesis.

ST6GALNAC2 enrichment exhibited E2F and MYC targets. E2F target involvement in tran-

scriptional regulation can be correlated with the development of multiple tumour malignan-

cies [64]. Moreover, upregulation of E2F activity was exhibited upon the characterisation of

deregulated CRC KRAS mutant tumours and CIN type tumours [65]. E2F expression is also

directly associated with clinicopathological features of CRC and correlated with poor clinical

outcomes [66]. In addition, synergistic signalling between E2F1/MYC can mediate epigenetic

modulation in CRC with targeted inhibition of the axis inducing p-53 independent arrest [67].

Furthermore, a recent study identified the expression of E2F7 activating the transcription of

enhancer of zeste homolog 2 (EZH2), thus inducing mTOR signalling in glioblastoma progres-

sion [68]. Upon identifying that mTOR signalling is also enriched with regard to ST6GAL-
NAC2, this could possibly indicate that a similar interaction could induce the PI3K/AKT/

mTOR signalling pathway, possibly through EEF1A2 and MYC. Similarly, another pro-tumor-

igenic signalling pathway associated with CRC progression had identified TGF-β signalling as

significantly enriched. TGF-β signalling is associated with several characteristics of CRC

tumours including EMT, angiogenesis and immunosuppression [69]. Interestingly, the down-

regulated enrichment of the inflammatory response and IFNγ response were revealed. The

downregulation of both pathways may indicate CRC tumours associated with ST6GALNAC2
expression is not dependent on inflammatory stimuli. Stimulated IFNγ response is an immu-

nomodulatory mechanism directed against infection, inflammation and anti-tumour activity

[70]. Further to this, several inflammatory mediated diseases, including inflammatory bowel

disease and ulcerative colitis, could manifest to colitis-associated CRC as a consequence of

chronic inflammation [71]. Therefore, the downregulated enrichment of both pathways in

GSEA analysis could suggest ST6GALNAC2 expression is not mediated by inflammatory sti-

muli and its expression profile may be context-dependent.

The role of sialyltransferases and their involvement with immune infiltration highlighted

possible interactions within the TME. Although the exhibited SRCC scores outline a non-cor-

relative relationship > 0.2, there is significance in the expression of ST6GALNAC1 and acti-

vated CD4+ T-lymphocytes. A pan-cancer transcriptomics analysis identified monocytes and

macrophages accounted for the largest proportion of tumour infiltrating myeloid cells [72].

The heterogeneity of the TME could possibly coincide with the pro-tumorigenic nature of sev-

eral myeloid cell populations, including CD4+ T-lymphocytes [73]. A pan-cancer analysis of
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stromal heterogeneity was also able to predict the naïve CD4+ T-lymphocyte response to

immunotherapeutic treatment [74]. Furthermore, monocyte depletion is also correlated to an

immunosuppressive phenotype [75]. Moreover, a previous study highlighted the differential

expression of ST6GALNAC1 and its regulatory miRNAs, corresponding with intra-tumour

heterogeneity in CRC metastasis [76]. Immunotherapeutic treatment has shown positive treat-

ment responses in patients. However, further targeting additional myeloid cell populations

may drive clinical effectiveness. Monocytes exhibit heterogeneity and plasticity within the

TME through differentiation to the polarised M2 immunosuppressive phenotype. Blocking

M2 polarisation or stimulating M1 monocyte differentiation may reduce the presence of

TAMs, thus improving immunotherapeutic approaches in CRC [77]. Furthermore, stimulat-

ing CD4+ T-cells to Th1 cells could enhance CD8+ T-cell activation, promoting anti-tumour

activity [78]. Although ST6GALNAC1 shares a weak association with TIGIT, the sialyltransfer-

ase also shares significant expression with TIGIT, another immune checkpoint associated with

cancer progression [76]. TIGIT has been shown to promote myeloid cell exhaustion, including

CD8+ T-lymphocytes and enhanced expression profiles correlated with poor clinical outcomes

in CRC [79]. This highlights the possibility of other immune checkpoint-related pathways con-

tributing to tumour onset and tumour heterogeneity.

ST6GALNAC2 had shown significant association with several subsets of myeloid cells and

immune infiltration. By directly interacting with cellular components associated with the

TME, their interaction could modulate the induction of metastasis and immune tolerance

[80]. Additionally, solid tumours could display immunogenicity due to the heterogeneous

nature of the TME, largely characterised by an immune-induced inflammatory phenotype

[81]. The correlation between ST6GALNAC2 expression and immune cell infiltration may

offer insights for improving the efficacy of immunotherapeutic approaches. Further to this,

reducing the sialylation of glycans will allow greater antigen recognition and promote anti-

tumour immunity [82]. The binding of the STn antigen and Siglec-15 drives TGF-β secretion

via monocytes and macrophages, possibly establishing tumoral recruitment and enhancing

tumour heterogeneity via ST6GALNAC2 overexpression [83]. Likewise, associations with

immune checkpoints excluding Siglec-15 highlight potential combination treatment therapies

for immune checkpoint blockade, although the literature associating ST6GALNAC2 and

immune checkpoints remains limited.

Several studies have indicated enhanced expression of ST6GALNAC1 in several cancer tis-

sues, including lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), and

clear-cell renal cell carcinoma (ccRCC) samples [84,85]. However, the outlined survival curves

obtained via datamining demonstrated low ST6GALNAC1 expression correlated with poor

clinical outcomes across all survival criteria (p< 0.05). Similarly, this also corroborated the in
silico data and IHC staining, outlining higher expression of ST6GALNAC1 in normal tissues.

This possibly highlights the involvement of other sialyltransferases in the production of the

STn antigen, and inducing effective binding with Siglec-15.

Interestingly, high levels of ST6GALNAC2 expression were statistically significant in all sur-

vival criteria (p< 0.05) and were associated with poor clinical outcomes. However, this was

not seen at the gene and protein levels obtained via in silico datamining and IHC staining. One

possible explanation could stem from silenced gene expression and modulated expression via

miRNA binding. Previous studies have highlighted miR-182 and miR-135b were shown to

modulate the expression of ST6GALNAC2 via the PI3K/AKT pathway, promoting chemoresis-

tance and tumour invasiveness [21,86]. This could prove similar as mTOR signalling was sig-

nificantly enriched with regard to ST6GALNAC2 expression.

To illustrate the role of the STn antigen in the CRC landscape, multiple studies have shown

the abnormal expression of the STn antigen and its precursor Tn antigen molecule in CRC
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tumours [87]. Moreover, the expression of the STn antigen is not directly limited to solid CRC

epithelial tumours. Circulating tumour cells of metastatic CRC patients expressed enhanced

STn production, indicating its role in CRC metastasis to secondary organ sites [88]. Although

the present study has identified possible miRNA candidates involved in the regulation of

ST6GALNAC1 and ST6GALNAC2, further sialyltransferase family members could play roles

in CRC development. The STn antigen displays high binding affinity towards Siglec-15 [89];

however, other sialylated glycans have also displayed elevated binding affinity for Siglec-15 via

ST3GAL4 and ST6GAL1modulation [90]. Furthermore, GALNT enzymes highlighted by the

STRING analysis are also heavily involved in GalNAc type-O glycosylation, this could suggest

that members of the GALNT family including GALNT2 and GALNT6 facilitate glycan sialyla-

tion, including STn production. In addition, many GALNT genes have displayed dysregulated

expression in CRC [91,92]. Therefore, this may suggest that downregulated ST6GALNAC1
expression is independent to STn production. Elevated levels of STn and Tn antigens were

also identified in CRC samples. However, their expression was induced by the loss of function

of other glycosyltransferases, including C1GALT1 and COSMC, through promoter methyla-

tion or mutation [40]. Additionally, sulphation modifications of sialoglycans can also contrib-

ute to immune evasion and possible tumorigenesis. The overexpression of carbohydrate

sulphotransferases, including CHST1 and CHST2, can greatly induce the occurrence of hyper-

sialylation and Siglec binding [93]. Furthermore, CHST1 exhibited an accentuated effect on

sialoglycan ligand binding and greatly impacted Siglec preference for O-glycans [94]. Further

elucidation of the Siglec/Sia axis may highlight the role of other sialyltransferases in STn

production.

Our findings highlighted a different view in the deregulated expression profiles of ST6GAL-
NAC1 and ST6GALNAC2 in comparison to the literature. We believe that epigenetic modifica-

tions in conjunction with miRNA activity greatly impact gene expression and may outline

sialyltransferase expression in relation to CRC as tumour specific. Furthermore, we provided

insights into possible regulatory pathways and signalling pathways associated with their clini-

cal relevance to CRC. Moreover, we believe that ST6GALNAC1 and ST6GALNAC2 is a minor

player in the STn production in the case of CRC. The other sialyltransferase enzymes, such as

ST6GAL1, ST3GAL1, and sulphotransferases CHST1might play a vital role in the production

of the STn antigen in CRC.

Whilst a mutliomics approach identified the crosstalk of potential gene targets and regula-

tory pathways of sialyltransferase expression from the integration of several key datasets.

