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ABSTRACT 

 

Gremlin1 (GREM1) is a secreted bone morphogenetic protein (BMP) antagonist, 

involved in many biological processes, including organogenesis and tissue 

differentiation. Consequently, GREM1 dysregulation is implicated in many human 

diseases such as diabetic nephropathy, pulmonary hypertension and cancer. Many 

reports link high GREM1 expression with increased carcinogenesis and worse patient 

survival in a range of cancers, as well as increased tumour cell proliferation, migration 

and invasion. Several reports identify high GREM1 mRNA in colorectal cancer, with 

GREM1 playing a vital role in maintaining the architecture of the colonic crypt. 

However, despite these numerous reports, an in-depth understanding into the molecular 

mechanisms by which GREM1 regulates these processes remains elusive.  

 

Using a series of in silico and in situ methodologies, we identified that GREM1 

expression is significantly higher in the colorectal cancer consensus molecular subtype-

4 and correlates with reduced patient survival. Furthermore, we identified a novel 

paracrine signalling circuit, involving the secretion of GREM1 from cancer associated 

fibroblasts and uptake by surrounding colonic epithelial cells.  We extended these 

findings to show that non-GREM1 expressing cells were capable of taking up GREM1 

protein via both clathrin- and calveolar-mediated endocytosis. No specific localisation 

of GREM1 to distinct organelles was identified, but perinuclear and endoplasmic 

reticulum staining were evident in some cells. Potential mechanisms of GREM1-

mediated carcinogenesis were then interrogated, with our data demonstrating that 

GREM1 promotes colony formation in HCT116 cells. The most widely reported non-

canonical signalling mechanism of GREM1 is VEGFR2 activation. Despite exhaustive 

efforts in a multitude of cell lines, we could not demonstrate GREM1-mediated 
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VEGFR2 activation. Computational genomics was used to compare gene expression 

changes in the intestines of wild-type versus Villin1-Grem1 transgenic mice. Our results 

predicted a variety of cell signalling relationships and pathways, with an emphasis on 

GREM1-mediated effects on immune cell pathways. GREM1 was also investigated as a 

potential therapeutic target for colorectal cancer, with a computational approach 

supported by in vitro studies identifying Simvastatin to be a promising candidate for the 

inhibition of GREM1 action in colorectal cancer. In addition, novel small molecule 

inhibitors of GREM1 were also characterised for their potential as anti-cancer agents.    

 

Overall, this thesis provides novel insights into the mechanisms of GREM1 signalling in 

colorectal cancer, and the possible downstream pathways involved. The data presented 

suggest many new and interesting research directions to pursue in the future and 

identifies the potential of GREM1 as a novel therapeutic target and predictive biomarker 

in colorectal cancer.  
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1. INTRODUCTION 

1.1 COLORECTAL CANCER 
 

Colorectal cancer (CRC), also referred to as bowel cancer, describes the development 

of malignant tumours within the walls of the colon (large intestine or bowel) or 

rectum. CRC can develop in any of the four sections of the colon: the ascending 

colon, transverse colon, descending colon, sigmoid colon or in the rectum, located at 

the end of the colon (Figure 1.1.1). 

 

 

 

 

 

 

 

 

 

Figure 1.1.1 Diagram of the colon and rectum 
Locations within the large intestine and rectum (National Cancer Institute, 2010) 

 

1.1.1 Incidence and Mortality  

 

CRC is the fourth most common cancer in the UK, with around 41,000 new cases 

diagnosed annually (Cancer Research UK, 2014).  In 2014, there were around 16,000 

deaths from CRC in the UK, making it the second leading cause of cancer-related 

deaths; however, it is estimated 54 % of CRC cases are preventable (Cancer 

Research UK, 2014). Furthermore, incidence rates are growing, with a 14 % increase 

since the 1970s in Great Britain (Cancer Research UK, 2014). However, the 
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mortality rate of CRC patients in the UK has decreased since the 1970s, and is 

projected to fall by an additional 23 % by 2035 due to improvements in diagnosis 

and treatment (Cancer Research UK, 2014). Overall, an estimated 1.36 million new 

cases of CRC diagnosed each year worldwide, and, 5 years post-diagnosis, the 

survival rate is around 50 % (Haggar and Boushey, 2009; Ferlay et al., 2015). The 

majority of these mortalities arise from patients with later stage CRC, with the 

percentage of survival highly depending on the stage at diagnosis, dropping from 90 

% 5-year survival rate for early stage diagnoses to 13 % with late IV CRC diagnosis 

(International Agency for Research on Cancer, 2018). Therefore, early detection of 

CRC is a priority in reducing the high mortality rate of this disease.   

 

1.1.2 Clinical Manifestations 

 

The clinical manifestations of CRC often vary between patients, based on the 

location where the tumours reside, as summarised in Figure 1.1.2.  

 

 

 

 

 

 

 

 

Figure 1.1.2 Differences Between Left- and Right-sided Colorectal Cancer 

Tumours 
MSI- Microsatellite instability, CIN- Chromosomal instability  (Luisetto, 2019). 
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Around 30 % of patients who present with sub/obstructing symptoms are diagnosed 

with acute stage of CRC; these symptoms include haematochezia (passage of blood) 

and/or tenesmus (recurrent proclivity to evacuate the bowels) (De Rosa et al., 2016). 

Other symptoms patients regularly present with include abdominal pain (instigated 

by eating), nausea and vomiting (Cancer Research UK, 2014). Furthermore, 20-25 % 

of CRC patients present with liver or lung metastasis at first diagnosis, with an 

additional 18 % presenting with rectal cancer at first diagnosis (De Rosa et al., 

2016).  

 

1.1.3  Clinical Diagnosis and Staging 

 

To ensure effective treatment of CRC patients, accurate diagnosis and staging of the 

patient is required. Currently, the gold standard for CRC diagnosis consists of a 

complete colonoscopy to the cecum (Figure 1.1.1), combined with biopsies for 

histopathological examinations (De Rosa et al., 2016; National Health Service, 

2019). More often, a flexible sigmoidoscopy is carried out due to being more 

comfortable for the patient and less time consuming. Additionally, CRC can be 

diagnosed by computed tomography colonography (CTC), which is often carried out 

in emergency referrals, such as suspected bowel obstruction (National Health 

Service, 2019).  

 

CRC patients can be staged using two systems, with the aim of providing insight for 

prognosis and therapeutic decisions for the patient. Firstly, the American Joint 

Committee on Cancer/Union for International Cancer Control ‘tumour, node, 

metastasis’ (TNM) system, as described in Table 1.1.1; with T referring to the spread 

of the tumour through the organ of origin, N denoting to the spread to lymph nodes, 
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and M indicating metastatic status (Rose, 2015). Following TNM classifications, 

CRC can then be grouped into stages, as shown in Table 1.1.2.  

Table 1.1.1 TNM Staging of Colorectal Cancer  
Cancer staging system whereby ‘T’ denotes primary tumour status, ‘N’ addressed regional lymph nodes 

and ‘M’ status refers to distant metastasis. TNM stages are combined to produce their overall TNM 

stage as shown in Table 1.1.2 (Rose, 2015). 

 

PRIMARY TUMOUR (T) 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

TIS Carcinoma in situ: intraepithelial or invasion of lamina propria 

T1 Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades through the muscularis propria into the pericolorectal 

tissues 

T4A Tumour penetrates to the surface of the visceral peritoneum 

T4B Tumour directly invades or is adherent to other organs or structures 

REGIONAL LYMPH NODES (N) 

NX Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in 1-3 regional lymph nodes 

N1A Metastasis in 1 regional lymph node 

N1B Metastasis in 2-3 regional lymph nodes 

N1C Tumour deposit(s) in the subserosa, mesentery, or non-peritonealized 

pericolic or perirectal tissues without regional nodal metastasis 

N2 Metastasis in 4 or more lymph nodes 

N2A Metastasis in 4-6 regional lymph nodes 

N2B Metastasis in 7 or more regional lymph nodes 

DISTANT METASTASIS (M) 

M0 No distant metastasis 

M1 Distant metastasis 

M1A Metastasis confined to 1 organ or site (e.g. liver, lung, ovary, non-regional 

node) 

M1B Metastases in more than 1 organ/site or the peritoneum 
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Table 1.1.2 TNM Staging of Colorectal Cancer  
TNM staging given based on assessment from Table 1.1.1 (Rose, 2015) 

 

STAGE T N M 

0 Tis N0 M0 

I T1 N0 M0 

  T2 N0 M0 

IIA T3 N0 M0 

IIB T4a N0 M0 

IIC T4b N0 M0 

IIIA T1-T2 N1/N1c M0 

  T1 N2a M0 

IIIB T3-T4a N1/N1c M0 

  T2-T3 N2a M0 

  T1-T2 N2b M0 

IIIC T4a N2a M0 

  T3-T4a N2b M0 

  T4b N1-N2 M0 

IVA Any T Any N M1a 

IVB Any T Any N M1b 

 

 

In addition to TNM staging, the Dukes’ staging system (Table 1.1.3) was developed 

in 1932 specifically for the staging of CRC (Haq et al., 2009). However, this staging 

system has since been replaced by the more specific TNM staging system and is no 

longer recommended for clinical use, although it is important to understand as some 

older patient data sets are still staged with this information.  
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Table 1.1.3 The Dukes' staging system 
The Dukes’ staging system was developed in 1932 by British pathologist Cuthbert Esquire Dukes for 

the specification of CRC (Dukes, 1932). 

 

STAGE DESCRIPTION 

A Limited to the submucosa 

B1 Tumour invades into but not through the muscularis propria, no lymph 

node involvement 

B2 Tumour invades through the muscularis propria, no lymph node 

involvement 

B3 Tumour directly invades other organs or structures (added) 

C1 Regional lymph nodes involved 

C2 Metastases present in nodes at mesenteric artery ligature (apical nodes) 

 

 

 

 

These tumour stages are then used to determine the treatment given to the patient; 

however, due to the heterogeneity of the disease, patients within the same staging can 

experience varying clinical responses to treatments. Therefore, stratification was 

required to better classify different CRC subtypes in relation to specific molecular 

and morphological alterations, allowing prognosis and response to treatment to be 

better predicted. This classification is described further in Section 1.3.2.  
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1.2 NORMAL INTESTINAL HOMEOSTASIS 
 

It is important to understand normal intestinal homeostasis first in order to fully 

understand CRC development and progression. The mammalian intestine is formed 

of the colon (large intestine or bowel, as shown in Figure 1.1.1), and the small 

intestine, further divided into the duodenum, jejunum and ileum. Four histologically 

distinct layers form the intestine. Firstly, the outermost layer, the serosa, which 

consists of a smooth membrane of cells that secrete serous fluid, next is a region of 

muscle adjacent to the serosa, formed of outer, longitudinal and inner, circular layers 

of muscles cells. This layer is termed the muscularis and, combined with the 

intramural enteric nervous system, is responsible for the peristaltic contractions of 

the intestine, moving the chyme along the intestine for nutrient absorption (Barker, 

De Wetering and Clevers, 2008). Following this is the submucosa, consisting of 

stroma, blood vessels and lymphatics, as well as dense, irregular connective tissue, 

attaching to the last mucosa layer. The intestinal tract is lined with the mucosa, this 

itself is constructed of three tissue layers in a concentric structure. At the base of the 

mucosa, is the muscularis mucosa- a thin layer of muscle. Several sheets of smooth 

muscle produce the second layer, lamina propria. The inner luminal surface layer is 

the epithelial layer and is formed by a single layer of columnar epithelial cells, lining 

the entire length of the intestine. Within the small intestine, this single layer of 

epithelium forms two functionally and morphologically distinct biological 

compartments: the crypts of Lieberkühn and the villi (Barker, De Wetering and 

Clevers, 2008). Combined, they form the self-renewing crypt-villus units across the 

length of the small intestine. The villi are folded to produce finger-like invaginations, 

protruding out into the lumen to maximise the absorption surface area, thereby 

optimising nutrient uptake (Ricci-Vitiani et al., 2009; Abdul Khalek, Gallicano and 
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Mishra, 2010). Within the top third of each crypt, terminally differentiated cells are 

located and continually extrude into the lumen, with the rate of epithelial 

replacement taking five days in humans and three days in mice, through a constant 

cycle of cell division, maturation and migration (Vaiopoulos et al., 2012). In 

contrast, the colon has much larger crypts that invaginate deeper into the submucosa, 

and no villi protruding out into the lumen, presenting a flatter epithelium layer 

against the lumen (Barker, De Wetering and Clevers, 2008). The crypt is a 

submucosal invagination in which several different cell types reside. At the base of 

the crypt, between 1-6 stem cells reside, also known as crypt-based columnar cells 

(CBCCs), which divide and produce transit amplifying (TA) or progenitor cells, 

which go on to proliferate at a high rate of every 12-16 h generating around 300 cells 

per crypt every day (Barker, De Wetering and Clevers, 2008). The produced cells 

expand up where they hit the crypt-villi junction upon which they rapidly 

differentiate, producing the non-proliferative population which migrates up the crypt 

walls towards the lumen (Barker, De Wetering and Clevers, 2008). This rapid 

proliferation is balanced by the cell shedding and apoptosis at the tip of the villi. 

Interestingly, this differentiation was previously believed to be irreversible, however, 

new data in the field suggests the presence of label retaining/reserve stem cells at the 

+4/5 regions, in addition to the possibility of reversible differentiation and plasticity 

following damage and loss of the stem cells within the crypt (Baulies, Angelis and 

Li, 2020). These differentiated, non-proliferative cells consist of four principle 

epithelial lineages: absorptive enterocytes, mucus-secreting Goblet cells, hormone-

secreting enteroendocrine cells and antimicrobial and enzyme-secreting Paneth cells 

(Barker, De Wetering and Clevers, 2008). The relative abundance of these cells 

varies within the different segments of the intestine, with the colon consisting mostly 

of enterocytes and Goblet cells (Barker, De Wetering and Clevers, 2008). 
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Enterocytes are also the most abundant cell type within the small intestine and are 

responsible for the absorption of nutrients from food as well as the secretion of a 

mixture of hydrolytic enzymes into the lumen (Barker, De Wetering and Clevers, 

2008). The number of Goblet cells increases from proximal to distal along the 

intestine, as stool becomes more compacted. Enteroendocrine cells represent a much 

smaller population of the differentiated cell types (< 1 %), they regulate gut 

physiology through the secretion of hormones such as serotonin and secretin (Barker, 

De Wetering and Clevers, 2008).  Paneth cells, in contrast to the other differentiated 

epithelial cells, differentiate through a downwards migration towards the base of the 

crypt from the +4 position, upon which they reside scattered between CBCCs (Ricci-

Vitiani et al., 2009; Abdul Khalek, Gallicano and Mishra, 2010). They play a key 

role in maintaining the microbial environment of the intestine, through secretion of 

antimicrobial agents such as defensins and lysozymes (Barker, De Wetering and 

Clevers, 2008). In addition to the four epithelial lineage cells, there are some lesser-

known and lesser-abundant cell types such as Microfold (M) cells and brush/tuft 

cells as well as cup cells; however, little is currently known about their exact lineage 

relationships (Barker, De Wetering and Clevers, 2008). M cells are located in the 

small intestine and associated with Peyer’s patch, they sample antigens from the 

lumen (Barker, De Wetering and Clevers, 2008). Tuft cells have been known to play 

a part in the immune response whilst Cup cells are a distinct cell type that currently 

has no identified functions (Barker, De Wetering and Clevers, 2008).  
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Figure 1.2.1 Normal structure of the intestinal epithelium  
Stem cell compartments are located at the bottom of both the colon crypts and the small intestine crypts, 

with crypt base columnar cells (CBCCs) and +4 stem cells situated between, or in the small intestine, 

just above the Paneth cells. These Paneth cells differentiate downwards of the crypt, whereas the other 

linages of the CBCCs and +4 cells (enterocytes, endocrine cells and goblet cells) differentiate up the 

crypt. Myofibroblasts line the crypts, producing signalling which regulates stem cell differentiation and 

proliferation (Medema and Vermeulen, 2011) 

 

Stem cell maintenance, renewal and differentiation are tightly regulated by varying 

signalling pathways, and it is these pathways which contribute significantly  to 

prevention of neoplastic transformation (Kosinski et al., 2007). There are several 

specific regulatory pathways involved, with the Wnt, Notch and bone morphogenetic 

protein (BMP)  signalling pathways having prominent roles (Kosinski et al., 2007; 

Medema and Vermeulen, 2011). Notch signalling is carried out through cell-to-cell 

contact, and is involved in the determination of lineage-fate, with a specificity 

towards cells of secretory lineage (van Es and Clevers, 2005). In contrast, Wnt 

signalling is  achieved through ligands secreted by myofibroblast lineage 

mesenchymal cells located within the basal lamina surrounding the crypts  (Fevr et 
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al., 2007; Ricci-Vitiani et al., 2009), and have a vital role in maintaining intestinal 

stem cell (ISC) fate as well as proliferation of progenitor cells (Figure 1.2.2) 

(Clevers, 2006; Kosinski et al., 2007). Conversely, BMP signalling is involved in 

inhibition of ISC activation and promotes differentiation (He, Zhang and Li, 2005). 

Additionally, the TGFβ pathway has been shown to play a major role, modulating 

the generation of secretory cell progenitors from the ISCs and thus aiding regulation 

of ISC differentiation (Testa, Pelosi and Castelli, 2018). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.2 The Expression Gradients involved in intestinal crypt development 

and homeostasis 
Architecture of the small intestinal colon crypts and the regulatory signalling pathways involved. Stem 

cells reside at the base of the crypt (red), giving rise to transit amplifying cells which terminally 

differentiate towards the epithelial lineages of the villus (blue). This proliferation and differentiation is 

regulated primarily by the expression gradients of BMPs and BMP antagonists as well as Wnt 

signalling. Panels on the right indicate genes with increased expression involved in each pathway for 

the proliferative and differentiative compartments. ISEMF, Intestinal subepithelial myofibroblast; 

SMC, smooth muscle cell (Kosinski et al., 2007). 
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1.3 AETIOLOGY OF COLORECTAL CANCER  
 

The intestinal homeostasis is tightly regulated to maintain cell proliferation, 

differentiation, migration and apoptosis; however, this high turnover rate of intestinal 

epithelial cells makes the gastrointestinal system susceptible to malignancies, 

including CRC, if an imbalance occurs within these mechanisms. Initiation and 

progression of CRC is, in the vast majority of cases, determined by the gradual 

accumulation of both genetic and epigenetic changes, with diet being the most 

significant exogenous influence currently identified (Hardwick et al., 2008). 

Mutations can occur in a multitude of genes leading to the onset of CRC, including 

oncogenes, tumour suppressor genes and genes associated with DNA repair. How the 

mutation occurred, whether it was inherited via a germline mutation, then determines 

if the carcinoma is deemed to be sporadic, inherited or familial. Moreover, incidence 

rates increase in relation to industrialization and urbanization, providing further 

evidence for the importance of environmental risk factors in the aetiology of CRC 

(Migliore et al., 2011), as well as diets rich in fat or low in fibre, a sedentary lifestyle 

or smoking  (Larsson and Wolk, 2006; Hoffmeister et al., 2010; Arends, 2013). 

Therefore, CRC carcinogenesis is multifactorial- with shared genes, environmental 

influences, and socioeconomic and lifestyle factors contributing (Aran et al., 2016).  

 

If the carcinoma is initiated by point mutations, which can be accumulated 

throughout life, these are therefore not inherited by the patient and the carcinoma is 

termed ‘Sporadic’. These forms of CRC account for around 70 % of all CRC. As 

these mutations can target a variety of genes, sporadic cancers have a heterogenous 

molecular pathogenesis. However, mutations in tumour suppressor or oncogenes may 

also occur via germline-inactivating mutations and can cause hereditary CRC. 

Around 2-5 % of CRCs are attributed to inherited syndromes such as Lynch 
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syndrome and familial adenomatous polyposis (FAP) (further discussed in Section 

1.3.2) Familial CRC accounts for the remaining 25 % of CRC cases, this is also 

caused by inherited mutations however it is not classified as an inherited cancer 

specifically as a mendelian high penetrance gene cannot be found, and is therefore 

likely related to an accumulation of common variant predispositions (Mármol et al., 

2017).  

 

1.3.1 Sporadic Colorectal Cancer 

 

1.3.1.1 Adenoma-Carcinoma Sequence 
 

Around 60-65 % of CRC are said to follow a specific series of mutations, whereby 

the patient starts from an adenoma which develops to the carcinoma state, named the 

Adenoma-Carcinoma Sequence, developed by Fearon and Vogelstein in 1990. 

Typically, this pathway occurs over a 10- 15-year timeframe. The sequence begins 

with the inactivation of the Adenomatous Polyposis Coli (APC) tumour suppressor 

gene, initiating the transition from normal mucosa to adenoma. The model originally 

predicted that a minimum of seven distinct mutations are required, and, although this 

traditional model of CRC progression provides an insight into the alterations 

involved in CRC, over the last ten years the molecular biology and genetics involved 

have been studied and refined in detail, with multiple pathways involved in CRC 

pathogenesis now determined.  

 

CRC progression is now deemed to result from particular mutations associated with 

varying levels of genetic and epigenetic alterations, which are sequentially 

accumulated within the progressive tumour causing genetic instability, varying 
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alterations in mitogenous signalling pathways and enzymes (Figure 1.3.1) (Power, 

Gloglowski and Lipkin, 2010; Arends, 2013; Raskov et al., 2014; Aran et al., 2016). 

 

The acquisition of genomic instability of CRC can be further divided into three main 

categories: chromosomal instability (CIN), microsatellite instability (MSI) and 

epigenetic instability (namely the CpG island methylator phenotype (CIMP)). 

However, these three groups are not mutually exclusive and tumours can develop 

features of multiple pathways, although the extent of this overlap as well as its nature 

remains unclear (Muleris et al., 2008; Pino and Chung, 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.1 Adenoma-carcinoma sequence model  
This diagram presents the adenoma-carcinoma sequence first developed by Fearon and Vogelstein in 

1990. It is important to note this is likely an oversimplification, however the observed 

clinicopathological changes are aligned with the genetic abnormalities and progression. The initial step 

of carcinogenesis occurs with adenoma formation induced by loss of adenomatous polyposis coli 

(APC). This loss of APC function induces constitutive transcriptional activation of Wnt target genes, 

with aberrant Wnt signalling an additional common occurrence in CRC as it is involved in intestinal 

stem cell maintenance, as described in Chapter 1.2. Further mutations then occur to develop the 

adenoma, including KRAS, loss of chromosome 18q, SMAD4, BRAF and CDC4. For progression to 

cancer, mutations may occur in TP53, BAX or IGF2R. Furthermore, along this sequence, mismatch 

repair (MMR) deficiency and increasing chromosomal instability (CIN) may play also role in tumour 

progression. (Walther et al., 2009) 
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1.3.2  Molecular Pathways of Colorectal Cancer 

 

1.3.2.1 Chromosomal Instability Pathway 
 

CIN tumours account for around 85 % of sporadic CRCs (Armaghany et al., 2012). 

The term denotes the augmented gains or losses of large, if not whole, sections of 

chromosomes, subsequently causing karyotypic variability between cells (Lengauer, 

Kinzler and Vogelstein, 1998), specifically within the control of cell cycle, apoptosis 

and intercellular communication (Raskov et al., 2014). CIN consequently causes 

aneuploidy or polyploidy, loss of heterozygosity (LOH) and sub-chromosomal 

genomic amplifications (Pino and Chung, 2010; Migliore et al., 2011). CIN is 

capable of occurring in a wide variety of genes, with around 30 % of the human 

genome encoding for proteins involved in DNA fidelity (Brenner, Kloor and Pox, 

2014). CIN typically causes the inactivation of wild-type tumour suppressor genes, 

such as: APC, TP53 and Similar to Mothers Against Decapentaplegic Family 

Member 4 (SMAD4) (Markowitz and Bertagnolli, 2009). Furthermore, CIN in CRC 

commonly causes the activation of the proto-oncogenes such as those listed in Table 

1.3.1.  

 

Table 1.3.1 Common genes that undergo CIN in CRC 

(Table adapted from Pino, Chung, 2010). 
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APC and Wnt Signalling 

 

The APC gene is considered the most important tumour suppressor (or “gatekeeper”) 

gene in relation to CRC, with its mutations observed in as many as 72 % of sporadic 

tumours  (Miyaki et al., 1994; Zoratto et al., 2014) and research showing APC-

mutant mice to develop multiple intestinal neoplasia (Taketo and Edelmann, 2009). It 

is the earliest genetic event in CRC tumorigenesis, with the gene itself encoding for 

an enormous 2,843 amino acid protein containing multiple functional domains. APC 

is implicated in various cellular functions including differentiation, migration and 

apoptosis (Pino and Chung, 2010; Zoratto et al., 2014). Primarily, the APC protein 

negatively regulates the transcription factor β-catenin, an effector of the Wnt 

signalling pathway (described in figure 1.3.2)- that controls colonic epithelial 

homeostasis via intestinal crypt stem cells (Huang and Du, 2008). Therefore, CIN of 

the APC gene subsequently activates the Wnt pathway, causing accelerated epithelial 

cell proliferation and impaired differentiation and apoptosis (Raskov et al., 2014). 

Interestingly, over 90 % of sporadic CRCs contain mutations influencing the Wnt 

pathway, further accentuating the importance of this pathway in CRC progression 

(Thorstensen et al., 2005). In addition to effecting the Wnt pathway, loss of 

functional APC can also interfere with detection of replication errors in mitosis, 

further contributing to CIN (Draviam et al., 2006).  
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Figure 1.3.2 Schematic diagram of β-catenin–mediated canonical Wnt pathway. 
Left: When Wnt ligands are absent, the Wnt signalling is suppressed. Cytosolic β-catenin  is therefore 

phosphorylated by a complex formed by Axin, APC, GSK3β and CK1, termed the destruction complex. 

β-catenin is then ubiquitinated and targeted for degradation by proteasomes. Within the nucleus, Wnt-

regulated gene expression is supressed by Groucho binding to Tcf/Lef. Right: Wnt signalling activation. 

Wnt ligands bind to their receptors Fzd/LRP5/6/Dvl, which induces the subsequent disruption of the β-

catenin destruction complex, this induces stability of the protein which can now translocate into the 

nucleus whereby β-catenin functions as a co-factor for Tcf/Lef, allowing Wnt target genes to be 

transcribed. APC, adenomatous polyposis coli; β-cat, β-catenin; CK1, casein kinase cell 

factor/lymphoid enhancer-binding factor.  (Lorenzon et al., 2017) 

 

 

 

KRAS 

 

Unlike APC, mutations in KRAS are not a precursory event in CRC development 

(Pretlow and Pretlow, 2005). However, mutations frequently occur in the earlier 

stages of CRC adenoma to carcinoma progression, suggesting a strong causative role 

(Nguyen and Duong, 2018), and is the most commonly mutated RAS family 

member, occurring within 30-50 % of CRCs (Dobre et al., 2013).  KRAS is an 

oncogene and member RAS gene family, involved in regulatory pathways for 
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differentiation, proliferation, senescence and apoptosis of cells (Armaghany et al., 

2012). KRAS is a membrane-bound GTP/GDP-binding protein that has intrinsic 

GTPase activity, expressed within the majority of human cell types. The switch 

between the active GTP-bound state and inactive GDP-bound state of KRAS is also 

regulated by GTPase-activating proteins and guanine nucleotide exchange factors 

(Nguyen and Duong, 2018). KRAS is short and prone to point mutations, with a 

single amino acid substitution, such as G12V, an activating mutation (Raskov et al., 

2014; Hobbs, Der and Rossman, 2016). Mutations in KRAS cause dysregulation in 

the intrinsic GTPase activity of KRAS, leading to accumulation of the protein in the 

GTP-bound active state, inducing amplified activation downstream of the 

proliferative pathway (shown in Figure 1.3.3), triggering a growth advantage in the 

cells bearing the mutation (Nguyen and Duong, 2018).  
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Figure 1.3.3 RAS signalling pathways 
Binding of growth factors (marked in red) to their associated cell surface receptors activate guanine 

exchange factors (GEF), such as son of sevenless (SOS) which are attached by the adaptor protein 

growth-factor-receptor bound protein 2 (GRB2). Activation of these GEFs induce release of guanosine 

diphosphate (GDP), GDP bound to RAS in exchange for GTP, producing the active confirmation of 

RAS-GTP. GTPase-activating proteins (GAPs) are then able to bind to the RAS-GTP complex and 

enhance the RAS-GTP to RAS-GDP transition, which causes the signal to be terminated. Mutations in 

RAS genes such as KRAS cause the complex to be constitutively activated, locked in the RAS-GTP 

confirmation. This subsequently causes over activation of numerous cellular pathways regulated by 

RAS through a variety of effectors: MAPKKK-mitogen activated protein kinase 3 , MKK- mitogen 

activated protein kinase 2, JNK-c-Jun N-terminal kinases, TIAM1- T-cell lymphoma invasion and 

metastasis-inducing protein 1, Rac- Ras-related C3 botulinum toxin substrate, Rho, PI3K- 

phosphoinositide 3-kinase, AKT/PKB-Protein kinase B, Raf, MEK- Mitogen-activated extracellular 

signal-regulated kinase, ERK-extracellular signal–regulated kinases , Ral-GDS- Ral-Guanine 

nucleotide dissociation stimulators, PLD- Phospholipase D, TBK1-TANK-binding kinase 1,  NF-κβ- 

nuclear factor- kappa beta (Pino and Chung, 2010) 

 

 

 

 

18q Loss of Heterozygosity 

 

Loss of heterozygosity (LOH) is the loss of one of the two alleles of a gene, where 

additionally, the remaining allele is also effected by a mutation (Armaghany et al., 

2012). Up to 70 % of CRCs show LOH at chromosome 18q and is considered a poor 

prognostic marker for CRC patient survival. The high frequency of LOH at 18q 
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indicated the presence of potential tumour-suppressor genes, including the termed the 

‘deleted in colorectal carcinoma’ gene (DCC) (Fearon and Vogelstein, 1990), which 

encodes the transmembrane protein DCC. DCC inhibits cell growth when its ligand, 

Netrin-1, produced in the crypts of colorectal mucosa, is absent. Therefore, when the 

DCC gene is mutated, Netrin-1 is unable to bind to the DCC protein and 

consequently abnormal cell survival ensues. Additionally, other tumour suppressor 

genes are also located on 18q, including those encoding the homologproteins 

SMAD2 and SMAD4, which mediate the regulatory TGF-β pathway involved in cell 

growth, differentiation and apoptosis (Pino and Chung, 2010). However, only 10 % 

and 20 % of CRCs have been identified to carry mutations within SMAD4 and 

SMAD2 respectively (Takagi et al., 1996, 1998; Pino and Chung, 2010).  

 

TP53 

 

TP53 is a tumour-suppressor gene located on the short arm of chromosome 17 and is 

commonly lost in CRC (Vogelstein et al., 1988).The gene encodes a 393 amino acid 

transcription factor, p53, which becomes activated in response to DNA damage, 

proliferative signals, oxidative stress or by varying oncogenes including RAS 

(Levine, 1997). The gene has been termed the ‘guardian of the genome’ (Zoratto et 

al., 2014), as p53 is capable of controlling the transcription of a wealth of genes 

involved in apoptosis, differentiation, migration, DNA metabolism and cell cycle 

regulation (Pino and Chung, 2010).  P53 acts as a tumour suppressor through 

inducing G1 cell-cycle arrest when replication errors or mutations occur, and 

facilitating DNA repair before the cell is fully committed to the DNA replication 

process (Armaghany et al., 2012). If this DNA repair is unsuccessful, p53 induces 

cell death via the apoptotic pathway  through targets such as BAX, FAS and DR5 
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(Menendez, Inga and Resnick, 2009; Pino and Chung, 2010; Armaghany et al., 

2012). 

 

The mutation of TP53 is deemed crucial in carcinogenesis, and causes transition 

from adenoma to carcinoma, with the majority of these mutations being missense GC 

to AT transitions within 5 key codons of the TP53 gene (175, 245, 248, 273 and 282) 

(Béroud and Soussi, 2003). TP53 mutation is observed in 5 % of adenomas but 

frequency increases in correlation with malignancy-  around 50 % of malignant 

polyps and 75 % of invasive CRCs are found with TP53 mutations (Suppiah and 

Greenman, 2013; Bahnassy et al., 2014; Raskov et al., 2014), therefore indicating the 

role TP53 likely plays in CRC progression.  

 

1.3.2.2 Microsatellite Instability 
 

Microsatellite instability (MSI) is another form of genomic instability that is 

observed in in both sporadic and hereditary forms (Setaffy and Langner, 2015), with 

around 15-20 % of sporadic CRCs and > 95 % of Lynch syndrome CRCs having 

MSI (Nguyen and Duong, 2018). Microsatellites are repetitive DNA sequences, 

formed of tandem repeats that usually consist of 1- 5 base pairs and are distributed 

evenly every 25-50 kb throughout the genome. Instability in these microsatellites 

occurs as a consequence of mutations causing inactivation of DNA mismatch repair 

(MMR) genes leading to DNA replication errors and thus genetic alterations (Tariq 

and Ghias, 2016). Patients with MSI consequently have numerous replication errors, 

particularly in repetitive DNA sequences, often due to the slippage of DNA 

polymerase at these regions (Abdel-Rahman and Peltomäki, 2004), and when MMR 

is deficient, these errors are not corrected. This can cause increased risk if these 
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slippages occur in nearby exons, as this can induce mutations within these coding 

regions (Viguera, Canceill and Ehrlich, 2001). 

 

MSI positive tumours hold fundamental differences to CSI CRCs in relation to 

molecular pathogenesis, histopathology as well as direct clinical implications 

(Boland and Goel, 2010; Kloor et al., 2014).  In particular, there are a number of 

tumour suppressor genes that are uniquely mutated in MSI CRCs. For example, 

TGF-β receptor 2 (TGFβR2) is mutated in up to 90 % of MSI CRCs (Markowitz et 

al., 1995). TGF-β signalling inhibits colonic epithelial proliferation (Boland and 

Goel, 2010), and as such acts as a tumour suppressor, therefore, the inability to signal 

via the TGFβR2 causes deregulation in growth inhibition.  Additionally, in 13 % of 

MSI CRCs, IGF2R, which also binds to TGFβR1 and is required for its activation, is 

found to be mutated (Kinouchi et al., 1996).  

 

CRCs developed through the MSI pathway are generally chromosomally stable and 

develop into varying phenotypes depending on the percentage of MSI markers they 

hold. These markers are taken from a panel determined at an international consensus 

meeting in 1997 and consist of two single nucleotide markers and three dinucleotide 

markers (BAT25 and BAT26 and  D5S346, D2S123, and D17S250 respectively) 

(Tariq and Ghias, 2016). A CRC tumour involving more than 30 % of the markers is 

termed high-level microsatellite instability (MSI-H), whilst a tumour involving less 

than 30 % is MSI-low (MSI-L), additionally, those lacking MSI are termed MSI 

stable (MSS). 
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1.3.2.3 Epigenetic Instability: The CpG Island Methylator Phenotype 
 

In 1999, a third pathway of CRC tumorigenesis was described by Toyota et al. and 

termed the CpG Island Methylator Phenotype (CIMP). The pathway comprises of 

atypical DNA hypermethylation in CpG dinucleotide sequences situated within 

promoter regions of regulatory genes involved in cell cycle, apoptosis, DNA repair, 

angiogenesis and cell invasion and adhesion (Colussi et al., 2013). Loss of gene 

expression occurs in those harbouring promoter region CpG island hypermethylation, 

as it causes the chromatin to close and  form a physical block, preventing 

transcription factor binding and as such resulting in transcriptional silencing (Kondo 

and Issa, 2004; Colussi et al., 2013).  

 

The causes and patterns of hypermethylation remain indistinct. Despite this, cancers 

can be classified by the amount of methylation, with highly methylated tumours 

(CIMP) forming a clinically distinct CRC group, characterised by epigenetic 

instability (Mojarad et al., 2013). This is due to the pathway being driven by 

promoter hypermethylation and thus epigenetic inactivation of tumour suppressor 

genes (Mojarad et al., 2013). CIMP occurs in around 20-30 % of CRCs, with its 

clinical features associated to that of MSI phenotype CRCs (S Ogino et al., 2006). 

Additionally, based on the number of methylated markers (CACNA1G, CDKN2A, 

CRABP1, MLH1 and NEUROG1) a CRC holds, the CIMP phenotype can be further 

defined as CIMP-high (4-5 methylated marker genes) or CIMP-low (1-3 methylated 

marker genes)(S Ogino et al., 2006). Further efforts have been made to define 

features specific to CIMP positive CRC, such as identifying specific carcinogen 

exposure to be associated with CIMP status (Issa, Baylin and Belinsky, 1996), 

increase in CIMP with age (Toyota et al., 1999) and association with mucinous 

tumours (Hawkins et al., 2002). Furthermore, CIMP-high tumours were more likely 
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to occur in the proximal colon and bared more frequent KRAS and BRAF mutations 

(Ang et al., 2010). 

 

 

As previously mentioned, these three genomic instability pathways for CRC are not 

mutually exclusive, and tumours can develop features of multiple pathways. The 

involvement of these three groups is summarised in Figure 1.3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.4 Overview of the three genomic instability pathways driving 

colorectal cancer onset and development.  
CIN, Chromosomal instability; MSI, microsatellite instability; CIMP, CpG island methylator 

phenotype; APC, adenomatous polyposis; KRAS, KRAS proto-oncogene GTPase; BRAF, B-Raf proto-

oncogene serine/threonine kinase; TP53, tumor protein 53; LOH, loss of heterozygosity; HNPPC, 

hereditary non-polyposis colorectal cancer; MLH1, mutL homolog 1; MSH2, mutS homolog 2. 

(Nguyen and Duong, 2018).  

 

 

 

1.3.3 Hereditary Colorectal Cancer Syndromes 

 

From the most common malignancies, CRC has one of the largest percentages of 

familial cases (Jasperson et al., 2010), with approximately 3-5 % of all CRCs being 

caused by a known hereditary CRC syndrome (Zoratto et al., 2014). In hereditary 

CRCs, monoallelic gene expression in the germline inhibits DNA repair or tumour 

suppressor genes, alongside somatic events abolishing the function of the remaining 
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allele, instigating tumorigenesis (Knudson, 1993). There are varying inherited 

syndromes, as described in Table 1.3.2, with the two most common being hereditary 

nonpolyposis colorectal cancer (also known as Lynch syndrome, and familial 

adenomatous polyposis coli (FAP), with estimated allele frequencies of 1:350-1:1700 

and 1:10,000 respectively (Roy and Lynch, 2003; Brenner, Kloor and Pox, 2014).  

Both of these forms are autosomal dominant and follow typical CRC molecular 

pathogenesis: LH-associated bearing MMR deficiency and as such are MSI-H, whilst 

FAP-associated follow the adenoma-carcinoma pathway, induced by the loss of APC 

(Segditsas and Tomlinson, 2006; Boland and Goel, 2010; Jasperson et al., 2010). 

Despite the infrequency of these hereditary syndromes, due to the incredibly high 

lifetime risk, as presented in Table 1.3.2, it should be noted that patients often have 

arduous clinical implications such as those with FAP requiring bi-annual surveillance 

colonoscopies from a young age, for life (Scottish Intercollegiate Guidelines 

Network, 2016) . 

 

Table 1.3.2 Major CRC Genes and their Associated Hereditary Syndromes.  
FAP- Familial adenomatous polyposis coli, AFAP- Attenuated FAP, MAP- MUTYH-associated 

polyposis, LS- Lynch syndrome, PJS- Peutz-Jeghers syndrome, JPS- Juvenile polyposis syndrome, CS- 

Cowden syndrome (Migliore et al., 2011). 