There are significant limitations to consider when utilising multiple databases. Firstly, the

well-defined regulatory pathways identified through in silico analysis may not fully highlight

the interplay of sialylation and sialyltransferase activity without experimental validation to

directly support their potential impact on cellular behaviour [95,96]. Further to this point, var-

iation in methodologies may introduce false discoveries which highlight difficulties for data

comparability [97]. Moreover, limited sample size and availability may impact in silico soft-

ware thus creating challenges that require further sophisticated data mining tools. Addition-

ally, there are also difficulties in histological staining for truncated O-glycan structures.

Antibodies are required to have high specificity for antigen staining to prevent non-specific

cross-reactive staining of similarly structured glycans [98]. However, addressing these limiting

factors in association with experimental validation with further studies will provide more

robust data interpretation and elucidation of sialyltransferase regulation.

In conclusion, the present study has predicted possible oncomirs involved in the regulation

of ST6GALNAC1 with high binding affinities, all of which displayed significantly upregulated

expression in CRC tumours. However, downregulated expression of ST6GALNAC1 in CRC

might highlight the involvement of other sialyltransferases in the production of the STn
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antigen and have suggested the interplay of several key sialyltransferases that could play a role.

Moreover, we have identified several regulatory signalling pathways that have highlighted the

clinical relevance of both ST6GALNAC1 and ST6GALNAC2 to CRC progression. Further eluci-

dation of this pathway will give significant insights into the regulation of the Siglec-15/Sia axis.
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Novel Siglec-15-Sia axis inhibitor
leads to colorectal cancer cell
death by targeting miR-6715b-3p
and oncogenes

Mohammed Saqif Ahmad1, Maria Braoudaki1, Hershna Patel1,
Irshad Ahmad2, Shagufta2* and Shoib Sarwar Siddiqui1*

1School of Life and Medical Sciences, University of Hertfordshire, Hatfield, United Kingdom,
2Department of Biotechnology, School of Arts and Sciences, American University of Ras Al Khaimah,
Ras Al Khaimah, United Arab Emirates
Siglecs are well known immunotherapeutic targets in cancer. Current

checkpoint inhibitors have exhibited limited efficacy, prompting a need for

novel therapeutics for targets such as Siglec-15. Presently, small molecule

inhibitors targeting Siglec-15 are not explored alongside characterised

regulatory mechanisms involving microRNAs in CRC progression. Therefore, a

small molecule inhibitor to target Siglec-15 was elucidated in vitro andmicroRNA

mediated inhibitor effects were investigated. Our research findings

demonstrated that the SHG-8 molecule exerted significant cytotoxicity on cell

viability, migration, and colony formation, with an IC50 value of approximately

20µM. SHG-8 exposure induced late apoptosis in vitro in SW480 CRC cells.

Notably, miR-6715b-3p was the most upregulated miRNA in high-throughput

sequencing, which was also validated via RT-qPCR. MiR-6715b-3p may regulate

PTTG1IP, a potential oncogene which was validated via RT-qPCR and in silico

analysis. Additionally, molecular docking studies revealed SHG-8 interactions

with the Siglec-15 binding pocket with the binding affinity of -5.4 kcal/mol,

highlighting its role as a small molecule inhibitor. Importantly, Siglec-15 and PD-

L1 are expressed on mutually exclusive cancer cell populations, suggesting the

potential for combination therapies with PD-L1 antagonists.

KEYWORDS

colorectal cancer, Siglec-15, sialic acid, inhibitor, miRNA, gene expression
1 Background

Colorectal cancer (CRC) has been referred to as the fourth most diagnosed cancer

worldwide and the third leading cause of patient mortality in humans (1). Approximately,

1,931,590 new cases of CRC were reported with 935,137 patient deaths worldwide in 2020

(1). CRC has become increasingly prevalent worldwide as well, with statistical trends

indicated cancer-related deaths could reach as high as 71.5% by 2035 (2). Currently,
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conventional treatments for CRC patients have fallen short as

successful therapeutic strategies, due to lacking in patient

response, severe side effects and modest specificity consequently

resulting in patient mortality and/or tumour recurrence (3). The

recent trend of immunotherapy in solid cancers such as melanoma

have shown success with blocking antibodies including Nivolumab

and Pembrolizumab (4).

The blocking antibodies have also been approved for the

treatment of CRC that have a high number of mutations with

high microsatellite instability type (MSI-H) tumours (5). However,

immunotherapy treatment has some limitations such as

effectiveness in limited patient numbers, with acquired resistance

to treatment a likely possibility (3). Therefore, a necessity to develop

a novel approach to proficiently treat CRC has emerged.

Sialic acid-binding immunoglobulin-type of lectin 15 (Siglec-15) is

a recently emerging immune checkpoint protein involved in

suppressing the immune system and inducing cancer progression

(6). An overexpression of Siglec-15 is commonly observed in various

cell types. Most notably, it is upregulated on the surface of tumour cells.

Pan-cancer analysis identified that this included various cancers such as

CRC, non-small cell lung cancer (NSCLC), lung squamous cell

carcinoma (SCC), ovarian cancer (OV), and others (7). Additionally,

high Siglec-15 expression has been shown to correlate with increased

MSI-H type tumours of CRC patients (8). Interestingly, the expression

of both PDL-1 and Siglec-15 are mutually exclusive on cancer cell

populations. Therefore, further treatments targeting Siglec-15 are

required for Siglec-15 positive tumours.

MicroRNAs (miRNAs) are small non-coding RNA molecules

approximately 20-25 nucleotides long capable of binding to the 3’

untranslated region (UTR) of mRNA target molecules and regulating

gene expression post-transcriptionally (9). Several miRNAs have

shown differential expression profiles in CRC malignancies indicating

oncogenic/tumour suppressive roles within CRC development and

progression (10). The identification of specific miRNAs that is

explicitly involved in CRC progression remains largely unclear.

Interestingly, this study has given insights into the possible

interactions between miRNAs and oncogenes for considerable

strategies for the treatment of SIGLEC15 positive CRC tumours.

The class of compounds, b-amino ketones, bearing an amino

group at the beta carbon to ketone functional group is an important

pharmacophoric feature employed in the synthesis of numerous

natural products, drugs, and bioactive molecules (11). These

compounds are biologically active scaffolds that exhibit a wide

range of activities including anticancer, anti-inflammatory,

antibacterial, antiviral, and antidiabetic etc. (12). In addition,

several b-amino derived drugs are currently available for the

treatment of various diseases and disorders (13).

Small drug-like molecules that modulate the immune system by

targeting defined pathways or cells can improve the effectiveness of

cancer immunotherapy (14). As far as our understanding with the

literature, small molecules have not been explored for the treatment

of Siglec-15 positive tumours by targeting Siglec-15. Considering

the b-amino ketone’s biological significance, we synthesised 3-(4-

bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one (SHG-8)

through a one-step catalytic route using an environmentally

benign solid acid nano-catalyst. We believed that the molecule
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SHG-8 being a small molecule in nature could possibly interact with

the therapeutic target Siglec-15 and this could be our leading point

towards the development of strategies for CRC treatment.

Furthermore, the b-amino ketones affecting miRNA expression

and subsequent interactions with genes and pathways in CRC

development remains largely unknown. Therefore, it may be

possible to identify miRNAs as targets for therapeutic treatment

by elucidating their role in CRC development and their association

to SIGLEC15 regulation.
2 Materials and methods

2.1 Reagents and instruments

All the starting materials, reagents, and solvents were obtained

from Merck and Spectrochem. The synthesis and characterization

data of the sulfonic acid-functionalized silica nanospheres

(SAFSNS), an environmentally benign solid acid nano-catalyst is

available in our recent publication (15). The progress of the

synthesis reaction of the SHG-8 molecule was monitored by using

thin-layer chromatography (TLC) on silica gel plates and the spots

were visualized under ultraviolet light (UV, l254 nm). Infrared

spectra were recorded on a PerkinElmer FTIR spectrophotometer.

Mass spectra were measured with an electrospray (ESI-MS) on

Shimadzu LCMS-spectrophotometer. 1H and 13C NMR spectra of

the SHG-8 molecule were recorded using the Bruker AV-400 NMR

spectrometer with tetramethylsilane as an internal standard. High

Resolution Mass Spectrum (HRMS) was recorded on an Agilent

6540 HD Accurate Mass QTOF/LC/MS with electrospray

ionization (ESI) technique.

2.1.1 Synthesis of 3-(4-bromophenyl)-1-phenyl-
3-(phenylamino)propan-1-one

The SHG-8 molecule was prepared in a one-step catalytic

reaction by a stirring mixture of acetophenone (1.1 mmol), 4-

Bromo benzaldehyde (1 mmol), and aniline (1 mmol) in 1mL of

ethanol at room temperature (RT), the sulfonic acid functionalized

silica nano spheres (SAFSNS) nano-catalyst (0.03 g) was added. The

reaction mixture was stirred at RT for 4h. After completion of the

reaction as indicated by Thin Layer Chromatography (TLC), the

reaction mixture was placed at ambient temperature to evaporate

ethanol and water to obtain a yellow solid. The solid was dissolved

in dichloromethane (5mL) at 35°C and filtered to remove the

catalyst. The crude product was purified by the recrystallization

technique, using an ethanol solvent to afford compound SHG-8 as a

light-yellow solid: yield 85%.
2.2 Cell culture and treatments

Human CRC SW480 and GBM cell line U87MG were obtained

from ATCC (ATCC, Virginia, USA). Human monocytic cell lines

THP-1 and U937 were obtained from ATCC (ATCC, Virginia, USA).