Gene(s) Syndrome Inheritance Lifetime Risk 

APC FAP Autosomal Dominant 100 % 

APC AFAP Autosomal Dominant 69 % 

MUTYH MAP Autosomal Recessive 80 % 

MLH1, MSH1, MSH6, 

PMS2, TACSTD1 
LS Autosomal Dominant 80 % 

STK11 PJS Autosomal Dominant 39 % 

SMAD4 (DPC4), 

BMPR1A 
JPS Autosomal Dominant 39 % 

PTEN CS Autosomal Dominant Rare 
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1.3.4 The Consensus Molecular Subtypes of Colorectal Cancer 

 

As previously described, CRC is a very heterogeneous disease, instigating issues 

such as drug resistance and relapse after treatment in patients. However, the amount 

of understanding of CRC and the molecular characteristics of the disease has allowed 

improvements in patient treatment, such as MSI status aiding clinicians in adjuvant 

therapy choice as well as mutational statuses of genes such as KRAS (exon 2), 

BRAF (V600E) indicating potential for anti-EGFR therapy. It is clear that the 

molecular characteristics of CRC play a vital role in the prognosis and therapy 

strategies for patients, therefore molecular stratification of CRC with the focus of 

improving treatment was required. To achieve this, an international CRC Subtyping 

Consortium was formed to evaluate gene expression patterns in six previous CRC 

subtyping algorithms involving over 4000 CRC samples from 18 datasets of stage I-

IC CRCs (Schlicker et al., 2012; Budinska et al., 2013; De Sousa E Melo et al., 

2013; Marisa, de Reyniès, Duval, Selves, Gaub, Schrag, et al., 2013; Sadanandam et 

al., 2013; Roepman et al., 2014). The inconsistencies between the algorithms were 

resolved, with the aim of facilitating clinical translation (Guinney et al., 2015). 

Resulting from this, four consensus molecular subtypes (CMSs) were produced, each 

with distinguishing features (Guinney et al., 2015), as shown in Table 1.3.3: CMS1 

(MSI Immune), CMS2 (Canonical), CMS3 (Metabolic), and CMS4 (Mesenchymal).  
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Table 1.3.3 The Consensus Molecular Subtypes of CRC 
The CMS subtypes of CRC present both biologically and clinically distinct groups. CAFs, cancer-

associated fibroblasts; CIMP, CpG island methylator phenotype; CIN, chromosomal instability; DFS, 

disease-free survival; EMT, epithelial–mesenchymal transition; JAK/STAT, Janus kinase/signal 

transducers and activators of transcription; KRAS, Kirsten rat sarcoma viral oncogene homolog; MSI, 

microsatellite instability; TGF, transforming growth factor; VEGF, vascular endothelial growth factor 

(Fessler and Medema, 2016).  
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Figure 1.3.5 Key features of the CRC Consensus Molecular Subtypes 
CMS1: This subtype displays hypermutation and microsatellite instability, increase immune cell 

infiltrate (consisting of Th1 lymphocyte, cytotoxic T cell, NK cell infiltration) as well as upregulation 

of immune checkpoints such ad PD-1. CMS2: This subtype has an upregulation of canonical pathways 

such as Wnt and Myc. CMS3: This subtype is defined by the dysregulation of metabolic pathways such 

as carbohydrate and fatty acid oxidation, it also includes the loss of TH17 immune cells. CMS4: This 

subtype is referred to as the mesenchymal subtype, as it involves increased EMT activation as well as 

increased TGFβ signalling, angiogenesis and complement activation. This subtype also has high levels 

of tumour stroma.  (Menter et al., 2019) 
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1.4 BONE MORPHOGENETIC PROTEINS 
 

1.4.1 BMP Ligands 

 

BMPs are phylogenetically conserved signalling molecules within the TGF-β 

superfamily and were first identified by their role in promotion of endochondral bone 

formation (Urist, 1965). Since, BMPs have been identified to be essential for a wide 

range of developmental processes and homeostasis of varying tissues, with variable 

ligand-receptor-antagonist relationships, producing a multifaceted, tissue-specific 

network (Canalis, Economides and Gazzerro, 2003; Yanagita, 2005; Ye and Jiang, 

2016). This class of over 20 identified proteins has been shown to have roles in stem 

cell homeostasis, cell lineage determination, differentiation, proliferation, 

morphogenesis and apoptosis  (Hogan, 1996; Thawani et al., 2010). Due to this 

diversity of functions, BMPs are subject of complex regulation and as such are 

initially produced as precursor proteins, formed by a signal peptide, prodomain and 

carboxyl-terminal domain containing the highly conserved cysteine residues (Davis 

et al., 2016). After removal of the signal peptide, the pro-BMPs undergo 

dimerization and are subsequently cleaved by specific proteases, forming the BMP 

ligand (Davis et al., 2016) (Figure 1.4.1). 

 

1.4.2 BMP Signalling 

 

BMP signalling is mediated by type I and type II serine/threonine kinase receptors, 

both of which consist of an N-terminal extracellular ligand binding domain, a 

transmembrane region and a C-terminal serine/threonine kinase domain (Ye and 

Jiang, 2016). There are a variety of different receptors that interact with BMP 
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ligands, with three type II receptors: BMP type II receptor (BMPR2), activin A 

receptor type II (ActR2) and activin A receptor IIB (ActR2B). Additionally, there are 

three type I receptors: activin receptor-like kinase (ALK)2, ALK3 (BMPRIA) and 

ALK6 (BMPRIB) (Nohe et al., 2004; Ali and Brazil, 2014). Both the type I and type 

II receptors are essential for transduction of the BMP signalling, as although certain 

BMPs are capable of binding to type I receptors alone, their affinity is increased in 

the presence of type II receptors (Ehata et al., 2013). Upon binding, a ligand-receptor 

complex consisting of a heterodimer of BMP ligands, type I and type II receptors is 

produced (Isaacs et al., 2010). Successively, the constitutively active type II receptor 

phosphorylates the type I receptor at the Gly-Ser-rich domain (Ehata et al., 2013; Ye 

and Jiang, 2016). This then activates downstream BMP signalling to the nucleus 

through the canonical SMAD-dependent downstream signalling. The signal 

converges to three BMP-specific receptor-regulated SMADs: SMAD1, 5 and 8 

(Hardwick et al., 2008; Ali and Brazil, 2014). These receptor SMADs subsequently 

bind to a nuclear SMAD, SMAD4, and form the co-SMAD SMAD4 complex. This 

complex then accumulates within the nucleus upon which it is recruited to 

transcriptional complexes for BMP-dependent gene transcription, such as ID1 and 

SMAD6 (Figure 1.4.1) (Brazil et al., 2015).  
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Figure 1.4.1 The SMAD-dependent Bone Morphogenetic Protein Signalling 

Pathway.  
1- BMP ligands bind and form a complex with the BMP receptors BMPR1 and BMPR2, inducing 

phosphorylation and activation of BMPR1 by BMPR2, this is regulated by BMP antagonists such as 

Gremlin1 (Grem1) and Noggin. This causes subsequent phosphorylation of SMAD1, 5 and 8, which 

associate with Smad4 before reaching the nucleus where they regulate targeted gene expression. 2- This 

pathway is also regulated in the plasma membrane by pseudoreceptors such as BMP and Activin 

Membrane Bound Inhibitor (BAMBI). 3- Additionally, inhibitory constraints on receptor-mediated 

SMAD1/5/8 phosphorylation occurs through FK-binding protein 12 (FKBP12) as well as inhibitory 

SMAD6 binding, which is released by a PRMT1 methyltransferase. 4- Further regulation of the BMP 

signalling pathway occurs through cytosolic phosphatases and ubiquitin ligases such as Smurf, 5- 

miRNA, 6- and methylation mediated control of BMP target gene expression (Brazil et al., 2015) 

 

 

1.4.3 Regulation of BMP Signalling 

 

Due to the diversity of functions BMP signalling is involved in, the BMP signalling 

pathway is tightly regulated through both intracellular and extracellular processes 

(Ali and Brazil, 2014). Intracellularly, they can be regulated through inhibitory 
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SMADs (SMAD 6 and 7), miRNAs or methylation, whilst extracellularly dominant 

negative non-signalling pseudoreceptors such as BMP and Activin Membrane Bound 

Inhibitor (BAMBI) and BMP antagonists can regulate BMP signalling (Canalis, 

Economides and Gazzerro, 2003; Brazil et al., 2015).  

  

These BMP antagonists (examples shown in Table 1.4.1) mediate the BMP 

signalling cascade through binding with high affinity directly to BMP ligands and 

preventing their interactions with BMP receptors (Ali and Brazil, 2014).  The 

antagonists are a group of structurally diverse, extracellularly secreted proteins, 

ranging in size from 170-250 amino acids for those belonging to the DAN/Cerberus 

family, to larger multidomain proteins such as Chordin, at 948 amino acids (Avsian-

Kretchmer and Hsueh, 2004; Brazil et al., 2015). The vital role of these antagonists 

is emphasised by the serious developmental defects observed in mice lacking one or 

more of these proteins (Walsh et al., 2010).  Some of these antagonists act upstream 

of BMP signalling, such as Gremlin and Noggin, which bind to and sequester BMPs, 

inhibiting their binding to BMPRs (Ali and Brazil, 2014). Downstream,  BMP 

signalling can be regulated by varying factors, such as the inhibition of SMAD 

activation and subsequent translocation to the nucleus via binding of SMAD 

ubiquitin ligases known as Smurfs and cytosolic phosphatases (Barnes et al., 2016).  

 

Protein phosphorylation and dephosphorylation also holds a vital role in the 

regulation of BMP signalling, such as via dephosphorylation of the TGFβ/BMP 

receptor by Protein phosphatase-1 (PP1). This stimulation causes an interaction 

between SMAD7 and growth arrest and DNA damage protein (GADD34)- the 

regulatory subunit of the TGFβ/BMP Type I receptor, inducing recruitment of the 

catalytic subunit of PP1 (PP1c) and then dephosphorylation of the type I receptor 

itself, causing reduction in receptor activation (Ali and Brazil, 2014).  
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Table 1.4.1 BMP antagonists and their roles in development  

(adapted from Walsh et al., 2010). 

 

COMMON NAME 
GENE 

NAME 

HUMAN 

CHROMOSOMAL 

LOCUS 

ROLE IN DEVELOPMENT 

CHORDIN Chrd 3q27 

Multiple roles in skeletal, ear, 

pharyngeal, cardiovascular 

development. 

CERBERUS Cer1 9p23–p22 

Head-inducing ability in Xenopus, 

although apparently non-crucial in 

knockout mouse studies. 

GREMLIN Grem1 15q13–q15 

Crucial for kidney formation and 

limb outgrowth and digitation; 

homozygous knockout is post-

natally lethal. 

USAG1 Sostdc1 7p21.1 

Expressed in uterine tissues, 

although crucial for proper dental 

formation and numeration in 

mice. 

SCLEROSTIN Sost 17q11.2 

Responsible for sclerosteosis; 

crucial for control of bone mass 

and outgrowth. Postnatally viable, 

although with increased mortality 

and morbidity. 

DAN Nbl1 4 D3; 4 70.0 cM 
No abnormal phenotype 

associated with DAN knockout. 

TWISTED 

GASTRULATION 
Twsg1 18p11.3 

Dorsoventral patterning, salivary 

gland morphogenesis, postnatally 

viable in knockout mice, with 

intermittent skeletal 

complications. In Xenopus, 

reduced Tsg expression results in 

ventralized development and lack 

of forebrain. 

NOGGIN Nog 17q21–q22 

Dorsoventral patterning, limb 

formation, neural tube 

morphogenesis. 
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1.4.4 The Role of BMP Signalling in the Colon 

 

As previously mentioned, BMP signalling is involved in stem cell activation and 

differentiation within intestinal crypt development, as well as intestinal homeostasis 

(Davis et al., 2016). BMP ligands, their receptors and SMADs are expressed within 

both mesenchymal and epithelial cells, whilst BMP antagonists are expressed mainly 

within the mesenchyme and also secreted by sub-crypt myofibroblasts (Kosinski et 

al., 2007; Hardwick et al., 2008). Specifically, BMP4 is found to be expressed by the 

mesenchymal cells within the intravillus mesenchyme as well as mesenchymal cells 

surrounding the crypt. Expression of BMPR1a, combined with active BMP 

signalling (identified through SMAD1, 5 and 8 phosphorylation) occurs within the 

villus epithelium (Haramis et al., 2004; He et al., 2004; Scoville et al., 2008). In 

contrast, GREM1 mRNA has been found to be expressed by intestinal pericryptal 

fibroblasts as well as smooth muscle cells of the muscularis mucosa (Kosinski et al., 

2007). However, although the expression patterns of BMP agonists and antagonists is 

complex within the intestine, a distinct regulatory network exists, with ISCs 

controlled by a balance of secreted BMP signals as cells migrate along the intestinal 

crypt-villus axis (Davis et al., 2016). The BMP pathway is expressed in a polarised 

fashion alongside the Wnt pathway, from the crypt base up to the luminal surface 

(Scoville et al., 2008; Davis et al., 2016). This expression gradient is highlighted in 

Figure 1.2.2.   

 

A low BMP and high Wnt gradient in the lower third of the crypt regulates stem cell 

division and proliferation amplification, whilst the high BMP and low Wnt gradient 

in the upper third of the crypt  regulates daughter cell differentiation and apoptosis 

(Davis et al., 2016).  Furthermore, this expression gradient is maintained by ligands, 

both Wnt and BMP, as well as BMP antagonists such as GREM1 and Noggin 
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(Kosinski et al., 2007; Davis et al., 2016). Interestingly, the interaction between the 

BMP and Wnt signalling pathways was identified in developing Drosophila (von 

Bubnoff and Cho, 2001); however, the interaction between these two pathways 

within the adult mammalian intestinal system remains poorly understood (Scoville et 

al., 2008). Nonetheless, it has been shown that BMPs induce an inhibitory effect on 

the Wnt pathway (Karagiannis et al., 2014). More specifically, BMP antagonists, in 

particular GREM1, were found to be expressed in stromal fibroblasts derived from 

numerous human CRCs, with these GREM1-expressing stromal fibroblasts being 

identified as necessary to support tumour cell expansion in vitro (Sneddon et al., 

2006; Scoville et al., 2008). Furthermore, the treatment of intestinal epithelial cell 

lines with GREM1 induced a significant increase in the Wnt target gene Axin2 

(Kosinski et al., 2007; Scoville et al., 2008). These results indicate that BMP 

antagonists such as GREM1 coordinate with Wnt signals to form a stringent ISC 

niche  (Scoville et al., 2008), although further research into these interactions and 

effects is required. 

 

1.4.5 The Dysregulation of BMP Signalling in CRC Carcinogenesis 

 

The BMP pathway is considered a key barrier to colorectal tumorigenesis, with 

numerous contributors from genetics to extracellular mechanisms causing its 

impairment (Karagiannis et al., 2015) and mutations affecting BMP signalling in 

CRC development occurring frequently (Ehata et al., 2013).   Although the exact 

specificity of BMP signalling in CRC development remains unclear, evidence shows 

its dysregulation to be involved in promoting invasiveness, disruption of epithelial 

phenotype, possibly through epithelial-to-mesenchymal transition (EMT) 

(Karagiannis et al., 2014) and cancer cell proliferation (Deng et al., 2007; Lorente-
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Trigos et al., 2010; Davis et al., 2016). Recent evidence in sporadic CRC 

susceptibility proposes BMP pathway variation to be the most significant 

determinant of inherited risk and predisposition to CRC, with risk variants occurring 

throughout the BMP signalling pathway- involving ligands, receptors, effectors and 

antagonists (specifically GREM1, BMP2, BMP4 and SMAD7) (Tomlinson et al., 

2011; Jaeger et al., 2012; Davis et al., 2015). 

 

The importance of BMP signalling can be seen in Juvenile Polyposis Syndrome 

(JPS), a rare hereditary condition characterised by the abundance of hamartomatous 

polyps in the colon (Howe et al., 1998). Around 40 % of the autosomal dominant 

JPS results from the inactivation of germline BMPR1a or SMAD4 from mutations, 

causing subsequent disruption of BMP signalling transduction and consequently 

produces hamartomatous polyps and cancers within the intestinal system (Figure 

1.4.2) (Howe et al., 1998, 2004). This effect was then confirmed by deletion of 

Smad4 in mice leading to the development of gastric and dueodenal polyps (Tamai et 

al., 1999). Additionally, increased intestinal-specific epithelial expression of BMP 

antagonist Noggin was found to induce a JPS-like polyposis phenotype in mice 

(Haramis et al., 2004; Batts et al., 2006) and inactivation of BMPR2 within the 

colonic stroma caused colorectal hamartomatous polyps (Beppu et al., 2008; Davis et 

al., 2016).  

 

Additionally, hereditary mixed polyposis syndrome (HMPS) also demonstrates the 

importance of BMP signalling in CRC. HMPS was shown to be caused by a large 40 

kbp duplication upstream of the BMP antagonist GREM1 locus, causing high 

expression of GREM1 in the epithelium of the large bowel (Jaeger et al., 2012), and 

consequent BMP signalling antagonism throughout, resultant in the distinctive 

HMPS morphology (Davis et al., 2015). HMPS is discussed further in Section 1.5.3.  
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Figure 1.4.2 The Role of BMP Signalling within the Intestinal Epithelium in 

Colorectal Cancer Development.  
The mis-regulation of BMP signalling can occur be either loss-of-function mutations in 

BMPRIa(ALK3) or Smad4, or by gain-of-function mutations in antagonists such as 

Gremlin1(GREM1). These mutations cause a reduction in BMP signalling, releasing the intestinal 

epithelium from the negative regulation of BMPs. This, together with the primary oncogenic stimuli 

originating the tumorigenesis, allows the development of adenomas or hamartomas. Progression of 

these benign lesions to carcinoma can occur through additional mutations in BMPR2 or epigenetic 

silencing of the BMP2 gene- evidencing the progressive role of gradual BMP signalling dysregulation 

in CRC tumorigenesis (Davis et al., 2016). 
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1.5 GREMLIN1 

1.5.1 Overview of Gremlin 

 

Gremlin1 (GREM1) is a 184 amino acid protein (20.7 kDa),with the human gene 

(GREM1) encoding the protein mapped to chromosome 15q13-q15 (Wordinger, 

Zode and Clark, 2008; Church et al., 2015). Furthermore, attributing to the important 

role GREM1 plays in development, GREM1 is evolutionarily conserved across 

species, with the mouse Grem1 protein differing by only three amino acids (Topol et 

al., 2000). GREM1 is primarily a BMP antagonist, through high affinity binding and 

heterodimer formation with BMP2 and 4, and lower affinity binding to BMP7 

(Church et al., 2015). Interestingly, the expression of these BMPs are evidenced to 

be altered in not only CRC but other cancers including breast and prostate (Hardwick 

et al., 2004; Deng et al., 2007; Vishnubalaji et al., 2016). The protein structure is 

mapped: with positions 1-24 forming the signalling peptide and positions 94-184 

forming the cysteine knot motif, a structure shared by members of the TGF-β 

superfamily (Wordinger, Zode and Clark, 2008).  GREM1 exists in both a 

glycosylated and non-glycosylated form and runs as dimer on sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) at 26-28 kDa (Church et 

al., 2015). GREM1 has been reported to have three isoforms, of which variant 1 is 

predicted to be the most common, whilst the second contains deletion of the amino 

acids 39-79 and third possesses deletion of amino acids 10-79 (Topol et al., 2000; 

Kim et al., 2012). However, there is little to no supporting evidence for the existence 

of these variants in cells and are therefore likely artefacts of PCR and/or DNA 

sequencing. 
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A related protein to GREM1, GREM2, is also known as Protein Related to DAN and 

Cerberus (PRDC) (Kišonaitė, Wang and Hyvönen, 2016), and,  in contrast to 

GREM1, it is 168 amino acids in length, encoded by the gene GREM2 at the 

chromosome location 1q43 and has affinity for BMPs 2 and 4 (Ingenuity Pathway 

Analysis, 2000). GREM2 has also been shown to have a more limited developmental 

role, with Grem2 deficient mice developing small and deformed mandibular and 

maxillary incisors, suggesting GREM2 is necessary for normal tooth morphogenesis; 

however, the mice showed no other notable ophthalmic, immunogenic or metabolic 

phenotypes (Vogel et al., 2015).  

 

GREM1 was originally found to be down-regulated in mos-transformed cells whilst 

its highest expression was observed in non-dividing, terminally differentiated cells 

(Topol et al., 2000). However, GREM1 has been found to be essential for 

organogenesis, body patterning and tissue differentiation (Hino et al., 2004; Wang et 

al., 2011). GREM1 is vital in regulating BMP signalling during limb, lung and 

kidney development in addition to differentiation of neural crest cells (Lu et al., 

2001; Shi et al., 2001). Michos et al., (2004) showed that Grem1-deficient mice are 

born without kidneys and have septal defects in their lungs, leading to neonatal 

lethality. Interestingly, GREM1 is also able to directly bind to BMP4 precursor 

proteins causing them to be sequestered and therefore preventing secretion of mature 

BMP4, such as intracellularly in the embryonic lung (Sun et al., 2006). In early limb 

buds, the mesenchyme secretes high levels of GREM1, which is necessary for 

functional apical ectodermal ridge establishment as well as the epithelial-

mesenchymal feedback signal that maintains Sonic hedgehog (Shh) and fibroblast 

growth factor secretions (Khokha et al., 2003). Furthermore, overexpression of 

GREM1 in the bone microenvironment impairs bone formation as well as inducing 
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osteopenia and causing spontaneous fractures (Gazzerro et al., 2005). Additionally, 

despite low levels of GREM1 detected after nephrogenesis in the kidney, high 

glucose treatment of human mesangial cells, proximal tubule epithelial cells and 

podocytes induces GREM1 gene expression (McMahon et al., 2000; Lappin et al., 

2002; Church et al., 2015). Due to its range of regulatory activities, it comes as no 

surprise that GREM1 expression has been shown to play a critical role in numerous 

pathologies, such as fibrotic diseases, diabetic nephropathy, pulmonary hypertension 

and rheumatoid arthritis (Dolan et al., 2005; Roxburgh et al., 2009; Cahill et al., 

2012; Droguett et al., 2014).  

 

Although primarily a BMP antagonist, data also suggests GREM1 may act 

independently of BMP signalling, possessing its own intrinsic signalling capability 

(Figure 1.5.1) (Brazil et al., 2015). One BMP-independent signalling mechanism of 

GREM1 is its ability to inhibit monocyte chemotaxis through binding to Slit1 and 2, 

subsequently facilitating their binding to the ROBO receptor (Chen et al., 2004). 

Additionally, GREM1 has been shown to bind to fibrillin microfibrils in 

mesothelioma cells consequently inducing Slug expression and causing EMT and 

increasing mesothelioma cell survival (J A Tamminen et al., 2013). GREM1 has also 

been reported to bind in a BMP-independent manner to vascular endothelial growth 

factor receptor-2 (VEGFR2) and modulate angiogenesis when in the presence of 

heparin sulphate proteoglycans (HSPGs) and αvβ3 integrin (Mitola et al., 2010). 

Notably, GREM1 has also been reported to bind and interact directly with varying 

cancer cells in a VEGFR-independent manner, and was found to induce cell 

migration, proliferation and invasion of VEGFR negative A549 cells (Kim et al., 

2012). The study also identified a downregulation of E-cadherin in these cells when 

treated with GREM1, a process associated with EMT and, as such, tumorigenesis 
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(Kim et al., 2012; Wang et al., 2013). Furthermore, GREM1 has also been reported 

to be involved in cancer cell invasion and proliferation in numerous human cancers, 

as discussed further in Section 1.5.4. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5.1 The diversity of Gremlin1 signalling mechanisms evidenced in cells.  
(A)- Gremlin1 (Grem1) forms a dimer and binds to bone morphogenetic protein (BMP) dimers, 

preventing their binding to BMP receptors and their subsequent BMP signalling and gene expression. 

(B)- In endothelial cells, Grem1 promotes angiogenesis through binding with vascular endothelial factor 

receptor 2 (VEGFR2) in the presence of heparin sulphate proteoglycans (HSPGs) and avb3 integrin. 

(C)- Grem1 has been shown to activate cancer cell invasion and proliferation in numerous carcinomas, 

although the mechanism currently remains to be elucidated. (D)- Grem1 inhibits monocyte chemotaxis 

through binding to Slit1 and 2, facilitating their binding to the ROBO receptor. (E)- Through binding 

with fibrillin microfibrils, Grem1 induces Slug expression, causing epithelial–mesenchymal transition 

(EMT) and mesothelioma cell survival. (F)- Grem1 is able to bind directly to BMP4 precursor proteins, 

sequestering it and therefore preventing mature BMP4 secretion. (Brazil et al., 2015). 

 

 

1.5.2 GREM1 in Cancer 

 

Overexpression of GREM1 in tumours compared to surrounding tissue has been 

identified in multiple human cancers, including lung, breast and cervical cancers as 
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well as sarcoma, evidenced in one of the earlier reports of GREM1 in cancer by 

Namkoong et al. (2006). Namkoong and colleagues reported that an intracellular 

interaction between GREM1 and YWHAH protein was the potential mechanism of 

GREM1-induced carcinogenesis (Namkoong et al., 2006). Further reports have 

evidenced GREM1 overexpression in breast cancer (Schuetz et al., 2006), pancreatic 

neuroendocrine tumours (Chen et al., 2013), lung cancer (Mulvihill et al., 2012), 

malignant mesothelioma (Wang et al., 2011), hepatocellular carcinoma (Guimei et 

al., 2012), gastric cancer (Yamasaki et al., 2018), oesophageal tumours (Cai et al., 

2018) and colon cancer (Galamb et al., 2012; Karagiannis et al., 2015; Pelli, Juha P. 

Väyrynen, et al., 2016). Importantly, increased GREM1 expression has been 

identified not only in cancer cells themselves, but also in the surround stroma and 

cancer-associated fibroblasts. For example, overexpression of GREM1 was observed 

by Sneddon and colleagues in the stroma of basal cell skin carcinoma, but not in the 

surrounding normal tissue (Sneddon et al. 2016). Additionally, this GREM1 

overexpression in basal cell carcinoma has been shown to localise to activated 

myofibroblasts residing in the tumoral-stromal interface (Kim et al., 2017).  

 

Genetic alterations of GREM1 
 

In addition to the numerous reports associating GREM1 expression and cancer, there 

are also several reports in the literature addressing the genetic alterations affecting 

GREM1 in cancer. In 2011, a genome wide association study (GWAS) was carried 

out by Tomlinson and colleagues, who reported multiple heritable CRC 

susceptibilities localised on the chromosomal locus 15q13.3, nearby to the GREM1 

gene (Tomlinson et al., 2011). Furthermore, numerous single nucleotide 

polymorphisms (SNPs) have also been identified to alter GREM1 expression levels. 
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SNPs have been identified within the enhancer region upstream of GREM1, inducing 

a mendelian-dominant predisposition to CRC. Lewis and colleagues demonstrated 

these SNPs induced increased recruitment and activity of the transcription factors 

CDX2 and TCF7L2, thereby inducing ectopic GREM1 overexpression within the 

intestinal epithelial cells (Lewis et al., 2014). Additionally, groups have also shown 

that low frequency polymorphisms within the 3’ untranslated region (UTR) of 

GREM1 enhance the ability of miR-185-3p binding. Furthermore, this alteration has 

been identified to increase CRC susceptibility in a Chinese patient cohort (J. Li et al., 

2017). Other miRs identified include hsa-miR-1/miR-203, which target GREM1 in 

oesophageal cancer (Cai et al., 2018). Authors suggest the downregulation of these 

miRs induces the upregulation of GREM1 and other genes associated with cancer 

cell growth  (Cai et al., 2018). Furthermore, miR-137 was identified as a negative 

regulator of GREM1 in cervical cancer by Miao and colleagues. The report showed a 

decrease in miR-137 caused an increase in GREM1 mRNA in vitro, and subsequent 

promotion of the TGFβ/SMAD pathway leading to increased cervical cancer cell 

invasion, migration and EMT (Miao et al., 2019). However, in contrast to the large 

amounts of data associating increased GREM1 expression in human cancers, reports 

also highlight methylation and inactivation of the GREM1 gene in breast cancer (De 

Groot et al., 2014; Li et al., 2015). Li and colleagues identify hypermethylation of 

the GREM1 gene as a biomarker for early breast cancer detection. Additionally, 

hypermethylation of three distinct regions within the GREM1 promoter CpG islands 

was associated with progression of renal clear cell carcinoma, with the report 

identifying increased tumour size as well as higher tumour grade, stage and worse 

patient survival for patients with the hypermethylation (Van Vlodrop et al., 2010). 

Conversely, the loss of trimethylation of histone H3 lysine27 (H3K27me3) in CAFs 

in gastric cancer has also been reported and shown to be more extensive than DNA 
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methylation (Maeda et al., 2020). The report by Maeda et al. describes that several 

genes that display the loss of H3K27me3, including GREM1, are then associated 

with increased expression of tumour-promoting genes. A summary of these genetic 

and epigenetic alterations to GREM1 expression described in this section is presented 

in Figure 1.5.2. 
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Figure 1.5.2 Schematic summary of epigenetic changes and modifications 

reported to affect GREM1 expression in cancer 
A. Single nucleotide polymorphisms (SNPs) located upstream of the GREM1 promoter within the 

enhancer region. This increases the recruitment of transcription factor CDX2 which opens up the 

chromatin and subsequently recruits transcription factor TCF7L2 bound to - catenin which induces 

increased GREM1 gene transcription (Lewis et al., 2014). B.   Hereditary mixed polyposis syndrome 

(HMPS) was identified within Ashkenazi Jew populations, and causes colorectal cancer in patients at a 

median age of 47. The cause was identified as a duplication occurring on chromosome 15q13.3, which 

contains the enhancer region for GREM1, and therefore led to aberrant intestinal epithelial GREM1 

expression (McKenna et al., 2019). C. miR185-3p interactions regulate GREM1 gene expression. A 

SNP within the 3’ UTR region of GREM1 was identified as a cytosine base substitution to adenine, 

inducing increased miR185-3p binding and upregulation of GREM1 expression in a cohort of Chinese  

CRC patients (J. Li et al., 2017). D. Hypermethylation of both GREM1 promoter and 3’ UTR regions 

alters GREM1 expression. In breast and renal cancer, hypermethylation was reported to reduce GREM1 

expression and may act as a potential biomarker (De Groot et al., 2014; Li et al., 2015). 3’ UTR 

methylation of GREM1 was also associated with increase tumour progression, size and stage in renal 

clear cell carcinoma (Van Vlodrop et al., 2010). E. Loss of H3K27me3 trimethylation, but not DNA 

methylation, within fibroblasts of gastric cancers caused increased expression of tumour promoting 

genes, including GREM1 (Maeda et al., 2020). Schematic of GREM1 gene locus is shown at the base 

of the figure. Figure modified from (Todd et al., 2020). 
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Genetic alterations of GREM1 in CRC 
 

As previously discussed in Section 1.4.4, GREM1 plays a vital role in the regulation 

of BMP signalling to sustain epithelial phenotype and polarity within the colonic 

crypt (Karagiannis et al., 2015). As this BMP pathway has been identified as a key 

barrier in the development of CRC, it is no surprise that the dysregulation of GREM1 

expression is found in CRCs. This is highlighted in the formerly mentioned HMPS, 

an autosomal dominant condition of multiple types of colorectal polyps, prone to 

development into CRC in patients at a median age of 47 (Jaeger et al., 2012). An 

extended study of two large Ashkenazi families with dominantly-inherited polyposis 

identified the causative gene, GREM1, mapped to chromosome 15q13.3, showing a 

disease haplotype shared between the two families between 30.735 Mb and 31.370 

Mb (Jaeger et al., 2008, 2012).  Research by Jaeger et al. (2012) identified a large, 

single copy duplication approximately 40 kb in size, located in the 3’ end of the 

SCG5 gene as well as a region upstream of the GREM1 locus. This mutation induced 

a large increase in allele-specific GREM1 expression however caused no effect to 

SCG5 expression (Jaeger et al., 2012). This was confirmed, with insertion of the 

mutant human chromosome 15 into mouse fibroblast cells, producing a 4.6-fold 

increase in GREM1 mRNA in comparison to wild-type copies (Jaeger et al., 2012). 

Furthermore, HMPS patients with the duplication were found to predominantly 

express GREM1 within epithelial cells, particularly colonocytes, extending the 

majority of the way up the crypt; this is in contrast to controls and HMPS family 

members without the duplication, where GREM1 expression was limited to the sub-

epithelial myofibroblasts (Jaeger et al., 2012). A further investigative study carried 

out by Rohlin et al. (2016) identified an additional activating 16 kb duplication 

located in the SCG5 gene, upstream of GREM1 which, in concordance with Jaeger et 
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al. (2012), also increased colon epithelial expression of GREM1. Additionally, both 

studies confirmed the disease mechanism- with increased levels of GREM1 

expression in the colonic mucosa reducing BMP signalling, causing an incline 

towards a stem cell-like phenotype of the colonic epithelial cells and consequently, 

uncontrolled cell growth (Jaeger et al., 2012; Rohlin et al., 2016). These conditions 

were further confirmed through a recently generated murine model, in which Grem1- 

cDNA expression was specifically increased in intestinal epithelial cells by placing it 

under control of the Villin1 promoter (Davis et al., 2015). This increase in intestinal 

epithelial Grem1 caused disruption of the crypt-villus BMP gradient and induced 

disruption of cell fate determination along the axis (Davis et al., 2015). This 

subsequently caused an increase in proliferating progenitor cells as well as their exit 

from the crypt base stem cell niche and increasing their susceptibility to somatic 

mutations, allowing them to act as tumour progenitors (Davis et al., 2015). 

Additionally, these mice had formed multiple pan-intestinal polyposis, with polyps 

of mixed morphology, reminiscent of HMPS, within 7 months of age, demonstrating 

this as the pathogenic mechanism for HMPS polyps (Davis et al., 2015). This 

challenges the concept of the strict intestinal tissue organisational hierarchy, 

revealing that crypt stem cells are not the exclusive cell of origin for all CRC 

subtypes (Davis et al., 2015). 

 

A common GREM1 single-nucleotide polymorphism (SNP), rs16969681, was 

identified and confirmed to be associated with CRC susceptibility in around 20 % of 

the general population (Lewis et al., 2014), interestingly, it was found the SNP 

increased CRC risk through effects on Wnt-driven GREM1 expression in CRCs. 

Furthermore, a whole GREM1 gene duplication has been reported by Venkatachalam 
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et al. (2011) within an early onset sigmoid colon cancer patient, which similarly to 

HMPS, also contained parts of the SCG5 gene.  

1.5.3 GREM1 in Colorectal Cancer 

 

 

Beyond HMPS, aberrant epithelial expression of GREM1 has been identified to 

occur in many sporadic colorectal adenomas (Laurila et al., 2013; Pelli, Juha P 

Väyrynen, et al., 2016), particularly in traditional serrated adenomas (TSAs) (Davis 

et al., 2015). Analysis of BMP antagonist expression from fresh TSA specimens 

revealed a mean 87-fold upregulation of epithelial GREM1 expression in crypts 

compared to surrounding normal mucosa alongside the development of abnormal 

proliferation of cells in ectopic crypt foci, therefore, these lesions can be considered 

as the sporadic equivalent of HMPS polyps. 

 

 

In contrast, a study by Pelli et al. (2016) of 148 surgically treated CRC cases found 

GREM1 expression, specifically in relation to stromal CAF expression, to be 

associated with low tumour stage as well as improved survival independent of 

tumour stage, contradictive of previous results including the formerly described 

research by Karagiannis et al. (2015). These conflicting results were confirmed by 

additional studies by Jang et al. (2016), who found a total of 44 % of human CRC 

samples to be positive for stromal GREM1 expression, yet these samples were 

associated with lower tumour stage and improved overall survival. These results are, 

to date, the first to report a stromal marker associated with improved survival, as 

stromal markers are usually indicative of poor prognosis. It was also found GREM1 

expression was higher in serrated histological tumours, possibly suggesting that 

GREM1 expression is related to the precursor lesions of CRC (Pelli, Juha P 

Väyrynen, et al., 2016). These data also suggest a potential role for GREM1 in the 
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serrated pathway of CRC, and subsequently, a potential target and possible 

biomarker for prognosis. These results could also suggest that GREM1 expression is 

activated in the initial stages of malignant neoplasia but is deactivated as the tumour 

progresses. This proposition is supported by data from Pelli et al. (2016), who, using 

Vil1-Grem1 overexpressing mice, identified a downregulation of Grem1 in larger 

polyps bearing advanced dysplasia and acquired somatic mutations, implicating the 

need for Grem1 had passed. There is a variety of possible reasons for the varying 

hypotheses for the role of GREM1 in CRC, with stromal vs stromal and epithelial 

samples, sample sizes, RNA vs protein studies, cancer type and stages all affect data 

(Jang et al., 2016). For example, increased GREM1 has been identified as a poor 

prognostic factor in cervical cancer, as well as Davis et al. (2015), who showed 

findings that CRC patients with increased GREM1, opposed to low GREM1 group, 

had significantly shorter disease-free survival. Markedly, these studies assess whole 

tissue GREM1 mRNA expression as opposed to stromal GREM1 

immunohistochemical staining by Pelli et al. (2016) and Jang et al. (2016). This 

further confirms the need for many further studies to address the intricate role of 

GREM1 across and between cells within CRC tissue, from the cancer cells 

themselves to stromal fibroblasts and crypt stem cells.  

 

1.5.4 Mechanistic Impact of GREM1 in Cancer 

 

Despite the multitude of reports evidencing high GREM1 in human cancers, detailed 

understanding into the molecular mechanisms of GREM1-induced carcinogenesis 

remains lacking. Nonetheless, there are intermittent reports providing insight into the 

possible mechanisms. Aberrant epithelial GREM1 expression was shown by Davis 
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and colleagues to initiate CRC carcinogenesis in a synergistic fashion with Wnt 

signalling, with data showing Grem1 knockout mice to noticeably reduce Wnt-driven 

tumour progression (Davis et al., 2015). Furthermore, GREM1 has been shown to 

interact with varying cancer cell types via a BMP-independent mechanism, 

promoting tumour cell proliferation, migration and invasiveness, although the exact 

mechanism still remains to be elucidated (Kim et al., 2012). In addition, there are 

growing reports evidencing the vital roles in tumour growth, recurrence, metastasis 

and drug resistance that cancer stem cells play (Chang, 2016). Interestingly, GREM1 

has been reported to promote cancer stem cell maintenance, specifically in glioma 

and cervical cancer (K. Yan et al., 2014; Sato et al., 2016). Yan and colleagues 

reported that GREM1 was overexpressed by glioma cancer stem cells as a protection 

from endogenous BMPs, finding GREM1 to colocalise with cancer stem cells and 

cause the blockage of BMP-induced differentiation, instead promoting stem-like 

features thereby increasing the capability of tumour formation (K. Yan et al., 2014). 

Additionally, Sato and colleagues showed GREM1 incubation with CaSki cervical 

cancer cells to increase expression of Nanog, an undifferentiated cell marker, as well 

as increasing sphere-forming capabilities, therefore preserving their cancer stem cell-

like properties (Sato et al., 2016).  

 

Furthermore, it has been established that GREM1 plays a key role in promoting both 

pulmonary and renal fibrosis (Farkas et al., 2011; Church et al., 2017), and 

importantly, EMT, a known critical event within the metastatic cascade, has been 

shown to be heavily involved in GREM1-induced organ fibrosis (Allison, 2015).  

EMT is a process in which epithelial cells loosen their cell-cell adhesion structures, 

and transition to isolated and mobile cells. However, EMT is also known to aid the 

transition from normal cells to transformed phenotypes during cancer cell 
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progression, and several reports now suggest that GREM1 may be involved in EMT 

cancer progression.. Research by Karagiannis et al. (2015) identified GREM1 to be 

strongly expressed in CRC desmoplastic invasion fronts, specifically by cancer-

associated fibroblasts (CAFs). CAFs are the dominant cell population in cancer 

stroma, known to promote cancer cell proliferation, angiogenesis, invasion and 

metastasis and are generally associated with poor-prognosis CRCs (Karagiannis et 

al., 2012; Jang et al., 2016). Furthermore, they showed expression to not only be 

contextually correlated with CRC cells undergoing EMT, but also showed in vitro 

that this GREM1-induced mechanism is mediated through disruption of the BMP7-

dependent promotion of epithelial phenotype, a process also reported in pulmonary 

fibrosis and diabetic nephropathy (Lappin et al., 2002; Karagiannis et al., 2014). 

Additionally, Karagiannis et al. (2015) identified GREM1-expressing stromal cells to 

be in contextual proximity to invasion fronts of CRC, with two key EMT hallmarks: 

loss of tight junction protein occludin and parallel nuclear accumulation of β-catenin. 

Furthermore, in vitro studies carried out by Karagiannis et al. (2015) showed 

GREM1-dependent suppression of BMP signalling resulted in EMT induction as 

characterised by cadherin switching and Snail overexpression. This research by 

Karagiannis et al. (2015) supports the ability of GREM1 to promote loss of cancer 

cell differentiation at the invasion front, thereby facilitating tumour progression. 

Furthermore, GREM1 was also shown to interact with fibrillin microfibrils and 

regulate malignant mesothelioma cell survival, via Slug activation (J. A. Tamminen 

et al., 2013). In glioma, GREM1 has also been shown to regulate EMT, promoting 

glioma carcinogenesis in vitro, with the knock down of GREM1 eliminating TGF-β1-

mediated activation of the SMAD pathway, thereby decreasing glioma cell survival, 

migration and invasiveness (Guan et al., 2017). Additionally, GREM1-mediated 

EMT has been described in oesophageal squamous cell carcinoma, with the report 
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showing GREM1 expression in mesenchymal stromal cells to promote EMT, causing 

alterations in the expression levels of several EMT markers as well as the reversal of 

the malignancy of oesophageal tumours in mice when GREM1 expression was 

silenced (Hong et al., 2018). 

 

One of the most reported mechanisms of non-canonical signalling of GREM1 is 

angiogenesis, with GREM1 described to act as a novel pro-angiogenic agonist for 

VEGFR2. This was first reported by Stabile and colleagues in 2007, with an 

additional report extended their findings published in 2010 (Stabile et al., 2007; 

Mitola et al., 2010). These reports suggest GREM1 has the capabilities of inducing 

angiogenesis in a VEGFR2-dependent manner both in vitro and in vivo. Since these 

reports, several others have followed suggesting similar GREM1 activation of 

VEGFR2 in various cell lines: ARPE-19 retinal cells (Liu et al., 2017), kidney tubule 

epithelial cells (Lavoz et al., 2015; Marquez-Exposito et al., 2018), HaCaT skin 

keratinocytes and primary skin fibroblasts (Ji et al., 2016). These varying reports 

implicate GREM1 in VEGFR2 activation in varying human diseases, mainly diabetic 

nephropathy (Lavoz et al., 2020) and cancer (Shaik et al., 2018; Liu et al., 2019). It 

is well known that angiogenesis plays a key role in numerous human diseases, and in 

regards to cancer, is important for tumour growth, progression and metastasis  

(Eichhorn et al., 2007). As a result, several groups have suggested angiogenesis to be 

the main mechanism of GREM1-mediated carcinogenesis (Marisa, de Reyniès, 

Duval, Selves, Gaub, Schrag, et al., 2013; Ravelli et al., 2013; Park, 2018). 

Importantly, several groups dispute these findings, and, notably, recent reports show 

GREM1 to in fact block VEGF signalling in pulmonary microvascular endothelium 

(Medina et al., 2017; Rowan et al., 2018). Despite the lack of clarity on the role 

GREM1 may play in angiogenesis, there have been reports correlating GREM1 
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expression with angiogenic tumour locations, such as higher GREM1 expression 

detected in the endothelial cells of lung tumour vasculature in comparison to normal 

lung tissue (Stabile et al., 2007). Additionally, GREM1 expression was also 

correlated with microvessel density in pancreatic neuroendocrine tumours (Chen et 

al., 2013).  

 

Additional GREM1-mediated carcinogenesis mechanisms reported include 

association of GREM1 with: ERK activation in breast cancer cells, accumulation of 

p21/CKDN1A in Caco2 colon cancer cells and AKT/mTOR signalling in malignant 

mesothelioma of the lungs. In addition, reports also suggest protentional for 

GREM1-amplified TGFβ1 signalling, subsequently driving EMT, in colorectal 

cancer (Karagiannis et al., 2016) and oesophageal squamous cell carcinoma (Hong et 

al., 2018). The breadth of possible mechanisms and lack of consistency in these 

reports confirms the need for further work to fully elucidate the role of GREM1 in 

carcinogenesis. 
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1.6 AIMS OF THE STUDY 

 

GREM1 is a protein that primarily acts as a bone morphogenetic protein antagonist; 

however, as discussed, recent studies suggest GREM1 has many potential non-

canonical signalling pathways, with GREM1 dysregulation implicated in a diverse 

range of human diseases and cancers in both a BMP-dependent and -independent 

manner.  Importantly, overexpression of GREM1 has been reported to promote 

tumour initiation and/or progression in a variety of cancers, including CRC, both in 

vitro and in vivo. However, despite the numerous reports, there remains a lack of 

knowledge and consistency around the exact mechanism of action of GREM1 in 

cancer. Furthermore, due to the importance of GREM1 in maintaining colonic crypt 

homeostasis, and the high and growing incidence rate of CRC worldwide, there is a 

clear need to clarify the precise molecular mechanisms of GREM1 signalling in 

cancer. Therefore, the focus of this study was to begin elucidating the role of 

GREM1, specifically in CRC. Hence, the key aims of this study were to: 

 

- Assess the clinical significance of GREM1 in CRC 

- Characterise the secretion, uptake and localisation of GREM1 

- Define the potential non-canonical mechanisms of action of GREM1 

- Develop GREM1 as a potential therapeutic target for CRC 
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2. MATERIALS AND METHODS 

2.1  BIOINFORMATICS  
 

2.1.1 CRC Patient Datasets 

 

Dataset Access 

 

Publicly available datasets were obtained from Gene expression omnibus (GEO) 

(https://www.ncbi.nlm.nih.gov/geo/), ArrayExpress 

(https://www.ebi.ac.uk/arrayexpress/experiments/) and through Synapse ID 

syn2623706 (https://www.synapse.org). All datasets were downloaded as series 

matrices, in their post-processed forms (normalised by the original submitters of the 

data) alongside the relevant clinical information.  

 

GSE100550 
 

GSE100550 (Linnekamp et al., 2018) is a dataset consisting of 18 CRC cell lines, 15 

primary cell cultures from the AMC/Palermo biobank, 18 primary cell cultures from 

the Hubrecht Institute and 21 patient tissue samples and 34 patient-derived xenograft 

samples. RNA expression profiles were obtained using the GeneTitantm MC system 

(Affymetrix).  

 

GSE14333 
 

GSE1433 (Jorissen et al., 2009) compromises of 293 fresh-frozen tumour samples 

from CRC patients retrieved by the tissue banks of the Royal Melbourne Hospital, 

https://www.ncbi.nlm.nih.gov/geo/
https://www.ebi.ac.uk/arrayexpress/experiments/
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Western Hospital and Peter MacCallum Cancer Center in Australia, and the H. Lee 

Moffitt Cancer Center in the United States. Patients who had undergone pre-

operative chemotherapy and/or radiotherapy, or samples that produced inadequate 

total RNA for analysis were excluded from the study. The dataset involved 44 stage 

A, 95 stage B, 93 stage C and 61 stage D cancers. Gene expression was determined 

using the HG-U133Plus2.0 GeneChip arrays (Affymetrix).  

 

GSE17536 
 

GSE17536 (Smith et al., 2010) is a dataset compromising of 177 stage I-IV colon 

cancer patients from the Moffitt Cancer Center. Tissues were fresh-frozen and 

analysed using the Human Genome U133 Plus 2.0 GeneChip Expression Arrays 

(Affymetrix).  

 

GSE33113  
 

GSE33113 (de Sousa E Melo et al., 2011) contains data obtained from 90 AJCC 

stage II CRC patients with correlating normal colon tissue from the 6 of the same 

patients in the study, who were undergoing intentionally curative surgery between 

1997-2006 in the Academic Medical Center (AMC) in Amsterdam, The Netherlands. 

The dataset contains extensive clinical data as well as follow-up data and data were 

produced from paraffin-embedded tissue.  
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GSE33114 
 

GSE33114 (de Sousa E Melo et al., 2011) is a dataset consisting of 102 primary 

colon cancer tumour samples alongside 6 normal mucosa samples. Furthermore, 

dataset includes 12 colon cancer stem cell samples, with the gene expression detected 

using Affymetrix Human Genome U133 Plus 2.0 Array.  

 

GSE39396  
 

GSE39396 (Calon et al., 2012) is composed of expression profiles of cell 

populations purified from freshly obtained tumours from six CRC patients from 

Hospital del Mar or Hospital Clinic (Barcelona, Spain). Tumour samples were 

minced and incubated with collagenase before erythrocytes being lysed with 

ammonium chloride. Samples were then stained with appropriate antibodies to allow 

cell population purification by Fluorescence Activated Cell Sorting (FACS) for 

CD31(+), CD45(+), FAP(+) and Epcam(+) populations and gene expression profiles 

assessed using the Affymetrix HT HG-U133+ PM Array Plate. 

 

GSE39582  
 

GSE39582 (Marisa, de Reyniès, Duval, Selves, Gaub, Vescovo, et al., 2013) is a 

dataset compromising of 585 samples acquired for the Cartes d'Identité des Tumeurs 

program from the French Ligue Nationale Contre le Cancer (http://cit.ligue-

cancer.net), analysed using the Affymetrix U133 Plus 2.0 chip for mRNA expression 

profiles. Samples are divided into 443 colon cancer samples, a validation set of 123 

colon cancer samples and an addition 19 samples as non-tumoral colorectal mucosas 

http://cit.ligue-cancer.net/
http://cit.ligue-cancer.net/
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dataset. The dataset was validated against the independent 123 colon cancer samples 

alongside 906 public dataset samples. In addition to mRNA expression profiles, 443 

samples were also analysed for DNA alternation profiles using the CGH Array (CIT-

CGHarray V6). 

 

E-MTAB-863  
 

E-MTAB-863 (Kennedy et al., 2011) was obtained from 73 patients with recurrent 

disease and 142 patients with no recurrence within 5 years of surgery. Total RNA 

was extracted from formalin fixed paraffin embedded (FFPE) tumour samples using 

the Roche High Pure RNA Paraffin Kit (Roche, Basel, Switzerland). The total RNA 

was then amplified using the NuGEN WT-Ovation FFPE System (NuGEN, San 

Carlos, CA) and the resulting product hybridized to the Almac Colorectal Cancer 

DSA (Almac, Craigavon, United Kingdom) on the Affymetrix 7G scanner 

(Affymetrix, Santa Clara, CA). It is important to note, patients were required to meet 

several eligibility criteria, including stage II colon adenocarcinoma only and no 

family history of colon cancer. 

 

2.1.2 Dataset Analysis Using R 

 

Series matrices were analysed using R Version 3.3.2. Probes with no associated gene 

names were removed before probes were collapsed by MaxMean using the Weighted 

correlation network analysis (WGCNA) package, MCPcounter package used for cell 

population analyses and Tibble package used to save analyses as text files.  
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An example of series matrix analysis in R is shown below, with # indicating text 

explanations (not read in as code): 

 

1 library(MCPcounter) 

2 library(WGCNA) 

### Collapse probes to genes 

# read in data 

df <- read.delim("Marisa.txt") 

# remove probes with no associated gene 

df.exp.gene <- subset(df, Gene.Symbol != "---") 

# assign rowGroup as genes and rowID as probes 

rowGroup <- as.vector(df.exp.gene$Gene.Symbol) 

rowID <- as.vector(df.exp.gene$ID)  

# create copy then assign row names as probes then remove probe and gene columns 

df.gene <- df.exp.gene 

rownames(df.gene) <- df.exp.gene[,1] 

df.gene <- df.gene[,-(1:2)] 

# collapse to maximum Mean probe and create df 

collapse.object <- collapseRows(datET=df.gene, rowGroup=rowGroup, rowID=rowID, method = 

"MaxMean") 

dataGeneCollapsed <- data.frame( collapse.object$group2row, collapse.object$datETcollapsed) 

# save as text file 

write.table(dataGeneCollapsed,file="Marisa.collapsed.maxMeanr.txt",sep='\t',row.names = F) 

### MCP cell population estimates 

# copy collapsed data and remove probe and gene columns 

gene.data <- dataGeneCollapsed 

gene.data.Exp <- gene.data[,-c(1:2)] 

# load tibble 

library(tibble) 

# convert the row names to a column and rename that column "Cell_Type" 

Marisa_CellPopulationEstimates_df <- as.data.frame(Marisa_CellPopulationEstimates) 

Marisa_CellPopulationEstimates_tbl <- 

as_tibble(rownames_to_column(Marisa_CellPopulationEstimates_df)) 

colnames(Marisa_CellPopulationEstimates_tbl)[colnames(Marisa_CellPopulationEstimates_tbl)=="

rowname"] <- "Cell_Type" 

# write results to text file 

write.table(Marisa_CellPopulationEstimates_tbl, 

"Marisa_MCPcounter_CellPopulationEstimates.txt", sep="\t", row.names= FALSE) 

 

 

 

 

 

 

 

 

 



Chapter 2: Materials and Methods- 2.1 Bioinformatics 

60 

2.1.3 StromalScore Calculations 

 

‘StromalScore’ was calculated using the ‘estimate’ package (v 1.0.13, (Yoshihara et 

al., 2013)) in R (v3.5.1) using the datasets previously described, once data had been 

collapsed to the probeset with the highest mean expression for each gene. 

 

2.1.4 Survival Analyses, Correlations and Boxplots 

 

Kaplan-Meier curves with log-rank tests, scatterplots with Pearson’s correlations and 

boxplots with Student’s t-tests were generated using GraphPad Prism (v6.01). 

 

2.1.5 KMPlotter Analysis 

 

The open access tool KM-plotter (Nagy et al., 2018) was used to plot GREM1 gene 

expression against patient survival, with the mean expression of the Affymetrix 

probe IDs for GREM1 (218468_s_at and 218469_at) used. Patients were split by 

median and no follow up threshold was set (patients surviving beyond 240 months 

were censored rather than excluded). Analysis was carried out on all relevant data 

available on KMplotter, which covers the effect of 54,675 genes on patient survival, 

in patients with breast (n= 6,234 (Györffy et al., 2010)), ovarian (n= 2,190 (Gyorffy, 

Lánczky and Szállási, 2012)), lung (n= 3,452 (Gyorffy et al., 2013)), and gastric (n= 

1,440 (Szász et al., 2016)) cancer.  

 

 



Chapter 2: Materials and Methods- 2.1 Bioinformatics 

61 

2.1.6 GSE62307 Villin1-Grem1 Mouse Gene Expression Dataset 

Analysis 

 

The publicly available gene expression data set (GEO Accession GSE62307, 

published by Davis et al. (2015) and described in the Introduction) was downloaded 

as a series matrix from the NCBI Gene Expression Omnibus (GEO). This dataset 

compromised of the gene expression data determined by total RNA obtained from 

isolated villi from transgenic villin-gremlin1 mice (n=5) and wild-type controls 

(n=6). The Illumina MouseWG-6 v2.0 expression beadchip platform was used, 

which provided 45,282 gene probe signatures. The data set was then analysed using 

Partek® Genomics Suite® to determine its suitability, using Principal Component 

Analysis (PCA), producing a Quality Assurance/ Quality Control (QA/QC) sample 

histogram and a plot of source of variation (data not shown), before continuing with 

analysis.  

 

2.1.7 GEOR and Partek® Genomics Suite® Analysis 

 

Firstly, the GSE62307 data set was analysed using GEOR2- an interactive web tool 

that carries out comparisons on submitter-supplied processed data tables using the 

Bioconductor project through GEOquery and limma R packages.  Once GEOR2 is 

open (https://www.ncbi.nlm.nih.gov/geo/geo2r), the series record GSE62307 was 

entered, and the accession box was populated with the study’s samples. The samples 

were then assigned to two defined groups- Wild-type and Vil1-Grem1 and the 

comparisons ran using the ‘GEOR2 Quick start’ tab, and selecting ‘Save all results’- 

the R script for the analysis can be viewed by selecting the ‘R script’ tab.  GEOR 

produces an output of the ‘top 250 genes’ based on statistical significance (p <0.05) 

https://www.ncbi.nlm.nih.gov/geo/geo2r
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and then fold change. The data was then exported as a text file before transferring to 

Partek® Genomics Suite® to be analysed further. The text files were then imported 

into Partek® Genomics Suite®, and correct labels for the data were checked, 

ensuring response was allocated to expression values whilst age, gender, phenotype 

and so on were labelled as factors. In addition to GEOR analysis, the Series Matrix 

also downloaded and input into Partek® Genomics Suite® where the gene probe list 

(n= 45281) was cut to statistically significant gene probes (adj. p < 0.05 n= 2885). 

Next, gene lists of statistically significant genes (adj. p <0.05) were then produced as 

required for future analyses. As the dataset is from mouse samples, human variants 

of the genes, if present, were determined using a HGU133A annotation. Where 

possible, GEOR and Partek® Genomics Suite®-determined gene lists were 

compared and input in case of any discrepancies, of which none were visible (data 

not shown).  

 

2.1.8 Ingenuity® Pathway Analysis 

 

Ingenuity® Pathway Analysis (IPA) is a bioinformatics tool developed by QIAGEN 

for ‘omics data such as gene expression, that allows both searching and analysis 

using a built-in data extracted from both public databases and published articles.  

Lists of the top up- and down-regulated 500, 1000 and 1500 genes (p <0.05) 

produced from GSE62307 using Partek® Genomics Suite®, were input into the IPA 

software for ‘Core Analysis’, with gene numbers in accordance to IPA 

recommendations. 
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2.1.9 QUADrATiC Analysis 

 

Gene expression connectivity mapping, first introduced in 2006 by Lamb J. et al., 

has been established as a powerful tool with countless and broad applications for 

research. The transcriptomic profile of differentially expressed ‘query’ genes are 

compared to the ‘reference’ set of genes within the software, and a connection is 

reflected as a measure of similarity or difference between the genes, presented as a 

connectivity score being either positive or negative respectively.  

 

Connectivity mapping was carried out using QUB Accelerated Drug And 

Transcriptomic Connectivity (QUADrATiC) software (O'Reilly et al., 2015), which 

uses a subset of the NIH Library of Integrated Network-based Cellular Signatures 

Program (LINCS) dataset constituting of FDA-approved small molecule compounds 

only, as the ‘reference’ genes set.  

 

For QUADrATiC analysis, the ‘query’ gene lists were produced as previously 

described in Section 2.1.7. from the Vil1-Grem1 vs WT mouse dataset- lists of 150, 

100 and 50 were made by the fold change cut offs +/- 4.77, +/- 5.85 and +/- 9.01 

respectively (Appendix 2). The genes were then converted to Affymetrix probes for 

compatibility with QUADrATiC. This was achieved using Ensembl BioMart 

(http://www.ensembl.org/biomart/martview). Ensembl Genes and Mouse genes 

(GRCm38.p5) dataset was selected and the appropriate filters applied before gene 

lists were input and converted. The new human gene lists were then merged using 

Partek® Genomics Suite® with the original gene lists to link the human IDs to the 

rest of the required data, such as fold change and p values. These probe lists were 

then input as the ‘query’ in QUADrATiC, and analyses carried out as suggested by 
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the software developers- using the ‘drug name + cell line + concentration + time’ 

analysis sets with 2000 p-value random signatures. 
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2.2 CELL CULTURE 
 

2.2.1 Cell Passaging 

 

All cells were grown at 37 °C at 5 % CO2 and 95 % air and were all cultured in 

sterile plastic T25 or T75 cm2 flasks. All cells were passaged every 2-4 days to avoid 

over-confluence. Sub-culturing and cell passaging were carried out by aspirating the 

medium, washing the cells with sterile phosphate buffer solution (PBS) and detached 

from flasks using trypsin and versene at a 1:1 ratio (four mL per T 75 cm2 flask and 2 

mL per T 25 cm2 flask). The flasks were then incubated at RT or 37 °C until cells 

started to lift from the flask- around 2-5 min. The trypsin was then neutralised by 

addition of equal volumes of complete medium, containing foetal bovine serum 

(FBS), before being centrifuged in the Eppendorf 5804R centrifuge at 1,200 rpm 

(225 x g) for 5 min. The cell pellet was then re-suspended in complete medium and 

sub-cultured or plated for experiments at the required densities.   

 

2.2.2 Flask and Plate Coating 

 

Collagen Coating  

 

To collagen coat the flasks or plates, rat tail collagen type 1 (Corning) was used and 

made up in ddH20 containing 0.02 M acetic acid to a 0.01 % (w/v) working solution. 

To coat T 75 cm2 flasks, 4 mL was used whilst 2 mL used to coat 60 mm dishes. The 

collagen was left to set for two hours at room temperature before being aspirated off 

and left under UV light for an additional 30 min to further sterilise the flasks and 
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plates. Coated flasks and plates were then wrapped in tin foil and stored in 4 °C until 

use. 

 

Fibrinogen Coating 

 

Human fibrinogen from plasma (Sigma-Aldrich, UK) was reconstituted in 0.9 % 

saline, sterile filtered and stored in -20 °C until use. Fibrinogen was then diluted in 

ddH20 to 2 µg/mL for coating. For 60 mm dishes, 2 mL of the fibrinogen solution 

was used. The fibrinogen solution was left on the plates for 16 h at 4 °C. Afterwards, 

the fibrinogen solution was aspirated off and the plates were washed once with PBS. 

The plates were then wrapped in tin foil and stored in 4 °C until use. 

 

Gelatin Coating 

 

2 % gelatin solution (Sigma-Aldrich) was diluted to 0.04 % in PBS. For T75s, T25s 

and 60 mm dishes, 5 mL, 3 mL and 2 mL of 0.04 % gelatin solution was used 

respectively. Flasks and /or plates were then left to incubate at 37 °C for 45 min 

before aspirating off excess gelatin and sterilising under UV light for 30 min at RT. 

Coated flasks and plates were then wrapped in tin foil and stored at 4 °C and used 

within 7 days.  

 

2.2.3 S117 Cells 

 

The thyroid cancer cell line, S117 cells, purchased from the German Collection of 

Microorganisms and Cell Cultures GmbH (DSMZ, Leibniz Institute, Germany), and 
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maintained in RPMI-1640 medium containing L-glutamine (0.3 g/L) and sodium 

bicarbonate (2 g/L) (Gibco, UK), supplemented with 10 % FBS (Gibco, UK), also 

referred to as complete medium.  S117 cells were broken out from liquid nitrogen 

stocks into a T25 cm2 flask with complete medium, and generally became confluent 

and transferred into a T 75 cm2 flask containing complete medium within 72 h. These 

flasks were then usually 80 % confluent and subsequently sub-cultured every 72 h. 

S117 cells were trypsinized at 37 °C as described in Section 2.2.1. The cell pellet 

was then re-suspended in complete medium and sub-cultured at a ratio of 1:2 or 1:5 

as required. For 60 mm dishes, a 70 % confluent T75 cm2 flask was sub-cultured at a 

ratio of 1:6 in complete medium. For 6-well plates, a 70 % confluent T75 cm2 flask 

was sub-cultured at a ratio of 1:6 in complete medium. Experiments were then 

commenced once the dishes reached 70 % confluence. 

 

2.2.4 HEK293T Cells 

 

Human embryonic kidney cells 293T (HEK293T) were obtained from Dr. Simon 

McDade, Patrick G. Johnston Centre for Cancer Research (PGJCCR), Queen’s 

University Belfast. HEK293T cells were maintained in Dulbecco's Modified Eagle 

Medium (DMEM) containing 1 g/L glucose (Gibco, UK) supplemented with 10 % 

FBS and 100 µg/mL primocin (Invitrogen, UK), hereinafter referred to as complete 

medium. HEK293T cells were broken out from liquid nitrogen stocks into a T75 cm2 

flask with complete medium, and generally became confluent within 72 h. HEK293T 

cells were subcultured with typrisinization at RT as described in Section 2.2.1. The 

cell pellet was re-suspended in complete medium and sub-cultured at a ratio of 1:5 or 

1:10 as required. For 60 mm dishes, a 70 % confluent T 75 cm2 flask was sub-
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cultured at a ratio of 1:6 in complete medium. For 6-well plates, a 70 % confluent T 

75 cm2 flask was sub-cultured at a ratio of 1:8 in complete medium. Experiments 

were then commenced once the dishes reached 70 % confluence. 

 

2.2.5 HCT116 Cells 

 

The human colon cancer cell line, HCT116 cells, were kindly gifted by Dr Kirsty 

McLaughlin, , PGJCCR, Queen’s University Belfast. HCT116 cells were maintained 

in McCoy's 5a Medium Modified with L-Glutamine (Gibco, UK), and supplemented 

with 10 % FBS and 1 mM sodium pyruvate (Gibco, UK) also referred to as complete 

medium. Liquid nitrogen stock of the HCT116 cells were broken out into T 75 cm2 

flasks containing complete medium and became confluent and subsequently sub-

cultured and passaged after around 72 h as described in Section 2.2.1. The cell pellet 

was re-suspended in complete medium and sub-cultured at a ratio of 1:5 or 1:10 as 

required. For 60 mm dishes, a 70 % confluent T 75 cm2 flask was sub-cultured at a 

ratio of 1:6 in complete medium. For 6-well plates, a 70 % confluent T 75 cm2 flask 

was sub-cultured at a ratio of 1:8 in complete medium. Experiments were then 

commenced once the dishes reached 70 % confluence. 

 

2.2.6 CCD18co Cells 

 

CCD18co cells were kindly gifted by Jess Weir, PGJCCR, Queen’s University 

Belfast, and were maintained in Eagle’s minimum essential medium (EMEM; Gibco, 

UK), supplemented with 10 % FBS and 2 mM L-glutamine, further referred to as 

complete medium. CCD18co cells were broken out from liquid nitrogen stocks into 
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T 75 cm2 flasks, and were sub-cultured and passaged after around 72 h. Sub-

culturing and passaging of CCD18co cells was carried out as described in Section 

2.2.1 at RT. Subsequently, the cell pellet was re-suspended in complete medium 

before being sub-cultured at a ratio of 1:2 or 1:5 as required. For 60 mm dishes, a 70 

% confluent T 75 cm2 flask was sub-cultured at a ratio of 1:6 in complete medium. 

For 6-well plates, a 70 % confluent T 75 cm2 flask was sub-cultured at a ratio of 1:8 

in complete medium. Experiments were then commenced once the dishes reached 70 

% confluence. 

 

2.2.7 HeLa Cells 

 

HeLa cells were kindly gifted from Dr Gunnar Schroeder, WWIEM, Queen’s 

University Belfast. The cells were maintained in DMEM (low glucose, pyruvate, L-

glutamine (Gibco, UK)) supplemented with 1 x non-essential amino acids (Sigma-

Aldrich, UK) and 10 % FBS, hereinafter referred to as complete media.  The cells 

were sub-cultured once flasks were ~70 % confluent as per Section 2.2.1. The cell 

pellet was then re-suspended in the appropriate volume of complete media to split the 

cells at a ratio of 1:3 - 1:8.  For 6-well plates, the cells were seeded at a density of 1.5 

x 105 per well, achieving ~70 % confluence in 24 h.  

 

2.2.8 Endothelial Colony Forming Cells 

 

Endothelial colony forming cells (ECFCs), clones 995a and 995b, were kindly gifted 

by Dr Reinhold Medina, WWIEM, Queen’s University Belfast. These cells were 

grown in Endothelial Cell Growth Medium 2 (EGM-2, PromoCell, Heidelberg, 
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Germany) supplemented with 12 % FBS, referred to as complete medium, and were 

grown on flasks or plates pre-coated with rat tail collagen type 1 (Corning) or plates 

pre-coated with human fibrinogen from plasma (Sigma-Aldrich, UK). Flasks and 

plates were coated as described in Section 2.2.2. 

 

To culture the ECFCs, media was replaced every 3 days and sub-cultured once cells 

reached 90 % confluence (around 3-5 days). ECFCs were passaged as described in 

Section 2.2.1. The cell pellet was re-suspended in complete medium to be sub-

cultured at a ratio of 1:3-1:5. For 60 mm dishes, one 90 % confluent T 75 cm2 flask 

was used at a 1:10 ratio. Experiments were then carried out once the cells reached 70 

% confluence. 

 

2.2.9 Human Umbilical Vein Endothelial Cells 

 

Human umbilical vein endothelial cells (HUVECs) were kindly gifted by Dr 

Andriana Margariti, WWIEM, Queen;s University Belfast, and were maintained in 

Endothelial Cell Growth Medium MV 2 (PromoCell) supplemented with Endothelial 

Cell Growth Medium MV2 SupplementMix (PromoCell) to final concentrations of 5 

ng/mL   Epidermal Growth Factor (recombinant human), 10 ng/mL Basic Fibroblast 

Growth Factor (recombinant human), 20 ng/mL Basic Fibroblast Growth Factor 

(recombinant human), 0.5 ng/mL Vascular Endothelial Growth Factor 165 

(recombinant human), 1 µg/mL Ascorbic Acid, 0.2  µg/mL Hydrocortisone and 

further supplemented with 10 % FBS. HUVECs were sub-cultured as described in 

Section 2.2.1 at a ratio of 1:5 every 3 days and were maintained on gelatin coated t75 

flasks (coated as described in Section 2.2.2). Experiments were carried out on gelatin 



Chapter 2: Materials and Methods- 2.2 Cell Culture 

71 

coated 60 mm dishes with one 90 % confluent T 75 cm2 flask per six 60 mm dishes 

and experiments carried out once plates were 70 % confluent.  
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2.3 TRANSFECTIONS 
 

2.3.1 Generation of pcDNA3.1/myc/HisA-full length GREM1 or 

Grem1  

 

To produce pcDNA3.1/myc/HisA-GREM1 (human Gremlin1-expressing plasmids), 

cDNA from HK-2 cells was used to amplify a DNA fragment containing the whole 

open reading frame for GREM1 using real-time PCR (RT-PCR).  The forward and 

reverse primers (listed in Appendix 3), RedTaq® DNA polymerase and an annealing 

temperature of 55 °C was used. Restriction digest was then carried out to produce 

sticky ends on the fragments using EcoRI and XbaI (Fermentas, UK). The fragments 

were ligated into pcDNA™3.1/myc-hisA (Invitrogen) also cut with EcoRI and XbaI 

using T4 DNA ligase (Life Technologies, UK). This ligated product was then used to 

transform competent XL-1 blue Escherichia coli (E. coli; Agilent Technologies) 

before plating on Luria broth (LB)-ampicillin (100 µg/ mL) plates and left to grow at 

37 °C. Once colonies had grown, a single colony was picked and tested using PCR to 

confirm insertion of the plasmid and GREM1 DNA fragment insert. After the 

positive colony has been confirmed, it was grown in LB-Amp (100 µg/ mL) broth 

overnight, at 37 °C on an orbital shaker. To preserve this positive culture, a glycerol 

stock was produced- 800 µL of the culture was combined with 200 µL of 100 % 

glycerol and stored at -80 °C. The glycerol stocks were then used to generate fresh 

colonies by streaking on an LB-Amp plate. The bacteria in the remaining LB-Amp 

broth were then pelleted by centrifuging for 10 min at 4,000 rpm (2500 x g) at room 

temperature, plasmids were then extracted using the Pure Yield™ Plasmid Maxiprep 

system (Promega, UK) and stored at -20 °C until use. Once the pcDNA3.1-

myc/HisA-GREM1 plasmids were extracted from the bacteria, all DNA was 

validated by Sanger sequencing to confirm no mutations had been introduced.  
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To produce pcDNA3.1/myc/HisA-Grem1 (mouse Gremlin1-expressing plasmids), 

the same method as described above was carried out using mouse embryonic 

fibroblast (MEF) cell cDNA extract. Plasmid generation was carried out with the 

assistance of Dr Derek brazil (WWIEM, Queen’s University Belfast).  

 

2.3.2 Generation of pcDNA3.1/myc/HisA- ∆SGrem1 

 

To produce pcDNA3.1/myc/HisA- ∆SGrem1, PCR primers were designed to target 

the entire mouse Grem1 coding sequence, minus the signalling sequence and with 

EcoRI and Xbal restriction sites (Appendix 3). The process was then carried out 

using pcDNA3.1-myc/HisA-Grem1 as previously described. The plasmids were then 

further confirmed through in-house sequencing in addition to checking no mutations 

had occurred in the sequence. The sequence data was analysed using the FinchTV 

programme and the National Center for Biotechnology Information (NCBI) Basic 

Local Alignment Search Tool (BLAST) against mouse Grem1 coding sequences.  

After confirmation, maxiprep was carried out as previously described using the 

QIAGEN Plasmid Maxi Kit (QIAGEN, UK), and RT-PCR was again carried out to 

determine presence of the plasmid and DNA insert. Additionally, the DNA insert 

was yet again sequenced in-house and analysed using FinchTV programme and 

NCBI BLAST against mouse Grem1 coding sequence to validate the sequence, 

confirming no mutations had occurred. The difference between the full length and 

∆SGrem1 proteins produced by the plasmids can be seen in Figure 2.3.1. 
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Figure 2.3.1 Schematic representation of full length GREM1 protein and 

∆SGrem1 protein produced in pcDNA3.1/myc/HisA- FLGREM1/∆SGrem1 

transfected cells 
Full length (FL) GREM1/Grem1 protein contains myc and His tags and is produced by cells transfected 

with pcDNA3.1/myc/HisA-GREM1/Grem1, it also containing the signalling peptide. In comparison, 

‘∆SGrem1’ has the signalling sequence removed from the plasmid sequence, and therefore produces 

the same protein minus the signalling sequence in cells transfected with pcDNA3.1/myc/HisA-

∆SGrem1. 

 

 

2.3.3 Generation of mCherry-full length GREM1  

 

GREM1-mCherry plasmid was generated by a company called VectorBuilder after 

detailed instructions were provided by the Brazil laboratory. The plasmid map is 

visible in Appendix 3, and the plasmid was designed to add the mCherry protein to 

the C-terminus of GREM1 to avoid interference with the N-terminal signal peptide 

and GREM1 secretion. Empty vector mCherry plasmid was also provided by 

VectorBuilder.  

 

2.3.4 Lipofectamine 2000 Transfections  

 

HEK293T cells were transfected at 60 % confluence with 1 µg of pcDNA3.1 or 

pcDNA3.1 containing either the mouse, human or ∆S mouse or human inserts per 

well or plate. Each 60 mm dish was transfected with 5 µL of Lipofectamine 2000 

(Invitrogen, UK) and 100 µL of Opti-MEM, whilst a 6-well plate was transfected 
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with 3 µL  of Lipofectamine 2000 and 100 µL of Opti-MEM per well, and a 24-well 

plate was transfected with 1 µL  of Lipofectamine 2000 and 50 µL of Opti-MEM per 

well. The appropriate volumes of lipofectamine and Opti-MEM were vortexed in a 

15 mL tube and left to incubate at room temperature for 5 min. In 50 mL tubes, 1 µg 

of plasmid per well or plate was added along with 100 µL of Opti-MEM per well or 

plate. After the 5 min incubation, the appropriate volume of lipofectamine-Opti-

MEM mastermix per plate or well was added (as shown in Table 2.3.1).These 50 mL 

tubes were then left to incubate at room temperature for a further 20 minutes before 

DMEM (1 g/L glucose) supplemented with 10 % FBS and containing no antibiotics 

was added to give a total volume of 3 mL, 2 mL, or 500 µL per well or plate. Cells 

were washed 1 x with PBS and the media containing transfection reagents was added 

and left to incubate at 37 °C at 5 % CO2 and 95 % air for 4-5 h before media was 

changed to complete medium and left for a further 20 h.  

 

 

 

Table 2.3.1- Volumes Required for Transfections with Lipofectamine 2000. 

 

 

 
Volumes per plate or well 

60 mm plate 6-well plate 12-well plate 24-well plate 

Lipofectamine 2000  

and Opti-MEM 

5 µL + 100 

µL 

5 µL + 100 

µL 

3 µL + 100 

µL 
1 µL + 50 µL 

Mastermix 105 µL 105 µL 103 µL 51 µL 

Media 3 mL 2 mL 1mL 500 µL 

 

 



Chapter 2: Materials and Methods- 2.3 Transfections 

76 

2.3.5 Lipofectamine LTX Transfections  

 

Lipofectamine 2000 was found to be too harsh to transfect HeLa and HCT116 cells, 

therefore the gentler transfection reagent, Lipofectamine LTX (Invitrogen, UK), was 

used. HeLa or HCT116 cells were seeded to be 70-80 % confluent the next day. For 

example, 1 x105 cells seeded in each well of a 6-well plate. Twenty-four hours after 

seeding, cells were transfected. First, 5 µL Lipofectamine LTX and 100 µL Opti-

MEM per well mixed gently by pipetting and left at room temperature for 5 min. 

During this incubation, a mastermix of 2.5 µg DNA/well and 500 µL Opti-

MEM/well was produced, before 2.5 µL PLUS reagent/ well was added and gently 

mixed by pipetting. After the 5 min incubation of Lipofectamine LTX and Opti-

MEM, 105 µL /well of this solution was added to the DNA/Opti-MEM/PLUS 

reagent mastermix and left to incubate for a further 30 min at room temperature. 

Next, the mastermix was suspended in 2 mL complete media (without antibiotics) 

per well. The cells were then washed with PBS before adding 2 mL of the media 

containing the DNA-Lipofectamine LTX complexes and left to incubate at 37 °C at 5 

% CO2 and 95 % air for 4-5 h before media was changed to complete medium and 

left for a further 20 h. 
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2.4  PROTEIN ANALYSIS 
 

2.4.1 Protein Extraction 

 

Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer, containing 50 

mM Tris-HCl (pH 7.4), 1 % (v/v) Nonidet p-40 (NP-40), 0.5 % (v/v) sodium 

deoxycholate, 150 mM sodium chloride (NaCl) and 1 mM EDTA. RIPA buffer was 

further supplemented prior to use with 250 µM sodium orthovanadate (NaVO4, 

Sigma-Aldrich, UK), 40 mM β-glycerolphosphate (Sigma-Aldrich, UK), 1 mM 

sodium fluoride (NaF, Sigma-Aldrich, UK), 2 µM microsystin-LR (Enzo® Life 

Sciences, New York, USA), 1 mM phenylmethanesulfonyl fluoride (PMSF, Sigma-

Aldrich, UK) and 1 x protease inhibitor cocktail (Sigma-Aldrich, UK).  

 

Cells were washed 1 x with ice-cold PBS and supplemented RIPA buffer added. For 

60 mm plates, 150 µL of supplemented RIPA buffer was used, whilst for 6-well 

plates, 100 µL was used. Cells were then lysed using a cell scraper before the lysate 

was collected in 1.5 mL RNase-free Eppendorf microtubes and incubated for 20 min 

on ice, with samples being vortexed every 5 min. Next, samples were centrifuged at 

1,200 rpm (225 x g) for 15 minutes at 4 °C to pellet cell debris. The supernatant was 

then transferred to new 1.5 mL RNase-free Eppendorf microtubes without disturbing 

the pellet, and then samples were then prepared as described in Section 2.4.2 or snap 

frozen in liquid nitrogen and stored at -80 °C until use. 
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2.4.2 Bradford Assay and Sample Preparation 

 

To determine protein concentration of protein lysates, the Bradford method was used 

(Walker and Kruger, 2003). Protein standards were prepared in 1.5 mL microtubes 

(Eppendorf) with known concentrations of bovine serum albumin (BSA) to 0, 2, 4, 8, 

16 and 32 µg/mL with dH20. Samples were prepared by adding 5 µL of protein 

lysate to 795 µL of dH20 also in 1.5 mL microtubes. Next, 200 µL of Bradford 

reagent (Bio-Rad, Hercules, CA) was added to each 1.5 mL microtubes and each 

standard and sample was vortexed and left to incubate at room temperature for 5 min. 

Standards and samples were then vortexed again before pipetting 200 µL of each 

standard or sample in duplicate into a clear 96-well plate. The absorbance was read 

using a plate reader at 595 nm. Data was then blank corrected and standard curve 

generated, allowing the unknown sample concentrations to be extrapolated using the 

line equation y= mx + c.  

 

Once protein concentration was determined, samples were made up in either 2 x or 5 

x Laemmeli buffer, in ddH20 (stock recipes shown in Appendix 5), 1 % β-

mercaptoethanol was added just before use to Laemmeli buffers. Samples were then 

denatured for 5 min at 95 °C before samples were loaded onto gels or stored at -20 

°C until use. If being stored, samples were again heated at 95 °C for 2 min before 

loading.  
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2.4.3 Western Blotting 

 

SDS-PAGE 
 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was used 

to separate the denatured proteins according to their molecular mass (Laemmli, 

1970). Depending on the size of the protein of interest, different percentages of 

resolving gel were required. For larger proteins, a smaller percentage resolving gel 

was required, whilst for smaller proteins, a higher percentage resolving gel was 

required. In addition to the resolving gel, a 4 % acrylamide stacking gel was also 

used to allow the proteins to ‘stack’ into a narrow band, allowing them to enter the 

resolving gel at the same time, causing more accurate distribution of proteins based 

on size.  