Additionally, the human normal colon tissue HcoEPiC cell line was

obtained from iXcells Biotechnologies (iXcells Biotechnologies, San
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1254911
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ahmad et al. 10.3389/fimmu.2023.1254911
Diego, USA). The adherent cell lines SW480 and U87MG were grown

using DMEM (Gibco, Bleiswijk, Netherlands) and MEM (Gibco,

Bleiswijk, Netherlands) media respectively, and supplemented with

10% FBS (Gibco, Bleiswijk, Netherlands) and 1% penicillin/

streptomycin (Gibco, Bleiswijk, Netherlands). Both THP-1 and U937

suspension cell lines were grown using DMEM (Gibco, Bleiswijk,

Netherlands) media respectively, and supplemented with 10% FBS

(Gibco, Bleiswijk, Netherlands) and 1% penicillin/streptomycin (Gibco,

Bleiswijk, Netherlands). Both cell lines were also differentiated into

macrophages 48h post- phorbol 12-myristate 13-acetate (PMA)

treatment (50ng/mL) for determining cytokine expression. The

HcoEPiC cell line was grown using epithelial cell growth media

(iXcells Biotechnologies, San Diego, USA) supplemented with 1%

antibiotic-antimycotics (iXcells Biotechnologies, San Diego, USA). All

cell lines were incubated at 37°C, 5% CO2 and further experimental

work was conducted upon reaching a minimum confluency of 80%.

SHG-8 was solubilised in DMSO at a stock concentration of 10mM

and further diluted for various assay experiments.
2.3 MTT assay

SW480 CRC cells (1.5x104 cells/well) and HcoEPiC cells were

seeded at a cellular density of 2.5x104 cells/well onto a 96 well-plate and

left to incubate at 37°C, 5%CO2 overnight. Following cell adherence, all

wells were treated with varying SHG-8 concentrations: 20µM, 40µM,

60µM, 80µM, 100µM and were incubated for 24h at 37°C, 5% CO2.

Following overnight incubation, all wells were treated with 20µL MTT

(0.5mg/mL) and were left to incubate for a further 2h at 37°C. The

MTT was then removed, and the remaining crystals were treated and

solubilised with isopropanol for 30 min on a shaker. Absorbance was

then recorded at 540nm using a CLARIOstar plus multi-mode

microplate reader (BMG LABTECH, Aylesbury, UK). Average

percentage cell viability was calculated.
2.4 Migration assay

In total, 4x105 cells/well were seeded onto a 12-well plate and

left to incubate overnight at 37°C, 5% CO2. Following cell

adherence, vertical and horizontal scratches were made for each

well using a 2µL pipette tip. The wells were then washed with PBS

twice. All wells were treated with SHG-8 at 10µM and 40µM

concentrations alongside control treatments. Images of the wound

area were taken at 0h, 24h, 48h using an Olympus CKX41 inverted

microscope (Olympus Life Science Solutions, Stansted, UK) at 4x

magnification. All images taken relating to the wound area were

then analysed using ImageJ analysis. Plugins for wound healing

analysis were obtained from a previous study (16).
2.5 Colony formation assay

In total, 1x103 cells/well were seeded onto a 12-well plate and

left to incubate overnight at 37°C, 5% CO2. Following cell

adherence, the cells were then treated in triplicate with SHG-8
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concentrations at 10µM and 40µM and were placed into the

incubator for 24h. Following the 24h treatment period, the

treatment was replaced with fresh media and left to incubate at

37°C, 5% CO2 for a period of 7 days. The incubation period was

determined by the total number of colonies formed in the DMSO

control (colonies were determined as a cluster of cells totalling

larger >30 cells). Following the 7-day incubation period, all wells

were fixed with 4% PFA for total of 20 min. After fixation, all wells

were washed with PBS three times for 5 min each before being

stained with 0.1% crystal violet (Pro-Lab Diagnostics, Wirral, UK)

for 45 min on a rocker. Following staining, all wells were washed

with PBS for 3 min and images of all colonies were taken at 4x and

10x magnifications using an Olympus CKX41 inverted microscope

(Olympus Life Science Solutions, Stansted, UK).
2.6 Nuclear fragmentation assay

SW480 cells (4x105 cells/well) were seeded onto coverslips

within a 12 well-plate and left to adhere overnight at 37°C, 5%

CO2. The cells were treated with: DMSO, 10µM and 40µM SHG-8

as well as 100µM cisplatin for 24h. After the incubation period, all

wells were washed with PBS. The cells were then fixed with 4% PFA

for a period of 15-20 minutes and kept at RT. The fixation was

removed and washed again with PBS. The coverslips were removed

and placed onto slides with DAPI Antifade Mounting Medium

(2Bscientific, Hatfield, UK). Fluorescent images were taken with an

EVOS XL Core Imaging system (Fisher Scientific, Hemel

Hempstead, UK) at 40x magnification with the DAPI filter.
2.7 Annexin-V/propidium iodide staining

To determine the stage of apoptosis induction post SHG-8

treatment, a total of 3x106 cells/well were seeded onto a 6 well

plate and left to adhere overnight. Following cellular adherence, all

wells were treated with control conditions and SHG-8 at 10mM and

40mM conditions for a period of 24h. Following treatment, all wells

were washed with ice-cold PBS and 1x106 cells were harvested to

100mL suspensions. The SW480 cells were treated with 1mL of RNase

A (10mg/mL) before being labelled with Annexin-V FITC (5mL) and
propidium iodide (100mg/mL). Using the dead cell apoptosis kit with

Annexin-V FITC and propidium iodide for flow cytometry

(Invitrogen, Inchinnan, UK) to each 100mL cell suspension

following the manufacturer’s instructions. The cell suspensions

were left to incubate at RT for a period of 15 min. Following

incubation, 400mL of 1x binding buffer was added to each sample

and left on ice before analysing via the Guavasoft 3.1.1 software and

guava easyCyte HT system (Merck Millipore, Watford, UK).
2.8 Cell cycle arrest via flow
cytometry method

Cell cycle analysis of SW480 cells at sub-G0/G1/S/G2/M phases

post SHG-8 treatment was performed via PI staining using the dead
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cell apoptosis kit with Annexin-V FITC and propidium iodide

(Invitrogen, Inchinnan, UK) as per the manufacturer’s instructions.

The cells were harvested and treated with 100µg/mL PI and left to

incubate for 15 min at RT. The cell suspensions were analysed using

the Guavasoft 3.1.1 software and guava easyCyte HT system (Merck

Millipore, Watford, UK).
2.9 ROS assay

To determine ROS production, SW480 (1.5x104 cells/well)

cells were seeded onto a 96 well-plate and left to incubate

overnight at 37°C, 5% CO2. ROS production was determined

using the Reactive Oxygen Species (ROS) Detection Assay Kit

(Abcam, Cambridge, UK). Following cell adherence, 20µL ROS

red dye was added to each of the wells and left to incubate at 37°

C, 5% CO2 for 1 hour. After the incubation period, 20µL of each

sample treatment was added to each of the wells following

manufacturer’s instructions. Fluorescence readings were obtained

at 15-, 30-, 45-, 60- and 75-minute intervals at Ex/Em = 520/605

nm using a CLARIOstar plus multi-mode microplate reader

(BMG LABTECH, Aylesbury, UK).
2.10 Molecular docking study methods

A model of the Siglec-15 structure was downloaded from the

AlphaFold Protein Structure Database with the corresponding

UniProt entry Q6ZMC9, as there was no experimental structure

available in the Protein Data Bank (17). The COACH server was

used to predict protein-ligand binding sites on the AlphaFold model

(18). The chemical structure of SHG-8 was obtained in SDF format.

Molecular docking was carried out using the web app Webina 1.0.3

which runs Autodock Vina entirely in the web browser (19). The

Siglec-15 AlphaFold model was uploaded as the receptor and the

SHG-8 SDF file was uploaded as the ligand, both files were

automatically converted to the PDBQT format for docking. The

grid box was centred around the ARG143 binding site, and the

parameters were set as follows: centre_x = -23, center_y = 6,

center_z = 13.272 and size_x = 28, size_y =21, size_z = 22. The

default settings of 2 CPUs and exhaustiveness of the global search

set as 8 were used for docking.
2.11 IF staining

SW480 and U87MG cells (3x105 cells/well) were seeded onto

coverslips onto a 12-well plate and left to incubate overnight.