 

Glass slides were cleaned with 100 % EtOH before assembly. The required 

percentage resolving gel (Appendix 5) was then poured in between the two glass 

slides, leaving around 3 cm to allow for the stacking gel and comb. Next, a small 

volume of 100 % EtOH was overlaid to remove any bubbles and produce a smooth 

interphase between the resolving and stacking gels. The resolving gel was left to 

polymerise at RT for around 20 min before the EtOH is removed and any excess 

washed away with ddH20. The stacking gel was then prepared (Appendix 5) and was 

added to fill the remainder of the glass slides, and a 15 or 10 well comb (1.5 mm) 

inserted. The gels were again left for 20 min to polymerise at RT.  Once 

polymerised, gels were wrapped in tissue paper and soaked in 1 x Running buffer 

(Appendix 5) and stored at 4 °C overnight or up to one week before use.  
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SDS-PAGE was carried out by placing the gels in a Biorad gel tank using a Biorad 

gel holder (Bio-Rad, Herts, UK), and filled with 1 x Running buffer. The combs were 

then slowly removed and washed out with 1 x Running buffer using a p1000 pipette 

to remove any non-polymerised gel. Samples were then further denatured for an 

additional 2 min at 95 °C before loading into the wells at their required volumes as 

determined by the Bradford assay. Five µL of the visible PageRuler™ Prestained 

Protein Ladder (Thermo Fisher Scientific), consisting of stained proteins of known 

molecular weights, was also loaded in the first well. Any unfilled wells were filled 

with equal volumes of 2 x Laemmeli buffer. The chamber was run at RT, at 70 V for 

20 min through the stacking gel before increasing to 120 V through the resolving gel 

until the dye front reached the bottom of the gel. 

 

Protein Transfer to PVDF Membrane 
 

After the SDS-PAGE had finished running, proteins were transferred to a 

polyvinylidene difluoride (PVDF) membrane (Towbin, Staehelin and Gordon, 1979). 

To achieve this, Immun-Blot PVDF membrane (#1620177; Bio-Rad, Herts, UK) was 

soaked in 100 % methanol for 15 seconds for activation before transferring to 1 x 

Transfer buffer (Appendix 5). The gels were removed from their glass plates, and  

stacking gel was cut away from the resolving gel before a blotting sandwich was 

produced in a cassette consisting of one sponge pad, two Whatman filter papers, the 

PVDF membrane, SDS-polyacrylamide gel, two more Whatman filter papers and 

one sponge pad (from anode to cathode (Figure 2.4.1). The blotting sandwich was 

constructed in a tray filled with 1 x Transfer buffer to allow saturation of the sponges 

and papers, preventing air bubbles. Once assembled, the cassettes were placed in an 

electrophoresis chamber containing an ice pack to keep the buffer cool before being 
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filled with 1 x Transfer buffer. In addition, the chamber was placed in a tray 

surrounded by ice to further ensure no overheating occurred. The chamber was then 

run at 110 V for 75 min to allow transfer of the proteins from the gel to the PVDF 

membrane.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4.1- Schematic diagram of a blotting sandwich required for protein 

transfer from SDS-polyacrylamide gel to PVDF membrane using the wet 

transfer method.  
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Immunoblotting 
 

After the transfer was complete, the PVDF membrane was removed from the cassette 

and incubated at RT in 1 % Ponceau S stain in 1 % acetic acid for 5 min before being 

washed 3 x with dH20 to visualise protein bands, therefore confirming successful 

transfer. Membranes were then cut to size and labelled as necessary, then blocked in 

ether 5 % milk tris-buffered saline with 1 % Tween 20 (TBS-T) or 3 % BSA TBS-T 

for antibodies targeting phosphotyrosine residues, for 1 h at RT on an orbital shaker 

at 60 rpm.  

 

If required, the membranes were cut depending on the visible protein ladder bands to 

allow detection of differing molecular weight proteins. Membrane sections were then 

incubated in 50 mL tube containing the respective primary antibodies (Appendix 5) 

diluted in 5 mL 5 % milk TBS-T or 5 mL 3 % BSA TBS-T, at 4 °C overnight on a 

roller.   

 

After incubation, membranes were then removed from their primary antibodies and 

washed gently three times for 10 min with TBS-T at RT on the orbital shaker to 

remove unbound antibodies therefore reducing background signal. PVDF membranes 

were then placed in the relevant HRP-conjugated secondary antibody (Appendix 5 ) 

at a 1:10,000 dilution in 3 % BSA or 5 % milk TBS-T solution (dependent on the 

solution used for primary antibody incubation) for 1 h at RT on the orbital shaker, at 

60 rpm.  Following this, membranes were again washed three times with TBS-T on 

the orbital shaker. 
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Detection and Visualisation of Western Blots 
 

To detect and visualise the proteins bands, the charge-coupled device (CCD) 

camera–based digital imaging instrument G:BOX Chemi XX6 was used. To do so, 

membranes were gently place on a clear plastic sheet within the instrument, ensuring 

no bubbles formed. Next, 1 mL of a 1:1 ratio of Immobilon Western 

Chemiluminescent HRP Substrate peroxide solution and luminol reagent (Millipore, 

Watford UK), was pipetted onto the membrane and left to incubate for around one 

minute. Excess substrate was then removed by gently tipping onto tissue paper, and 

the membrane was exposed for the time predicted by the instrument (usually 10 sec- 

5 min). For certain blots with varying strength signals, series exposures were used, 

with images taken every 10-60 sec and the images combined until the desired signal 

was achieved.  
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2.5 RNA ANALYSIS 
 

For all RNA and PCR work, work surfaces and pipettes were first sprayed with 70 % 

EtOH and RNAse Zap and newly autoclaved tips and PCR-grade, RNase-free 

Eppendorf 1.5 mL microtubes were used. Pipette tips were changed between every 

sample and reagent. RNA and cDNA samples were kept on ice at all times.  

 

2.5.1 RNA Extraction 

 

RNA was extracted from cells using the QIAGEN RNeasy® extraction kit 

(QIAGEN, UK) and following the manufacturers protocol. Cells were grown in 6-

well or 60 mm dishes and washed 1 x with ice-cold PBS before 350 µL of buffer 

RLT (supplemented with 1:100 β-ME prior to use) was added to each well. The cells 

were harvested using cell scrapers and checked under the microscope to confirm 

cells had detached before the cell lysate was transferred to their associated PCR-

grade, RNase-free 1.5 mL microtubes (Eppendorf) An equal volume of 70 % 

molecular-grade EtOH (Sigma-Aldrich, UK) diluted with ddH20, was added to each 

microtube before mixing by pipetting and transferring the total volume to a RNeasy 

mini spin column attached to the provided 2 mL collection tube. The columns were 

then centrifuged in a Hettich Mikro 185, at 9120 rpm (8,000 x g) for 30 sec and the 

flow through discarded. The RNeasy mini spin columns were washed by adding 700 

µL buffer RW1 to each column, centrifuging 9120 rpm (8,000 x g) for 30 sec and 

discarding the flow through. Following this, 500 µL buffer RPE was added to each 

RNeasy mini spin column and centrifuged for 2 min at 9120 rpm (8,000 x g). The 

flow through was again discarded, and the RNeasy mini spin columns were placed in 

new, dry 2 mL collection tubes. These were centrifuged for 1 min at 9120 rpm (8,000 
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x g) to remove any remaining wash buffer from the columns. The RNA was eluted 

by transferring the RNeasy mini spin column to a 1.5 mL collection Eppendorf 

microtube and 30 µL RNase-free water added to each column, before centrifuging 

for 1 min at 9120 rpm (8,000 x g). RNA was then stored at -80 °C until further use or 

quantified to continue to cDNA synthesis as described in Section 2.5.2. 

 

2.5.2 RNA Quantification 

 

RNA concentrations and purity were analysed using a Nanodrop™ ND-1000 

spectrophotometer (Nanodrop Technologies, Wilmingon, USA). The sample 

retention system optical surfaces were first cleaned by pipetting 2 μL RNase-free 

water onto the lower surface before lowering the arm to close against the water. 

Kimtech Science Precision Wipes were then used to dry both the lower and upper 

optical surfaces and the arm returned to the closed position. Next, RNA 

quantification was selected and 2 μL RNase-free water was used to obtain a blank 

reading. The water upper and lower optical surfaces were dried again using a 

precision wipe and 2 μL of RNA sample pipetted onto the lower optical surface, 

upper optical surface was lowered onto the sample and the reading obtained.  Each 

sample was read 3 x to ensure more accurate RNA quantification and optical surfaces 

were dried with precision wipes between each reading. The 260/280 and 260/230 

ratios were observed and only those with values of ≥ 2.0 and between 2.0-2.2 

respectively were considered ‘pure’ and utilised for cDNA synthesis. RNA was then 

used to continue cDNA synthesis as described in Section 2.5.3 or stored at -80 °C 

until further use. 
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2.5.3 Reverse Transcription PCR for cDNA Synthesis 

 

To produce complementary DNA (cDNA), RNA was first diluted to a concentration 

of either 0.5 or 1 µg in a total volume of 8 µL RNase-free water in PCR-grade 0.2 

mL thin-walled microtubes. Next, any contaminating DNA was removed by the 

addition of 1 µL DNase (Thermofisher Scientific, UK) and 1 µL DNase buffer 

(Thermofisher Scientific, UK) to each sample followed by 15 minutes incubation at 

RT (master mix of n+1 made and 2 µL added to each sample). Another mastermix 

for n+1 samples was produced with 1 µL EDTA (Thermofisher Scientific, UK),1 µL 

10 mM dNTPs (Thermofisher Scientific, UK) and 1 µL 250 ng/mL random primers 

(Life Technologies, UK) and 3 µL of this mastermix added to each sample. Each 

sample was vortexed and spun down in a tabletop centrifuge, before incubating at 

65°c for 5 minutes a Veriti 96-well Thermocycler (Applied Biosystems 

Thermocycler). Next, a third mastermix of n+1 was produced with 4 µL 5 x First 

Strand Buffer (Invitrogen, UK) and 2 µL 0.1 M DTT (Invitrogen, UK) per sample 

and 6 µL of this mastermix was added to each sample before again vortexing and 

spinning down in a tabletop centrifuge. Samples were placed in the thermocycler and 

incubated at 25 °C for 10 min. Superscript III Reverse Transcriptase (Invitrogen, 

UK) was added to each sample at a volume of 1 µL per sample, then each sample 

vortexed and spun down on a tabletop centrifuge before placing in the thermocycler. 

The thermocycler was run on a cycle of 42 °C for 60 min, 70 °C for 15 min followed 

by 4 °C until samples were collected and stored at -20 °C.  
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2.5.4 18S Quality Control Semi-Quantitative PCR 

 

Semi-Quantitative PCR amplifying the 18S ribosomal RNA in each sample was 

performed to confirm the quality of the cDNA generated in each sample. To achieve 

this, a mastermix for n+1 samples of 2.5 µL 10 X REDTaq® Buffer containing 

MgCl2 (Sigma-Aldrich, UK), 1 µL 2.5 m dNTPs (Thermofisher Scientific, UK), 50 

pmol 18S forward primer (IDT, Illinois, USA), 50 pmol 18S reverse primer (IDT, 

Illinois, USA), 15.7 µL RNase-free water and 0.5 µL REDTaq® DNA polymerase 

(Sigma-Aldrich, UK) was produced. Primer sequences are listed in Table 2.3.7 

below. The mastermix (24 µL) was added to 1 µL of cDNA in PCR-grade 0.2 mL 

thin-walled tubes. Samples were vortexed and spun down in a tabletop centrifuge 

before being placed in a thermocycler with a 5 min initialization step at 95 °C in 

order to activate the REDTaq® DNA polymerase, followed by 20 cycles of 

denaturing at 94 °C for 30 sec, annealing at 62 °C for 1 min and elongation at 72 °C 

for 1 min. Lastly, samples had a 5 min annealing step at 72 °C to make sure any 

residual single-stranded cDNA was completely extended, before the temperature was 

reduced to 4 °C. Samples were stored at 4 °C or loaded directly to a 1 % agarose gel 

for analysis using agarose gel electrophoresis, as described in Section 2.5.5.  

 

 

Table 2.5.1 18S Primer Sequences 

 

 

Primer Forward Sequence Reverse Sequence 

18S 

5’ GTG GAG CGA TTT GTC TGG 

TT 3’ 

5’ CGC TGA GCC AGT CAG TGT 

AG 3’ 
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2.5.5 Agarose Gel Electrophoresis 

 

Semi-Q PCR products were analysed by separation using agarose gel electrophoresis, 

as the negatively charged DNA migrates through the agarose gel matrix in the 

direction of the positive electrode. Longer DNA fragments travel through the matrix 

more slowly than shorter DNA fragments, and the approximate length of these DNA 

samples can be determined by running a DNA ladder alongside. In order to separate 

different length DNA samples, different percentages of agarose gels can be used- a 

lower percentage gel will aid in separating longer DNA fragments whilst a higher 

percentage gel will help separate shorter DNA fragments. 

  

To prepare a 1 % agarose gel, 100 mL 1 x TAE buffer (900 mL dH20 with 100 mL 

10 x UltraPure™ TAE Buffer, Invitrogen, UK) was mixed with 1 g agarose (Sigma-

Aldrich, UK) and microwaved for 3 min, stirring every 1 min. The solution was 

allowed to cool until comfortable to touch and 10 µL SYBR® Safe DNA Gel Stain 

(Invitrogen, UK) was added, mixed by swirling and poured into the casting chamber 

with a 20-well comb. The agarose gel was left to polymerise for a minimum of 20 

min at RT. Depending on the size of the expected product, 5 µL 1 kb DNA ladder 

(Invitrogen, UK) was loaded in the first well and 5 µL of GeneRuler 100 bp DNA 

Ladder (Thermofisher Scientific, UK) in the second well. If the product was 

expected to be less than 1 kb in length, only the GeneRuler 100 bp DNA Ladder was 

loaded. Ten µL of each sample was loaded into the appropriate wells and the gel was 

ran in an agarose gel electrophoresis tank filled with 1 x TAE buffer at 120 V for 60 

min. The DNA products were visualised under gold light using the AutoChemi UVP 

System (Bioimaging Systems).  
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2.5.6 Real Time Quantitative PCR 

 

QT-PCR using the Labcyte® Echo® Series 525 Liquid Handler 
 

QT-PCR was achieved using TaqMan probes designed by Roche Applied Science 

(Penzberg, Germany) to target the genes of interest (Appendix 6). Alongside the 

gene or genes of interest, two housekeeping genes were also used: 18S and β-actin 

(Appendix 6). 

 

Along with the necessary TaqMan probes, LightCycler® 480 Probes Master (Roche 

Applied Science. Penzberg, Germany) was also used, consisting of PCR grade H20 

and 2 x PCR master mix. QT-PCR set up was carried out using the Labcyte® Echo® 

Series 525 Liquid Handler. This allowed highly accurate transfer of reagents to the 

PCR plate wells as the machine uses acoustic droplet ejection technology. In 

addition, the technology also allows a reduction in the volume of reagents used, 

allowing 1 µL LightCycler® 480 Probes Master, 0.7 µL PCR grade H20, 0.1 µL 

probes and 0.2 µL cDNA (diluted 1:10) per well for Roche Taqman PCR. A master 

mix of cDNA and PCR grade water and a master mix of LightCycler® 480 Probes 

Master and probes was needed. The master mixes were then pipetted into a Labcyte 

Echo 384PP-S Plate, with the volume being no higher than 65 µL per well, however 

the master mix requires 15 µL remaining after the last well transfer to ensure 

efficient and accurate transfer. Once master mixes were loaded into the ECHO 

source plate, the plate was spun down at 1,200 rpm (225 x g) for 1 min before 

inserting both the ECHO source plate and 384-well PCR plate into the Labcyte® 

Echo® Series 525 Liquid Handler. The programme ‘Labcyte ECHO plate reformat’ 

was ran with a custom layout selected. Next, master mixes were selected to be 

transferred in triplicates onto the 384-well PCR plate, with the cDNA master mix 
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being transferred using the BP mode and probe master mix using the SP mode. Once 

the transfer was complete, the plates were removed, and the PCR plate sealed before 

being centrifuged for 1 min at 1,200 rpm (225 x g). The plate was then inserted into 

the Roche LightCycler 480 and ran on the required programme. 

 

The plate was then loaded into the Roche LightCycler 480 and ran on the ‘Mono 

Color Hydrolysis Probe/UPL’ programme, summarised as follows: 

 

a. Pre-incubation: 1 cycle of 95 °C for 10 seconds 

b. Amplification: 45 cycles of 95 °C for 10 seconds, 60 °C for 30 seconds and 

72 °C for 1 second 

c. Cooling: 1 cycle of 40 °C for 30 seconds 

 

 

The cycle threshold (Ct) values (number of thermal cyclers required for the 

fluorescent signal to cross over the programme’s threshold) were then generated 

using the LightCycler®480 Real-Time PCR System. To quantify the fold change of 

the target gene, the ∆∆Ct method (Equation 1) was conducted using the two 

housekeeping gene controls- 18S and β-actin to normalise the gene of interest.  

 

Equation 1- ∆∆Ct Method 

∆𝐶𝑡 =  𝐶𝑡 (𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡)–  𝐶𝑡 (ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔 𝑔𝑒𝑛𝑒)  

∆∆𝐶𝑡 =  ∆𝐶𝑡 (𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)– ∆𝐶𝑡 (𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)  

𝐹𝑜𝑙𝑑 𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =  2−(∆∆𝐶𝑡)  
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2.6 IMMUNOFLUORESCENCE MICROSCOPY 
 

2.6.1 Preparation of Samples  

 

Cells were either seeded onto either 6-well plates, glass cover slips or 2- or 8-well 

Ibidi µ-Slides (ibidi GmbH, Germany). To prepare the cover slips, sized 22 x 22 mm, 

the slides were first soaked in 100 % ethanol (EtOH; Sigma-Aldrich, UK) and then 

left to dry under UV light to sterilise the slides in a laminar flow hood. The slides 

were then placed in 6-well plates using sterile metal forceps. The cells were seeded at 

the required densities and left overnight to adhere. Cells were then either treated or 

transfected as required for each experiment.  

 

2.6.2  Mitochondrial Staining 

 

For localisation experiments, cells were stained with MitoTracker Red CMXRos 

(M7512, Invitrogen) to visualise the mitochondria.  

 

To prepare the MitoTracker Red CMXRos, one vial containing 50 μg was dissolved 

in 94.06 μL DMSO to produce a 1 mM stock solution, stored at -20 °C protected 

from light until further use. MitoTracker Red CMXRos was added to cells in serum-

free media at a final concentration of 200 nM and incubated for 30 min at 37 °C 

protected from light. After incubation, cells were washed 3 x with PBS and fixed as 

described in Section 2.6.3.  
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2.6.3 Cell Fixation 

 

After the required treatments, the cells were fixed. First, cells were first washed 1 x 

with ice-cold PBS. Next, room temperature 4 % paraformaldehyde (PFA; w/v) 

prepared in PBS was used to fix the cells. For 6-well plates and 2-well Ibidi µ-Slides, 

2 mL PFA solution was added per well, whilst 8-well Ibidi µ-Slides had 500 μL 

added per well. PFA solution was added for 15 min at room temperature. Following 

fixation, the samples were then washed 3 x for 5 min with ice-cold PBS. The fixed 

cells were stored in PBS and sealed with parafilm before being kept at 4 °C until 

required, for a maximum of two weeks. Alternatively, the protocol for staining was 

continued immediately after fixation.  

 

2.6.4 Immunofluorescence Staining 

 

Once fixed, the cells were permeabilised with PBS 0.1 % Tween-20 (PBS-T) for five 

minutes before blocking with PBS-T 5 % donkey serum for 1 h at room temperature. 

Next, the samples were incubated at 4 °C overnight in the primary antibody (listed in 

Appendix 7) made up in PBS-T 1 % donkey serum before washing the samples 3 x 

for five minutes with PBS-T. The relevant secondary antibody, such as donkey anti-

Goat IgG (H+L) Alexa Fluor 594 was used at a 1:500 dilution in PBS-T 1 % donkey 

serum, and samples were incubated for 1 hour at room temperature. The samples 

were then again washed for five minutes 3 x with PBS-T.  

 

If glass slides were used, they were placed onto glass slides using sterile metal 

forceps, with VECTASHIELD® Mounting Medium with DAPI (Vector Laboratories 

LTD., UK) and left to dry overnight at room temperature, covered from light. The 
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cover slides were then sealed using nail varnish and stored at 4 °C and protected 

from light, until imaged. If cells were grown in 6-well plates or in the Ibidi µ-Slides, 

cells were stained with 4,6-diamidino-2-phenyindole (DAPI). DAPI solution (1 

mg/mL, ThermoFisher) was added to cells at a 1:1000 dilution in PBS for 20 min at 

RT before washing 3 x 10 min with PBS. Samples were then stored in PBS at 4 °C 

and sealed with parafilm, protected from light, until imaged.  

 

Slides and plates were visualised using the Leica DMi8 microscope to confirm 

successful staining, before obtaining higher quality images using the confocal 

microscope Leica SP8 or SP5 using the Leica Application Suite X (LAS X) software.  
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2.7 TISSUE PROCESSING 
 

Immunohistochemistry (IHC) and in situ hybridisation (ISH) was carried out on both 

wild-type (WT) and Villin1-Grem1 mouse small intestine and colon samples, kindly 

donated by the Leedham Group, Oxford University (Davis et al., 2015). In addition, 

Grem1 -/- mouse samples from the Brazil laboratory (Roxburgh et al., 2009) were 

used as negative controls. All samples were generated from Formalin-Fixed Paraffin-

Embedded (FFPE) tissue specimens. 

 

2.7.1 Immunohistochemistry 

 

For immunohistochemistry (IHC) of tissue samples, the VectaStain Goat IgG Kit 

was used in accordance to manufacturer’s instructions (Vector Laboratories, 

Burlingame, CA, USA). Sections (5 μM) were deparaffinised using the AR922 

dewax protocol using the Leica Bond RX System. Samples were then washed 1 x 

with PBS and AR9961 protocol carried out for epitope retrieval. Sections were 

washed in PBS containing 0.1 % Triton X (Sigma-Aldrich) and quenched for 10 min 

at RT with PBS 0.1 % Triton X with 3 % (v/v) H202. Samples were then washed 

again in PBS 0.1 % Triton X and blocked with 10 % (v/v) rabbit serum diluted in 0.1 

% Triton X PBS for 1 h at RT. Incubation was carried out in a humidified, dark 

chamber. Next, samples were incubated with the relevant primary antibodies 

(Appendix 8) or IgG control (at the same concentration as the investigated primary 

antibody), diluted in PBS 0.1 % Triton X at 4 °C overnight. After antibody 

incubation, samples were washed 3 x with PBS 0.1 % Triton X and secondary anti-

goat biotin antibody added for incubation at RT for 90 min. Samples were washed 

again in PBS 0.1 % Triton X and Avidin Biotin Complex (ABC) reagent was added 
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for 30 min at RT. Detection was carried out using a 3,3’-diaminobenzidine kit (DAB 

Substrate Kit, SK-4100, Vector Laboratories). After 3-7 min incubation, reactions 

were stopped by addition of ddH20. Slides were then counterstained using 

haemaematoxylin on a Sakuara Autostainer, samples were incubated in 

haemaetoxylin for 30 sec. After counterstaining, coverslips were added and slides 

scanned using an Aperio AT2 scanner (Leica Biosystems) before uploading to 

PathXL Digital Pathology Suite (Belfast, Ireland). Tissue IHC was carried out with 

the assistance of Dr Derek Brazil (Brazil laboratory, Queen’s University Belfast). 

 

2.7.2 Mean Pixel Intensity Quantification 

 

For Grem1 and pSmad1/5 quantification, sequential FFPE sections were stained as 

described in Section 2.7.1. Images were captured on PathXL and blinded before 

analysis, with selected regions in the tip or crypt of the villi selected for analysis. 

ImageJ and Fiji programmes were used, with the ‘Multi-point’ tool used to select 

stained areas of each cell to calculate Mean Pixel Intensity for each cell. Analysis 

was carried out on three mice per group, with three independent images quantified 

per mouse. Data was then analysed using GraphPad Prism (V8.1.0) and two-way 

ANOVA with Bonferroni post hoc test used to determine statistical significance.  

 

2.7.3 In situ Hybridisation 

 

In situ hybridisation (ISH) was carried out using the RNAscope® 2.0 HD detection 

kit (Advanced Cell Diagnostics, Hayward, CA, USA) as per manufacturer’s 

instructions, to detect Grem1 mRNA via chromogenic in situ hybridisation of Grem1 
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in the previously described mouse colon samples (WT, Vil1-Grem1 and Grem1-/-). 

ISH was carried out in collaboration with Dr Victoria Bingham, Molecular Pathology 

Core Unit, Queen’s University Belfast. 

 

Sample Preparation and Deparaffinisation  
 

Paraffin-embedded colon sections were cut to 4 μm using a microtome, before being 

air-dried overnight and baked at 60 °C for 1h. Samples were then deparaffinised by 

placing into a Tissue-Tek® Slide Rack and submerging samples into fresh xylene 

(Sigma-Aldrich) and incubating for 5 min at RT. Slides were agitated during 

incubation by gently lifting the slide rack up and down within the xylene solution. 

After incubation, the slide rack was removed from the first xylene dish and 

immediately placed into a new, fresh xylene dish. Slides were again incubated for 5 

min at RT with occasional agitation. Next, the slide rack was removed and 

submerged immediately into 100 % EtOH for 1 min at RT, with agitation. This step 

was repeated with a fresh dish of 100 % EtOH. After incubation, the slides were 

removed from the rack and placed section-side up and allowed to air dry at RT for 5 

min, or overnight.     

 

Sample Pre-treatment 
 

Firstly, HybEZ™ OVEN was set to 40 °C and Humidifying Paper placed in the 

Humidity Control Tray before being soaked through with ddH2O. The covered tray 

was then placed into the oven and was warmed for 30 min at 40 °C.  
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Pretreat 2 solution was prepared by mixing 630 mL ddH2O with 1 bottle (70 mL) or 

10x Pretreat 2 solution. The solution was then heated until boiling, once the solution 

reached boiling, Pretreat1 was then applied (note: Preat2 must not be boiled for more 

than 30 min). Around 5-8 drops of Preteat1 was added to each sample to cover the 

entire section and incubated for 10 min at RT. After incubation, Pretreat1 was 

removed by flicking the slide and collecting waste against an absorbent tissue. 

Immediately, the slide was inserted into a Tissue-Tek® Slide Rack submerged in 

ddH2O. The slides were then washed by gently moving the rack up and down, and 

washed 3 x, replacing with fresh ddH2O each time.  

 

Next, slides were slowly submerged in the boiling 1 x Pretreat2 solution in the slide 

rack. The slides were then boiled for 15 min. After boiling, samples were transferred 

into ddH2O and washed in ddH2O 3 x, again replacing with fresh ddH2O between 

each wash. Slides were then washed in fresh 100 % EtOH by moving the slide rack 

up and down 5 x before the slides were then air-dried.  

 

After Pretreat2, a hydrophobic barrier was drawn around each tissue section using 

the ImmEdge™ Hydrophobic Barrier Pen, ensuring the barrier does not make contact 

with the tissue. The barrier was then left to dry for around 2 min at RT.  

 

The dry slides were then placed back in the slide rack and around 5 drops of 

Pretreat3 added to each section, ensuring each section is entirely covered. The 

Humidity Control Tray was then removed from the oven and the slide rack placed 

into the tray before returning the tray into the oven. The slides were incubated at 40 

°C. During incubation, RNAscope® 2.0 assay reagents were prepared. After 

incubation, the slide rack was removed from the oven and then each slide removed 

individually, and excess liquid tapped off each slide. Immediately after, each slide 
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was placed into a slide rack submerged in ddH2O. Samples were again washed by 

moving the slide rack up and down 5 x and washed 3 x with new ddH2O each wash. 

After washing, RNAscope® Assay was immediately proceeded.  

 

RNAscope® Assay 
 

First, reagents were prepared prior to starting the protocol. First, wash buffer was 

prepared by warming 50x Wash Buffer to 40 °C for 15 min before mixing the 60 mL 

bottle with 2.94 L of ddH2O to make 1 x Wash Buffer. Next, 50 % Hematoxylin 

staining solution was prepared by addition of Gill’s Hematoxylin No. 1 (Sigma-

Aldrich) to 100 mL ddH2O 0.02 % (w/v) ammonia water was also prepared by 

mixing 1.43 mL of 1N ammonium hydroxide with 250 mL ddH2O. In addition, 

xylene was poured into a dish for clearing steps in addition to two other dishes filled 

with 100 % EtOH. An additional 70 % EtOH solution was also made. All solutions 

were prepared inside a fume hood.  After preparation of solutions, all AMP reagents 

(1-6) were placed at RT and the HybEZ™ OVEN turned on to heat up to 40 °C in 

addition to the Humidity Control Tray inside the oven. Lastly, probes were warmed 

for 10 min at 40 °C in a water bath before use. 

 

Each slide was removed from the wash step carried out in sample pre-treatment, and 

excess ddH2O removed by flicking the slide. The slide was then placed in the slide 

rack and around 4 drops of Grem1 RNAscope® probe (Mm-Grem1, catalog no. 

314741) added, ensuring the entire section is saturated. After all slides were covered 

with probe solution, the slide rack was placed in the Humidity Control Tray and 

placed into the oven for 2 h at 40 °C. After incubation, the slide rack was removed 

from the oven and each slide, one by one, had excess liquid removed by flicking and 
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placed into a new slide rack submerged with 1 x Wash Buffer. Slides were then 

washed for 2 min at RT and agitated during incubation by lifting the slide rack up 

and down. The slides were washed an addition 5 x with fresh 1 x Wash Buffer each 

time.  

 

Next, Amp1-6 were hybridized in consecutive order, which enhances the signal by 

attaching a cascade of amplification molecules to the Grem1 probe hybridized to the 

Grem1 mRNA. For each Amp, the slides were removed one at a time from the slide 

rack and excess Wash Buffer removed by flicking the slide, before placing in a new 

slide rack and adding around 4 drops of Amp to cover the tissue section. The slide 

rack was then placed in the Humidity Control Tray. For Amp1-4 the tray was placed 

into the oven, whilst Amp5 and 6 the tray was kept at RT. Slides were incubated for 

the indicated time and temperature as shown in Table 2.7.1.  After incubation, slides 

were quickly removed, excess liquid tapped off and placed into a new slide rack 

submerged in 1 x Wash Buffer. Slides were then washed for 2 min at RT with 

agitation as previously described. Slides were washed once more with fresh 1 x 

Wash Buffer before moving on to the next Amp and repeating the process until 

Amp1-6 incubations were completed.   

 

Table 2.7.1 Amp incubation of RNAScope® Assay 
Amp1-6 solutions were incubated in the Humidity Control Tray in consecutive order, at the indicated 

times and temperatures.  

Amp Time (min) Temperature 

Amp1 30 40 °C 

Amp2 15 40 °C 

Amp3 30 40 °C 

Amp4 15 40 °C 

Amp5 30 RT 

Amp6 15 RT 
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After all Amp incubations steps were completed, equal volumes of Brown-A and 

Brown-B (3,3’-diaminobenzidine (DAB) substrate) were mixed to allow for 120 μL 

of solution per slide. Slides were removed one at a time from the last Amp6 wash 

step, and placed in a slide tray, where 120 μL of DAB solution was pipetted onto the 

tissue section. Slides were then incubated for 10 min at RT before DAB solution was 

removed and slides placed on a slide rack submerged in ddH2O. Slides were washed 

by lifting the slide rack up and down 5 x and this step repeated again with fresh 

ddH2O.  

 

Counterstaining 
 

After DAB staining, samples were counterstained using the 50 % Haematoxylin 

staining solution previously prepared, for 2 min at RT, causing the slides to stain 

purple. Immediately after 2 min incubation, the slide rack was placed into ddH2O and 

slides washed by moving the slide rack up and down 5 x. This washing step was 

repeated with fresh ddH2O until the slides became clear whilst tissue sections 

remained purple. Once this was achieved, the slides were placed in 0.02 % ammonia 

water and agitated by lifting the rack up and down, causing the sections to turn blue. 

Next, slides were again washed in ddH2O.  

 

Sample Mounting and Image Acquisition  
 

After counterstaining, samples were first dehydrated by transferring the slide rack 

containing the slides into 70 % EtOH for 2 min with agitation. After incubation, the 

slide rack was then transferred to 100 % EtOH for 2 min at RT with agitation. Next, 
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this was repeated with fresh 100 % EtOH. Lastly, the slides were placed in xylene for 

5 min with agitation.  

 

After samples were dehydrated, the samples were removed from the slide rack and 

placed flat, with tissue sections facing upwards. 1-2 drops of Cytoseal mounting 

medium was added to each slide and a 24 x 50 mm glass coverslip gently placed over 

each tissue section, avoiding any air bubbles. Slides were then left to dry for a 

minimum of 5 min at RT.  

 

Slides were then scanned at 40 x resolution, using the Aperio AT2 scanner before 

uploading to PathXL digital pathology suite (Queen’s University Belfast). Intensity 

of brown staining was representative of mRNA abundance. 
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2.8 CELL ASSAYS 
 

2.8.1 Clonogenics Assay 

 

Clonogenic assays were used to determine the effect of GREM1 on cell proliferation. 

HCT116 cells were seeded at a density of 500 cells per well in 2 mL complete 

medium and left to adhere overnight. The cells were then treated with vehicle (PBS) 

or 1 µg/mL rhGREM1 and media changed every 3 days. The experiment was 

stopped once colonies had formed and two colonies found to be touching in each of 

either the vehicle or treated wells- approximately 10 days. Cells were fixed and 

stained with glutaraldehyde 6.0 % (v/v) with 0.5 % crystal violet (wt/v) in ddH20 for 

30 min at room temperature before removing excess stain by immersion in a bath of 

water. Plates were then left to dry overnight, in the dark before imaging using the 

EVOS system and quantification using ImageJ. Images were first blinded before 

converting into binary images in ImageJ and % total colony area calculated. Images 

were then unblinded and sorted into control and treatment groups before statistical 

analysis in GraphPad Prism (V8.1.0). 

 

2.8.2 Wound Healing Assay  

 

To investigate the effect of GREM1 on cell migration, Ibidi 2-well silicone inserts 

placed in 6-well plates were used. Cells were seeded at a density of 7 × 105 cells /mL 

with 70 μL per well and left to adhere overnight. The culture insert was then 

removed, cells washed 1 x with PBS to remove any detached cells or debris and then 

treated with media containing 2 % FBS and either 1 µg/mL rhGREM1 or PBS 
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control. Images of the cells were taken at two points on each plate, at time points 0, 

4, 6, 12 and 24 and 36 h. 

 

 

 

 

 

 

 

 

Figure 2.8.1- Ibidi 2-well silicone insert wound healing assay protocol  
Schematic diagram of wound healing assay protocol using Ibidi 2-well silicone inserts (ibidi GmbH, 

FL_AG_033, V 1.1 2019/06)  

 

 

Images were then blinded by time point and treatment before analysis using ImageJ.  

The MRI Wound healing tool (http://dev.mri.cnrs.fr/projects/imagej-

macros/wiki/Wound_Healing_Tool) macro was used in ImageJ 

(https://imagej.nih.gov/ij/index.html) to calculate wound surface area. The migration 

of cells to heal the wound was then converted to percentage of wound healed using 

the equation: 

 

Equation 2- % of wound healed 
 

% of wound healed = [(At = 0 h – At = ∆ h)/At = 0 h] × 100 % 

 

Where At = 0 h is the surface area of the wound measured immediately after addition 

of the treatments, and At = ∆ h the area measured at the given time points.  
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2.8.3 MTT Assay 

 

3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide (MTT) (Invitrogen, 

UK) was prepared to a 12 mM stock solution by addition of 1mL sterile PBS to one 5 

mg vial of MTT. Reagent was then mixed by vortexing until fully dissolved. MTT 

reagent was then sterile filtered and stored at 4 °C wrapped in foil to protect from 

light and used with 4 weeks of preparation.  

 

HCT116 cells were seeded at a density of 6000 cells per well and HeLa cells seeded 

at a density of 5000 cells per well, on clear 96-well plates in 200 μL of complete 

medium per well. In addition to cells required for treatment, two rows of control cells 

and one row of blank media was included per plate. After treatments, all media was 

removed from the wells and 100 μL fresh complete medium added. Next, 10 μL of 

the 12 mM MTT stock solution was added to each well and left to incubate for 4 h at 

37 °C, protected from light. After incubation, all but 25 μL of media was removed 

per well and 200 μL of DMSO was added per well. Cells were incubated for a further 

10 min at 37 °C and formazan crystals dissolved by rapid shaking on a microplate 

shaker for 5 min. Absorbance was then read at 540 nm using the Microplate reader 

FLUOStar Omega (BMG Labtech). The mean blank was minus from each value and 

cell viability calculated as ((MC*SA)/MC) *100 where MC= mean control 

absorbance and SA = sample absorbance.  

 

2.8.4 Barrier Function Analysis 

 

The xCELLigence® DP Real-Time Cell Analyse (ACEA Biosciences, Agilent San 

Diego CA, USA) was used to investigate barrier function analysis in ECFCs. ECFCs 
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were obtained and cultured as previously described in Section 2.2.8.  First, an E-plate 

16 (glass bottom, 16 well plate, with gold-film electrodes placed on the bottom 

surface of each well) was coated with rat tail collagen type 1 (Corning) as described 

previously in Section 2.2.2. Next, background measurements were recorded by 

addition of 100 μL EBM-2 medium (Lonza) to each well. ECFCs suspended in 

EBM-2 medium at a density of 20,000 cells/well were then added to each well in 200 

μL per well and left to adhere at RT for 30 min to allow for uniform attachment. 

Every 15 min impedence/cell index measurements were then taken and once a stable 

monolayer was identified to have formed treatments were added to the appropriate 

wells in EBM-2 medium. Treatments consisted of vehicle (PBS) or rhGREM1 (R&D 

Systems) to final concentrations of 100 ng/mL and 1 μg/mL per well, or rhVEGF 

(R&D Systems) to a final concentration of 50 ng/mL per well. Once treatments were 

added, recordings were continually taken every 15 min and measurements taken until 

5 h post-treatment. Changes in cell impendence values were normalised prior to 

treatment and mean background measurement minused from results before analysis. 

Analysis was carried out on GraphPad Prism (V8.1.0). Barrier function analysis was 

carried out in collaboration with Dr Christina O’Neill (Medina laboratory, WWIEM, 

Queen’s University Belfast).  
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2.9 CELL TREATMENTS 
 

 

2.9.1 FITC-GREM1 

       

FITC Labelling of GREM1  
 

To label rhGREM1 with fluorescein isothiocyanate (FITC), the FITC Conjugation 

Kit (ab102884; Abcam) was used as per manufacturer’s instruction. In summary, 

Modifier reagent was added in a 1:10 ratio to rhGREM1 (reconstituted in PBS to a 1 

mg/mL concentration) and mixed gently before this solution was added to 10 µg 

FITC. To label 20 µg of rhGREM1 with 10 µg FITC, 2 µL Modifier was added to 20 

µL of rhGREM1 and transferred into the FITC vial containing 10 µg FITC. Solution 

was then mixed by pipetting and left to incubate at room temperature overnight, 

protected from light in tin foil. Next, Quencher reagent was added at a 1:10 ratio (10 

% v/v) and mixed gently. The conjugate was then incubated for a further 30 min at 

room temperature before use or stored at 4°C until use. This produced a 833 µg/mL 

solution of FITC-GREM1. Alongside rhGREM1 labelling, PBS was also included as 

a vehicle control. Pre-conjugated BSA FITC conjugate (A23015; ThermoFisher 

Scientific) was also used as a labelled protein control. 

 

FITC binds to the proteins via the free amine group at the N-terminus, forming a 

stable thiourea bond (Figure 2.9.1). This binding can alter possible properties, 

particularly interactions, and therefore possible effects on FITC-labelling of GREM1 

were assessed by confirming the ability of FITC-GREM1 to inhibit BMP2 signalling 

as described in Section 2.9.2. 
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Figure 2.9.1 FITC binding to GREM1 
Fluorescein isothiocyanate (FITC) binds to GREM1 via the free amine group located at the N-terminal, 

forming a stable thiourea bond between GREM1 and FITC. 

 

 

 

FITC-GREM1 Mean Cell Fluorescence Quantification  
 

FITC-GREM1 mean cell fluorescence was calculated using ImageJ. Images using 

only the FITC fluorescence were taken and blinded for relevant experiments before 

opening in ImageJ. Firstly, the ‘Point tool’ was used to select 20 random background 

areas to confirm the background was black and therefore equal to 0 pixel intensity. 

Next, each cell drawn around using the ‘area selection’ tool. DAPI or phase contrast 

images were used alongside to ensure each cell was included separately. Any cells 

that extended beyond the image at the edges were not included. An example of area 

selection is shown Figure 2.9.2. 
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Figure 2.9.2 Example of mean cell fluorescence quantification using ImageJ  
HeLa cells were treated with 1 µg/mL FITC-GREM1 in complete medium overnight before fixation in 

4 % PFA and imaging using the Leica DMi8 microscope. Cells are then identified using the ‘Area 

selection’ tool in ImageJ as shown by yellow plots. Mean pixel intensity per cell is then calculated by 

ImageJ and used for relevant analyses.  

 

 

 

Once all cells were drawn around, mean pixel intensity was calculated by ImageJ, 

and exported into GraphPad Prism (V8.1.0) to calculate mean pixel intensity per cell.  
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2.9.2 Recombinant Protein Treatments  

 

rhBMP2 Experiments 

 

In addition to confirming rhGREM1 and FITC-GREM1 activity, BMP2 treatment 

was also used to investigate whether GREM1 must be secreted in order to inhibit 

BMP2 signalling, and to confirm activity of GREM1 produced by transfected cells.  

 

Firstly, the cells were washed with PBS and incubated in serum-free media for 4 h. 

Next, serum-free media containing either vehicle (PBS with 4 mM HCl) or 5 ng/mL 

rhBMP2 (R&D Systems) was pre-incubated at 37 °C for 15 minutes. Treatment was 

added to the cells for 60 minutes at 37 °C, or for the indicated times in the 

appropriate figures.  To test GREM1 on non-transfected cells, 5 ng/mL rhBMP2 with 

25 ng/mL rhGREM1 or FITC-GREM1 was also used. After incubation, proteins 

were harvested and analysed by Western blot as previously described. To investigate 

BMP2 signalling, samples were blotted for pSMAD1/5/9 and total SMAD1 in 

addition to β-actin as loading control and GREM1 to confirm transfection where 

relevant. 

 

VEFGR2 Activation Experiments 

 

To investigate whether GREM1 is able to bind to and activate VEGFR2, a series of 

experiments treating the cells with recombinant proteins was carried out, including 

Western blot analysis, immunocytochemistry (ICC) and barrier function. These 

experiments were carried out on HEK293T cells, HCT116 cells, ECFCs and 

HUVECs. For Western blot and ICC, cells were seeded as previously described in 

the relevant methods, before cells were starved overnight in 2 % FBS medium 
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followed by a further 3 h with serum-free medium, alongside control plates that were 

left non-starved in complete medium. After starvation, cells were treated with either 

the vehicle (PBS), 25 ng/mL rhVEGF (R&D Systems), 10 or 25 ng/mL or 1 µg/mL 

rhGREM1 (R&D Systems) or 25 ng/ml rhGREM2 (R&D Systems) in serum-free 

medium, for 5 or 15 minutes at 37 °C. The cells were then washed once with PBS 

and protein extracted and analysed as described in Chapter 2.4 or fixed for ICC as 

described in Chapter 2.6. To analyse VEGFR2 activation by Western blot, samples 

were probed using antibodies against pVEGFR2 (Y951) (Cell Signalling), pVEGFR2 

(Y1175) (Cell Signalling), VEGFR2 (Cell Signalling), pAKT (T308) (Cell 

Signalling), pAKT (S473) (Cell Signalling), total AKT (Cell signalling) and β-actin 

(Cell Signalling) was used as the loading control. Alongside this experiment, 

rhBMP2 treatment was also carried out to confirm the rhGREM1 used was 

biologically active as described in Section 2.9.2. For ICC, samples were probed with 

pVEGFR2 (Y1175) (Cell Signalling). All antibody dilutions are listed in Appendix 5 

for Western blot and 7 for ICC.  

 

2.9.3 Conditioned medium Collection and Concentration 

 

Conditioned medium was collected from transfected cells for varying experiments. 

Firstly, cells were transfected as previously described and left to incubate for 48 h. 

Post-incubation, cells were washed once with PBS and media containing no FBS was 

added to the cells. Unless specified otherwise, conditioned medium was left on the 

cells for 4 h at 37 °C before collection. Conditioned medium was then spun down at 

1,200 rpm (225 x g) in the Eppendorf 5804R centrifuge for 5 min to remove any cell 

debris or detached cells. Conditioned medium was then pipetted into clean 1.5 mL 



Chapter 2: Materials and Methods- 2.9 Cell Treatments 

111 

microtubes before use in cell treatments, or 12 x concentrated using 10 K Amicon® 

Ultra-0.5 centrifugal filter units as per manufacturer’s instructions. Briefly, 500 μL 

conditioned medium was pipetted into the Amicon® Ultra filter device within the 

provided tubes and closed. Samples were then centrifuged using the Hettich Mikro 

185 centrifuge at 12,066 rpm (14,000 x g) for 10 min. Samples were removed from 

the centrifuge and the concentrated conditioned medium recovered by placing the 

device upside down in a new, clean tube. The samples were spun for a further 2 min 

at 3,225 rpm (1,000 x g) to allow the samples to transfer from the device into the 

tube. The concentrated conditioned medium was then used directly on cells.   

 

2.9.4  Endocytosis Inhibitors 

 

To investigate the mechanism of GREM1 uptake into cells, varying endocytosis 

inhibitors were used.  

 

Heparinase lll from Flavobacterium Heparinum (37290-86-1; Sigma Aldrich) was 

reconstituted in 20 mM Tris-HCl, pH 7.5, containing 0.1 mg/mL sterile BSA and 4 

mM CaCl2 to a final stock concentration of 50 units per mL (U/mL). Genistein 

(G6649; Sigma-Aldrich, UK) was reconstituted in DMSO to a stock concentration of 

100 mM. Chlorpromazine hydrochloride (C8138; Sigma-Aldrich, UK) was 

reconstituted to a final stock concentration of 10 mM in ddH2O.  

 

HeLa cells were pre-incubated at 37 °C with either 0.5 U/mL Heparinase lll for 2 h, 

10 µM Chlorpromazine for 30 min, or 200 µM Genistein for 30 min. Cells were also 

treated with equivalent volumes of vehicle (20 mM Tris-HCl, pH 7.5, containing 0.1 

mg/mL sterile BSA and 4 mM CaCl2 for 2 hr, ddH20 for 30 min or DMSO for 30 
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min) also incubated at 37 °C.  All treatments were added in DMEM (low glucose, 

pyruvate, L-glutamine (Gibco, UK)) supplemented with 1 x non-essential amino 

acids (Sigma-Aldrich, UK) and 10 % FBS.  After incubation, 1 μg/mL FITC-

GREM1 was added to the cells and incubated overnight before fixation and imaging 

as described previously in Chapter 2.6 and analysis as described in Section 2.9.1.  

 

2.9.5 QUADrATiC Drug Treatments 

 

As previously described in Section 2.1.9, QUADrATiC analysis alongside review of 

the literature predicted three drugs with three associated concentrations (Table 3.4.1), 

to counteract the changes in gene expression in Grem1 overexpression in Vil1-Grem1 

mice in comparison to WT mice.  

 

Simvastatin (S6196; Sigma-Aldrich) was reconstituted in DMSO to a concentration 

of 50 mM. Cerulenin (219557; Sigma-Aldrich) was also reconstituted in DMSO to a 

final stock solution of 45 mM. Lastly, Quinidine (22600; Sigma-Aldrich) was 

reconstituted to 100 mM in DMSO. Reconstituted drugs were then stored at -20 °C 

protected from light until use.  

 

Treatments were first carried out on S117 cells, seeded in 6-well plates to be around 

70 % confluent the next day. Once 70 % confluent, cells were photographed before 

each well was washed once with PBS and treatments added. Treatments consisted of 

2 mL complete medium containing either Simvastatin (1, 10 or 100 μM), Cerulenin 

(10, 25 or 50 μM), Quinidine (1, 10 or 100 μM) or DMSO control in equivalent 

volumes. Cells were then incubated at 37 °C for 16 h. Post-treatment, cells were 

photographed again, washed once with PBS and RNA extracted using the RNeasy 
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mini kit and GREM1 mRNA expression analysed using QT-PCR as previous 

described in Chapter 2.5. Simvastatin treatments were also carried out on CCD18co, 

HEK293T, HCT116 and HeLa cells at a 10 μM concentration.  

 

Additionally, HCT116 and HeLa cells were used to analyse cell death induced by 

Simvastatin and if GREM1 was capable of rescuing Simvastatin-induced cell death. 

To achieve this, HeLa or HCT116 cells were seeded in 96-well plates at a density of 

5000 or 6000 cells per well respectively. After adherence, cells were then treated 

with 1, 10 or 25 μM Simvastatin pre-incubated with 1 μg/mL rhGREM1 or vehicle 

for 15 min at 37 °C. In addition, cells were treated with vehicle alone or 1 μg/mL 

rhGREM1 alone. Cells were then incubated for 24 or 48 h before MTT assay carried 

out as described in Section 2.8.3. 

 

2.9.6 GREM1 Inhibitor Treatments 

 

The Brazil laboratory carried out a high-throughput screen of 30,000 compounds to 

identify novel, small molecule inhibitors of GREM1-BMP2 binding. From this 

screen, 63 compounds were identified for secondary validation using luciferase 

assays and ELISA. This validation identified two molecules which were chosen for 

further validation as novel inhibitors of GREM1 for this thesis. The structure of these 

compounds, henceforth referred to as ‘DB21’ and ‘DB52’, remains confidential due 

to possible commercial potential and therefore cannot be revealed. However, as part 

of this thesis, these compounds were tested for their ability to induce cell death in 

HeLa cells (which express GREM1) and HCT116 colon epithelial cells (which do 

not express GREM1) as well as their effects on GREM1-mCherry uptake.  
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HeLa or HCT116 cells were seeded as required and as previously described and left 

to adhere overnight. Novel small molecule inhibitors of GREM1 (DB21 or DB52) 

were diluted to concentrations of 25, 100 and 250 μM and incubated in complete 

medium for 30 min at 37 °C before addition to cells for overnight incubation also at 

37 °C. In addition to inhibitor treatments, cells were treated with equivalent volumes 

of vehicle (DMSO). For mCherry CM uptake experiments, inhibitors or vehicle were 

incubated with CM for 30 min at 37 °C before addition to the cells for overnight at 

37 °C. After overnight incubation, the relevant experiments (MTT or IHC) were 

continued as previously described.  
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2.10 STATISTICAL ANALYSIS 
 

Graphs were all plotted using GraphPad Prism (V8.1.0; GraphPad Software Inc.). 

Statistical analysis was also carried out using GraphPad Prism (V8.1.0). Unpaired 

Student’s t-test (two groups) and two-way ANOVA (three or more groups) with 

Bonferroni post-hoc test used to determine statistical significance. Experiments had a 

minimum of three samples per group (technical replicates) and experiments were 

repeated to a minimum of n =3 unless stated otherwise (biological replicates). p 

values were calculated and present as: 

 

* = p value < 0.05 

** = p value < 0.01 

*** = p value < 0.001 

**** = p value < 0.0001 
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3. RESULTS 

 

3.1 CLINICAL RELEVANCE OF GREM1 

 

INTRODUCTION 

 

Gremlin1 (GREM1) is a secreted glycoprotein and member of the DAN family of 

BMP antagonists, binding to BMPs directly and preventing their signalling, 

regulating organogenesis and differentiation (Hino et al., 2004; Wang et al., 2011). 

In colon crypt biology, BMP antagonists including Noggin and GREM1 are essential 

for the tight regulation of stem cell homeostasis, maintained by essential polarized 

and opposing expression of BMP and Wnt signalling factors (Figure 1.2.2) (Kosinski 

et al., 2007; Davis et al., 2016). The importance of maintaining this expression 

gradient, and the impact of the dysregulation of GREM1 in the colon, is highlighted 

by HMPS- an autosomal dominant condition causing aberrant expression of GREM1 

leading to CRC at a median age of 47 in patients (Jaeger et al., 2012), discussed in 

Section 1.5.3. 

 

As outlined previously in the Introduction of this thesis, high levels of GREM1 

expression have been linked to poor prognosis in CRC and a multitude of varying 

other cancer types including ovarian, lung, breast and pancreatic (Namkoong et al., 

2006; Sha et al., 2009; Ren et al., 2019). It should be noted, however, that HMPS is 

an extremely rare genetic disease currently known to be solely localised to families 

of Jewish Ashkenazi descent. Significantly, GREM1 epithelial over-expression has 

been identified in the more common sporadic colorectal traditional serrated 
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adenomas (TSAs) within epithelial cells (Davis   residing at the desmoplastic 

invasive front (Karagiannis et al., 2014). Therefore, further insight into the function 

of GREM1 in CRC, CRC subtyping, cell type and tissue localisation is required to 

better understand CRC pathology.   

 

Consequently, the aims of this chapter were to validate these findings of poor 

prognosis in cancer patients with high levels of GREM1 expression, including CRC, 

to further define the clinical relevance of GREM1 in CRC and to map GREM1 

expression patterns in colon tissue.  
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EXPERIMENTAL STRATEGY 

 

Publicly available gene expression datasets were first used to analyse correlation 

between GREM1 expression and patient prognosis of varying cancer types using the 

open access tool KM-plotter (http://kmplot.com/analysis/) as described in Materials 

and Methods.  

 

To further investigate the clinical significance of GREM1 in CRC, as well as 

examine the cellular source of GREM1, publicly available CRC patient datasets were 

analysed. GSE33113 (de Sousa E Melo et al., 2011), containing the data of stage II 

primary CRC tumour resections (n = 90); GSE39582 (Marisa, de Reyniès, Duval, 

Selves, Gaub, Schrag, et al., 2013) consisting of stage I-IV primary CRC tumour 

resections (n = 557); GSE14333, comprising of data from Duke’s stage A-D tumour 

resections (n = 157); GSE17536, consisting  of data obtained from colon tumours 

stage I-IV (n = 177) and TCGA data from stage I-IC CRC tumours (n = 263) were 

obtained from Synapse ID syn2623706 (https://www.synapse.org/) as RMA 

normalised transcriptional data along with relevant clinical information. In addition, 

further datasets were obtained as series matrices from GEO 

(https://www.ncbi.nlm.nih.gov/geo/) - GSE39396, containing data from four cell 

populations isolated from fresh colon tumours (n = 6); GSE33114, containing data 

from primary tumours from GSE33113 in combination with data from colon cancer 

stem cells (n = 12) and GSE100550, consisting of colon cancer cell lines, primary 

cell lines, and human tumour data. Datasets were then analysed using R (v3.5.1) and 

GraphPad Prism (v6.01; La Jolla, CA, USA) and StromalScores calculated using the 

estimate package (v1.0.13) [30] in R (v3.5.1). Kaplan-Meier curves including log-

https://www.synapse.org/
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rank test, scatterplots with Pearson’s correlation coefficient and boxplots with 

ANOVA were generated using GraphPad Prism (V8.1.0).  

 

To measure the ability of GREM1 to inhibit BMP signalling, both Grem1 and 

pSmad1/5 mRNA and protein localisation in tissue, paraffin sections from wild-type 

and Grem1 homozygous genetic knockout (Grem1-/-) mouse colon samples were 

stained by ISH and IHC and quantified using programmes Fiji and ImageJ after 

images were blinded, as described in Materials and Methods. Data produced was 

then analysed GraphPad Prism (V8.1.0) and statistical significance analysed using 

two-way ANOVA with Bonferroni post hoc test. Changes in pSmad1/5 levels were 

used as an indicator of Grem1-mediated BMP signalling.  
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RESULTS 

 

3.1.1 GREM1 Expression is Associated with Poor Prognosis in 

Multiple Cancer Types 

 

Overexpression of GREM1 has been associated poor patient survival in varying 

human cancers (Namkoong et al., 2006; Sha et al., 2009). Therefore, the first aim 

was to validate these findings in-house. Consequently, the prognostic value of 

GREM1 was assessed in multiple cancer types using publicly available datasets using 

the open access tool KM-plotter (http://kmplot.com/analysis/).  

 

Analysis of gastric, ovarian and lung cancer datasets showed a similar trend of 

patients with high GREM1 expression having poorer long-term survival probability 

(calculated as the number of patients surviving divided by the number of patients at 

risk), with all hazard ratios above 1 (HR = [risk of outcome in high GREM1 group] / 

[risk of outcome in low GREM1 group], where, for example, 1 equals to no 

difference of survival between patient groups and 2 equals to twice the risk of death 

in high GREM1 patients) (Figure 3.1.1). For gastric cancer, separation of low vs high 

GREM1 expression patient cohorts became evident at around 25 months (Figure 

3.1.1A, HR = 1.26, p = 0.0083). In contrast, a much more subtle separation in patient 

cohorts was evident in ovarian cancer patients, with differences in survival 

probability only becoming evident at around 150 months (Figure 3.1.1B, HR = 1.2, p 

= 0.0049). Importantly, an early and marked separation of patient cohorts was 

detected in lung cancer patients, with those patients displaying high levels of GREM1 

expression having a much poorer probability of survival from the earliest points of 

the study (Figure 3.1.1C, HR = 1.62, p = 9.8 x10-7). These data suggest high GREM1 

expression is a good marker of poor prognosis in all three types of cancer. In 
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addition, the consequences of high GREM1 differ between tumours of different 

tissues, suggesting perhaps cell-type, tissue-specific effects of GREM1.  

 

The possibility of cell-type effects with GREM1 expression can be observed when 

analysing the probability of survival between all, ER-, ER+ and triple negative breast 

cancer patients. Despite all analyses showing a HR above 1, and therefore an 

increased risk of death for high GREM1 patients, all excluding triple negative 

patients showed a statistically significant reduction in probability of patient survival 

with high GREM1 expression (Figure 3.1.2). A much clearer separation between 

cohorts was observed in ER- breast cancer patients, from around 15 months (Figure 

3.1.2B, HR = 1.54, p =0.00018). Evident, though less well defined, separation was 

observed in ER+ and when all cancer patients are analysed combined (Figure 3.1.2A 

& C, HR = 1.38 and 1.33 and p = 5.7 x10-9 and 0.00066 respectively). Interestingly, 

the pattern between all patients and ER+ patients was very similar, in contrast to the 

more significant reduction in survival of ER- patients, suggesting the lack of this 

receptor may be related to the effect of GREM1 expression in breast cancer.  In 

addition, no significant difference was observed in triple negative breast cancer 

patients (Figure 3.1.2D, p = 0.073), although there was a small difference between 

cohorts being visible around 20 months and an HR of 1.47.  This data again suggests 

that high GREM1 is a good marker for poor prognosis in cancer and highlights the 

possibility of cell-type or tissue-specific effects of GREM1 expression. 
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Figure 3.1.1 GREM1 expression is associated with poor prognosis in multiple 

cancer types.  
The tool KM-plotter (http://kmplot.com/analysis/) was used to plot GREM1 gene expression against 

patient survival, with the mean expression of the Affymetrix probe IDs for Gremlin (218468_s_at and 

218469_at) used. Patients were split by median and no follow up threshold was set (patients surviving 

beyond 240 months were censored rather than excluded). High GREM1 (above median) is shown in red 

whilst low GREM1 in black.   (Kmplotter lists separate papers to reference per cancer type. (** p < 0.01, 

*** p < 0.001) 
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Figure 3.1.2 GREM1 expression is associated with poor prognosis in breast 

cancer.  
The KM-plotter tool (http://kmplot.com/analysis/) was used to plot GREM1 gene expression against 

patient survival, analysis used the mean expression of both GREM1 Affymetrix probe IDs (218468_s_at 

and 218469_at). Patients were split by median and no follow up threshold was set (patients surviving 

beyond 240 months were censored rather than excluded). Patients were then analysed to include only 

B. ER- or C. ER+ patients (middle, left and right) or D. triple negative breast cancer patients (bottom). 

High GREM1 (above median) is shown in red whilst patients with low GREM1 are shown in black. (ns 

= non-significant, *** p < 0.001) 

http://kmplot.com/analysis/


Chapter 3: Results- 3.1 Clinical Relevance of GREM1 

124 

3.1.2 GREM1 Gene Expression is Clinically Relevant in CRC Patients 

 

Association of high GREM1 mRNA expression and CRC has been previously 

identified in the rare genetic disorder HMPS as well as the more common TSA 

colorectal cancer (Jaeger et al., 2012; Pelli, Juha P Väyrynen, et al., 2016). 

Therefore, the significance of high GREM1 mRNA expression was first analysed in 

CRC more widely to investigate the effects on prognosis independent of these 

disorders. Analysis of two independent CRC cohorts (GSE33113 (de Sousa E Melo 

et al., 2011), n = 90, Figure 3.1.3A left; GSE39582 (Marisa, de Reyniès, Duval, 

Selves, Gaub, Schrag, et al., 2013), n = 557, Figure 3.1.3A right) showed association 

between high GREM1 expression and poor prognosis, with clear separation between 

the high and low expression cohorts from the early beginning of both studies. These 

data therefore show that the effect of GREM1 on CRC patient prognosis is, 

importantly, likely to be independent of HMPS or sporadic cancers arising from 

TSAs, due to the severe rarity of these conditions.   

 

As previously discussed, increased levels of intestinal epithelial-specific GREM1 

mRNA and protein has been identified as the cause of the rare HMPS disease in 

patients (Jaeger et al., 2012). Consequently, non-HMPS CRC datasets were analysed 

to assess the relevance of GREM1 in CRC patients more widely. Five non-HMPS 

CRC datasets that had been stratified in CRC CMS subtypes were analysed (Figure 

3.1.3B, Figure 3.1.4). The data suggests that the fibroblast-rich CMS4 CRC subtype 

had significantly higher GREM1 mRNA expression in comparison to CMS1-3 and 

unclassified with no CMS label (NOLBL) samples in all 5 datasets (Figure 3.1.3B 

and Figure 3.1.4). Across all five datasets, the median expression level of GREM1 

mRNA is the highest in CMS4, at 12, whilst CMS1 had the second highest 

expression level at 9 in all cohorts, and CMS3 with the lowest expression level with 
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medians between 6-8 across the five cohorts. Interestingly, the CMS4 grouping also 

appears to be the most consistent, with the smallest variation between all samples, 

bar an outlier visible in GSE39582 (Figure 3.1.3B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.3 GREM1 mRNA levels correlate with prognosis and CMS subtypes 
(A) Kaplan-Meier curves showing patients with high expression (above median; red) of GREM1 mRNA 

have a poorer relapse-free survival compared to those with a low expression (blue) in datasets 

GSE33113 (left; n = 90, 45 patients per group) consisting of stage II CRC patient primary tumour 

resections (p = 0.0102), and GSE39582 (right; n = 557 (low, n = 279; high, n = 278), data obtained from 

stage I-IV CRC patient primary tumour resections (p = 0.0277). (B) Boxplots presenting GREM1 

mRNA levels within each of the four CMS subtypes (CMS1-4) along with unclassified with no CMS 

label (NOLBL) samples, in GSE33113 (left) and GSE39582 (right). CMS4 patients displayed the 

highest level of GREM1 mRNA in comparison to other subtypes (ns non-significant, ** p < 0.01, *** 

p < 0.001, **** p < 0.0001). 
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Figure 3.1.4 GREM1 expression correlates with the CMS4 subtype of CRC. 
GREM1 mRNA levels were compared between the four CMS subtypes (CMS1-4) as well as 

unclassified with no CMS label (NOLBL) samples in three datasets- (A) GSE14333, (B) GSE17536 

and (C) TCGA datasets. Data shows CMS4 patients display the highest level of GREM1 mRNA 

compared to other subtypes in all three datasets. (ns non-significant, *p < 0.05, **p < 0.01, ****p < 

0.0001) 

 

A. 

B. 

C. 
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3.1.3 Cellular Source of GREM1 Gene Expression in CRC 

 

Previously published findings have suggested that GREM1 protein expression is 

localised to the epithelial region of the TME in HMPS and TSA samples (Davis et 

al., 2015). However, our data presented here (Figure 3.1.3B and Figure 3.1.4) 

alongside previous published data from our collaborators (McCorry et al., 2018) 

shows that GREM1 correlates with CMS4, the subtype shown to be associated with 

high levels of tumour stroma, CAFs and poor prognosis of CRC patients (Calon et 

al., 2015; Isella et al., 2015; Dunne et al., 2016; McCorry et al., 2018). As the 

tumour stroma consists of CAFs, inflammatory and immune and vascular cells 

(Madar, Goldstein and Rotter, 2013), the cellular source of GREM1 within CRC 

patients was investigated further. To achieve this, a cohort of CRC patient samples 

sorted by their cellular lineages  (GSE39396 (Calon et al., 2012); endothelial, 

epithelial, leukocytes and fibroblasts), was analysed.  

 

Data showed that GREM1 mRNA expression was significantly associated with CAFs 

compared to other components of the TME (p < 0.0001, Figure 3.1.5), with 

endothelial, epithelial and leukocyte GREM1 expression found to be low in contrast 

to fibroblasts which had a 3-fold higher mean GREM1 expression level (Figure 

3.1.5). Moreover, GREM1 mRNA expression was higher in smooth muscle cells of 

non-cancerous tissue, with a value of 2623 in comparison to other cellular lineage or 

tissues (Figure 3.1.6). GREM1 levels are almost undetectable across all other 

samples (median = 7.3), bar a low amount detected in small intestine, colon, uterus 

and pancreatic islet cells (between 79-156; Figure 3.1.6). Data also showed GREM1 

mRNA to be significantly higher in CRC primary tumour tissue, which consists of all 

components of the TME, in contrast to CRC stem cells which is devoid of other 

TME cellular lineages including fibroblasts (GSE33114 (de Sousa E Melo et al., 
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2011) p < 0.0001; Figure 3.1.5B). These data were then further validated via an 

independent cohort identifying expression of GREM1 mRNA to be significantly 

higher in CRC patient tissue compared to CRC cell lines, organoids or spheroids (p < 

0.0001). In addition, a direction correlation was observed between GREM1 and 

fibroblast activation protein (FAP) mRNA expression Pearson r = 0.7117, p < 

0.0001) as well as ESTIMATE StromalScore (Pearson r = 0.7448, p < 0.0001) in 

transcriptional data from primary CRC tumour tissue (GSE39582 (Calon et al., 

2015)). These data confirm increased GREM1 expression to be associated with 

increased number of fibroblasts, and the CMS4 subtype of CRC.  
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Figure 3.1.5 GREM1 mRNA levels are highest in fibroblasts and primary 

tumour tissue and correlates with FAP expression and StromalScore. 
(A) GSE39396, dataset consisting of data from six fresh colon tumours sorted into cell lineages by 

fluorescence-activated cell sorting (FACS), was analysed for GREM1 expression levels and showed 

fibroblasts contain more GREM1 mRNA than endothelial cells, epithelial cells and leukocytes (all p < 

0.0001). (B) Analysis of GSE33114 dataset identified significantly higher GREM1 mRNA levels in 

primary tumours in contrast to CRC stem cells (p < 0.0001) and borderline significance in comparison 

to normal tissue (p = 0.0744). (C) GREM1 mRNA levels are associated with FAP expression in 

GSE39582 (Pearson r = 0.7117, p < 0.0001) as presented by scatterplot, left, as well as positively 

correlated with StromalScore (right; Pearson r = 0.7448, p < 0.0001). (ns non-significant, * p < 0.05,  

** p < 0.01, **** p < 0.0001). 
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Figure 3.1.7 GREM1 expression is significantly higher in CRC tumour tissue 

than spheroids, organoids or cell lines. 
Dataset GSE100550 (Linnekamp et al., 2018) analysed from GREM1 mRNA expression shows GREM1 

mRNA levels are significantly higher (p <0.0001) in CRC spheroids, organoids and cell lines. (*** p < 

0.0001). 

 

 

 

 

 

 

3.1.4 Contrast Between GREM1 Source of Transcript and GREM1 

Protein Localisation 

 

Analysis of publicly available CRC cohorts identify GREM1 mRNA levels to be 

associated with CAFs (Figure 3.1.5), the aim was then to confirm these important 

findings in mouse tissues. Therefore, RNA in situ hybridisation (RNA-ISH) for 

Grem1 was ran on mouse colon samples as described in Materials and Methods. In 

alignment with previously published findings (Kosinski et al., 2007; Jang et al., 

2017), Grem1 mRNA staining was observed to be localised nearly entirely to the 

muscularis mucosa of the wild-type mouse intestine and colon tissue (Figure 3.1.9), 

where smooth muscle cells and myofibroblasts reside (Adegboyega et al., 2002). In 
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contrast, no staining was observed in colonic epithelial cells (Figure 3.1.9A, left). 

This staining pattern matches our data in Figure 3.1.5, suggesting fibroblasts to be 

the source of intestinal GREM1 expression.  

 

GREM1 is a secreted BMP antagonist capable of acting in the extracellular space 

(Brazil et al., 2015). Previous findings from a range of publications detecting 

GREM1 protein in mouse tissues have been limited by antibody quality and other 

technical issues. We therefore developed an IHC assay as previously described in 

Materials and Methods, to carefully observe the pattern and quantify Grem1 protein 

expression within the mouse intestine. Interestingly, in contrast to mRNA expression, 

Grem1 protein has a more diffuse, gradient staining pattern and was visible in both 

the muscularis mucosa and the base of the colonic and intestinal crypts, within the 

epithelial cells (Figure 3.1.9A, Right- colonic, B- intestinal). Further analysis 

identified Grem1 staining to be localised in crypt base columnar cells (CBCC), 

Paneth cells (P) and transit-amplifying cells (TA) in the mouse small intestine, as 

well as possible nuclear localisation (Figure 3.1.9B). 

 

The specificity of the staining was confirmed through utilisation of Grem1 genetic 

knockout mouse model (Grem1-/- (Church et al., 2017)) as well as IgG isotype 

control groups (data not shown) where no significant signal was detected in either 

ISH or IHC (Figure 3.1.8). These data suggest our Grem1 antibody is specifically 

detecting mouse Grem1 protein. 

 

We aimed to assess whether Grem1 protein was functionally active in areas of 

expression in mouse tissue. Therefore, pSmad1/5 staining was carried out as a 

downstream signalling marker of the BMP signalling pathway and Grem1-mediated 

inhibition. In contrast to Grem1 protein staining, pSmad1/5 staining was faint at the 
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base of the crypt with staining increasing further up the villi, and strongest pSmad1/5 

staining detected at the tip of the villi, where Grem1 staining was undetected (Figure 

3.1.10). Quantitative analysis of Grem1 and pSmad1/5 staining was also carried out 

after blinding the images and analysing both the mean pixel intensity of positively 

stained cells using ImageJ as described in Materials and Methods, as well as 

counting the number of positively stained cells. A statistically significant difference 

was detected between Grem1 and pSmad1/5 staining in the base vs tips of the 

colonic villi in both mean pixel intensity and number of positively stained cells 

(Figure 3.1.11).   
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Figure 3.1.8 Grem1 mRNA and protein localisation in mouse colon. 
Sections (5 μm, n=4) of FFPE colon samples from wild-type and Grem1-/- mice were processed for in 

situ hybridisation (A) and immunohistochemistry (B) as described in Materials and Methods. Both ISH 

and IHC staining for Grem1 is brown. Arrows indicate positively stained Paneth and crypt base 

columnar cells. Scale bars shown. ISH was carried in collaboration with Dr. Victoria Bingham, 

Molecular Pathology Core Unit (Queen’s University Belfast) and IHC carried out by Dr Derek Brazil 

(Brazil laboratory, Queen’s University Belfast). 
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Figure 3.1.9 Distinct pattern of endogenous Grem1 mRNA and protein 

expression in mouse colon. 
Five μm sections of FFPE wild-type mouse colon and intestine samples were stained for Grem1 mRNA 

and protein by in situ hybridisation (A, colon) and immunohistochemistry (B, colon; C, D intestine) as 

described in Materials and Methods. P, paneth cells; TA, transit amplifying cells, CBCC, crypt base 

columnar cells. Scale bars shown. ISH was carried in collaboration with Dr. Victoria Bingham, 

Molecular Pathology Core Unit (Queen’s University Belfast) and IHC carried out by Dr Derek Brazil 

(Brazil laboratory, Queen’s University Belfast). 
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Figure 3.1.10 Inverse staining of Grem1 and pSmad1/5 protein staining in 

mouse intestine. 
Sequential FFPE sections of mouse intestine (5 μm) were stained for either Grem1 (A) or pSmad1/5 (B) 

protein as described in Materials and Methods. The indicated regions of the crypt (1) and villi (2) were 

randomly selected and quantified after blinding for analysis as shown in Figure 3.1.11. IHC was carried 

out by Dr Derek Brazil (Brazil laboratory, Queen’s University Belfast). 
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Figure 3.1.11 Inverse relationship between Grem1 and pSmad 1/5 protein in 

mouse intestine. 
Sequential FFPE sections of mouse intestine (5 μm) were strained for Grem1 (A) or pSmad1/5 (B) as 

per Materials and Methods. Sections were then blinded and areas of either crypt (1, white) or villi (2, 

black) randomly selected for quantitative analysis. Sections were quantified by ImageJ for Mean Pixel 

Intensity (C) or percentage of positively stained cells (D) +/- standard deviation with each analysis 

carried out by different individuals. (n = 3 mice, 3 independent regions of intestine quantified per 

mouse). ** p < 0.01, *** p < 0.001 using two-way ANOVA and Bonferroni post hoc test. IHC was 

carried out by Dr Derek Brazil (Brazil laboratory, Queen’s University Belfast). 
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SUMMARY 

 

In this chapter, numerous independent gene expression datasets were analysed and 

demonstrated that GREM1 mRNA expression is associated with poor prognosis in 

CRC patients, independent of HMPS or TSA diagnosis. Furthermore, it was 

identified that GREM1 expression is associated with the CMS4 subtype of CRC and 

GREM1 primarily originates from fibroblast and smooth muscle lineages. Once 

translated into protein, Grem1 appears to be secreted from these fibroblasts and taken 

up into surrounding cells that do not stain positively for Grem1 mRNA. It appears 

that Grem1 mediates BMP signalling antagonism in these cells, suggested by the low 

levels of pSmad1/5 staining detected in the colonic crypt cells that stain strongly for 

Grem1 (Figure 3.1.11). Data presented in this chapter provides new insights into the 

mechanism of GREM1 signalling in the colon, suggestive of a novel paracrine 

signalling circuit to maintain the stem cell niche of the colonic crypts between 

fibroblasts and colonic epithelial cells, as depicted in Figure 3.1.12. 
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DISCUSSION 

 

In this chapter, computational analysis of publicly available datasets confirmed 

preceding published data (Namkoong et al., 2006; Sha et al., 2009; Jaeger et al., 

2012; Neckmann et al., 2019) identifying GREM1 to be associated with poor 

prognosis in patients with varying types of cancer (Figure 3.1.1, Figure 3.1.2 and 

Figure 3.1.3). Of significance, Neckmann et al. (2019) recently published confirming 

data presented in Figure 3.1.2- identifying high GREM1 expression to be associated 

with breast cancer metastasis and a predictor of poor prognosis in ER- breast cancer 

patients. Neckmann et al. (2019) found GREM1 mRNA expression to only be 

identified within oestrogen receptor 1 negative tumour cells, suggesting in 

combination with data from a previous study (Takahasi et al., 2008) that BMPs can 

counteract cell division induced by oestrogen signalling, and speculated that ER- 

cancer cells may overcome this barrier by producing their own BMP antagonists 

(Neckmann et al., 2019).   

 

Previously, the clinical significance of GREM1 in CRC was mainly aligned to that of 

HMPS, with additional findings by Davis et al. (2015) identifying GREM1 

overexpression in epithelial cells of TSAs. Data presented in this chapter identifies 

that, in contrast to GREM1 overexpression being significant to almost solely HMPS, 

an incredibly rare predisposition, GREM1 expression is clinically significant 

independent of HMPS diagnosis in CRC patients (Figure 3.1.3A).These findings in 

combination with previous publications are suggestive of high GREM1 expression 

being a good marker of poor prognosis in gastric, ovarian, breast and colorectal 

cancers.  
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Notably, despite high GREM1 associating with poor prognosis in all cohorts of 

cancer patients analysed in this thesis, the significance of high GREM1 expression 

varies between the tissue origin as well as the tumour classification, suggesting 

possible tissue-specific and cell-type effects. This is evident in CRC, specifically in 

data presented in Figure 3.1.3 and Figure 3.1.4, with these data correlating the CMS4 

subtype with high GREM1 expression, the subtype with worst relapse-free and 

overall patient survival, a previously unidentified correlation. This highlights the 

possibility of cell-specific effects of GREM1 in CRC as CMS4 is the subtype 

associated with high stromal content, and therefore has much higher populations of 

stromal cell such as CAFs, inflammatory and immune and vascular cells (Madar, 

Goldstein and Rotter, 2013). In contrast, CMS1 has high and diffuse populations of 

immune cells, specifically composing of T helper 1 and cytotoxic T-cells and is 

associated with immune cell infiltration and activation (Linnekamp et al., 2018). In 

comparison, CMS2 and 3 are devoid of immune cell infiltrate (Guinney et al., 2015). 

Interestingly the CMS3 subtype has the lowest expression of GREM1, which is the 

subtype associated with metabolic dysregulation and KRAS mutations and consists 

of a more distinctive global genomic and epigenetic profile (Dienstmann et al., 2017) 

suggesting a possible role for these pathways in the effects of GREM1 in CRC. 

Furthermore, in contrast to CMS4, CMS3 is the subtype containing the lowest 

number of CAFs (Dienstmann et al., 2017), further suggesting that CAFs may be the 

cell type that secretes GREM1 in human cancer. Additionally, it was also interesting 

to observe triple negative breast cancer patients with high levels of GREM1 to have a 

significantly worse probability of survival (Figure 3.1.2) compared to triple negative 

breast cancer patients with low levels of GREM1, as this subtype of breast cancer has 

been shown to display a strikingly similar expression profile of immune cell infiltrate 

to the CMS4 CRC subtype as well as high TGFβ, another component of the CMS4 
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subtype. Furthermore, Ren et al. (2019) identified that TGFβ increased GREM1 

expression in breast cancer CAFs.  Our data and others suggest a role for this 

cytokine and a possible link between GREM1 and TGFβ signalling as well as a role 

for specific immune cell expression profiles in cancer prognosis.  

 

The association between poor prognosis in CRC, CMS4 and high levels of CAFs has 

previously been identified by both our laboratory group and others (Calon et al., 

2015; Isella et al., 2015; Dunne et al., 2016; McCorry et al., 2018). GREM1 

expression in HMPS and TSA has previously been identified to be epithelial in origin 

(Davis et al., 2015), in contrast to the CMS4 tumour stroma comprising of CAFs, 

vascular and immune cells. The next step was to evaluate the cellular source of 

GREM1 within these CMS4 tumours. In contrast to the previous findings in HMPS 

and TSAs, data showed GREM1 expression to be significantly associated with CAFs 

in CRC tumours with minimal expression detected in epithelial, endothelial or 

leukocyte populations (Figure 3.1.5). Although this data does not align entirely with 

previous findings of GREM1 in CRC, it is not unsurprising as CAFs are high in the 

CMS4 subtype and numerous studies have shown GREM1 to be highly expressed by 

CAFs in varying cancers, such as basal cell carcinomas (Sneddon et al., 2006; Kim et 

al., 2017), breast cancer (Ma et al., 2009; Ren et al., 2019), and Sneddon et al. 

(2006) reporting that 80 % (12 of 15 cases) of basal cell carcinomas express GREM1. 