Following cell adherence, all wells were washed with PBS three

times for 5 min each and then fixed with 4% PFA for a total of 15

min. With the fixation removed and washed with PBS, all wells were

treated with a 1% BSA/PBS blocking buffer for 1h before incubating

the primary Siglec-15 antibody (Life Technologies Limited,

Renfrewshire, UK) at a dilution of 1:500 at 4°C overnight.

Following this, the antibody is removed and washed with PBS

before treating with an anti-rabbit Alexa-488 secondary antibody
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(Life Technologies Limited, Renfrewshire, UK) at a dilution of 1:500

for 1h at RT. The coverslips were then placed onto microscope

slides and visualised with an EVOS XL Core Imaging system (Fisher

Scientific, Hemel Hempstead, UK) at 40x magnification with the

DAPI and GFP filter.
2.12 Siglec-15 expression via flow
cytometry method

SW480 cells were seeded at a density of 3x106 cells/well onto a 6

well plate and left to adhere overnight. Following cell adherence, the

cells were treated with varying SHG-8 concentrations and controls

for 24h. Post-treatment, the cells were washed with ice-cold PBS

and harvested with 10mM EDTA at a cellular density of 1x106 cells

and resuspended in 2% BSA : PBS (fluorescence activated cell

sorting buffer- FACS buffer). The cells were washed with ice-cold

PBS and centrifuged at 200xg for 5 min twice. The cell samples were

then resuspended in FACS buffer alongside the addition of a

monoclonal Siglec-15 primary antibody (R&D Systems,

Minneapolis, USA) (0.25µg) raised in mouse and left to incubate

on ice for a period of 45 min. Following incubation, the cells were

washed with ice-cold PBS and centrifuged at 200xg for 5 min twice

before being resuspended in FACS buffer. Each cell suspension was

treated with an anti-mouse Alexa- 488 secondary antibody (Life

Technologies Limited, Renfrewshire, UK) and left to incubate on ice

for a period of 30 min in the dark. After the secondary antibody

incubation, the cells were washed once more with ice-cold PBS and

centrifuged before being resuspended in FACS buffer for analysis

via the guava easyCyte HT system (Merck Millipore, Watford, UK)

and Guavasoft 3.1.1 software.
2.13 Cytokine expression via enzyme-
linked immunosorbent assay method

The secretion of pro-inflammatory cytokines TNF-a and IL-

1b were evaluated in THP-1 and U937 differentiated macrophages

following SHG-8 treatment. Both cell lines were differentiated into

macrophages with PMA (50ng/mL) for 48h prior to 40µM SHG-8

treatment and LPS (50ng/mL) stimulation for 24h. The

supernatant was harvested and were placed as duplicates onto

microwell strips alongside standards using the respective cytokine

human ELISA kit (Life Technologies Limited, Renfrewshire, UK)

after several wash steps as per the manufacturer’s instructions.

50µL of biotin-conjugate were added to all the strips and were left

to incubate at RT for 2h on a microplate shaker. Following the

incubation period, the strips were washed and 100µL of

streptavidin-HRP were added to all the strips for 1h. The strips

were then washed again following the incubation period. After

consecutive wash steps, 100µL of TMB substrate solution were

added to all wells and left to incubate at RT for 10 min or until a

noticeable colour change was observed. Following colour

development, 100µL of stop solution were added to each of the

strips and was then measured at 620nm using a CLARIOstar

microplate reader (BMG LABTECH, Aylesbury, UK).
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2.14 RNA extraction and RT-qPCR methods

Total RNA was extracted from SW480 cultured cells 24hrs post-

treatment under the following conditions: DMSO, SHG-8 10mM
and 40mM as well as 100mM cisplatin using the TRIzol method (Life

Technologies Limited, Renfrewshire, UK). RNA quality and

quantity of all treated samples for gene and miRNA expression

analyses were evaluated using a Nanodrop ND-1000

spectrophotometer UV-Vis Nanogen Inc. (Marshall Scientific,

Hampton, USA). Following quantification, expression

measurement analysis of treated samples had undergone Dnase

treatment with the Rnase-free Dnase set respectively (Qiagen,

Hilden, Germany). In brief, the mRNA samples for gene analysis

were directly subjected to cDNA synthesis and subsequent RT-

qPCR was performed using the High-Capacity cDNA reverse

transcription kit (Applied Biosystems, Massachusetts, USA)

followed by the Taqman Fast Advanced Mastermix, no UNG

(Applied Biosystems, Massachusetts, USA) and PowerUp SYBR

Green Mastermix (Applied Biosystems, Massachusetts, USA for

probe-based and SYBR green qPCR analyses. SYBR green primer

sequences involved in analysis are as follows: GAPDH forward

(GGAGCGAGATCCCTCCAAAAT) and reverse (GGCTG

TTGTCATACTTCTCATGG) and PTTG1IP forward (GTCT

GGACTACCCAGTTACAAGC) and reverse (CGCCTCAA

AGTTCACCCAA). All treated samples collected for miRNA

expression analysis were further purified and subjected to miRNA

enrichment with the miRvana miRNA Isolation Kit (Life

Technologies Limited, Renfrewshire, UK). Following this, miRNA

samples were further quantified for their RNA quality and quantity

prior to reverse transcription with the TaqMan MicroRNA Reverse

Transcription kit (Applied Biosystems, Massachusetts, USA). RT-

qPCR of individual Taqman miRNA assays (Applied Biosystems,

Massachusetts, USA) were performed using the TaqMan Universal

Mastermix II, no UNG (Applied Biosystems, Massachusetts, USA)

following manufacturer’s instructions. All samples were performed

in triplicate using the QuantStudio 7 Flex Real-Time PCR System

(Applied Biosystems, Massachusetts, USA). GAPDH and U47 used

as housekeeping controls respectively. Relative expression of

SIGLEC15 and candidate miRNAs and genes were performed

using the 2–DDCt method.
2.15 Small-RNA sequencing

To determine the differential expression of miRNAs treated

with SHG-8, sRNA-seq was outsourced to Biomarker Technologies

(Biomarker Technologies, Inc., CA, USA). SW480 cells

were subjected to 24hrs SHG-8 treatment prior to total RNA

extraction via TRIzol reagent method. The purity and quantity of

each RNA sample was processed using a Nanodrop ND-1000

spectrophotometer UV-Vis Nanogen Inc. (Marshall Scientific,

Hampton, USA) and 4150 TapeStation System (Agilent

Technologies, California, USA). All samples were recorded with

RIN numbers >7.0. The resulting data was subjected to Kyoto

Encyclopedia of Genes and Genomes (KEGG), Gene Set

Enrichment Analysis (GSEA) and Gene Ontology (GO) to
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identify enriched pathways, biological processes, molecular

function, and cellular components in relation to CRC.
2.16 UALCAN datamining

The UALCAN database (http://ualcan.path.uab.edu, accessed on 9

May 2023) was utilised for TCGA cancer genomic analysis and is

presented as a tool for cancer transcriptomics. Utilising TCGA

genomic data, the expression of selected miRNAs was compared

among both tumour and normal subgroups. PTTG1IP expression

in normal and tumour subgroups were also compared at the

protein level.
2.17 Statistical analysis

MTT assays for both SW480 and HcoEPiC cell lines and colony

formation assays evaluating the effect of SHG-8 on cancer cells and

cytokine secretion of SHG-8 treated THP-1 and U937 differentiated

macrophages were compared using the one-way ANOVA statistical

test followed by Dunnett’s multiple comparison post-hoc test to

identify any statistical significance. The migration assay compared

all treatment conditions with Welch’s one-way ANOVA followed

by Dunnett’s multiple comparison post-hoc test. Additionally,

determining the effect of ROS production in the induction of

apoptosis used the two-way ANOVA statistical test followed by

Dunnett’s multiple comparison post-hoc test. RT-qPCR expression

analyses of SIGLEC15, gene targets and candidate miRNAs were

compared with the one-way ANOVA statistical test and Dunnett’s

multiple comparison test. Genomic and proteomic data of

candidate miRNAs and gene targets between normal and tumour

subgroups were compared with an unpaired student’s t-test.

Statistical analysis was performed using GraphPad prism 8.

*P<0.05, **P<0.01, ***P<0.001, **** P<0.0001 were considered as

statistically significant.
3 Results

3.1 Synthesis and characterisation of
b-amino ketones

The 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-

one SHG-8 molecule was synthesised efficiently using our in-

house developed environmentally benign solid acid nano-catalyst

(SAFSNS) at ambient temperature and in good yield. The

compound SHG-8 was characterized by spectroscopic techniques

including IR, Mass, 1HNMR and 13C NMR and melting point that

accurately matches with the literature data (20). The observed

melting point of compound SHG-8 was 122-126°C that

corresponds to the literature melting point (123–127°C). The

sharp peak at 3391 (medium) and 1667 (strong) cm-1 in IR

spectrum indicated the presence of -NH and C=O group

respectively (Figure 1A). In the 1H NMR spectrum of compound

SHG-8 (Figure 1B), the two COCH2 protons appeared as multiplet
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at d 3.41-3.45 and the one NH proton appeared as singlet at d 4.56.
The one CH proton next to NH group appeared as a triplet at d 4.96.
The fourteen aromatic protons were observed in the downfield

region, including a doublet at d 6.53 (J = 8 Hz) for two protons,

triplet at d 6.68 for one proton, multiplet at d 7.07-7.11 for two

protons, doublet at d 7.31 (J = 8Hz) for two protons, multiplet at d
7.42-7.57 for four protons, multiplet at d 7.55-7.57 for one proton

and a doublet at d 7.79 (J = 8 Hz) for two protons. The 13C NMR

spectrum of compound SHG-8 (Figure 1C) was also in full

agreement with the assigned structures showing fifteen peaks at d
45.9, 54.1, 113.8, 118.6, 121.3, 128.2, 128.3, 128.8, 129.4, 132.0,

133.7, 136.7, 142.3, 146.3, 197.9. The MS (ESI) spectra showed M+

+H peak at m/z 380 (Figure 1D) and in the HRMS (ESI) spectra

(Figure 1E) the m/z peak is found at 380.0639 matching with the

calculated m/z for C21H19BrNO [M+H]+ which is 380.0645,

showing the delta value 0.0006.
3.2 Cytotoxic ability of SHG-8 on CRC cells

The cytotoxic effect of SHG-8 was evaluated in vitro on the

SW480 CRC cell line via MTT, wound healing and colony

formation assays (Figure 2). Using cisplatin as a positive control,

SHG-8 has demonstrated a significant dose-dependent cytotoxic

effect on the SW480 cell line with an IC50 value of ~20mM, and

significant cell death of ~90% upon reaching 80-100mM
concentrations (p<0.0001) (Figure 2B). Wound healing has also

shown an anti-tumour effect on cellular migration with the SHG-8

40mM concentration showing significant reduction of 15.37% at 24

hours (p<0.05) (Figure 2C). Additionally, both SHG-8 10µM and

40µM concentrations have shown similar reductions for 48 hours at

13.22% and 13.28% respectively in comparison to the DMSO

control, possibly only effective in the early time points. SHG-8
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has also shown a significant negative effect on colonisation of cancer

cells (Figures 2E-G). Both 10µM and 40µM SHG-8 concentrations

produced no colonies on the plate as also observed with the cisplatin

control (p<0.0001) (Figure 2G).
3.3 SHG-8 induced apoptosis in SW480

SHG-8 was evaluated on whether it could induce apoptotic cell

death to produce its cytotoxic effect (Figure 3). DAPI staining was

performed to see cell fragmentation as a marker of apoptosis. Initially,

SHG-8 induced apoptosis in a dose-dependent manner with nuclear

fragmentation occurring at both 10mM and 40mM concentrations

(Figure 3A). Morphological changes of the cancer cells were also

apparent; with irregular structural changes indicating a consequential

effect of nuclear fragmentation; shown with white arrows.

Furthermore, dual staining with Annexin-V and PI has shown

significant apoptosis induction in cisplatin 100mM, SHG-8 10mM
and 40mM conditions in comparison to the DMSO control

(Figure 3B). The cisplatin condition had a larger percentage of cells

within early apoptosis at 13.88% (lower right quadrant) whilst both

SHG-8 10mM and 40mM conditions had a larger percentage of cells

exhibiting late apoptosis induction (upper right quadrant) at 15.74%

and 17.75% respectively when compared to DMSO. All conditions

have shown a minimal number of cells exhibiting necrotic like

features (upper left quadrant). Moreover, cell cycle arrest analysis

of SHG-8 treated SW480 cells have shown an increased presence in

the G2/M phase with SHG-8 at 10mM (13.314%) and 40mM
(16.168%) which demonstrated the greatest increase in comparison

to the DMSO control condition (10.968%) (Figure 3C). Cisplatin

shows the greatest number of cells present in the S phase (12.802%) of

the cell cycle in comparison to SHG-8 treatments of 10mM and 40mM
at 5.954% and 5.975% respectively. Further to this, there are minimal
B C

D E

A

FIGURE 1

Spectra of compound 4 (SHG-8). (A) FTIR spectrum. (B) 1H NMR spectrum in CDCl3. (C)
13C NMR spectrum CDCl3. (D) ESI-MS spectrum. (E) High-

resolution mass spectrum (HRMS).
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cell populations present in the sub-G0 phase in all treatment

conditions. Additionally, a ROS assay was performed to investigate

the role of ROS production on the likelihood of apoptosis induction

(Figure 3D). From this, it can be inferred that ROS production

seemingly exhibited no effect on cell death.
3.4 Molecular docking of Siglec-15 and
expression analysis

The top ranked binding site predicted by the COACH server

included the amino acid residues of Siglec-15 at positions: 44, 70,

143,152,153,154,155 and 157 (Supplementary Figure 1) and the

region selected as the target site for docking was predicted with very

high confidence by AlphaFold. The highest predicted binding

affinity between SHG-8 and Siglec-15 was -5.4 kcal/mol and the

docking pose revealed that SHG-8 binds around a narrow cleft on

the surface of the protein. The amino acid residues that form the

cleft and are within 5.0 Å of SHG-8 include: Arg153, Glu145,

Ala147, Phe146, Pro76, Ala97, Ala96, Ala98, Arg94 and Ala107

(Figure 4A). The binding affinity for mode two was -5.2 kcal/mol.

The amino acid residues with atoms within 5.0 Å of SHG-8 mode 2

include: Trp44, Tyr87, Tyr154, Arg143, Asp152, Arg153. Later

investigations looked at Siglec-15 expression in vitro which tested

positive for expression with a highly expressed Siglec-15 positive

cell line (U87MG) for comparison via fluorescence staining
Frontiers in Immunology 07
methods (Figure 4B). RT-qPCR methods were used to determine

the expression of SIGLEC15 when treated with SHG-8. RT-qPCR

methods have shown that SHG-8 regulates SIGLEC15 expression.

We have identified a downregulation of SIGLEC15 respectively at

both SHG-8 10µM and 40µM treated conditions (p<0.5, p<0.01,

p<0.0001) (Figure 4C). However, Siglec-15 protein expression via

flow cytometry methods highlighted no significant difference in

expression level when treated with SHG-8 at 10mM and 40mM
conditions in comparison to the DMSO control (Figure 4D).
3.5 SHG-8 toxicity is reduced in colon
epithelial cells and inhibits pro-
inflammatory cytokine secretion in
stimulated macrophages

To determine if SHG-8 poses a cytotoxic effect on normal colon

epithelial cells, an MTT assay was conducted using HCoEPiC cells at

varying SHG-8 concentrations (Figure 5A). SHG-8 has shown no

significant difference in cell viability at 20µM which was the

determined IC50 value in SW480 cells. However, increasing SHG-8

concentrations affect cell viability ranging from 77.18% at 40µM to

45.26% at 100µM concentration in comparison to 32.97% at 40µM to

5.41% at 100µM at the same concentration range in SW480 cells.

Moreover, the IC50 value for HCoEPiC treated cells was found

around 90µM, which is significantly higher than SW480 cells
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FIGURE 2

The anti-tumorigenic effect of the b-amino ketone SHG-8 against SW480 CRC cancer cells in vitro. (A) The molecular structure of compound
SHG-8. (B) MTT assay was conducted to determine the IC50 of SHG-8 24 h post-treatment and to evaluate its cytotoxic effects in vitro (N=5). Data is
presented as mean ± SEM. One-Way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001. (C) Migration
assay was conducted to evaluate the effect of SHG-8 on cellular migration following 48h post-treatment (N=3). Data is presented as mean ± SEM.
Welch’s One-Way ANOVA followed by Dunnett’s multiple comparison post-hoc test. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001. (D) 4x
microscopic images taken of the wound area across all treatment conditions over the 48h treatment period. Images were analysed via ImageJ with
inserted plugins outlined by Suarez-Arnedo et al., 2020. (E) Visual image outlining the 12-well plate utilised for the colony formation assay 7-days
post-treatment. (F) 4x and 10x microscopic images taken of SW480 cellular colonies of the DMSO condition 7-days post-treatment. Colonies were
counted as clusters of cells >30. (G) Colony formation assay outlining the effect of SHG-8 on SW480 colony formation and cell proliferation 7 days
post-treatment (N=3). Data is presented as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test.
**** P<0.0001 were considered as statistically significant.
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FIGURE 4

The effect of SHG8 treatment on SIGLEC15 expression. (A) Docking study for SHG-8 binding on the Siglec-15 protein structure. (B) Positive Siglec-15
protein expression validated in vitro on SW480 CRC cancer cells in comparison to the U87MG Siglec-15 positive cell line (N=3). (C) SIGLEC15
expression across various treated SHG-8 conditions 24h post- treatment via RT-qPCR methods (N=3). SHG-8 was shown to reduce SIGLEC15
expression in vitro. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test, *P<0.05, **P<0.01. (D) Flow cytometry
analysis of Siglec-15 protein expression of SW480 cells when treated with DMSO control (light blue), cisplatin 100µM (dark blue), SHG-8 10µM (pink)
and SHG-8 40µM (red). There was no significant difference in the level of protein expression upon SHG-8 treatment exposure.
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FIGURE 3