Interestingly Ren et al. (2019) found GREM1 to specifically be highly expressed by 

CAFs at the invasion front in breast cancer, and its expression stimulated by 

numerous factors including TGFβ released by breast cancer cells and inflammatory 

cytokines- key components of the CMS4 CRC subtype. This link between GREM1 

and TGFβ in both CRC and high-GREM1 breast cancer is particularly interesting 

and needs to be explored further in relation to cancer, as diabetic nephropathy 
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research in this area has identified TGFβ to induce GREM1 which is associated with 

EMT in tubular epithelial and fibroblast cells (Dolan et al., 2005; Rodrigues-Diez et 

al., 2012, 2014). From these findings, GREM1 has been proposed to be a 

downstream TGFβ mediator in diabetic nephropathy, suggesting an interrelationship 

between GREM1, TGFβ and EMT, all key features of the CMS4 CRC subtype.  In 

agreement with findings presented in this chapter, Ren et al. (2019) also detected 

GREM1 mRNA expression to be solely expressed by CAFs when staining patient 

samples as well as through analysis of publicly available patient datasets. 

Furthermore, they observed no GREM1 expression in normal epithelium of breast 

tissue- in agreement with the staining pattern and data analysis shown in Figure 3.1.5 

and Figure 3.1.9 respectively. This association between GREM1 expression and 

CAFs is interesting, as CAFs are generally accepted to promote EMT, cancer cell 

invasion and metastatic in numerous cancer types (Karagiannis et al., 2012). 

However, it could also be argued that GREM1 is a marker for CAFs and stromal 

score rather than being an independent marker for poor prognosis. In contrast to 

these findings, Jang et al. (2016) found stromal GREM1 expression to be associated 

with improved overall survival in CRC patients. Their findings were not found to be 

an independent prognostic marker of survival in multivariate analyses, which 

contradicts both previous data in the field and findings presented in this chapter, as 

well as being the first data to suggest a stromal marker that is associated with 

improved CRC patient survival. In addition, however, Jang et al. (2016) also 

identified GREM1 expression to be an independent prognosis marker for locally 

advanced stage II and III CRC. Therefore, the combination of these data is more 

suggestive of GREM1 as a marker of poor prognosis in CRC; however, whether this 

is independent of CAFs still requires further investigation. Data in Figure 3.1.5C 

suggests increased GREM1 gene expression directly correlates with CAF levels, 
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confirming GREM1 as a prognostic marker independent of HMPS in CRC. 

Furthermore, the identification of GREM1 upregulation in the stroma of sporadic 

CRC and other sporadic cancers in contrast to the epithelial upregulation observed in 

HMPS and TSAs suggests an interesting importance for the convergent acquisition 

of GREM1 overexpression and correlation with poor patient prognosis- with 

epithelial expression observed in HMPS and TSAs having a much more severe effect 

on patient prognosis.    

 

Investigating GREM1 localisation in tissue, findings presented in this chapter are 

consistent with previously published data showing GREM1 mRNA to be localised at 

the base of colonic crypts in the muscularis mucosa layer within smooth muscles 

cells and fibroblasts  (Kosinski et al., 2007; Jang et al., 2016). Considering that 

GREM1 is a secretory BMP antagonist, acting through sequestering BMPs within the 

extracellular space (Brazil et al., 2015), GREM1 protein staining was carried out 

through an IHC assay to compare to mRNA ISH data. Contrary to Grem1 mRNA 

being detected solely within the muscularis mucosa layer in fibroblasts, Grem1 

protein had a more diffuse staining pattern, in the muscularis layer and into the base 

of the colonic crypts (Figure 3.1.9). These data suggest a novel paracrine loop where 

Grem1 is secreted by fibroblasts and taken up by surrounding crypt base cells. 

Furthermore, consistent with the high levels of Grem1 present at the base of the 

crypt, low levels of pSmad1/5 was detected, suggestive of antagonised BMP 

signalling by Grem1 in this region (Figure 3.1.10, Figure 3.1.11). In contrast, the villi 

tips had stronger pSmad1/5 staining where Grem1 staining was not visible, 

suggesting high BMP signalling activation in these cells (Figure 3.1.11). Ren et al. 

(2019) identified pSMAD1/5 phosphorylation to be inhibited in both breast cancer 

cells and in CAFs that has high levels of GREM1 mRNA. However, our data is the 
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first to show a direct spatial correlation between high Grem1 protein and low 

pSmad1/5 levels in the intestine. This group also shows that depletion of endogenous 

GREM1 within CAFs induced BMP/SMAD-dependent ID1/ID3 expression, whilst 

addition of rhGREM1 reversed this affect (Ren et al., 2019). Interestingly, Hong et 

al. (2018) found significantly increased GREM1 expression in oesophageal 

carcinoma in comparison to normal tissues and showed GREM1 staining in MSCs in 

these tissues, a key cell type of cancer stroma. This group identified that 

downregulation of GREM1 in oesophageal MSCs reversed EMT and consequently 

oesophageal tumour growth. Furthermore these authors showed that GREM1 

inhibited BMP4 expression and subsequent SMAD1/5/8 phosphorylation, leading to 

an enhanced expression of  TGF-β and reversing increased cell invasion and EMT 

(Hong et al., 2018). These data led these authors to suggest this homeostasis between 

GREM1, BMP4, SMAD and TGF-β signalling to be vital in oesophageal 

malignancy. In addition, others suggest the BMP signalling pathway to likely be the 

main influencer of GREM1 in cancer, observing that GREM1 had no effect on 

cancer cell expansion unless endogenous BMP was present, solidifying the 

interrelationships between these signalling pathways (Sneddon et al., 2006). These 

authors also hypothesised from their data that BMP antagonists secreted by CAFs, 

including GREM1, played an important role in regulating the stem cell compartment 

as well as maintaining tumour cell expansion (Sneddon et al., 2006). 

 

In conclusion, these data provide new insights into GREM11 signalling mechanisms 

within the intestine, providing evidence for the presence of a novel paracrine 

signalling loop, involving GREM1 protein secretion, between fibroblasts in the 

muscularis layer and novel uptake into epithelial cells of the colonic crypt, to 
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maintain the stem cell niche. Selected figures from this chapter were included in our 

publication (Dutton, Hoare, et al., 2019) as shown in Appendix 9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.12 Schematic diagram presenting the source of Grem1 mRNA versus 

protein localisation in mouse intestine. 
Fibroblasts (orange) residing in the muscularis layer produce Grem1 mRNA (green), this RNA is then 

translated into Grem1 protein (blue) within these cells and is secreted before being taken up by 

surrounding cells in the colonic crypts (transit-amplifying cells (pink), crypt base columnar cells 

(purple) and Paneth cells (purple)). Grem1 protein levels decrease as the cells mature up the crypt to the 

villi into the distal epithelial layer by the lumen (white). 
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3.2 GREM1 SECRETION, UPTAKE AND LOCALISATION 

 

INTRODUCTION 

 

The previous chapter presented new insights into the underlying mechanism of 

GREM1 signalling within the intestine, with our data supporting the presence of a 

novel paracrine signalling loop between fibroblast cells in the base of the colonic 

crypt and epithelial cells of the villi to maintain the stem cell niche. Data showed that 

Grem1 mRNA localises to fibroblasts and, post-translation, Grem1 protein is 

secreted before being taken up into surrounding epithelial cells that do not stain for 

Grem1 mRNA (Figure 3.1.9). Therefore, the aims of this chapter are to investigate 

the mechanisms of uptake as well as to confirm whether cells that do not express 

GREM1 mRNA are capable of taking up GREM1 protein, in addition to investigating 

the cellular localisation of endogenously-produced GREM1 and GREM1 taken up 

from the extracellular space.  

 

GREM1 protein has been previously notoriously difficult to stain for, with results 

baring inconsistent, unreliable results due to cross-reactivity of antibodies, yielding 

subsequent high background signals. Therefore, there is little reliable data on 

GREM1 protein cellular localisation in the field, with data presented by Tamminen et 

al. (2013)  suggesting possible GREM1 to co-localise with fibrillin-1 and Slug 

mRNA in mesothelioma cell ECM in vitro (J A Tamminen et al., 2013). In studies 

focussed on BMP ligands (targets of GREM1 protein), previous reports have shown 

SMAD1 and 5 phosphorylation is capable of occurring independently of BMP 

receptor internalization (Hartung et al., 2006). BMP ligand internalisation was 

identified in endothelial cells, rat neonatal ventricular cardiomyocytes, mouse 
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embryonic fibroblasts and mouse myoblast cell line C2C12 cells, with some data 

showing BMPs to be internalized after longer incubations, suggesting the process to 

be cell line-specific (Kelley et al., 2009; Von Einem et al., 2011) and Alborzinia et 

al. (2013) showing BMP2 uptake by a clathrin-dependent manner.  

 

Previous work in the lab has shown that ‘cell-associated’ GREM1- GREM1 that 

lacks a secretion signal and is retained in the producing cells, is unable to inhibit 

BMP2 signalling, these data, in combination with results from Chapter 3.1 showing 

Grem1 uptake in surrounding epithelial cells of the colonic crypt, suggest a possible 

BMP-independent intracellular signalling role for GREM1. Therefore, the aim of this 

chapter was to firstly confirm uptake of GREM1 in non-expressing cells in vitro, to 

investigate the possible mechanisms of uptake and to investigate the localisation of 

GREM1 once internalised by cells. These data may provide insight and direction into 

the possible mechanism of action of GREM1 in cancer and human diseases.  
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EXPERIMENTAL STRATEGY 

 

To investigate GREM1 uptake, rhGREM1 was FITC-labelled before varying cell 

types identified to not express GREM1 mRNA were treated and uptake analysed at 

varying time points. This mechanism of uptake was then investigated using various 

uptake inhibitors and biological activity of the FITC-GREM1 complex confirmed by 

BMP2 treatment and Western blotting for pSMAD1/5/9 activation.  

 

To further investigate GREM1 uptake, cells were also transfected with GREM1-

mCherry plasmids and conditioned medium collected before being used to treat non-

transfected cells, with the biological activity of GREM1-mCherry also confirmed by 

BMP2 treatment assay.  

 

The FITC-GREM1 complex was then used to determine the localisation of GREM1 

by staining with varying organelle markers. 

 

Finally, the importance of the membrane targeting secretion sequence in GREM1 

was investigated by developing a GREM1 cDNA with this sequence deleted. 
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RESULTS 

 

3.2.1 Conjugation of rhGREM1 with FITC Yields Biologically Active 

GREM1 

 

 

To develop an easy to use method of detecting and quantifying GREM1, rhGREM1 

was FITC-conjugated, eliminating issues with poor antibody detection and 

background signal. To ensure that the fluorescently conjugated rhGREM1 retained 

its physiological activity, inhibition of downstream BMP2 signalling was tested in 

HeLa cells through analysis of SMAD1/5/9 phosphorylation. HeLa cells were treated 

for 60 min at 37 °C with either vehicle, 5 ng/mL rhBMP2 and either 25 ng/mL 

unconjugated rhGREM1, unconjugated FITC or 25 ng/mL FITC-GREM1 pre-

incubated for 15 min at 37 °C with or without 5 ng/mL rhBMP2. The data confirmed 

that FITC conjugation had no impact on the ability of GREM1 to inhibit BMP2 

signalling, with strong pSMAD1/5/9 phosphorylation detected in both BMP2 and 

BMP2 + FITC control samples (Figure 3.2.1). These data also confirm that any 

unbound FITC would have no effect on physiological activity of GREM1 signalling 

(Figure 3.2.1). Importantly, inhibition of this signal was observed BMP2 + FITC-

GREM1 treated cells and was consistent with the inhibition of the signal observed in 

BMP2 + unconjugated GREM1- with the signal returning to baseline vehicle control 

levels.  This data therefore confirms that FITC-GREM1 is physiologically active.  
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Figure 3.2.1 FITC conjugated rhGREM1 inhibits BMP2 SMAD 1/5/9 

phosphorylation 
HeLa cells were cultured in serum-reduced growth medium (1 % FBS) overnight followed by 3 h serum-

free treatment. Cells were then treated for 60 min at 37 °C with either vehicle (4 mM HCl), 5 ng/mL 

rhBMP2 and either 25 ng/mL unconjugated rhGREM1, unconjugated FITC or 25 ng/mL FITC-GREM1 

pre-incubated for 15 min at 37 °C with or without 5 ng/mL rhBMP2. Protein was then extracted and 

analysed by SDS-PAGE for Western blotting with pSMAD1/5/9 and total SMAD1 antibodies with 

membranes reprobed for β-actin as loading control. Figure is representative of n=3.  

 

 

 

 

 

 

 

3.2.2 Cells that do not Express GREM1 mRNA are Capable of Taking 

up GREM1 Protein  

 

Data from Chapter 3.1 identified that cells in the mouse intestine do not stain positive 

for Grem1 mRNA do stain positive for Grem1 protein, suggesting a novel uptake of 

Grem1 by non-Grem1 expressing cells. Therefore, we wished to test the hypothesis 

that cells that do not express GREM1 mRNA were capable of taking up GREM1 

protein. Consequently, GREM1 mRNA expression was analysed in varying cell types 

to identify cell lines that do not express GREM1 (Figure 3.2.2). 
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Figure 3.2.2 GREM1 mRNA expression levels in varying cell lines  
Varying cell lines grown in the lab were seeded in 6-well plates and left to adhered overnight. Once 

plates reached 70 % confluency, RNA was extracted from the cells, cDNA synthesised and GREM1 

mRNA expression determined by QT-PCR as described in the methods. Each cell line was analysed in 

triplicate. No bars indicated Cp value was above 40 and therefore not detected. Black bars indicate Cp 

value, white bars indicate ΔCt values.  

 

 

 

 

 

 

HCT116 colonic epithelial cancer cells were confirmed to not express GREM1 

mRNA, consistent with HCT116 cells being a CRC cell line of epithelial origin. In 

contrast, the CRC fibroblast cell line CCD18co displayed the highest GREM1 

expression of cell lines tested (Figure 3.2.2). Therefore, HCT116 cells were chosen 

to investigate GREM1 uptake. In addition, HEK293T cells which also were shown to 

not express GREM1 were used due to ease of growth and transfection. For 

preliminary experiments, HeLa cells were also used due to their ease of growth and 

transfection, owing to their larger cytoplasmic area and previous publications 
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showing increased GREM1 expression in cervical cancer (Namkoong et al., 2006). 

Use of HeLa cells also allowed investigation into GREM1 uptake in GREM1-

expressing cell lines.  

 

FITC was conjugated to rhGREM1 and cells treated, along with cells treated with 

FITC-PBS and FITC-BSA as FITC and protein controls, as described in Materials 

and Methods. FITC-GREM1 protein uptake into cells was observed at the overnight 

time point, in contrast to FITC-PBS and FITC-BSA where no fluorescence was 

visible (Figure 3.2.3). No FITC-PBS nor FITC-BSA fluorescence was observed 

despite increasing laser exposure and intensity to the maximum possible, confirming 

no uptake of FITC or FITC-BSA and therefore confirming the internalisation was 

GREM1-specific.  Furthermore, no FITC-GREM1 was visible in the 1h time point in 

HeLa cells, suggesting that up take of GREM1 is a slow process, and it is possible 

the washes remove any bound GREM1 from the cell surface and therefore was not 

detected (Figure 3.2.3). 

 

Internalised FITC-GREM1 in HeLa cells appeared to be localise to discrete 

cytoplasmic regions, and extends into the filopodia, often observed between two 

cells, suggesting possible transport or signalling between cells (Figure 3.2.4 and 

Figure 3.2.5). Furthermore, FITC-GREM1 uptake appears as speckles, typical of 

endocytic vesicles, localising to the perinuclear region, suggestive of endoplasmic 

reticulum (ER) or Golgi apparatus localisation (Figure 3.2.5). 
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Figure 3.2.5 FITC-GREM1 may be transferred between HeLa cells via filopodia 
HeLa cells were treated overnight with FITC-GREM1 (1 μg/mL) in complete medium. Cells were then 

washed, fixed with 4 % PFA and DAPI stained as described in Materials and Methods. Green- FITC-

GREM1, Blue- DAPI, nucleus. Cells were imaged at 100x magnification on the Sp5 confocal laser 

scanning microscope. Scale bar shown. Images are representative of 6 images per well, carried out in 

triplicate wells, from 3 independent experiments (n=3). 

 

 

 

 

 

 

No FITC-BSA uptake was observed in HEK293T cells either at the 1 h or overnight 

time points, further confirming the uptake pattern to be GREM1-specific (Figure 

3.2.6). In contrast to HeLa cells, a small amount of FITC-GREM1 uptake was 

observed at the 1 h time point, and appears membrane-bound (Figure 3.2.6, Figure 

3.2.7). This data suggests that speed of uptake may be dependent on cell type, and it 

is possible cells not expressing GREM1 mRNA may take up GREM1 protein quicker 

than cells that do express GREM1 mRNA. After overnight incubation, HEK293T 

cells continue to have a more membrane-bound accumulation of FITC-GREM1, 

although this may be due to the small cytoplasmic space and large nucleus these cells 

present with. Despite this, FITC-GREM1 can still be observed in filopodia between 
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cells, and localise in a perinuclear fashion, complementing data observed in HeLa 

cells (Figure 3.2.7). 

 

Of importance, FITC-GREM1 uptake was observed in the CRC epithelial cell line 

HCT116 (Figure 3.2.8), supporting data presented in Figure 3.1.8, that non-GREM1 

expressing colon epithelial cells take up GREM1 protein. Furthermore, no FITC-

BSA was observed in either time point in HCT116 cells. Interestingly, similar to 

HEK293T cells, uptake was observed with as little as 1 h treatment, with FITC-

GREM1 localising to the cell membrane and few speckles of FITC-GREM1 within 

the cytoplasm (Figure 3.2.8), supportive of the possibility that non-GREM1 

expressing cells take up GREM1 more rapidly. In contrast, after overnight 

incubation, little to no membrane-bound FITC-GREM1 can be observed and a 

similar pattern of perinuclear speckles as found in HeLa and HEK293T cells was 

also observed (Figure 3.2.8). 

 

A time course experiment was then carried out to visualise FITC-GREM1 uptake in 

HCT116 cells (Figure 3.2.9). Initial uptake of FITC-GREM1 can be observed as little 

as 2 min into treatment, with gradually increased membrane-bound FITC-GREM1 

observed up to 60 min. At 3 h, FITC-GREM1 was visibly present within the 

cytoplasm of the cells and at 6 – 16 h the FITC-GREM1 can be observed inside the 

cell, localising close to the nucleus. At 24 h, minimal membrane-bound localisation 

is observed with the majority of FITC-GREM1 displaying the perinuclear pattern 

previously observed in HeLa and HEK293T cells.  This data shows that FITC-

GREM1 is actively taken up by CRC epithelial cell line HCT116.  

 

This data confirms that FITC-GREM1 internalisation is not cell line specific, and 

confirms findings presented in Chapter 3.1- that GREM1 is capable of being taken 
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up by cell lines that do not express GREM1 mRNA. In addition, GREM1 can also be 

taken up by cells that do express GREM1 mRNA (HeLa cells). It is possible the 

HCT116 cells take up GREM1 more rapidly as data previously shows colon 

epithelial cells to take up GREM1 (Figure 3.1.9), suggesting this may be an active 

process in these cells.  
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Figure 3.2.7 FITC-GREM1 appears membrane-bound in HEK293T cells 
HEK293T cells were treated with 1 μg/mL FITC-GREM1 in complete medium for 1h or overnight. 

After incubation, cells were washed 1 x with PBS to remove any free FITC conjugates and cells fixed 

with 4 % PFA and DAPI stained before imaging as described in Materials and Methods. Panels show 

FITC fluorescence (green) and overlay with phase contrast and DAPI staining (nucleus, blue). Scale 

bars shown (25 μm). Images are representative of 6 images per well, carried out in triplicate wells, from 

3 independent experiments (n=3). 
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Figure 3.2.9 Time course of FITC-GREM1 uptake in HCT116 cells 
HCT116 cells were treated with 1 μg/mL FITC-BSA (data not shown) or FITC-GREM1 for the 

indicated times before washing once with PBS, fixation with 4 % PFA and DAPI staining as described 

in Materials and Methods. FITC and DAPI staining were then visualised on the Leica SP5 Confocal 

laser scanning microscope, scale bar shown on right hand side. Images are representative of 6 images 

per well, carried out in triplicate wells, from 3 independent experiments (n=3). 

25 µm 
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Figure 3.2.10 Change in FITC-GREM1 localisation in HCT116 cells over time 
HCT116 cells were treated with 1 μg/mL FITC-BSA (data not shown) or FITC-GREM1 for the times 

indicated in the bottom left of each image before being washed once with PBS and fixed with 4 % PFA, 

stained with DAPI and imaged on the Leica SP5 Confocal laser scanning microscope as described in 

Materials and Methods. Images are representative of 6 images per well, carried out in triplicate wells, 

from 3 independent experiments (n=3). 

 

 

 

In addition to FITC-GREM1 uptake, the stability of FITC-GREM1 was also 

investigated. HeLa cells were treated with 1 μg/mL FITC-GREM1 overnight before 

cells washed with PBS to remove any unbound FITC-GREM1, fresh complete 

medium added, and cells imaged to confirm uptake. Cells were then left for an 

additional 48 and 72 h with cells imaged at each time point. Degradation of FITC-
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GREM1 was then analysed by mean fluorescence intensity of FITC per cell as 

described in Materials and Methods. At 24 h, mean fluorescence intensity per cell of 

FITC-GREM1 was 3.2, in contrast to 2.7 and 2.2 at 48 and 72 h respectively. No 

FITC-BSA was detected at any time point. A statistically significant reduction in 

mean fluorescence intensity per cell was observed between 24h and 48 or 72 h (p < 

0.05) showing a modest degradation in FITC-GREM1 between these time points. 

However, there was no significant difference between the 48 and 72 h time point (p = 

0.9809), although there was a visual difference in the pattern of fluorescence 

between 48 and 72 h, with FITC-GREM1 appearing to cluster more at 72 h with 

slightly less sparse cytoplasmic localisation (Figure 3.2.11).   

 

To determine whether FITC-GREM1 was being cleaved once taken up into cells, in 

addition to confirming that the fluorescence signal observed was due to intact FITC-

GREM1 rather than free FITC, cells were also probed with anti-GREM1 antibody to 

visualise GREM1 protein, shown in red. Overlay of FITC and GREM1 imaging 

shows as yellow, however due to the differences in strength of signal, this yellow 

overlay was not always clear. Despite this when comparing the FITC and GREM1 

images side by side, the overlap between FITC and anti-GREM1 fluorescence was 

clear, suggesting FITC is still bound to GREM1. Furthermore, mean fluorescence 

intensity per cell between FITC and antibody fluorescence was compared (Figure 

3.2.12) and data shows fluorescence was only significantly different after 72 h. These 

data not only confirmed GREM1 protein is taken up into the cells but GREM1 

antibody fluorescence was also quantified and also replicated the trend observed with 

the FITC quantification- a significant decrease in GREM1 between 24 and 48 h but 

little to no decrease between 48 and 72 h. This data suggests both the FITC and 

GREM1 is degraded between the time points (Figure 3.2.11 and 12). Data also 
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indicated that FITC may be degraded between 48 and 72 h due to the significant 

difference between FITC and antibody fluorescence at the 72 h time point (Figure 

3.2.12)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.11 FITC-GREM1 intensity is reduced over time 
HeLa cells were treated with 1 μg/mL FITC-GREM1 for 24 h in complete medium at 37 ° C. Cells were 

then washed with PBS and either fixed with 4 % PFA or new media added and left for a further 24 or 

48 h before washing and fixing with 4 % PFA as described in Material and Methods. Cells were imaged 

using the Sp5 confocal microscope with only the FITC fluorescence to allow quantification of FITC-

GREM1 by mean fluorescence intensity per cell using ImageJ as described in in Material and Methods. 

* = p < 0.05, ns = non-significant. Six images taken per time point, n = 2.  
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Figure 3.2.12 Anti-GREM1 stain correlates with FITC-GREM1 fluorescence in 

HeLa cells 
Cells used in Figure 3.2.11, in addition to un-treated control cells, were permeabilised, blocked and 

probed with 5 µg/mL anti-GREM1 antibody and then washed with PBS-Tween-20 (0.1 %), incubated 

with anti-goat IgG Alexa Fluor 594 polyclonal antibody (1:500) and washed again before DAPI staining 

as described in Materials and Methods. Cells were imaged on the DMi8 Leica microscope as 20 x 

magnification. Six images from each time point were used to analyse mean fluorescence intensity using 

ImageJ as described in Materials and Methods.  * = p < 0.05, ns = non-significant. n =2. 
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3.2.3 Export and Uptake of Ectopically Expressed GREM1 

 

To replicate more accurately the secretion of GREM1 from fibroblasts and 

subsequent uptake in crypt epithelial cells identified in Results Chapter 3.1, a new 

method was designed. A GREM1-mCherry plasmid was generated, allowing tracking 

of GREM1-mCherry expression, secretion and uptake in cells via transfection with 

the plasmid, or treatment with conditioned medium from transfected cells. HEK293T 

cells were used for preliminary studies due to the efficiency and ease of transfection 

of this cell line.  

 

Confirmation of transfection was observed through cell microscopy of live cells 24h 

post-transfection (Figure 3.2.13). Importantly, the localisation pattern of GREM1-

mCherry matched the pattern observed in FITC-GREM1 uptake experiments, 

showing perinuclear localisation and possible transport of GREM1 between 

filopodia. This contrasted with the empty vector control (EV) where appeared to be 

present throughout the entirety of the cell, with no obvious localisation pattern 

(Figure 3.2.13). 

 

After confirming transfection through visualisation of GREM1-mCherry expression, 

protein was extracted from the cells and confirmation of GREM1 transfection was 

obtained by Western blot (Figure 3.2.14). As mCherry is a 28.8 kDa monomer 

formed by 256 amino acids and GREM1 is 184 amino acids, the total molecular 

weight of GREM1-mCherry is predicted to be 49.8 kDa. Therefore, it was expected 

when blotting for GREM1 and mCherry protein that the bands appears just below the 

55 kDa marker, which was detected (Figure 3.2.14). In addition, doublet bands are 

observed for the mCherry-hGREM1 mCherry and GREM1 blots suggestive of the 

glycosylated form of GREM1 also being produced (Figure 3.2.14).  Interestingly, 
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bands were also observed for mCherry at around 20, 30 and 40 kDa, which may be 

due to non-specific binding of the mCherry antibody. As expected, no GREM1 

protein is detected in the empty vector controls, as HEK293T cells do not express 

GREM1. It was interesting to note however, that the bands detected in the mCherry 

empty vector plasmid was observed at 55 and 45 kDa. This may be due to the high 

overexpression leading to possible clumping of proteins, causing a higher total 

molecular weight. The smear between the two bands also support this theory of over-

expression.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.13. Confirmation of transfection by visualisation of mCherry protein 

expression. 
HEK293T cells were seeded and transfected or not with mCherry empty vector (EV) or mCherry-human 

GREM1 plasmids (GREM1-mCherry). Twenty-four hours post-transfection, mCherry protein 

production was visualised using the Leica DMi8 fluorescent-light microscope at 20 x maginification. 

Panels show mCherry fluorescence and overlay with phase contrast. Images are representative of 6 

images per well, carried out in triplicate wells, from 3 independent experiments (n=3). 
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Figure 3.2.14 Confirmation of mCherry and GREM1 expression by Western 

blot 
HEK293T cells were seeded in 6-well plates and transfected with either mCherry empty vector or 

mCherry-human GREM1 plasmids for 24 h. Post-transfection, cells were lysed and protein lysate 

analysed by SDS-PAGE, probed with antibodies against GREM1 and mCherry as described in Materials 

and Methods. Membranes were reprobed with β-actin as a loading control. Figure is representative of 

n=3.  

 

 

 

 

 

 

GREM1 was also detected in the CM of GREM1-mCherry transfected cells, whereas 

no bands were detected in the empty vector CM control samples (Figure 3.2.15). In 

addition, the GREM1-mCherry band was also detected when probing for mCherry 

protein (Figure 3.2.15). In contrast, no mCherry protein was detected in the mCherry 

empty vector CM samples. This confirms that the mCherry protein is not secreted; 

however, when fused to GREM1, the GREM1-mCherry protein can be secreted into 

the CM, confirming that the GREM1-mCherry fusion protein maintains its 

physiological ability to be secreted from cells. 
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Figure 3.2.15 GREM1-mCherry fusion protein is secreted from cells 
HEK293T cells were seeded in 6-well plates and transfected with mCherry empty vector or human 

GREM1-mcherry plasmids (GREM1-mCherry) as described in Materials and Methods. 24 h post-

transfection, cells were washed once with PBS and 1 mL serum-free media added for 4 h. After 

incubation, CM was collected and spun down at 1,200 rpm (225 x g) for 5 min to remove any cell debris 

or floating cells then analysed by SDS-PAGE using antibodies reactive to GREM1 and mCherry as 

described in Materials and Methods. Cell lysate from transfected HEK293T cells from Figure 3.2.14 

were used as a positive control. Figure is representative of n=3.  

 

 

As secretion of GREM1-mCherry was confirmed by Western blot, conditioned 

medium was added to cells, specifically HCT116 cells, to mimic colonic crypt 

epithelial cell uptake of fibroblast-secreted GREM1 predicted in Figure 3.1.12. 

Transfection was confirmed through checking for mCherry fluorescence using the 

DMi8 leica microscope. 

 

 

 

 

 

 
 

 

 

 

 

Figure 3.2.16 Schematic representation of mCherry conditioned medium 

treatments 
Transfected HEK293T cells were treated with serum-free HCT116 media for 4 h at 37 °C before 

conditioned medium was then collected, centrifuged at 1,200 rpm (225 x g) for 5 min to remove any 

cell debris and floating cells. Conditioned medium was supplemented with 10 % FBS before addition 

to HCT116 cells and left to incubate overnight or for 1 h, before fixation for ICC or protein extraction 

for Western blot analysis as described in Materials and Methods. 
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A. HeLa cells 

B. HCT116 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.17 mCherry GREM1 is internalised by HeLa and HCT116 cells 
HEK293T cells were transfected with mCherry empty vector (data not shown) or mCherry-human 

GREM1 for 24 h before conditioned medium collected and used to treat HeLa (A) or HCT116 (B) cells 

for 1 h or overnight (16 h). Cells were fixed with 4 % PFA, DAPI stained and imaged using the Leica 

Sp5 confocal microscope as described in Materials and Methods at 100 x magnification. Higher 

magnification image of HCT116 mCherry fluorescence is shown in greyscale for clearer depiction. 

Scale bars shown. Images are representative of 6 images per well, carried out in triplicate wells, from 3 

independent experiments (n=3). 
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The pattern of GREM1-mCherry uptake and localisation in both HeLa and HCT116 

cells is similar to the pattern of GREM1-mCherry expression in transfected cells, as 

well as FITC-Grem1 treated cells with a perinuclear pattern evident, Figure 3.2.17). 

In addition, mCherry empty vector conditioned medium was also used to treat HeLa 

and HCT116 cells were treated with CM from empty vector-transfected cells for 1 h 

and 16 h but no mCherry was detected even at high exposures (data not shown). This 

is in agreement with results of Figure 3.2.15 Figure 3.2.15, that mCherry protein is 

unable to be secreted. The uptake of GREM1-mCherry in HeLa cells is also 

comparable in both time points to the pattern of FITC-GREM1 internalisation, with 

little to no GREM1-mCherry uptake detectable at 1 h, however after 16 h incubation, 

the polarised perinuclear localisation pattern can be clearly observed (Figure 

3.2.17A). The time point patterns also match for HCT116 cells, although the uptake 

of GREM1-mCherry is much weaker in the GREM1-mCherry than FITC-GREM1 

(Figure 3.2.17B vs Figure 3.2.10). This is possibly due to a lower concentration of 

GREM1 in the mCherry conditioned medium compared to the 1 μg/mL 

concentration of FITC-GREM1 used. However, membrane-bound GREM1-mCherry 

pattern can be observed in the 1 h treated HCT116 cells more clearly in the greyscale 

magnified image (Figure 3.2.17B). Again, similar to the HeLa and FITC-GREM1 

data, after overnight incubation, the GREM1-mCherry uptake pattern displays a 

perinuclear localisation with little to no membrane bound GREM1-mCherry evident 

(Figure 3.2.17). 

 

One concern was that the fusion of mCherry to GREM1 would alter the biological 

activity of GREM1. To address this concern, the activity of GREM1-mCherry was 

tested in transfected cells and CM, by treatment plus or minus BMP2, using 

SMAD1/5/9 phosphorylation as a readout, as shown in  Figure 3.2.18.  
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Figure 3.2.18 Schematic diagram of BMP2 treatment to confirm physiological 

activity of mCherry-hGREM1 
HEK293T cells were transfected with either empty vector or mCherry-hGREM1 and left for 24 h (1). 

Post-transfection, cells were treated with serum-free DMEM for 4 h and conditioned medium (CM) 

collected, CM was spun down to remove floating cells or cell debris before incubation with or without 

5 ng/mL BMP2 at 37 °C for 15 min, before treating the cells for 60 min at 37 °C before protein extraction 

and Western blotting as described in Materials and Methods. The cells used for CM production in (1) 

were treated with or without 5 ng/mL BMP2 at 37 °C for 60 minutes before proteins extracted and 

Western blotted as described in Materials and Methods (2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.19 Cellular GREM1-mCherry is physiologically active in transfected 

cells 
HEK293t cells transfected with mCherry empty vector or mCherry- human GREM1 were treated with 

vehicle or 5 ng/mL BMP2 at 37 °C for 60 minutes before proteins extracted and analysed by SDS-

PAGE, probed with antibodies against GREM1, mCherry, pSMAD1/5/9 and SMAD1 and membranes 

reprobed for β-actin as loading control, as described in Materials and Methods. Figure is representative 

of n=3.  
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Figure 3.2.20 Secreted GREM1-mCherry is physiologically active 
Conditioned medium from HEK293T cells transfected with either mCherry empty vector or mCherry-

human GREM1 was incubated with 5 ng/mL BMP2 for 15 min at 37 °C before being used to treat 

untransfected HEK293T cells at 37 °C for 60 min. After incubation, cells were washed once with PBS 

and proteins extracted for analysis by SDS-PAGE. Membranes were probed with antibodies against 

pSMAD1/5/9. SMAD1 and reprobed for β-actin as loading control, as described in Materials and 

Methods. Figure is representative of n=3.  

 

 

 

 

 

 

The GREM1-mCherry was confirmed to be physiologically active by inhibition of 

downstream BMP2-induced SMAD 1/5/9 phosphorylation in both transfected cells 

(Figure 3.2.19) and the secreted form in conditioned medium (Figure 3.2.20). The 

empty vector transfected cells treated with BMP2 elicited a robust pSMAD1/5/9 

activation in contrast to no activation in the GREM1-mCherry transfected cells, with 

bands for pSMAD1/5/9 comparable to that of the empty vector and GREM1-

mCherry vehicle treated samples (Figure 3.2.19 and 20). In addition, no change in 

total SMAD1 protein was detected in any samples. These results were replicated in 

the conditioned medium treatment of non-transfected HEK293T cells. These data 

suggest that the GREM1-mCherry fusion protein is biologically active and behaves 

in a similar way to native GREM1 protein. 

 

As GREM1 inhibits BMP signalling by binding to BMPs in the extracellular matrix, 

preventing binding to BMP type I/II receptor and subsequent downstream signalling 
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of SMAD phosphorylation and BMP target gene transcription, BMP2 treatment was 

used to interrogate the speed of GREM1 secretion from transfected cells. HEK293T 

cells were transfected with empty vector or GREM1-mCherry and 24 h post-

transfection, washed 1 x with PBS to remove any GREM1-mCherry from the media. 

Cells were then treated with 5 ng/mL rhBMP2 for the time points indicated (Figure 

3.2.21). The mCherry empty vector was used as a control for SMAD 1/5/9 

phosphorylation indicative of BMP receptor activation. SMAD 1/5/9 

phosphorylation was observed in the empty vector control as early as 10 min of 

incubation (Figure 3.2.21A). The signal intensified gradually over time, to peak at 30 

min and signal remained strong at the 60 min time point (Figure 3.2.21B). The 

GREM1-mCherry treatments were ran alongside their time-matched vehicle controls 

and showed no pSMAD1/5/9 increase compared to vehicle control at any time point 

(Figure 3.2.21). This data is in agreement with findings previously shown in Figure 

3.2.19. These data suggests that either the GREM1-mCherry is secreted very rapidly, 

due to the transfection efficiency or quantity produced by the cells, or it is possible 

that GREM1-mCherry sticks to the membrane of the cells before treatment and PBS 

is not sufficient to wash off any of this adherent GREM1-mCherry. 
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Figure 3.2.21 Time course BMP2 treatment of mCherry empty vector vs 

GREM1-mCherry transfected cells 
HEK293T cells were transfected with either mCherry empty vector (EV) or mCherry human GREM1 

(GREM1-mCherry). 24 h post-transfection, cells were washed once with PBS and treated with either 

vehicle (PBS 4mM HCl, V) or 5 ng/mL rhBMP2 for the indicated times before protein extraction and 

analysis by Western blotting for the indicated antibodies as described in Materials and Methods.   
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To investigate if BMP2 signalling is inhibited by membrane-bound/adhered 

GREM1-mCherry, PBS NaCl high salt washes were used. First, HEK293T cells 

were washed with varying concentrations of NaCl PBS to solubilise any bound 

proteins and determine the highest concentration possible without denaturing the 

cells (data not shown). From this, PBS containing 300 mM NaCl was used to wash 

the cells before treating with 25 ng/mL rhBMP2.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2.22 High salt washes do not affect the ability of GREM1-mCherry to 

inhibit BMP2 signalling 
HEK293T cells transfected with mCherry empty vector (EV) or GREM1 were serum-starved for 4 h 

and washed with PBS or PBS 300 mM NaCl before treatment with 5 ng/mL BMP2 for 10 min. Cells 

were lysed and analysed by SDS-PAGE, probed with antibodies against GREM1, pSMAD1/5/9 and 

SMAD1 as described in Materials and Methods. Membranes were reprobed with β-actin to confirm 

equal loading of samples.  

 

 

No difference was observed between the PBS and high NaCl wash in both the empty 

vector or GREM1-mCherry transfected cells (Figure 3.2.22). This data suggests that 

either the NaCl wash was not sufficient to remove the membrane-bound GREM1-

mCherry or remaining membrane-bound GREM1 is of sufficient concentration to 
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inhibit BMP signalling. An alternative explanation is that the transfected cells are 

secreting GREM1-mCherry rapidly enough to inhibit BMP2 signalling within the 10 

min time frame. As shown in Figure 3.2.13, around 60 % of cells are successfully 

transfected, suggesting that GREM1-mCherry produced it is constantly being 

secreted thus even if washed off, more is secreted to replace this and inhibit the 

BMP2 added.   

 

In addition to investigating the secretion of GREM1-mCherry, a BMP2 assay was 

also used to investigate the concentration of GREM1-mCherry secreted in the 

conditioned medium, as depicted in Figure 3.2.23. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.23 Schematic diagram of the experimental setup to determine 

concentration of GREM1-mCherry in conditioned medium 
(1) HEK293T cells were transfected with empty vector or GREM1-mCherry plasmids. After 24 h post-

transfection, 1mL serum-free media was added for 4 h at 37 °C to produce conditioned medium (CM). 

(2) CM was serial diluted with serum-free media from 100 % down to 3.125 % (5-fold dilution), before 

addition of vehicle (PBS with 4 mM HCl) or 5 ng/mL rhBMP2 and incubated at 37 °C for 15 min. (3) 

Treatments were added to non-transfected HEK293T cells for 60 min at 37 °C. (4) After treatment, cells 

were washed once with PBS and protein extracted for Western blotting as described in Materials and 

Methods. 
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Interestingly, BMP2 signalling was only fully restored to control levels after the 

GREM1-mCherry conditioned medium was diluted down to 3.125 % (Figure 3.2.24). 

These results suggest there is a high concentration of GREM1-mCherry secreted in 

the 4 h time period in which the conditioned medium is produced. This therefore 

supports our hypothesis of rapid and high levels of secreted GREM in the 

supernatant inhibiting BMP2 signalling (Figure 3.2.22). 

 

 

 

 

 

 

 

 

 

Figure 3.2.24 GREM1-mCherry conditioned medium contains a high 

concentration of GREM1 
Conditioned medium (CM) was produced from empty vector or GREM1-mCherry transfected cells. 

CM was serial diluted 5 x and then incubated with vehicle (PBS with 4 mM HCl) or 5 ng/mL rhBMP2 

at 37 °C for 15 min before adding to non-transfected cells for 60 min at 37 °C. Cells were then harvested 

and lysate used for analysis by Western blot as described in Materials and Methods.  

 

 

 

 

 

 

3.2.4 Mechanism of GREM1 Uptake 

 

Previous data in this chapter has suggested that GREM1 is taken up by colonic crypt 

epithelial cells in vivo (Figure 3.1.9), and cell culture experiments confirmed this 

uptake occurs in various cell lines in vitro (Figure 3.2.7 and Figure 3.2.17). 

Therefore, the next step was to investigate the mechanism in which this uptake may 

occur. Previous research shows Clathrin-mediated internalization pathways play a 
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key regulatory role for many plasma membrane receptors, including BMP receptors 

which are also internalised by caveolin-dependent mechanisms (Hartung et al., 2006; 

Alborzinia et al., 2013).  

 

Since uptake patterns observed in both FITC-GREM1 and GREM1-mCherry were 

similar, FITC-GREM1 was chosen to investigate mechanism of uptake due to easier 

production, visualisation, and ability to control and reduce variability such as 

concentration of GREM1 between treatments and ratios of GREM1 to inhibitors in 

treatments. Through review of the literature, chlorpromazine hydrochloride and 

genistein were used as inhibitors of clathrin-mediated and calveolar-mediated 

endocytosis respectively. In addition heparinase III was investigated, due to the 

proposed involvement of heparin sulphate proteoglycans (HSPGs)  in the 

internalisation of BMP2 (Alborzinia et al., 2013).  

 

A significant decrease in FITC-GREM1 uptake was observed when cells were 

treated with all three inhibitors. This difference was then quantified by analysing 

mean fluorescence intensity per cell, using programmes Fiji and ImageJ after images 

were blinded, as described in Materials and Methods. Genistein caused the biggest 

decrease in FITC-GREM1 uptake (Figure 3.2.25). Both Chlorpromazine and 

Heparinase III treatment reduced FITC-GREM1 uptake to a similar degree (Figure 

3.2.25). 
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Figure 3.2.25 Mechanism of FITC-GREM1 uptake in HeLa cells 
HeLa cells were pre-incubated with either chlorpromazine (10 μM) or vehicle (ddH2O) for 30 min, 

Genstein (200 μM) or vehicle (DMSO) for 30 min or Heparinase III (0.5 U/mL) or vehicle (20 mM Tris 

HCl, 0.1 mg/mL, 4mM CaCl2 PBS) for 2 h. Cells were then treated with 1 μg/mL FITC-GREM1 for 16 

h. All treatments and incubations were carried out at 37 °C. Cells were washed 1 x with PBS and fixed 

with 4 % PFA before imaging using the DMi8 Leica Microscope at 20 x magnification (A) as described 

in Materials and Methods. (B) Mean fluorescence intensity per cell was analysed using ImageJ and Fiji 

after images were blinded. Statistical significance was determined by unpaired t-test on Graphpad Prism 

(v6.01). ** p < 0.01, *** p < 0.001. Images are representative of 6 images per well, carried out in 

triplicate wells, from 3 independent experiments (n=3). 
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Previously findings identified that GREM1 treatment caused an increase in BMP2 

uptake in HeLa cells (Alborzinia et al., 2013). Therefore, we investigated whether 

the inverse effect occurred with GREM1 uptake in HeLa cells treated with BMP2. 

HeLa cells were pre-incubated with vehicle (PBS 4mM HCl) or 2.5 µg/mL rhBMP2 

for 15 min at 37 °C before treatment with 1 µg/mL FITC-GREM1 overnight. This 

concentration of rhBMP2 was used to achieve molar excess in the presence of 1 

µg/mL FITC-GREM1. Images of FITC-GREM1 fluorescence were taken at the same 

intensity and exposure before images were blinded and analysed for mean 

fluorescence intensity per cell as described in Materials and Methods (Figure 

3.2.26B).  

 

Interestingly, a significant increase in FITC-GREM1 uptake was observed between 

the vehicle and BMP2 treated cells, with an increase in mean fluorescence intensity 

from 4.76 ±0.65 to 6.91 ±0.86 (p = 0.0005). This data suggests that the GREM1-

BMP2 complex is more efficiently internalised in HeLa cells (Figure 3.2.26A). 

 

 

 

 

 

 

 

Figure 3.2.26A BMP2 treatment causes increased uptake of FITC-GREM1 in 

HeLa cells 
HeLa cells were pre-incubated with or without 2.5 μg/mL rhBMP2 for 15 min before treatment with 1 

μg/mL FITC-GREM1 overnight. Cells were then washed once with PBS and fixed with 4 % PFA. Mean 

Fluorescence per cell was calculated using ImageJ, as shown in Figure 3.2.27b. *** p < 0.001 
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Figure 3.2.26B BMP2 treatment causes increased internalisation of FITC-

GREM1 in HeLa cells 
HeLa cells were pre-incubated with (B) or without (A) 2.5 μg/mL rhBMP2 for 15 min before treatment 

with 1 μg/mL FITC-GREM1 overnight. Cells were then washed once with PBS and fixed with 4 % 

PFA. Mean Fluorescence per cell was calculated using ImageJ as shown in the images above and 

described in materials and Methods. Images are representative of 3 images per well, with 3 wells per 

treatment, used to produce the data presented in Figure 3.2.26a.  
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3.2.5 Cellular Localisation of GREM1 

 

To date, little is known about the cellular localisation of GREM1 protein. This 

knowledge is important as understanding of protein localisation can help indicate 

possible unappreciated functions. This is particularly important for GREM1, as the 

pathogenic mechanism of action of GREM1 in cancer is yet to be fully elucidated.  

In addition, determining the localisation of a protein can significantly aid drug 

development to target the protein. Therefore, determining the cellular localisation of 

GREM1 protein is important information currently lacking in the field.  

 

Uptake of FITC-hGREM1 into cells, or overexpression of mCherry-hGREM1 in 

HeLa and HEK293T cells showed a distinctive pattern of fluorescence, consistent 

with a defined localisation inside the cell (Figure 3.2.5, 3.2.7 and 3.2.17). To identify 

if GREM1 was localising to specific cellular compartments, a series of co-staining 

experiments were performed. Three key organelles were stained, chosen based on the 

predicted possible localisation patterns observed: mitochondria, Golgi apparatus and 

endoplasmic reticulum (Figure 3.2.5, 3.2.7 and 3.2.17). HeLa cells were used due to 

their large cytoplasmic area allowing more visible co-localisation.  

 

Mitochondrial staining in HeLa cells appeared to stain the mitochondria throughout 

the cell, with the pattern consistent with numerous staining from published papers 

(Figure 3.2.27). Although there is visible overlay of GREM1 (green) with 

mitochondrial staining (red, overlay shown in yellow), the patterns do not match 

exactly (Figure 3.2.27), suggesting partial co-localisation. FITC-GREM1 

fluorescence was much more localised within the HeLa cells in contrast to the broad 

pattern of the mitochondria staining throughout the cell (Figure 3.2.27). In addition, 

FITC-GREM1 fluorescence can be observed in filopodia in which no mitochondria 
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staining is observed, further suggesting that FITC-GREM1 does not localise to 

mitochondria (Figure 3.2.27). 

 

FITC-GREM1 treated HeLa cells were stained for the Golgi marker giantin, shown 

as green and red respectively (Figure 3.2.28). The FITC-GREM1 uptake pattern is 

consistent with previous patterns, whilst the Golgi marker staining consists of a faint, 

slightly polarised cytoplasmic pattern, with a stronger signal appearing as localised 

staining around the nucleus (Figure 3.2.28). Interestingly, both FITC-GREM1 and 

the Golgi appear to localise in the same direction, with FITC-GREM1 appearing to 

localise around these bands of strong Golgi staining- as shown more clearly by the 

magnified images. Some yellow colouring confirms the overlay of FITC-GREM1 

fluorescence and Golgi staining is present. 

 

The endoplasmic reticulum was stained in FITC-GREM1 treated HeLa cells using an 

anti-calreticulin antibody. Interestingly, as shown by the magnified image in Figure 

3.2.29, FITC-GREM1 appeared to localise in the cells were the endoplasmic 

reticulum does not. For example, in in Figure 3.2.29, FITC-GREM1 appears in a 

pocket surrounded by endoplasmic reticulum. 

 

These data suggest that GREM1 does not specifically localise to any of the 4 major 

subcellular organelles in cells (nucleus, mitochondria, Golgi, ER), and additional 

experiments are needed to pinpoint the specific pattern of localisation for GREM1 in 

cells (see Discussion). 
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Figure 3.2.27 FITC-GREM1 does not localise to the mitochondria in HeLa cells 
HeLa cells were seeded to a sparse density on Ibidi µ-Slides. After adherence, cells were treated with 1 

μg/mL FITC-GREM1 (green) overnight in complete medium before being stained with 200 nM 

Mitotracker (red) in serum-free growth medium for 30 min at 37 °C. Cells were then stained with DAPI 

(blue) to visualise the nucleus. Slides were then images at 40 x magnification on the confocal 

microscope Leica SP5 as described in Materials and Methods. Images are representative of 6 images 

per well, carried out in triplicate wells, from 3 independent experiments (n=3). 
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Figure 3.2.28 FITC-GREM1 does not appear to localise to the Golgi apparatus 

in HeLa cells 
HeLa cells were seeded at a sparse density onto Ibidi µ-Slides and left to adhere overnight. Cells were 

then treated with 1 μg/mL FITC-GREM1 (green) in complete medium overnight, before washing with 

PBS and fixation with 4 % PFA. Cells were then stained with anti-giantin (red) and DAPI (blue) to 

visualise the Golgi apparatus and nucleus respectively and imaged at 40 x magnification on the confocal 

microscope Leica SP5 as described in Materials and Methods. Images are representative of 6 images 

per well, carried out in triplicate wells, from 3 independent experiments (n=3). 
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Figure 3.2.29 FITC-GREM1 appears to have weak partial localisation to the 

endoplasmic reticulum in HeLa cells 
HeLa cells were seeded onto Ibidi µ-Slides at a sparse density and left to adhere overnight. Cells were 

treated overnight with 1 μg/mL FITC-GREM1(green) in complete medium. Cells were then washed 

with PBS and fixation with 4 % PFA before staining with anti-calreticulin (red) and DAPI (blue) to 

visualise the endoplasmic reticulum and nucleus. Cells were then imaged at 40 x magnification on the 

confocal microscope Leica SP5 as described in Materials and Methods. Images are representative of 6 

images per well, carried out in triplicate wells, from 3 independent experiments (n=3). 
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To shed further light on the cellular localisation of GREM1, a modified version was 

produced, removing the secretion sequence from the GREM1 RNA (lacking amino 

acids 1-24, ∆S-GREM1), through development of a pcDNA3.1-∆S-Grem1 plasmid 

as described in Materials and Methods. Mouse Grem1 was used due to the higher 

reactivity of the anti-Grem1 antibody for Grem1 over human GREM1, allowing 

more specific and visible signal to be generated. This approach allowed us to 

determine the differences in expression pattern between FL-Grem1 and a ∆S-Grem1 

that, in theory, should not be targeted to the plasma membrane for secretion. This 

approach also allowed us to compare the expression pattern of GREM1 produced 

inside the cell to that of FITC-GREM1 added exogenously and taken up into cells 

(e.g Figure 3.2.5). 

 

HEK293T cells were used to test these plasmids due to ease of transfection. Firstly, 

cells were transfected for 48 h and proteins extracted and analysed by Western blot 

as described in Materials and Methods to confirm the overexpression of FLGrem1 

and ∆SGrem1 (Figure 3.2.30B). No GREM1 was detected in non-transfected 

HEK293T cells nor the pcDNA3.1 control. As expected, FLGrem1 was detected as a 

dimer around the 25 kDa marker, as FLGrem1 is predicted to run at 21 kDa, in 

addition to approximated 1.2 kDa from the Myc-tag and His6 tag. ∆SGrem1 was 

detected as a lower molecular weight band below the FLGrem1 bands (Figure 

3.2.30A). This is consistent as the ∆SGrem1 does not contain the peptide that targets 

the protein for secretion (shown in blue in Figure 3.2.30A), equating to the loss of 

approximately 2.6 kDa in the protein size of ∆SGrem1.  

 

Furthermore, in order to confirm the secretion sequence was successfully removed, 

conditioned medium was collected from cells 48 h post-transfection. Both neat and 
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12 x concentrated media were analysed for Grem1 expression (Figure 3.2.30C). Cells 

transfected with FL-mGrem1 secreted Grem1 protein that was detected in the CM 

(Figure 3.2.30C). In contrast, no GREM1 was detected in the ∆SGrem1 transfected 

cells, confirming that this truncated form of GREM1 was retained inside the cells 

(Figure 3.2.30C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.30 Grem1 proteins produced by pcDNA3.1-Full length (FL)Grem1 

and pcDNA3.1-∆SGrem1 
A. Schematic diagram showing the domain structures of Grem1 protein produced by pcDNA3.1-Full 

length (FL)Grem1 and Grem1 plasmid with the signalling peptide removed (∆S), pcDNA3.1-

∆SGrem1 respectively. FLGrem1 (upper) contains signalling peptide (blue), which directs Grem1 to 

the plasma membrane to be secreted. B. HEK293T cells were transfected for 48 h with the indicated 

plasmids before protein extraction and Western blot and probed for Grem1, before reprobing against 

β-actin, carried out as described in Materials and Methods. + = positive control, pcDNA3.1 = empty 

vector. C. Conditioned medium collected from transfected HEK293T cells with the indicated plasmids 

was analysed by SDS-PAGE neat and at 12 x concentration and probed against Grem1.  

C. 

A. 

B. 
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In addition to Western blotting the protein lysates and conditioned medium, cells 

transfected with empty vector, FL and ∆SGrem1 plasmids were treated with BMP2 

to confirm physiological activity of Grem1. A strong pSMAD1/5/9 signal was 

induced by BMP2 treatment in the empty vector controls (Figure 3.2.31). In contrast, 

no pSMAD1/5/9 signal was detected in the BMP2 treated pcDNA3.1-FLGrem1 

transfected cells (Figure 3.2.31). This confirms that the FLGrem1 produced by this 

plasmid is biologically active. Furthermore, the FLGrem1 also reduced the baseline 

signal of pSMAD1/5/9, likely due to the high overexpression of this recombinant 

protein. Importantly, cells transfected with pcDNA3.1- ∆SGrem1 have similar levels 

of SMAD1/5/9 phosphorylation to the empty vector controls, with a faint baseline 

expression and strong signal increase when treated with BMP2 (Figure 3.2.31). 

Given the lack of secretion of ∆SGrem1 (Figure 3.2.30), this data suggests that 

Grem1 must be secreted in order to inhibit BMP2 signalling. In addition, no change 

was observed in total SMAD1 expression between any of the plasmids or treatments, 

confirming that differences seen in pSMAD1/5/9 were not sure to altered total 

protein levels (Figure 3.2.31). 

 

These intriguing results suggesting Grem1 must be secreted to inhibit BMP2 

signalling increased our interest in the localisation of ∆SGrem1. Therefore, 

HEK293T cells were transfected for 48 h, fixed with 4 % PFA and stained with anti-

Grem1. Consistent with both FITC-GREM1 and mCherryGREM1 localisation 

patterns, FLGrem1 localises in a perinuclear fashion (Figure 3.2.32A and C). 

FLGrem1 was also observed in filipodia between cells, suggesting the possibility of 

intercellular transport (Figure 3.2.32A). Surprisingly, the staining pattern of 

∆SGrem1 appeared to be fully nuclear (Figure 3.2.32B and D) and not the diffuse, 

cytosolic pattern observed in full length Grem1. From these results, the sequence of 



Chapter 3: Results- 3.2 GREM1 Secretion, Uptake and Localisation 

191 

Grem1 was analysed to investigate if it contained any possible predicted nuclear 

localisation sequences (NLSs) using cNLSMapper. Three NLSs were predicted, with 

the strongest NLS at amino acid positions 161-172, with a cut-off score of 8.5 

predicting exclusive nuclear localisation (Figure 3.2.32E). In addition, two other 

NLSs were detected at position 163 with scores of 7 and 5.5.  These results were 

confirmed through Z-stack using confocal microscopy and showed no nuclear 

localisation of FLGrem1 in parallel to all ∆SGrem1 localising throughout the nucleus 

(Figure 3.2.33B). A 3D reconstructed image of the Z-stacks shows the perinuclear 

‘wrapping’ of FLGrem1 around the nucleus in contrast to Z-stack slices of ∆SGrem1 

presented to show presence of ∆SGrem1 throughout the nucleus (Figure 3.2.33).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.2.31 Grem1 must be secreted to inhibit BMP2 signalling 
HEK293T cells were grown in 6-well plates and transfected with 1µg empty plasmid (pcDNA3.1) or 

pcDNA3.1-Full length (FL)Grem1 or pcDNA3.1- ∆SGrem1 (without signalling peptide). Serum free 

DMEM was added to the cells for 4 h before being treated for 60 min with vehicle (4 mM HCl) or 5 

ng/mL BMP2 at 37 °C. Cells were then harvested for protein and separated on 10 % SDS-PAGE before 

being probed for Grem1, pSMAD1/5/9, SMAD1 by Western blot and re-probed for β-actin as described 

in Materials and Methods. Molecular weights indicated on the left-hand side. 
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Figure 3.2.32 Deletion of secretion sequence of Grem1 leads to nuclear 

localisation 
HEK293T cells were transfected with either 1µg pcDNA3.1-Full length (FL)Grem1 or pcDNA3.1- 

∆SGrem1 (without signalling peptide) for 48 h before fixation with 4 % PFA and staining for 

immunocytochemistry with anti-Grem1 antibody and DAPI to visualize the nucleus as described in 

Materials and Methods. Top panels show Grem1 in red imaged at 20 x magnification on DMi8 

microscope with FLGrem1 (left, A) and ∆SGrem1 (right, B). Bottom panels show Grem1 in red with 

DAPI staining for the nucleus in blue with FLGrem1 (left, C) and ∆SGrem1 (right, D) imaged on the 

confocal microscope Leica SP8 at 40 x magnification. Scale bars shown. Images are representative of 

6 images per well carried out in triplicate wells, from 3 independent experiments (n=3). (E.) Prediction 

of nuclear localisation sequences (NLSs) was carried out on ∆SGrem1 sequence using cNLSMapper 

with amino acid positions (first column), amino acid sequence (second column) and NLS prediction 

score (third column) shown. 

E. 
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Figure 3.2.33 Confocal microscopy confirmation of FLGrem1 and ∆SGrem1 

localisation 
HEK293T cells were transfected for 48 h with 1 1µg pcDNA3.1-Full length (FL)Grem1 or pcDNA3.1- 

∆SGrem1 (without signalling peptide) for 48 h before fixation with 4 % PFA and staining for 

immunocytochemistry with anti-Grem1 antibody and DAPI to visualize the nucleus as described in 

Materials and Methods, before imaging on the confocal microscope Sp8. A. shows Z-stack 3D image 

of FLGrem1 showing perinuclear localisation, wrapping around the nucleus and into filopodia. B. shows 

Z-stack cuts of ∆SGrem1 localisation, showing full localisation throughout the nucleus. Scale bars 

shown. Images are representative of 6 images per well carried out in triplicate wells, from 3 independent 

experiments (n=3). 
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SUMMARY 

 

In this chapter, the uptake, localisation and secretion of GREM1 was investigated in 

depth by numerous methods in mammalian cells. Importantly, results from Chapter 

3.1 suggesting surrounding epithelial cells that do not express GREM1 mRNA are 

capable of taking up GREM1 protein. These data were recapitulated in vitro using a 

variety of cell lines including the CRC epithelial cell line HCT116 cells with both 

FITC-labelled GREM1 and mCherry-tagged GREM1 secreted into conditioned 

medium, with both forms confirmed to be physiologically active. From these data, 

the mechanism of uptake was investigated, and results indicated that both clathrin- 

and calveolar-mediated endocytosis may be involved in addition to a possible role 

for HSPGs in GREM1 uptake.  

 

Furthermore, localisation of FITC-GREM1 was investigated as the subcellular 

localisation of GREM1 had not yet been defined. Due to the FITC-GREM1 

localisation pattern observed in Figure 3.2.5 and Figure 3.2.10, mitochondria, 

endoplasmic reticulum and Golgi apparatus were stained. GREM1 did not show any 

co-localisation with any of the three organelles. Further experiments using markers 

of endosomes and intracellular vesicles will be required to fully define the 

intracellular pattern of Grem1 staining in cells.  

 

Lastly, the removal of the secretion signalling sequence of GREM1 (∆SGrem1) was 

investigated. This was carried out using mouse Grem1 plasmids due to of the poor 

reactivity of the R&D anti-Grem1 antibody for human GREM1. Surprisingly, results 

suggested that once removed, ∆SGrem1 localised exclusively to the nucleus 

suggesting possible nuclear localisation sequences within ∆SGrem1 and also a 
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potential explanation for the nuclear Grem1 staining visible on the mouse colon 

stains Figure 3.1.8 and Figure 3.1.9. 
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DISCUSSION 

 

As evidenced in Chapter 3.1, increased expression of GREM1 was associated with 

poor CRC prognosis. Further to this, data presented suggested for the first time a 

novel paracrine signalling circuit within the colonic crypt, via secretion of GREM1 

by fibroblasts and uptake by surrounding non-GREM1 expressing epithelial cells 

(Figure 3.1.12).  Importantly, Hatrung et al. (2006) identified that receptor 

internalization may be required for SMAD-independent signalling, whilst Alborzinia 

et al. (2013) confirmed BMP2 is internalised via clathrin-mediated endocytosis when 

bound to its BMP receptor. In addition, BMP4 internalisation was also identified by 

Kelley et al. (2009), and further showed that BMP4 is transported to lysosomes for 

degradation to limit SMAD activation.  Collectively, previous published data, shows 

both BMP receptor presence and BMP antagonist presence such as Noggin and 

GREM1 have an effect on BMP ligand internalisation, suggest this mechanism may 

be a method of regulating BMP concentration and availability as an additional 

method of signal regulation (Hartung et al., 2006; Kelley et al., 2009; Alborzinia et 

al., 2013). Therefore, the aim of this chapter was to further characterise these 

findings in vitro, examining GREM1 internalisation, localisation and degradation. 

 

Despite previous studies identifying BMP receptor and ligand internalisation 

(Hartung et al., 2006; Alborzinia et al., 2013), thus far there are no detailed reports 

on BMP antagonist internalisation such as GREM1. Data presented here confirmed 

initial findings in Chapter 3.1- that GREM1 is capable of being taken up by cells that 

do not express GREM1 mRNA (Figure 3.2.6- 3.2.10). This data was validated by use 

of unbound FITC and FITC-BSA controls, confirming the uptake and uptake pattern 

was GREM1-specific. Importantly, it was also confirmed that FITC conjugation did 
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not affect the physiological activity of GREM1 (Figure 3.2.1). Additionally, these 

findings were confirmed using a HEK293T GREM1-mCherry model, in which 

GREM1-mCherry was also confirmed to be physiologically active (Figure 3.2.19-

21).  Furthermore, analysis showed FITC-GREM1 internalisation to be a dynamic 

and continuous process, beginning with cell surface binding as little as one minute 

post-incubation followed by a build-up of membrane-bound GREM1 before 

internalisation into the cell forming a perinuclear pattern (Figure 3.2.9). This time 

course in uptake was also observed for BMP2 uptake by Alborzinia et al., (2013). 

These authors also discuss possible reasonings for this delayed uptake, suggesting 

de-novo presentation of the specifically required binding sites coupled with receptor 

recycling, evidenced by reduced BMP2 uptake by treatment of cells with the 

membrane fusion inhibitor monensin, required for recycling. Therefore, it would be 

interesting in future experiments to investigate monensin treatment on GREM1 

internalisation also. Additionally, there was no significant decrease between 48 and 

72 h of internalised FITC-GREM1 (Figure 3.2.11). GREM1 was confirmed to not 

have been degraded by additional staining with anti-GREM1 antibody (Figure 

3.2.12), suggesting GREM1 may be contained in reservoirs within the cell for later 

use, or may be associated with currently unknown intracellular functions.  

 

FITC-GREM1 was used to investigate the mechanism of internalisation and cellular 

localisation. These data are important in helping elucidate the mechanism of action 

GREM1 may have in cancer, in addition to providing valuable information that could 

aid in developing potential drugs to target GREM1 as therapeutic treatments. 

Therefore, two mechanisms of internalisation were investigated: clathrin-mediated 

and calveolar-mediated endocytosis, as BMPs and their receptors have previously 
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been identified to be internalised by these mechanisms (Hartung et al., 2006; 

Alborzinia et al., 2013). 

 

Clathrin-mediated endocytosis occurs in virtually all cell types (Doherty and 

McMahon, 2009). Proteins involved in this uptake mechanism recruit clathrin 

subunits and relevant adaptor peptides to induce clathrin-coated pits at the cell 

membrane, which develop clathrin-coated vesicles surrounding the cargo before 

recruitment of dynamin to ‘tie off’ the vesicle from the cell membrane allowing its 

internalisation into the cell (Pley, Parham and Brodsky, 1993; Doherty and 

McMahon, 2009). In contrast, caveolae are the most commonly reported clathrin-

independent mechanism of endocytosis, present on the majority, but not all, cell 

types. Caveolins oligomerize to form caveolin-rich microdomains within the cell 

membrane and following addition of scaffolding domains and cholesterol, form lipid 

rafts, the process of caveolar invagination is then initiated and caveolar vesicle 

formation induced (Parton and Simons, 2007; Lajoie and Nabi, 2010). Fission of the 

vesicle from the cell membrane is predicted to involve dynamin, however this is less 

defined than the role of dynamin in clathrin-mediated endocytosis (Doherty and 

McMahon, 2009).  

 

To investigate by which mechanism of endocytosis GREM1 is internalised, two 

inhibitors were used- Chlorpromazine (an inhibitor of clathrin-mediated endocytosis) 

and Genistein (an inhibitor of calveolar-mediated endocytosis). Interestingly, data 

showed that both inhibitors significantly reduced FITC-GREM1 internalisation in 

HeLa cells (Figure 3.2.25). However, this may be due to the lengthy time point used 

(16 h), as, per the model suggested by Hartung et al. (2006), these mechanisms have 

complementary routes and cells are capable of switching between clathrin- and 
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calveolar-mediated endocytosis. This consequence could also be due to the effect on 

other cellular mechanisms affected by tyrosine kinase inhibition by genistein. To 

elucidate this further, varying time points and additional inhibitors would be 

required, such as nystatin, which blocked the formation of the cholesterol-rich lipid 

rafts required for caveolin-mediated endocytosis (Rothberg et al., 1992). In addition, 

data showed suggests GREM1 internalisation is increased in the presence of BMP2 

(Figure 3.2.26). This is particularly interesting as data published by Alborzinia et al., 

(2013) found GREM1 treatment to strongly increase internalisation of BMP2, also in 

HeLa cells. Interestingly, authors found that Chordin another BMP2 antagonist, 

inhibited BMP2 uptake and suggested this may be due to blocking any surface 

interaction between BMP2 and the cell due to it being the largest antagonist, 

containing two interaction domains (Groppe et al., 2002; Zhang et al., 2007; 

Alborzinia et al., 2013). In contrast, GREM1 is much smaller and therefore may not 

interfere with BMP2 binding to receptors- it is possible that FITC-GREM1 

internalisation is increased with BMP2 treatment as BMP2 stimulates additional, 

BMP-independent internalisation and GREM1 is brought into the cell when bound to 

BMP2. This data in combination with previous studies suggest that there is a 

complex interplay between BMP receptor, ligand and antagonist interactions.  

 

In addition to Clathrin-mediated and calveolar-mediated endocytosis, the role of 

Heparin sulphate proteoglycans (HSPG) was also investigated through use of 

polysaccharide lyase Heparinase III treatment, which degrades HSPGs. HSPGs are 

expressed on the cell surface of most mammalian cells (Bernfield et al., 1999) and 

bind to a diverse range of extracellular molecules including growth factors and 

adhesion molecules and mark various macromolecules for endocytosis (Jiao et al., 

2007).  Consequently, HSPGs are vital and versatile in moderating many cellular 
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functions (Tumova, Woods and Couchman, 2000; Jiao et al., 2007). Previous 

publications state heparin sulphate binding to be a prevalent property of BMP 

antagonists, and have shown GREM1 to bind to cell-surface HSPGs in several cell 

lines (Chiodelli et al., 2011; Tatsinkam, Mulloy and Rider, 2015) as well as HSPGs 

to be involved in the internalisation of BMP2 (Alborzinia et al., 2013). In agreement 

with these findings, data presented here also confirms GREM1 internalisation to be 

significantly reduced by HSPG inhibition (Figure 3.2.25). These data suggests 

GREM1 may, like other macromolecules, require HSPG marking at the plasma 

membrane to initiate endocytosis. These findings corroborate with previous 

published data identifying GREM1 to contain a unique binding motif to which 

HSPGs bind to high affinity (Kattamuri, Nolan and Thompson, 2017). Furthermore, 

data presented by Paine-Saunders et al. (2001), shows Noggin, another BMP 

antagonist, also binds to HSPGs at the cell surface, and remains functionally active 

when bound (Paine-Saunders et al., 2002). Together with previously published data, 

these findings suggest that HSPGs play a role in GREM1 internalisation and possible 

BMP signalling mechanisms, however, in what capacity is still yet to be elucidated, 

with much more extensive investigation required.  

 

In addition to investigating GREM1 internalisation, localisation of GREM1 was also 

investigated as this information also provides key insight in helping elucidate 

potential mechanisms of action and development of therapeutic targets. Currently, 

data regarding cellular localisation of BMPs and their antagonists is to date, 

unsubstantial, therefore data presented here elucidates for the first time possible 

GREM1 cellular localisation.  In relation to data in this chapter, showing the 

importance of HSPGs in GREM1 internalisation (Figure 3.2.25), interestingly, 

previous publications also state that HSPGs on both the cell membrane and within 
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the extracellular matrix often limit the diffusion and contribute to the localisation 

pattern of proteins that bind to HSPGs (Rider, 2006; Tatsinkam, Mulloy and Rider, 

2015). Therefore, it would be interesting to examine FITC-GREM1 uptake patterns 

in more detail between Heparinase III treated cells vs control, or heparinase III 

treating cells post-internalisation to visualise any possible effects.  

 

The localisation of a protein to specific organelles can provide key insight into the 

physiological role, therefore, from the perinuclear localisation pattern observed in 

both the FITC-GREM1 and GREM1-mCherry treated cells, mitochondrial, Golgi 

apparatus and Endoplasmic reticulum (ER) localisation was investigated as described 

in Materials and Methods. Interestingly, no definitive organelle localisation was 

observed, this data alongside our data showing lack of internalised FITC-GREM1 

degradation over time suggests GREM1 may instead be maintained inside reservoirs 

for later use similarly as predicted for BMP2 (Alborzinia et al., 2013). It would be 

interesting to investigate this further through analysing co-localisation with markers 

for additional vesicular compartments, for example Rab GTPases. 

 

In addition to FITC-GREM1 and organelle staining to investigate subcellular 

localisation, a form of Grem1 with the secretion sequence removed was produced as 

described in Materials and Methods (∆SGrem1), with the aim of investigating the 

localisation of secreted Grem1. Interestingly, ∆SGrem1 was found to localise 

entirely to the nucleus, confirmed by DAPI staining and Z-stack confocal imaging 

(Figure 3.2.32 and 33). Analysis of the ∆SGrem1sequence showed 3 NLSs, 

suggesting that the secretion sequence overrides these NLSs when GREM1 is first 

produced. These results are interesting, as they do not tally with our findings of 

GREM1-mCherry CM uptake in all cell lines tested, where the secretion sequence 
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would have been cleaved upon secretion from the cells producing the GREM1-

mCherry. All CM treated cells showed the same perinuclear staining pattern as 

FITC-GREM1 treated cells (Figure 3.2.17). It would therefore be vital to carry out 

further investigation in this area before drawing any definitive conclusions. 

However, this data does complement data presented in Chapter 1, showing possible 

nuclear staining of Grem1 in the mouse colon epithelial cells. However, this staining 

could be explained by the way GREM1 wraps around the cell’s nucleus as shown in 

Figure 3.2.33. Of significance data presented here using ∆SGrem1 showed for the 

first time that GREM1 must be secreted to inhibit BMP2 signalling. This shows that 

GREM1 does not act as an antagonist of BMP2 when it is maintained inside the cell 

(Figure 3.2.31).  

 

In summary, data presented in this chapter provided supporting evidence to Chapter 

3.1, confirming CRC epithelial cells that do not express GREM1 mRNA are capable 

of internalising GREM1 protein. Furthermore, this chapter provided initial novel 

insights into the possible cellular localisation of GREM1 and further information 

regarding its longevity when internalized, suggesting GREM1 may have BMP-

independent mechanisms of action within the cell, as data presented here showed 

GREM1 only inhibits BMP2 signalling once secreted. 
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3.3 INVESTIGATION INTO GREM1 MECHANISMS OF 

ACTION 

 

INTRODUCTION 

 

Canonical signalling by GREM1 occurs via binding and sequestering of BMPs 2, 4 

and 7 within the extracellular matrix, preventing binding to the BMP receptor and 

subsequent receptor activation and downstream signalling (Brazil et al., 2015). 

Strictly maintained temporospatial levels of GREM1 and BMPs are required during 

embryonic development, with GREM1 being particularly vital for cellular 

proliferation in both lung and kidney organogenesis (Khokha et al., 2003; Michos et 

al., 2004; Ren et al., 2019). Disruption of this GREM1 and BMP balance can lead to 

a multitude of abnormalities including defective limb or kidney development 

(Church et al., 2017), and an array of tumours, including glioma (K. Yan et al., 2014; 

Guan et al., 2017), mesothelioma (Yin et al., 2017), lung (Mulvihill et al., 2012) and 

colorectal cancer (Namkoong et al., 2006; Sneddon et al., 2006; McKenna et al., 

2019). However, despite identification of the importance of GREM1 within these 

diseases, the exact mechanism of GREM1-mediated fibrosis or oncogenic signalling 

is yet to be elucidated.  

 

Several reports have suggested GREM1 has non-canonical signalling mechanisms 

via Slit proteins (Chen et al., 2004), ROBO (Tumelty et al., 2018) and fibrillin (J. A. 

Tamminen et al., 2013), suggesting GREM1 to have possible roles in inflammation 

and immunity, fibrosis and EMT (Chen et al., 2004; Brazil et al., 2015; Staloch et 

al., 2015). In addition, GREM1 has also been identified to utilise TGFβ signalling to 

induce lysyl oxidase in diabetic nephropathy (Sethi, Wordinger and Clark, 2013). 
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The most significantly reported non-canonical signalling mechanism identified 

GREM1 as a novel pro-angiogenic agonist for VEGFR2. 

 

GREM1 was first identified to be a novel VEFGR2 agonist in 2007 (Stabile et al., 

2007), and further reported by the same group in 2010 (Mitola et al., 2010). These 

reports suggest GREM1 is capable of inducing VEGFR2 phosphorylation on the 

Tyr1175 residue in HUVECs and that this activation requires αvβ3 integrins (Stabile 

et al., 2007; Mitola et al., 2010). From these findings, several reports were added to 

the literature within the last decade, suggesting similar GREM1 activation of 

VEGFR2 in a number of cell lines: ARPE-19 retinal cells (Liu et al., 2017), kidney 

tubule epithelial cells (Lavoz et al., 2015; Marquez-Exposito et al., 2018), HaCaT 

skin keratinocytes and primary skin fibroblasts (Ji et al., 2016). These data implicates 

the GREM1 → VEGFR2 pathway in a variety of human disease, mainly diabetic 

nephropathy (Lavoz et al., 2020) and cancer (Shaik et al., 2018; Liu et al., 2019). 

Angiogenesis plays a key role in a multitude of diseases, and is fundamental to 

tumour growth, progression and metastasis  (Eichhorn et al., 2007), therefore, several 

groups suggest this to be the mechanism of GREM1 oncogenesis (Marisa, de 

Reyniès, Duval, Selves, Gaub, Schrag, et al., 2013; Ravelli et al., 2013; Park, 2018). 

However, other groups dispute these findings, and further to this, recent reports show 

GREM1 to in fact block VEGF signalling in pulmonary microvascular endothelium 

(Medina et al., 2017; Rowan et al., 2018). Therefore, given the lack of clarity within 

the field, and the diversity of diseases GREM1 signalling has been implemented in, 

specifically the multitude of cancer types, we believe it to be critical to further 

elucidate GREM1 → VEGFR2 signalling and define GREM1 signalling mechanisms 

in human disease.  
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EXPERIMENTAL STRATEGY 

 

To investigate GREM1 activation of VEGFR2, numerous cell lines including 

HUVECs used in the published reports by Stabile et al. (2007) and Mitola et al. 

(2010) were used. The mechanism was then further investigated using pre- and 

combination treatments with VEGF, as well as varying time points and 

concentrations. Results were further confirmed by ICC for VEGFR2 phosphorylation 

and further characterised by examining possible changes in VEGFR2 mRNA levels, 

and effects on ECFC barrier function.  

 

In addition to investigating previous reports of GREM1 → VEGFR2 activation, 

other mechanisms of GREM1 oncogenesis were also investigated including cell 

migration and proliferation via scratch and clonogenic assays respectively.  

 

Furthermore, possible GREM1 signalling mechanisms and pathways were also 

explored via computational analysis of the publicly available gene expression data 

produced from the Vil1-Grem1 mouse models described in Davis et al. (2015).  
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RESULTS 

 

3.3.1 GREM1 Does Not Activate VEGFR2 

 

As previous reports suggest angiogenesis via VEGFR2 activation to be the non-

canonical signalling mechanism of GREM1 in a range of human disease, including 

cancer, we tested this hypothesis ourselves. To this end, the protocol used to first 

identify this mechanism by Stabile et al. (2007) and Mitola et al. (2010) was 

replicated to the best of our ability, as described in Materials and Methods.  

 

HUVECs were seeded on fibrinogen-coated plates and serum-starved to prime their 

response to VEGFR2 activation, before treating with rhGREM1 or rhVEGF as the 

positive control for the indicated concentrations and time points depicted in Figure 

3.3.1 and 3.3.2. VEGF treatment of HUVECs produce a strong VEGFR2 

phosphorylation at Tyr1175, with a stronger signal observed at 5 min in comparison 

to 15 min (Figure 3.3.1). In contrast, no effect was observed on VEGFR2 

phosphorylation levels following GREM1 treatment at either 5 or 15 min (Figure 

3.3.1). Therefore, a supraphysiological level of 1 μg/mL GREM1 was used, and 

again no VEGFR2 phosphorylation was observed in HUVECs (Figure 3.3.2). 