SHG-8 induced concentration-dependant apoptosis however the mechanism of action is not ROS-mediated. (A) Nuclear fragmentation assay
determined if SHG-8 could induce apoptosis at various treatment concentrations, white arrows indicate nuclear fragments and irregular cellular
morphology 24 h post-treatment at all treated conditions (N=3). (B) Annexin-V/propidium iodide (PI) staining of SW480 cells treated with SHG-8 at
10µM and 40µM conditions via flow cytometry to determine apoptosis induction post-treatment, dot plots are divided into four quadrants. FITC negative
and PI positive (upper left quadrant) represents cells undergoing necrosis. FITC positive and PI positive (upper right quadrant) represents cells undergoing
late apoptosis. FITC negative and PI negative (lower left quadrant) represents live viable cells. FITC positive and PI negative (lower right quadrant)
represents cells undergoing early apoptosis. (C) Cell cycle arrest analysis of SW480 cells at sub-G0/G1/S/G2/M phases of the cell cycle when treated
with DMSO control (green), cisplatin 100µM (light blue), SHG-8 10µM (dark blue) and SHG-8 40µM (pink) conditions. (D) ROS assay was utilised to
determine if SHG8 could induce ROS production to infer a mechanism of action to promote apoptosis. Fluorescence intensity was measured at 520/
605nm over a 2-hour period at 15 min intervals (N=4). Data is presented as mean ± SD. Two-way ANOVA followed by Dunnett’s multiple comparison
post-hoc test was conducted. *P<0.05, **P<0.01, ***P<0.001, **** P<0.0001 were considered as statistically significant.
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highlighting lower toxicity. In addition to this, to determine the effect

of pro-inflammatory cytokine secretion in immune cells in the

presence of SHG-8, the cytokine levels of TNF-a and IL-1b were

determined 24h post SHG-8 treatment and LPS (50ng/mL)

stimulation (Figures 5B-E). LPS stimulation significantly enhanced

pro-inflammatory cytokine secretion of TNF-a and IL-1b in both

differentiated macrophage cell lines in comparison to the control

group (p<0.0001). In addition to this, SHG-8 treatment at 40µM

reduced the LPS-triggered pro-inflammatory cytokine release from

differentiated macrophages in all variable conditions. Furthermore,

upon exposure to SHG-8 only at 24h, there is a significant reduction

in inflammatory cytokine secretion with lower TNF-a secreted in

U937 (7.731ng/mL) and IL-1b in THP-1 cells (11.52ng/mL).
3.6 sRNA-seq revealed dysregulation of
miRNAs by the treatment of SHG-8 on
CRC cells

SRNA-seq analysis of mRNA SHG-8 treated samples identified

clear differential miRNA expression between SHG-8 treatment and
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control conditions via constructed heat map (Figure 6A). Analysis

also identified 185 differentially expressed miRNAs via volcano plot

(Figure 6B). Of those, 106 genes were identified as significantly

downregulated, and 79 genes were significantly upregulated having

shown a two-fold change in expression. The top 5 most significantly

downregulated miRNAs were identified as novel miR-1031/1130/

503/993 whilst the top 5 most significantly upregulated miRNAs

were listed as novel miR-1401/1065/233/1431 and hsa-miR-6715b-

3p. Differential expression also classified COG functions which

were correlated largely with signal transduction mechanisms and

functions related to translation, ribosomal structure, and biogenesis

(Figure 6C). KEGG pathway analysis depicted that signalling

pathways related to autophagy and senescence were all enriched

(Figure 6D). GO classification identified several biological processes

were elevated including regulation of cellular components, cellular

response, and regulation of immune cell apoptotic processes

(Figure 6E). Additionally, cellular components relating to

lysosomes and vesicles were enriched (Figure 6F). Furthermore,

nucleic acid binding displayed the most enriched molecular

function followed by GTP binding and specific protein domain

binding (Figure 6G).
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FIGURE 5

SHG-8 toxicity is reduced in colon epithelial cells and inhibits pro-inflammatory cytokine secretion in stimulated macrophages (A) MTT assay was
conducted on normal colon epithelial HCoEPiC cells to determine the IC50 of SHG-8 24h post-treatment and to evaluate its cytotoxic effects in
vitro. Data is presented as mean ± SEM. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001.
(B) TNF-a cytokine secretion in LPS stimulated THP-1 differentiated macrophages post SHG-8 exposure. SHG-8 normalises TNF-a secretion
following LPS stimulation. Data is presented as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc
test **** P<0.0001. (C) TNF-a cytokine secretion in LPS stimulated U937 differentiated macrophages post SHG-8 exposure. SHG-8 normalises TNF-
a secretion in stimulated macrophages and inhibited the presence of the pro-inflammatory cytokine at the 40mM only condition. Data is presented
as mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001, ** 0.01. (D) IL-1b cytokine
secretion in LPS stimulated THP-1 differentiated macrophages post SHG-8 exposure. SHG-8 reduced IL-1b secretion and inhibited the presence of
the pro-inflammatory cytokine at 40mM only condition in comparison to the control group. Data is presented as mean ± SD. One-way ANOVA
statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001, *** 0.001, **0.01. (E) IL-1b cytokine secretion in LPS
stimulated U937 differentiated macrophages post SHG-8 exposure. SHG-8 reduced IL-1b secretion following LPS stimulation. Data is presented as
mean ± SD. One-way ANOVA statistical test followed by Dunnett’s multiple comparison post-hoc test **** P<0.0001, **0.01.
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3.6 RT-qPCR and in silico analysis of miR-
6715b-3p and PTTG1IP in SW480 cells

To investigate the expression profile of miR-6715b-3p in CRC,

UALCAN TCGA genomic data was used to confirm sRNA-seq

findings (Figure 7) and analysed its expression in the CRC tumour

group compared to a normal subgroup (Figure 7A). The mean

expression level of miR-6715b-3p in the tumour group was 0.655

while in the normal tissue subgroup, the mean expression level was

6.949, indicating a significant substantial dysregulation (p<0.05) of

miR-6715b-3p in CRC. To confirm the validity of miR-6715b-3p

expression in CRC outlined via in silico analysis, RT-qPCR analysis

determined the relative expression of miR-6715b-3p in vitro

between SHG-8 treated and untreated conditions (Figure 7B).

The resulting data demonstrated a significant increase in the

expression of miR-6715b-3p (p<0.01) following SHG-8 treatment

at both 10µM and 40µM concentrations in comparison to the

untreated control. Therefore, confirming the observed increase in

miR-6715b-3p expression identified by high-throughput

sequencing. Furthermore, sRNA-seq analysis identified that miR-

6715b-3p is involved in regulating PTTG1IP, a possible oncogene in

CRC. To investigate the differential expression of the PTTG1IP

protein between normal and tumour subgroups, in silico analysis

was performed using proteomics data (Figure 7C). In silico analysis

revealed significant upregulation of PTTG1IP protein expression in

the CRC tumour subgroup with a mean expression of 0.00

compared to their corresponding normal tissue subgroup with a

mean expression of -0.554 (p<0.05). To assess the expression profile

of PTTG1IP at the gene level in CRC cells, RT-qPCR analysis on

SHG-8 treated and control subgroups was conducted to evaluate its
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relevance in CRC (Figure 7D). The RT-qPCR results revealed that

PTTG1IP expression was significantly downregulated in both 10µM

and 40µM SHG-8 treated conditions with a relative expression of

0.525 and 0.449 respectively compared to the control group (p<0.01,

p<0.001). The mean relative expression of PTTG1IP in treated

SW480 cells were 1.12-fold lower than in untreated cells,

indicating an SHG8-treatment induced effect on PTTG1IP

regulation in SW480 cells.
4 Discussion

To treat CRC cases, conventional front-line treatments would

involve the usage of chemotherapy, surgery and radiotherapy or a

combination of each to improve patient response (21). Despite

several advances in CRC diagnosis, prognosis, and disease

management and even development of new treatment strategies,

ultimately it has fallen short (22). In last few decades, the targeted

anticancer drugs including small molecules and macromolecules,

have gained much attention due to their ability to specifically target

cancer cells and spare normal cells and thus they possess high

potency and low toxicity. In comparison to macromolecular

targeted drugs, the small molecule targeted drugs have several

advantages such as low cost, better pharmacokinetic properties,

patient compliance, and easy storage and transportation

and therefore considered favourable for anti-cancer drug

development (23).

In recent years, small molecule targeted therapies have emerged

as a promising approach for the treatment of various cancers

including CRC preventing metastasis and cancer progression (24).
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FIGURE 6

SHG-8 induces differential expression of miRNAs in CRC cells. (A) A constructed heat map illustrating differential miRNA expression in the SHG-8
treated and untreated group. (B) A volcano plot was constructed to illustrate the top 5 upregulated and downregulated miRNAs between the SHG-8
treated and untreated groups. (C) COG functional analysis was conducted to determine the differential expression of miRNAs and associated
enriched pathways. (D) KEGG pathway analysis identifying enriched signalling pathways between SHG-8 treated and untreated groups. (E) GO
classification determining enriched biological processes relating to differentially expressed miRNAs. (F) GO classification for enriched cellular
components relating to differentially expressed miRNAs. (G) GO classification for molecular function relating to differentially expressed miRNAs.
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Bearing in mind the significance of small molecules for CRC, we

decided to explore the efficacy of the b-amino ketone (SHG-8) for

CRC by targeting the Siglec-15/Sia axis.

The SHG-8 compound is a small molecule that contains three

aromatic rings connected by a b-amino ketone. A halogen group is

introduced to an aromatic ring to enhance lipophilicity and

hydrophobicity. The efficient synthesis of b-amino ketones can be

achieved through a one-step three-component Mannich reaction

involving an amine, aldehyde, ketone, and a catalyst (25). Various

catalytic systems have been explored, however, they suffer from

drawbacks such as long reaction times, high temperatures, cost, low

recyclability, and challenges in product separation and purification

(26). Moreover, some catalysts pose environmental risks due to

their corrosiveness and toxicity. In line with the United Nations

Sustainable Goals (SDGs), a suitable and recyclable heterogenous

catalyst for the Mannich reaction was developed. The heterogenous

nano-catalyst SAFSNS, was synthesised and characterized by our

reported procedure (15).

This study presents the development of an efficient,

environmentally friendly catalytic process using a solid acid nano-

catalyst (SAFSNS) for the one-pot condensation of aromatic

ketones, aldehydes, and amines to yield the b-amino carbonyl
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compound (SHG-8). Further investigations are underway to

explore the synthesis of a range of b-amino carbonyl compounds

using the SAFSNS nano-catalyst.

It’s evident from the experimental results that the b-amino

ketone compound SHG-8 has significant cytotoxicity in vitro. At an

IC50 of approximately 20µM, SHG-8 has shown a higher treatment

efficacy in comparison to current available treatments such as

cisplatin. It has been reported that cisplatin displayed an IC50 of

23.61µM in CRC cells (27). Similar to what was observed in this

study. This suggests the use of SHG-8 as a small molecule inhibitor

as more effective at displaying anti-tumorigenic properties in

comparison to cisplatin. Similarly, combination therapies were

required to increase the efficacy of cisplatin drug treatment due to

cancer cells developing resistance (28). In addition, wound healing

assays demonstrated that cisplatin and the 40mM SHG-8 treated

condition significantly reduced cellular migration across 24 hours.

However, at the 48-hour time point, only cisplatin was able to

achieve this effect. Moreover, all treated conditions displayed

significant inhibition on cell proliferation as no colonies were

formed. This also correlated similarly with other treatments

including combination therapies and small molecule inhibitors

inhibiting the proliferation of CRC cells in vitro (29).
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FIGURE 7

In silico analysis and RT-qPCR validation of sRNA-seq analysis. (A) TCGA genomic data for miR-6715b-3p expression in normal (clear) and CRC
tumour groups (red) box plots. Unpaired student’s t-test *P<0.05. (B) Relative expression of miR-6715b-3p in SHG-8 treated and untreated
conditions in vitro. One way ANOVA followed by Dunnett’s multiple comparison post-hoc test **P<0.01. (N=3). (C) TCGA proteomics data for
PTTG1IP expression in normal (clear) and CRC tumour groups (red) box plots. Unpaired student’s t-test *P<0.05. (D) Relative expression of PTTG1IP
in SHG-8 treated and untreated conditions in vitro. One way ANOVA followed by Dunnett’s multiple comparison post-hoc test ***P<0.001,
****P<0.0001. (N=3).
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The nuclear fragmentation assay inferred the occurrence of

apoptotic cell death at increasing SHG-8 concentrations. This

observation correlated with several other compounds including

conventional and non-conventional treatment methods such as

cisplatin which are also capable of modulating apoptosis in

multiple cancer types (30). These images corresponded with

cellular features commonly associated with apoptosis including

nucleus fragmentation, irregular morphology, and cell shrinkage

via caspase functional activity cleaving peptide bonds of nuclear

proteins (31). In contrast, induced cell cycle arrest at the G2/M

phase post-treatment observed via PI staining suggests prolonged

generation of double stranded breaks within the DNA helical

structure, hence the possibility of apoptosis induction (32).

However, the rate of apoptosis induced by SHG-8 treatment was

rather low, thus suggesting that other types of cell death pathways

may be triggered by SHG-8.

The transition from G2 to M phase is highly regulated via

several proteins including p53. Cellular exposure to SHG-8 might

enhance the activity of p53 prompting p53-dependant G2 cell cycle

arrest thereby inhibiting cancer proliferation (33). It could further

propose specific mechanistic action of SHG-8 to inhibit tumour

proliferation. Furthermore, SHG-8 exhibits similar apoptotic

induction to other small molecule inhibitors including

DMOCPTL, MLN4924 and RGX-202 used in several cancer types

including triple negative breast cancer (TNBC), lung cancer and

CRC (34–36). Additionally, there are previous reports stating that

cisplatin significantly enhanced the presence of cells within the S

phase of the cell cycle, this is in agreement with our findings (37).

Another possible mechanistic explanation may involve ROS

production and could be the underlying cause for which

apoptosis occurs. Overstimulated ROS production within a

tumour microenvironment could cause severe damage to various

proteins and metabolites inducing the activation of apoptosis and

related signalling pathways (38). However, this is not the case of

SHG-8 as ROS production remained consistent throughout with

only the positive control showing significant ROS generation. This

suggested that apoptosis induction is modulated via a similar yet

distinct signalling pathway, although the exact mechanism of

activation remains unclear up to this point (39).

There is also growing evidence associating SIGLEC15

upregulation with the development of cancer and its role in the

progression of various types of tumours comprising of head and

neck squamous cell carcinomas (HNSCC), liver hepatocellular

carcinomas (LIHC), lung adenocarcinoma (LUAD), prostate

adenocarcinoma (PRAD), rectum adenocarcinoma (READ),

thyroid carcinoma (THCA) and many others including colorectal

adenocarcinomas (COAD) tumours (7, 8, 40). Simultaneously,

immune checkpoint proteins including Siglec-15 and PD-L1 have

specified key roles in the proliferation of cancer cells and are able to

modulate cancer progression (41, 42). In particular, Siglec-15 is also

expressed on mutually exclusive populations of cancer cells with

respect to PD-L1 (43). Therefore, this could pave the way for

combination therapies with PD-L1 and Siglec-15 antagonists.

Thus, in this study, elucidating candidate miRNAs as therapeutic

targets for CRC progression could provide insights to treating

Siglec-15 positive tumours and PD-L1 negative tumour patients.
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Notably, it is understood that Siglec-15 functional activity

requires canonical glycan binding. It has been reported that

interactions with essential arginine amino acid residues were

necessary for the formation of salt bridges with sialic acid

carboxylates (44). Our docking studies aimed to elucidate

potential binding sites of the Siglec-15 protein structure. The

docking study located amino acid residues within 5.0 Å of SHG-8

including ARG143, an amino acid residue that has been previously

reported for glycan ligand binding (45). Thereby suggesting SHG-

8’s role as a small molecule inhibitor.

To determine the role of SHG-8 on CRC, Siglec-15 was shown

to have positive expression in vitro. With SHG-8 treatment, RT-

qPCR methods indicated SIGLEC15 expression was significantly

reduced. Several mechanisms maybe involved in the regulation of

SIGLEC15 expression. A previous report identified hsa-miR-582-5p/

TUG1 axis to be involved in pancreatic adenocarcinomas (PAAD)

(46). Similarly, the LINC02432/hsa-miR-98–5p/HK2 axis also

correlated with SIGLEC15 regulation in hepatocellular carcinomas

(HCC) (47). Therefore, it may be possible that SIGLEC15 is

regulated through a similar mechanism. However, we have found

no significant difference in Siglec-15 protein expression upon SHG-

8 treatment. It may be possible that Siglec-15 binding and

regulation at the gene level could in fact regulate apoptosis

induction and subsequent pathways resulting in cancer cell death.

It was previously reported that Siglec-15 knockdown could reduce

STAT3 signalling thus inhibiting cellular proliferation and inducing

apoptosis in osteosarcomas (48).

The effect of SHG-8 on HCoEPiC cells has demonstrated that the

IC50 value at 90mM shares significantly lower potency in epithelial cells

in comparison to the IC50 value at 20mM in SW480 cells. Similarly, a

previous study highlighted Actein, a triterpene glycoside, significantly

inhibited SW480 and HT-29 cells in vitro whilst exhibiting reduced

anti-proliferation effects in HCoEPiC cells (49). Furthermore, MOG13

a selective inhibitor for CRC treatment, witnessed a concentration-

dependant reduction in cellular viability when exposed to drug

treatment (50). This could suggest that significantly higher

concentrations from 40mM onwards could sensitise HCoEPiC cells

towards SHG-8 treatment. Although, there was cell death at higher

SHG-8 concentrations, the toxicity that was observed emphasises the

effectiveness of SHG-8 as a treatment alternative and suggests reduced

adverse effects in comparison to cisplatin treatment.

Chronic inflammation can play a crucial role in cancer

development and progression (51). Secretion of pro-inflammatory

cytokines including TNF-a and IL-1b can intrinsically contribute to

the formation of the TME and systemic immunosuppression could be

stimulated by cell populations including TAMs (52). Consequently,

resulting in chronic inflammation and cancer progression. SHG-8

exposure has indicated a suppressive effect on the secretion of both

TNF-a and IL-1b in the presence of LPS stimulated macrophages

highlighting a possibility in preventing the occurrence of

inflammation and the TME. In addition to this, reduced

inflammatory cytokine secretion could also correlate with negligible

ROS production as was seen in the ROS assay for SW480 cells.

The constructed heat map identified several clusters of miRNAs

that were differentially expressed between the SHG-8 treated and

untreated groups. Mir-1303 is one such differentially expressed
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miRNA which showed downregulated expression in the treatment

group. This miRNA has typically shown upregulated expression

and was capable of inducing tumour cell proliferation and invasion

in various cancer types including CRC (53). Likewise, miR-940 has

shown differential expression displaying downregulated expression

in the treatment group. MiR-940 upregulation has consistently been

shown to contribute to tumour progression in cancer types such as

PAAD and cervical carcinomas (CC) (54). Moreover, miR-543 was

shown to be downregulated in several tumour types including CRC

by exhibiting a tumour suppressive role and inhibiting

tumorigenesis (55). In the treatment group, miR-543 has shown

increased expression supporting the conclusion in its role as a

tumour suppressor. In addition to this, there have also been several

reports of anti-tumorigenic drug compounds capable of affecting

miRNA expression (56–58). Therefore, it is highly likely that SHG-8

could is involved in modulating miRNA expression profiles in order

to inhibit cancer progression.

The differential expression for many miRNAs has shown that

SHG-8 is compatible as a small molecule inhibitor and is capable of

inducing changes to miRNA expression to inhibit cancer

proliferation. To answer the question of whether the

downregulation of SIGLEC15 is mediated by miRNAs, sRNA-seq

analysis was performed between SHG-8 treated and untreated

conditions. Several miRNAs were shown to be differentially

expressed with the SHG-8 treatment; however, we did not find

miRNAs that significantly affect SIGLEC15 expression with the

treatment. The downregulation of Siglec-15 could be an effect of

DNA methylation and/or by an effect of transcriptional regulation.

Nevertheless, we found miR-6715b-3p to be the most upregulated

miRNA. With minimal evidence in the literature for the novel

miRNAs, miR-6715b-3p has been previously identified as integral

in the modulation of autophagy through SESN1 targeting in

Huntington’s disease and was also found to be downregulated in

prostate adenocarcinomas (59, 60). In this study, in silico analysis

and RT-qPCR methods confirmed miR-6715b-3p expression in

vitro in SHG-8 treated conditions. It is possible that miR-6715b-3p

acts as a tumour suppressor miRNA and could regulate oncogenes

in regard to CRC progression. It has been reported that miR-6715b-

3p could work in conjunction with other miRNAs to display

superior anti-proliferative activity such as miR-34a (61).

Supporting the likelihood that miR-6715b-3p could possess an

important role in regulating key gene targets associated with CRC

progression and improve on current therapeutics.

sRNA analysis has shown gene targets to be involved in multiple

pathways and biological/molecular functions. KEGG pathway

analysis detailed enriched signalling pathways related to

autophagy and senescence when subjected to SHG-8 treatment. It

is possible that miRNAs can regulate these pathways to inhibit

tumorigenesis. Several miRNAs including miR-145 have been

reported to promote autophagy via various signalling pathways

(62–64). Likewise, several miRNAs including miR-15/17/19/21/24/

29/34/101 have shown signs of modulating senescence in cancer

development (65). MiRNA’s have also shown involvement in

tumorigenic signalling regulation as well.

Several biological processes that were enriched included the

regulation of immune cell apoptosis and cellular response. It is
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possible that miRNAs can regulate apoptotic processes in cancer.

Mir-448 and miR-148a-3p were both reported to regulate

immune cell apoptosis which inhibited cancer progression

(66, 67).

Based on differentially expressed miRNAs induced via SHG-8

treatment; miR-6715b-3p was predicted to interact and

significantly regulate PTTG1IP, a possible oncogene in CRC.

Proteomics data outlined higher levels of PTTG1IP expression

in COAD tumours with significant downregulation in the SHG-8

treated conditions confirming sequencing analysis. The expression

of PTTG1IP has been reported in other malignant cancers

including, CRC breast and thyroid cancers supporting its role as

an oncogene (68–70). However, PTTG1IP has also shown low

expression in malignancies which correlated with poor survival

(71). It was also highlighted that the overexpression of PTTG1IP

in malignant tumours are the main driving force for tumour

progression whilst genetic mutations are likely to establish

minimal effects on PTTG1IP function (72). Although, there are

conflicting reports for the expression of PTTG1IP in malignant

tumours, further assessment of the mechanistic action of the miR-

6715b-3p/PTTG1IP axis in correlation with the Siglec-15/Sia axis

could shed some light on CRC progression and maybe a

promising approach for treatment.

Subsequent studies to decipher further mechanistic action of

SHG-8 on cancer survival could elaborate on key intrinsic

pathways particularly regarding the induction of apoptosis.

Caspases and their cleaved counterparts including cleaved

caspase-3 and cleaved caspase-9 maybe involved in the induction

of apoptosis as a possible method for cancer death to exert SHG-

8’s therapeutic potential (73). Furthermore, the expression of

SIGLEC15 at the gene level demonstrated reduced expression

from SHG-8 treatment, knockdown studies may provide further

mechanistic insights in SHG-8’s therapeutic potential. Similarly,

we hypothesise that the role of SHG-8 as a Siglec-15 antagonist

will have no effect on the expression of PD-L1. However, due to

the mutual exclusivity in the expression of both inhibitory

checkpoints, SHG-8 targeting of Siglec-15 in combination with

PD-L1 antagonists may share synergistic effects. Further

experimental analysis could underline and discern their role in

cancer progression. Moreover, it may offer a more complete and

robust approach in CRC treatment.
5 Conclusion

To conclude the small molecule SHG-8 has shown significant

anti-tumour properties against SW480 cancer cells. Although

indications do identify that SHG-8 does induce late apoptosis at

higher concentrations with elevated cell cycle arrest at the G2/M

phase of the cell cycle, further mechanistic studies are needed to

gain insights as to how this phenomenon is generated. The molecule

SHG-8 binding to ARG143 confirms its role as a novel small

molecule inhibitor in Siglec-15 positive tumours. Moreover, it

outlines the tumorigenic role of the Siglec-15/Sia and miR-6715b-

3p/PTTG1IP axes in the progression of CRC. It is worth noting that

Siglec-15 expression is exclusively expressed on distinct
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subpopulations of cancer cells with respect to PDL-1. Therefore, our

study indicates the possibility of combination therapies utilising

both PDL-1 and Siglec-15 antagonists to induce a successful patient

response and prevent tumour recurrence. These findings offer a

promising avenue for future investigations for CRC treatment.

Notably, SHG-8 is the first known inhibitor to target Siglec-15,

with current clinical trials so far has only focused on the

development of blocking antibodies to inhibit the Siglec-15/Sia

axis. SHG-8 could be a gamechanger in the way CRC and other

Siglec-15 positive cancers will be treated in the future.
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Glossary

SHG8 3-(4-bromophenyl)-1-phenyl-3-(phenylamino)propan-1-one

CC cervical carcinomas

COAD Colorectal adenocarcinomas

CRC Colorectal cancer

ESI Electrospray ionization

ESI-MS Electrospray ionization Mass spectra

FACS fluorescence-activated cell sorting

GO Gene Ontology

GSEA Gene Set Enrichment Analysis

HCC Hepatocellular carcinomas

HNSCC Head and Neck Squamous Cell Carcinomas

HRMS High Resolution Mass Spectra

IF Immunofluorescence

KEGG Kyoto Encyclopaedia of Genes and Genomes

LIHC Liver Hepatocellular Carcinomas

LUAD Lung Adenocarcinoma

MiRNAs MicroRNAs

MSI-H High Microsatellite Instability

NSCLC Non-Small Cell Lung Cancer

OV Ovarian Cancer

PAAD Pancreatic Adenocarcinomas

PRAD Prostate Adenocarcinoma

PI Propidium Iodide

READ Rectum Adenocarcinoma

ROS Reactive Oxygen Species

RT Room Temperature

RT-qPCR Real Time- Quantitative Polymerase Chain Reaction

SAFSNS Sulfonic Acid-Functionalized Silica Nanospheres

SCC Lung Squamous Cell Carcinoma

SDG’s United Nations Sustainable Goals

Siglec-15 Sialic acid-binding immunoglobulin-type of lectin 15

THCA Thyroid Carcinoma

TLC Thin-layer Chromatography

UTR Untranslated Region.
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