Interestingly, no AKT phosphorylation was observed in HUVECs treated with VEGF 

(Figure 3.3.2). However, consistent with the absence of VEGF2 phosphorylation, 

GREM1 treatment also did not induce AKT phosphorylation (Figure 3.3.2). We 

noted that serum-starvation increased the basal level of pVEGFR2 and phospho-

AKT compared to non-starved, suggesting a degree of cellular stress as a result of 

serum deprivation (Figure 3.3.2). Levels of total VEGFR2 and AKT also remained 

consistent across all serum-starved samples, showing VEGF nor GREM1 to have no 

effect on the total levels of these proteins (Figure 3.3.2). 
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Figure 3.3.1 GREM1 does not activate VEGFR2 in HUVECs 
HUVECs were seeded onto fibrinogen coated plates and either grown in complete medium (‘non-

starved’) or serum-starved in 2 % FBS overnight followed by a further 3 hours serum free medium prior 

to treatment with VEGF or GREM1 (‘serum-starved’). Starved cells were then treated with 25 ng/mL 

recombinant human VEGF (rhVEGF) or 100 ng/mL rhGREM1 for 5 or 15 min. Protein was extracted 

from cell lysates and loaded for SDS-PAGE and probed with antibodies against pTyr1175 on VEGFR2, 

total VEGFR2, pSer473 and pThr308 phospho-AKT, total AKT and reprobed with β-actin as loading 

control. Molecular weights are indicated on the left-hand side. ‘+’ indicates positive control.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.2 Supraphysiological concentration of GREM1 does not activate 

VEFGR2 in HUVECs 
HUVECs were seeded on fibrinogen-coated plated before being grown in either complete medium 

(‘non-starved’) or serum-reduced in 2 % FBS overnight before a further 3 h serum-free before 

treatments (‘serum-starved’). Serum-starved HUVECs were then treated with 25 ng/mL recombinant 

human VEGF (rhVEGF) or 1 μg/mL rhGREM1 for 5 or 15 min. After treatment, cells were lysed and 

protein seperated on SDS-PAGE before probing with the indicated antibodies reactive to pTyr1175 on 

VEGFR2, total VEGFR2, pSer473 and pThr308 phospho-AKT, total AKT and reprobed with β-actin 

as loading control. Molecular weights are indicated on the left-hand side. ‘+’ indicates positive control. 
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As HUVECs were not demonstrating downstream AKT phosphorylation, expected as 

a downstream signal of VEGFR2 activation, an alternative endothelial-type cell was 

employed. ECFCs were used for further experiments. ECFCs are late endothelial 

progenitor cells capable of differentiating to replenish endothelial cell populations, 

importantly, they are known to have potent VEGF and angiogenesis responses 

(Medina et al., 2010, 2017; Hookham et al., 2016).  

 

VEGF treatment of ECFCs produced strong VEGFR2 activation, with strong signals 

for phosphorylation for both Tyr1175 and Tyr951 VEFGR2 residues at 5 min, and 

weaker but still notable signals at 15 min (Figure 3.3.3). Consistently, GREM1 

treatment at both 25 ng/mL and 1 μg/mL caused no visible change in VEGFR2 

phosphorylation on either residues (Figure 3.3.3).  In addition, AKT phosphorylation 

was also observed at both the 5 min and 15 min of VEGF treatment in ECFCs, in 

contrast to no increase evident in GREM1-treated ECFCs (Figure 3.3.3). No change 

in total VEGFR2 nor total AKT was observed in either VEGF or GREM1 treatment 

of ECFCs (Figure 3.3.3). 
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Figure 3.3.3 GREM1 does not activate VEGFR2 signalling in ECFCs 
Endothelial colony forming cells (ECFCs) were seeded onto fibrinogen-coated plates and grown in 2 % 

FBS medium overnight before a further 3 h serum-free prior to treatments. After starvation, ECFCs 

were treated with 25 ng/mL rhVEGF for 5 or 15 min, or 25 ng/mL or 1 μg/mL rhGREM1 for 15 min. 

Vehicle control was also carried out for 15 min (PBS with 4 mM HCl). Protein was extracted from the 

cells and ran on SDS-PAGE to probe with antibodies against pTyr 1175 and pTyr951 on VEGFR2, total 

VEGFR2, pThr308 and pSer473 phospho-AKT and total AKT and then reprobed with β-actin as the 

loading control. Molecular weights are indicated on the left-hand side. 

 

 

 

 

 

As no VEGFR2 activation was observed from the protocols adapted from the 

original reports (Stabile et al., 2007; Mitola et al., 2010), we investigated a variety of 

other possible time points to robustly interrogate this hypothesis. Therefore, ECFCs 

were treated from 5-60 min with 100 ng/mL GREM1 and an additional 16 h 

treatment, to ensure that we did not miss the window of potential VEGFR2 

activation, and to assess whether changes in transcription were needed for 

GREM1→VEGFR2 activation. Consistent with previous results, GREM1 did not 

induce any visible VEGFR2 activation at any time point tested (Figure 3.3.4). 

Figures are all representative of three independent ECFC clones, suggesting that 

GREM1 is not capable of VEGFR2 phosphorylation in ECFCs. 
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Figure 3.3.4 GREM1 does not activate VEGFR2 signalling in ECFCs over a 

range of time points 
Endothelial colony forming cells (ECFCs) were seeded onto fibrinogen-coated plates and serum-starved 

in 3 % FBS medium overnight before a further 3 h serum-free prior to treatments. After starvation, 

ECFCs were treated with 25 ng/mL rhVEGF for 5 min or 100 ng/mL rhGREM1 for 5, 10, 15, 30, 60 

min (A) or 16 h (B). Serum-starved cells were also treated with vehicle (PBS with 4 mM HCl) for 60 

min (A) or 16 h (B). Protein was extracted from the cells and ran on SDS-PAGE to probe with antibodies 

against pTyr 1175 on VEGFR2 and total VEGFR2 and then reprobed with β-actin as the loading control. 

(A) shows both short and long exposure panels for pTyr1175 VEGFR2 to maximise detection of any 

GREM1-induced VEGFR2 phosphorylation. Molecular weights are indicated on the left-hand side. 

 

 

To further validate our findings, we also investigated GREM1 activation of VEGFR2 

via other techniques. VEGFR2 phosphorylation on Tyr1175 was also examined by 

immunocytochemistry, as described in Materials and Methods. ECFCs showed no 

phosphorylation of VEGFR2 in the vehicle control, however the expected pVEGFR2 

pattern of membrane staining was observed in VEGF-treated cells (Figure 3.3.5, top 

B. 

A. 
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right panel). In contrast, no VEGFR2 phosphorylation was observed along the cell 

membrane with GREM1 treatment of either 25 or 100 ng/mL (Figure 3.3.5, bottom 

panels). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.5 VEGF treatment, but not GREM1, induces VEGFR2 

phosphorylation at the plasma membrane of ECFCs 
Endothelial colony-forming cells (ECFCs) were seeded on fibrinogen-coated Ibidi 8-well slides before 

serum starving by incubation with 2 % FBS containing medium, followed by serum free medium for 3 

h prior to treatment. Cells were treated with vehicle (PBS with 4 mM HCl) or rhVEGF (50 ng/mL for 

5 min) or rhGREM1 (25 or 100 ng/mL for 15 min). Cells were washed once with PBS and fixed with 4 

% PFA before permeabilization and staining with antibodies against VEGFR2 pTyr1175 (green) and 

stained with DAPI to visualise the nucleus (blue), as described in Materials and Methods. Images were 

captured at 20 x magnification using the Leica DMi8 and insert image captured at 40 x. Scale bars 

represent 100 μm for the four main panels and 160 μm for the insert panel. Arrows indicate areas of 

positive staining for phosphorylated VEGFR2. Images are representative of 6 images per well carried 

out in duplicate wells, from 3 independent experiments (n=3). 
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In addition to ICC staining for VEGFR2 activation, barrier integrity was also 

investigated. VEGF has previously been reported to reduce barrier integrity of 

endothelial cells by reducing cell-cell contacts (Kevil et al., 1998; Satchell et al., 

2004; Weis and Cheresh, 2005; Medina et al., 2010). Therefore, the ability of 

GREM1 to reduce the barrier function of ECFCs was also tested and compared to 

VEGF as an additional readout of VEGFR2 signalling. The ability of VEGF and 

GREM1 to reduce the barrier integrity of a monolayer of ECFCs was analysed using 

the XCELLigence system, measuring cell impedence. VEGF treatment (25 ng/mL) 

caused a reduction in barrier function of the ECFC monolayer within 30 min which 

recovered after 60 min (Figure 3.3.6). In contrast, GREM1 treatment (100 ng/mL) 

caused no effect on ECFC barrier integrity (Figure 3.3.6).  These data further 

supports our previous findings that GREM1 does not activate or signal via VEGFR2 

in ECFCs.  

 

 

 

 

 

 

 

Figure 3.3.6 GREM1 does not affect ECFC barrier function 
Endothelial colony-forming cells (ECFCs) were seeded into E plates containing XCELLigence® 

electrodes. Cell impedence was first normalised prior to addition of vehicle (PBS with 4 mM HCl, 

circles), rhVEGF (25 ng/mL, squares) or rhGREM1 (100 ng/mL, triangles). Changes in barrier integrity 

were measured over 60 mins described in Methods. Data is plotted as mean cell impedence +/- SD, with 

raw data points indicated. Figure is representative of data obtained from 4 individual ECFC clones tested 

in quadruplicate.  
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As our data shows GREM1 does not directly induce VEGFR2 activation, we 

investigated the possibility of GREM1 indirectly affecting VEGFR2 activation. To 

this end, the effect of GREM1 on VEGFR2 expression was analysed by QT-PCR. 

ECFCs were treated with vehicle (PBS) or 100 ng/L rhGREM1 for 4, 8 and 16 h and 

levels of VEGFR2 mRNA measured. However, no effect on VEGFR2 expression was 

detected at any time point (Figure 3.3.7)- suggesting that GREM1 does not affect 

mRNA levels of VEGFR2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.7 GREM1 does not affect VEGFR2 mRNA expression levels in 

ECFCs 
Endothelial colony-forming cells (ECFCs) were grown on fibrinogen-coated plates and serum starved 

in 2 % FBS overnight before further serum-starving an additional 3 h prior to treatment. Cells were then 

treated with vehicle (PBS) or rhGREM1 (100 ng/mL) for 4, 8 or 16 h. Following treatment, RNA was 

extracted and converted to DNA to measure VEGFR2 expression levels using ThermoFisher TaqMan 

probe set (assay ID Hs00911706_m1) and Roche LightCycler 480. Relative expression levels were 

calculated using the Ct method with β-actin and 18S and housekeeping controls as described in 

Materials and Methods. GREM1 data was normalised to each time-matched vehicle control and data 

plotted as mean foldchange +/- SD. Statistical analysis was done using one-way ANOVA with 

Bonferroni’s multiple comparison t-test, and no significant differences (ns)  between vehicle or GREM1 

were detected at any time point, nor any difference between time points. 
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In addition to GREM1 activation of VEGFR2, the possibility of GREM1 binding to 

VEGFR to enhance or inhibit VEGF-induced activation was also investigated. To 

achieve this, we examined co-incubation of GREM1 and VEGF prior to treatment, or 

pre-treatment of cells with GREM1 prior to VEGF treatment. As with previous 

experiments, VEGF treatment of ECFCs induced a very strong VEGFR2 activation 

at 5 min with slightly reduced signal at 15 min post-treatment, whilst GREM1 

treatment alone caused no effect on VEGFR2 activation (Figure 3.3.8). Pre-

incubation of VEGF and GREM1 did not affect the activation of VEGFR2, with the 

pTyr signal being highly comparable to that of VEGF alone (Figure 3.3.8). 

Furthermore, pre-treatment of the cells with GREM1 for 15 min followed by VEGF 

treatment for 5 or 15 min also did not affect VEGFR2 activation, with intensity of 

these bands comparable to VEGF treatment alone (Figure 3.3.8). These data 

therefore suggests that GREM1 is not capable of either activating VEGFR2 nor 

modifying VEGF-induced activation of VEGFR2. 

 

Importantly, the GREM1 used for all VEGFR2 activation experiments was also 

confirmed to be physiologically active through testing inhibition of BMP2-induced 

activation of SMAD1/5/9 phosphorylation. As shown in Figure 3.3.8, GREM1 used 

in these experiments was confirmed to be physiologically active confirming that the 

lack of effect on VEGFR2 activation was not due to a problem with biological 

activity of GREM1. 
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Figure 3.3.8 GREM1 does not affect VEGF-induced activation of VEGFR2 
Endothelial-colony forming cells (ECFCs) were seeded on fibrinogen-coated plates and serum-starved 

overnight in 2 % FBS and an additional 3 h serum-free prior to treatments. (A) Cells were treated with 

vehicle (PBS 4mM HCl) for 15 min, or VEGF (25 ng/mL) for 5 or 15 min, or GREM1 (100 ng/mL) for 

15 min. VEGF (25 ng/mL) and GREM1 (100 ng/mL) were pre-incubated for 15 min at 37 °C before 

treating cells for 15 min. In addition, cells were pre-treated with GREM1 (100 ng/mL) for 15 min before 

additional treatment with VEGF (25 ng/mL) for 5 or 15 min. Cells were lysed and protein lysate ran on 

SDS-PAGE and probed with antibodies against pTyr 1175 and pTyr951 on VEGFR2, total VEGFR2, 

pThr308 and pSer473 phospho-AKT and total AKT. Membranes were reprobed with β-actin as the 

loading control. (B) HEK293T cells were serum-starved in 1 % FBS overnight with an additional 3h 

prior to treatment. Cells were treated with either vehicle (PBS 4mM HCl), rhBMP2 (5 ng/mL) or 

rhBMP2 (5 ng/mL) preincubated with rhGREM1 (25 ng/mL) for 15 min at 37 °C. All treatments were 

carried out for 15 min at 37 °C. Cells were then lysed and protein extract ran on SDS-PAGE and probed 

with antibodies reactive to phosphor-SMAD1/5/9 and SMAD1.  Membranes were reprobed with β-actin 

as the loading control. ‘+’ indicates positive control. Molecular weights are indicated on the left-hand 

side. Figure is representative of 3 individual experiments. 

A. 

B. 
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In addition to testing HUVECs and ECFCs, HEK293T cells were also tested as this 

cell line was used in a report evidencing GREM1 activation of VEGFR2, and the 

importance of fibrinogen for co-activation of the αvβ3 integrins activation (Ravelli et 

al., 2013). Furthermore, the majority of data supporting this mechanism is in relation 

to kidney disease, therefore, the same assays of VEGF and GREM1 treatment were 

carried out in HEK293T cells on non-coated and fibrinogen coated plates.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.9 VEGF nor GREM1 activates VEGFR2 in HEK293T cells 
HEK293T cells were grown on non-coated (A) or fibrinogen-coated (B) plates and grown in complete 

medium (‘non-starved) or serum starved in 1 % FBS overnight prior to 3 h serum-free before treatment 

(‘serum-starved’). Cells were treated with either rhVEGF (25 ng/mL) for 5 min or GREM1 (25 ng/mL 

or 100 ng/mL) for 15 min. Cells were lysed and run of SDS-PAGE and probed with antibodies reactive 

against pTyr 1175 and pTyr951 on VEGFR2, and pSer473 phospho-AKT. Membranes were reprobed 

with β-actin as the loading control. ‘+’ indicates positive control. Molecular weights are indicated on 

the left-hand side. 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

217 

No VEGFR2 activation is detected by VEGF treatment in HEK293T cells (Figure 

3.3.9). Furthermore, no VEGFR2 phosphorylation was detected by treatment of 

either 25 or 100 ng/mL GREM1 cells (Figure 3.3.9). Interestingly however, an 

increase in AKT phosphorylation was observed in both VEGF and GREM1 treated 

cells, although no difference between this increase in phosphorylation is observed 

between the non-coated and fibrinogen-coated plates cells (Figure 3.3.9). The 

positive control (sample of VEGF-treated ECFCs from Figure 3.3.4) used in the 

experiment confirms the cells do not undergo VEGFR2 activation rather a technical 

error. In addition, this data suggests that both VEGF and GREM1 may be acting 

through a VEGFR2-independent manner to induce AKT phosphorylation.  

 

HCT116 cells were also tested to investigate if GREM1 → VEGFR2 signalling 

could be identified in colonic epithelial cancer cells. HCT116 cells were also seeded 

on fibrinogen-coated plates and tested as previously described in Materials and 

Methods. Similarly, to HEK293T cells, neither VEGF nor GREM1 treatments 

induced any VEGFR2 phosphorylation: however, both induced equal signals of AKT 

phosphorylation (Figure 3.3.10), also suggesting that VEGF and GREM1 may induce 

AKT signalling via a VEGFR2-independent mechanism in HCT116 cells. 
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Figure 3.3.10 VEGF nor GREM1 induce VEGFR2 activation on HCT116 cells 
HCT116 cells were seeded on fibrinogen-coated plates and serum-reduced in 2 % FBS overnight and a 

further 3 h serum-free prior to treatment. Cells were treated with either rhVEGF (25 ng/mL) for 5 min 

or GREM1 (25 ng/mL or 100 ng/mL) for 15 min. Cells were lysed and run of SDS-PAGE and probed 

with antibodies reactive against pTyr 1175 and pTyr951 on VEGFR2, and pSer473 phospho-AKT. 

Membranes were reprobed with β-actin as the loading control. ‘+’ indicates positive control. Molecular 

weights are indicated on the left-hand side. 
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3.3.2 Effect of GREM1 on Cell Proliferation  

 

GREM1 has been identified as a vital regulator of cellular proliferation during 

organogenesis of numerous organs, including the lungs and kidneys (Khokha et al., 

2003; Michos et al., 2004; Ren et al., 2019). Furthermore, GREM1 has been shown 

to be vital as a regulator of BMP activity during colonic crypt development and 

maintenance, with high GREM1 at the base of the crypt required to inhibit BMP 

activity and promote proliferation of the intestinal crypt stem cells (Davis et al., 

2016).   Therefore, in addition to inducing angiogenesis, inappropriately high 

GREM1 levels are also been predicted to increase colonic epithelial cell proliferation 

as a mechanism of GREM1-mediated cancer progression (Boman and Huang, 2008; 

Lorente-Trigos et al., 2010; Mulvihill et al., 2012; Kenneth Yan et al., 2014).  

 

To investigate this in CRC, we carried out clonogenic assays on the CRC epithelial 

tumour cell line HCT116 cells using crystal violet to stain cells. Figure 3.3.12A (left) 

shows the results of the crystal violet stain on representative vehicle and GREM1-

treated wells, in addition to the scanned and stitched images taken of each well using 

the EVOS system. These images were then blinded and analysed by ImageJ after 

converting the images to binary, and percentage of area of colonies per well 

calculated as described in Materials and Methods.  

 

Firstly, it was observed that the GREM1-treated wells grew larger colonies than 

those treated with PBS (Figure 3.3.12A). In addition, upon closer inspection, 

particularly visible in the crystal violet stained images, the colonies appear much 

denser, with cells growing on top of each other in tighter clumps within the GREM1-

treated colonies in comparison to the vehicle control wells (Figure 3.3.12A). 

Furthermore, when samples were analysed for their percentage colony area per well, 
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GREM1-treated samples had a statistically significant (p < 0.05) 2.4 % mean 

increase of colony area compared to vehicle control samples (Figure 3.3.12B). These 

data therefore suggests that GREM1 increases cell proliferation of HCT116 cells and 

may be a potential mechanism of GREM1 signalling in CRC progression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.11 GREM1 promotes proliferation in HCT116 cells 
A. HCT116 cells were seeded into 6-well plates with 500 cells per well and left to adhere overnight. 

Cells were then treated with vehicle (PBS) or 1 μg/mL rhGREM1 in media, changed every 3 days. The 

experiment was stopped once colonies had formed and were observed to be in contact- approximately 

10 days.  Cells were then fixed with glutaraldehyde 6.0 % (v/v) and stained with 0.5 % crystal violet 

(w/v) as described in Materials and Methods (A, crystal violet stain). Wells were then imaged using the 

EVOS system (A, scanned image) and analysed on ImageJ for % total colony area (A, Binary analysis). 

Representative images from each treatment are shown. B. Results are displayed as mean % of total 

colony area and t-test carried out on Graphpad Prism (v6.01). * p < 0.05. n=2.  

A. 

B. 
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3.3.3 Effect of GREM1 on Cell Migration  

 

GREM1 has been suggested to increase cell migration in numerous reports, 

suggesting a potential mechanism of GREM1 in cancer progression (Kim et al., 

2012; Liu et al., 2016; de Jesus et al., 2019; Miao et al., 2019). Therefore, we 

investigated whether this mechanism was in effect in CRC progression through 

analysing the wound healing capabilities of HCT116 cells in the absence or presence 

of rhGREM1.  

 

Results showed an increase in wound closure in GREM1-treated HCT116 cells from 

8 h post-treatment, with a statistically significant increase of 12.8 % wound closure 

percentage at 12 h post-treatment compared to the vehicle control (Figure 3.3.13). 

However, this increase was not statistically significant at any of the later time points.  

 

Interestingly, a decrease in cell debris was observed in the GREM1-treated samples, 

suggesting that although GREM1 may not have a significant effect on cell migration 

in HCT116 cells, GREM1 may improve overall cell survival in serum-deprived 

conditions (Figure 3.3.13A). 
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3.3.4 Computational Analysis of Gene Expression Dataset from Vil1-

Grem1 Mouse Model 

 

As our data strongly suggested that VEGFR2 activation was not a mechanism of 

action of GREM1, we therefore needed to investigate other possible mechanisms of 

action of GREM1 in cancer. Given the wide scope of possible mechanisms and 

protein targets in CRC progression, computational analysis of the gene expression 

dataset from a Vil1-Grem1 mouse model, described briefly in the Introduction and 

obtained from Davis et al., 2014, was carried out. These mice overexpress Grem1 in 

the intestine under the control of the villin1 promoter. Widespread Grem1 protein 

staining throughout the villi was detected, along with marked pathological changes 

such as hyperplasia, ectopic crypt formation and cyst formation (Figure 3.1.8, Figure 

3.1.9) (Davis et al., 2015; Dutton, Hoare, et al., 2019).  

 

Analysis of the Vil1-Grem1 mice transcriptome data (GSE62307, total RNA obtained 

from isolated small intestinal crypt and villi from Villin-Gremlin mouse (n=6) and 

wildtype controls (n=6)) was carried out using Partek® Genomics Suite®. Lists of 

genes that had statistically significant changes (p < 0.05) in expression in comparison 

to the age-matched wild-type control mice datasets were generated, containing 1500, 

1000 and 500 genes (Appendix 1), in accordance with Ingenuity® Pathway Analysis 

(IPA)-recommended gene numbers for analyses (Krämer et al., 2014). These three 

gene list sizes were chosen to analyse as smaller sets would produce less predicted 

directional effects such as downstream functions or upstream regulators, whereas 

larger datasets tend to produce more ‘noise’ and reduce accuracy. Genes were then 

converted into their human equivalents (where applicable) using R Version 3.3.2 and 

a HGU133A annotation, and input into IPA, a bioinformatics tool that allows both 

searching and analysis using built-in data extracted from both public databases and 
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published articles (QIAGEN Inc., 

https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis; 

(Krämer et al., 2014)).  

 

Figure 3.3.13 summarises the top canonical pathways predicted to be affected in 

wild-type versus Vil1-Grem1 mice by the changes in gene expression input into IPA, 

in addition to the predicted top upstream regulators that may be involved. 

Interestingly, no single pathway is predicted as a ‘top’ pathway across all 3 gene 

lists, however, the pathways predicted between 1000 and 500 genes are more similar. 

In addition, the top 5 canonical pathways of all the gene lists are present in the lists 

of top 35 canonical pathways of the 3 gene lists (Figure 3.3.14). Furthermore, around 

half of the top 35 pathways in each gene list are immune cell related. There appears 

to be clear involvement of immune cell-based pathways, particularly of T-cells, in 

the intestines of Vil1-Grem1 mice, implying that GREM1 alter immune cells and 

their pathways. Consistently, our data suggests that GREM1 may downregulate 

signalling pathways that reduce immune cell involvement (Figure 3.3.14, green). In 

contrast, pathways involved in immune cell activation such as eIF2 signalling (Welsh 

et al., 1996; Shrestha et al., 2012), mTOR signalling (Weichhart, Hengstschläger and 

Linke, 2015; Jones and Pearce, 2017) and cholesterol biosynthesis (Bietz et al., 

2017; Reboldi and Dang, 2018), are predicted to be upregulated in Vil1-Grem1 mice 

(Figure 3.3.14, red). 

 

 

 

 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

225 

A. 1500 

B. 1000 

C. 500 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 
 

Figure 3.3.13 Top canonical pathways and upstream regulators in Vil1-Grem1 

mice 
Statistically significant gene lists were produced based on their expression fold changes between control 

mice and Vil1-Grem1 mice (1500 (A), 1000 (B) and 500 (C) genes) using R Version 3.3.2 and were 

input into Ingenuity® Pathway Analysis as described in Materials and Methods.  
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In addition to predicted canonical signalling pathways, the GREM1-induced changes 

in gene expression were also analysed for their correlation with varying diseases and 

disorders (Figure 3.3.15). Interestingly, all three gene lists identified ‘Inflammatory 

Response’ as the top disease to be associated with GREM1-induced gene expression 

changes, as well as ‘Immunological Disease’ which also appeared in all three gene 

lists (Figure 3.3.15). Furthermore, ‘Cancer’ and ‘Gastrointestinal Disease’ also 

appeared two of the three gene list analysed (Figure 3.3.15). The pattern of gene 

expression changes in Vil1-Grem1 mice also suggests a marked activation of the 

inflammatory/immune response in the intestine as a result of Grem1 overexpression. 

 

Moreover, molecular and cellular functions predicted to be associated with GREM1-

induced genes and their fold changes was also analysed by IPA. All three gene lists 

displayed similar top-affected cellular functions, including cellular growth and 

proliferation, movement, function and development- all key cellular function in 

cancer development and progression (Figure 3.3.16). Lastly, IPA also investigates 

the effects of the genes and their fold changes in ‘Physiological System Development 

and Function’. This analysis also indicated that increased GREM1 levels in the colon 

were associated with immune cell pathways, with ‘Immune Cell Trafficking’ 

identified as a top affected function in all three gene lists analysed, in addition to 

‘Cell-mediated Immune Response’ (Figure 3.3.16).  

 

These ‘Disease and Bio Functions’ outputs were also analysed as heatmaps, which 

display predicted increased functions in orange and predicted decreased functions in 

blue, with colour intensity indicating Z-score values (Figure 3.3.16, Figure 3.3.17 

and Figure 3.3.18). From these data, the variation between the three datasets were 

more visible- with the 500 gene list set having fewer predicted function effects than 
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the 1500 and 1000 gene lists (Figure 3.3.16). Importantly, key overall functions were 

comparable between the three gene lists- with all three showing an increase in 

functions associated with cancer (Figure 3.3.16 (1), Figure 3.3.17a). In contrast, the 

three gene lists predict that GREM1 causes a decrease in both cellular movement and 

immune cell trafficking within the colon (Figure 3.3.16 (2) and (3)). Interestingly, 

the three datasets also predict that GREM1 may increase functions associated with 

inflammation (Figure 3.3.16 (4)). These overall functions were then examined in 

more detail. IPA predicted that functions related to cancer were increased in 

functions involved in increased tumorigenesis, neoplasia and metastasis as well as a 

decrease in cell death (Figure 3.3.17a). Interestingly, gene expression changes in 

Vil1-Grem1 mice were found to be associated with increased lung, thoracic, 

abdominal and digestive system cancers, with decreased functions associated with 

leukaemia and cancer progression (Figure 3.3.17a). Furthermore, IPA predicted 637 

genes, including CLDN2, BMP3, HIF1α and SLC, and their associated fold changes 

to be linked with increased digestive system cancers (Figure 3.3.17A). When the 

functions involved ‘Cell Movement’ were examined in more detail- all associated 

functions were predicted to be decreased in Vil1-Grem1 mice, including ‘Cell 

Movement’, ‘Migration’, ‘Chemotaxis’ and ‘Recruitment’ (Figure 3.3.17B). In 

agreement with these findings, the functions ‘Chemotaxis’, ‘Activation’ and ‘Cell 

Movement’ under ‘Inflammatory Response’ were also predicted to be decreased. 

However, in contrast, functions associated with ‘Inflammation’ were predicted to be 

increased (Figure 3.3.18). In particular, ‘Inflammation of GI Tract’ and 

‘Inflammation of Intestine’ were predicted to be statistically significantly increased, 

with key genes involved in these pathways such as ID2 and CCL3L3 increased. 

Furthermore, our data suggests that an increase in GREM1 mouse colon is associated 
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with deactivating pathways involved in leukocytes and lymphocyte movement, 

migration and recruitment of leukocytes (Figure 3.3.18). 
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Figure 3.3.15 Top predicted Disease and Bio functions affected in Vil1-Grem1 

mice 
Lists of 1500, 1000 and 500 statistically significant genes and their associated fold changes between 

control and Vil1-Grem1 mice were produced using R Version 3.3.2 and were input into Ingenuity® 

Pathway Analysis as described in Materials and Methods. Figure displays the top physiological system 

development and functions predicted to be affected by the input genes and their change in expression 

levels, in addition to the number of molecules involved in the functions and the p-value range of each 

molecule involved.  

 

 

 

 

 

 

C. 500 gene list 
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Figure 3.3.16 Heat map of predicted canonical pathways affected in Vil1-Grem1 

mice 
Gene lists of 1500, 1000 and 500 were produced using R Version 3.3.2 of genes based on their 

statistically significant fold changes between control and Vil1-Grem1 mice. These gene lists were then 

analysed in Ingenuity® Pathway Analysis as described in Materials and Methods. Figure represents 

heat maps of the canonical pathways that are predicted to be increased (orange), decreased (blue) or 

unaffected (grey) by the genes and their associated fold changes. Key pathways are numbered for 

clarity- 1. Cancer, 2. Cellular movement, 3. Immune cell trafficking, 4. Inflammatory response. 

Pathways are shown in more detail in Figures 3.3.17 and 3.3.18. 

 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

232 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 B
. 

A
. 

F
ig

u
re

 3
.3

.1
7
 H

ea
t 

m
a
p

 o
f 

C
a
n

ce
r 

a
n

d
 C

el
lu

la
r
 m

o
v
em

en
t 

ca
n

o
n

ic
a
l 

p
a
th

w
a
y
s 

p
re

d
ic

te
d

 t
o
 b

e
 a

ff
ec

te
d

 b
y
 V

il
1

-G
re

m
1
 m

o
u

se
 g

en
e 

ex
p

re
ss

io
n

 
1

5
0

0
 g

en
es

 o
f 

th
e 

to
p
 s

ta
ti

st
ic

al
ly

 s
ig

n
if

ic
an

t 
u

p
- 

o
r 

d
o

w
n

-r
eg

u
la

te
d

 g
en

es
 b

as
ed

 o
n
 t

h
ei

r 
fo

ld
 c

h
an

g
e 

in
 e

x
p

re
ss

io
n

 f
ro

m
 c

o
n

tr
o

l 
an

d
 V

il
1

-G
re

m
1

 m
ic

e 
w

as
 p

ro
d

u
ce

d
 a

n
d

 i
n

p
u

t 
in

to
 

In
g

en
u

it
y

®
 P

at
h

w
ay

 A
n

al
y

si
s 

as
 d

es
cr

ib
ed

 i
n

 M
at

er
ia

ls
 a

n
d

 M
et

h
o

d
s.

 F
ig

u
re

 s
h

o
w

s 
h

ea
t 

m
ap

 o
f 

p
re

d
ic

te
d
 i

n
cr

e
as

ed
 (

o
ra

n
g

e)
, 
d

ec
re

as
ed

 (
b

lu
e)

 a
n
d

 u
n
af

fe
ct

ed
 (

g
re

y
) 

ca
n

o
n

ic
al

 

p
at

h
w

ay
s 

in
 A

. 
C

an
ce

r 
an

d
 B

. 
C

el
lu

la
r 

m
o

v
em

en
t.

 I
n

cr
ea

se
 i

n
 s

h
ad

e 
in

te
n

si
ty

 i
n
d

ic
at

es
 i

n
cr

ea
se

 i
n

 Z
-v

al
u

es
. 
 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

233 

F
ig

u
re

 3
.3

.1
8
 H

ea
t 

m
a
p

 o
f 

In
fl

a
m

m
a

to
ry

 r
es

p
o
n

se
 p

re
d

ic
te

d
 a

ff
e
ct

ed
 c

a
n

o
n

ic
a
l 

p
a
th

w
a
y
s 

in
 V

il
1

-G
re

m
1

 m
o
u

se
 g

en
e 

ex
p

re
ss

io
n

. 
1

5
0

0
 o

f 
th

e 
to

p
 u

p
- 

an
d

 d
o

w
n

-r
eg

u
la

te
d

 s
ta

ti
st

ic
al

ly
 s

ig
n

if
ic

an
t 

g
en

es
 b

et
w

ee
n

 c
o

n
tr

o
l 

an
d

 v
il

1
-g

re
m

1
 m

o
u

se
 g

en
e 

ex
p

re
ss

io
n

 d
at

as
et

s 
w

as
 p

ro
d

u
ce

d
 a

n
d

 i
n

p
u

t 
in

to
 I

n
g

en
u

it
y

®
 

P
at

h
w

ay
 A

n
al

y
si

s 
as

 d
es

cr
ib

ed
 i

n
 M

at
er

ia
ls

 a
n

d
 M

et
h
o

d
s.

 F
ig

u
re

 p
re

se
n

ts
 t

h
e 

p
re

d
ic

te
d

 a
ff

ec
te

d
 c

an
o
n

ic
al

 p
at

h
w

ay
s 

in
 I

n
fl

am
m

at
o

ry
 r

es
p

o
n

se
 w

it
h

 p
re

d
ic

te
d

 i
n

cr
ea

se
 p

at
h

w
ay

s 

(o
ra

n
g
e)

, 
d

ec
re

as
ed

 (
b

lu
e)

 a
n
d
 u

n
af

fe
ct

ed
 (

g
re

y
) 

sh
o

w
n

. 
In

cr
ea

se
d

 s
h

ad
e 

in
te

n
si

ty
 c

o
rr

el
at

es
 t

o
 Z

-v
al

u
e.

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

234 

SUMMARY 

 

In this chapter, varying predicted non-canonical signalling mechanisms of action of 

GREM1 were investigated, with the aim of elucidating possible mechanisms of 

GREM1 signalling in cancer.  

 

Firstly, the most well-described non-canonical signalling pathway defined within the 

literature i.e. VEGFR2 activation was examined. In contrast to reports from Presta 

and others (Stabile et al., 2007; Mitola et al., 2010), our data strongly suggests that 

GREM1 does not activate VEGFR2 in a range of cell lines, including HUVECs and 

HEK293T cells, which have previously described as displaying evidence for 

GREM1-induced VEGFR2 activation (Figure 3.3.1-3.3.10). Furthermore, we 

demonstrated that GREM1 did not induce VEGFR2 activation the endothelial 

progenitors ECFCs using a range of techniques (Figure 3.3.3- 3.3.8). Importantly, we 

also detected no increase in Vegfr2 phosphorylation in Vil1-Grem1 transgenic mouse 

small intestine samples suggesting that even when Grem1 is massively 

overexpressed, no increase in Vegfr2 phosphorylation was detected (Figure 3.3.11). 

 

In addition to angiogenesis, GREM1 has also been identified to increase cancer cell 

proliferation and migration (Sneddon et al., 2006, Kim et al., 2012; Liu et al., 2016). 

Therefore, these mechanisms were also investigated with the CRC cell line HCT116. 

Our results showed that GREM1 does cause an increase in HCT116 cell proliferation 

(Figure 3.3.12). In contrast, data presented in Figure 3.3.13 suggests that GREM1 

does not have a sustained effect on HCT116 cell migration, with a significant 

difference in wound closure detected at the 8 h time point only. However, these 

findings are preliminary and further investigation using techniques such as flow 

cytometry and thymidine incorporation, as well as additional cell lines will be 
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necessary before a definitive conclusion about the effect of GREM1 on cell 

proliferation and migration of CRC cells can be made.  

 

Lastly, a computational genomics approach was also taken to investigate possible 

GREM1 mechanisms of action. The publicly available Vil-Grem1 mouse dataset was 

analysed for statistically significant changes in gene expression in comparison to the 

control wild-type mice. These datasets were analysed for predicted gene expression 

relationships and pathways using Ingenuity® Pathway Analysis. Data produced 

suggested numerous Grem1-mediated effects on immune cell-related pathways, 

including increased inflammatory responses. Interestingly, our data suggested a 

decrease in pathways associated with cellular movement and migration which 

contrasted with our own scratch wound assay data (Figure 3.3.13). Possible 

mechanisms in which GREM1 may be altering gene expression are summarised in 

Figure 3.3.19. The large fold changes are indicative of an increased variety of cell 

types that were previously not present in the control mice, such as inflammatory 

immune cells, or increased numbers of epithelial cells. 

 

 

 

 

 

 

 

 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

236 

 

 

 

 

 

 

 

 

 

Figure 3.3.19 Schematic diagram showing the varying effects that increased 

Grem1 expression in colonic epithelial cells could have in the colon.  
Overexpression of Grem1 within epithelial cells of the Vil1-Grem1 mice could cause the altered gene 

expression of the villi through varying mechanisms. 1. Autocrine, both through direct signalling or by 

indirect signalling such as BMP signalling, changing the expression profile of the epithelial cells. 

Possible affected pathways include cell movement and cell migration as predicted by IPA. 2. 

Intracellular signalling, altering expression of Grem1-regulated genes within the cell, 3. Paracrine 

signalling, altering the expression profiles of differing cellular populations in the tissue, such as 

fibroblasts, confirmed by data presented in Figure 3.1.4 and 3.1.5, and 4. Effects on immune cell 

populations, as predicted by IPA: a decrease in T cell signalling and chemotaxis, however an increase 

in inflammation and inflammatory pathways such as NK and macrophage cell signalling. 

 

 

 

 

 

 

 

 

 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

237 

DISCUSSION 

 

Apart from its well-described role as a soluble BMP antagonist, there are several 

predicted GREM1 non-canonical pathways, of which VEGFR2 activation to induce 

angiogenesis is the best described in the literature (Stabile et al., 2007; Mitola et al., 

2010). In contrast to these reports, we could not demonstrate that GREM1 activates 

VEGFR2, nor induce downstream AKT signalling in HUVECs nor multiple other 

cell lines. These contrasting results could be explained by the variations possible in 

the culture medium used by other groups, for example additional growth factors or 

contaminating VEGF. Furthermore, in correspondence with authors of Marquez-

Exposito et al., (2018), who identified GREM1 activation of VEGFR2 in HK2 cells, 

these authors confirmed they obtained varying results between cell lines and 

described unpublished data whereby they saw strong background signal from surface 

plasmon resonance measurements of GREM1 binding, suggesting that GREM1 is 

likely binding to many other proteins on the cell surface (Ruiz-Ortega, 2019). 

Interestingly despite no VEGFR2 phosphorylation, AKT activation by VEGF and 

GREM1 treatment was observed in HEK293T cells, warranting further investigation 

into VEGFR-independent GREM1 activation of AKT. Of importance, VEGFR2 is 

not expressed in HEK293T cells (The Human Protein Atlas, 2020), confirmed by 

QT-PCR (data not shown), and therefore we would not expect VEGFR2 activation in 

these cells. In addition, we also tested the importance of fibrinogen for co-activation 

of the αvβ3 integrins suggested by Mitola et al. (2010) to be necessary for GREM1-

induced VEGFR2 activation. We found no effect of fibrinogen coating on the ability 

of GREM1 to trigger VEGFR2 activation nor downstream AKT signalling on any 

cell lines tested. Lastly, our findings were further validated by showing that GREM1 

does not interfere with VEGF-induced VEGFR2 activation, suggesting that GREM1 
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does not bind to VEGFR2 nor enhance or disrupt VEGFR2 signalling. Additionally, 

we showed no GREM1-induced VEGFR2 activation by ICC, any effect of GREM1 

on VEGFR2 gene expression levels, nor any effect on ECFC barrier function. 

Collectively, these data challenge the reported interactions between GREM1 and 

VEGFR2 in human cells, and, we believe confirm that GREM1 does not bind to, nor 

activate, VEGFR2 signalling.   In addition, the findings presented in this chapter, in 

combination with previously published data from our laboratory demonstrating 

retinal vasculature and vasculature of other tissues developed normally in Grem1-/- 

mice (Church et al., 2017), also suggest that not only does GREM1 not affect 

VEGFR2 activation, but does not contribute to a pro-angiogenic drive via other 

signalling pathways during development. Therefore, we believe the effects of 

GREM1 on cancer and other diseases such as diabetic kidney disease and retinopathy 

to be VEGFR2-independent. Importantly, these findings were published in 2019 

(Dutton, O’Neill, et al., 2019) as shown in Appendix 10. 

 

We investigated other predicted mechanisms of GREM1 in cancer, including 

promoting cancer cell proliferation and migration (Sneddon et al., 2006; Lorente-

Trigos et al., 2010; Kim et al., 2012; Mulvihill et al., 2012; Kenneth Yan et al., 

2014; Liu et al., 2019). Data presented in this chapter suggests that GREM1 causes 

an increase in HCT116 proliferation. Although this is a minimal increase, the results 

are statistically significant, with the experiment carried out over approximately 10 

days. Therefore, it is possible this increase in proliferation may be more significant 

over longer periods of time. This is in agreement with previously publish data in the 

field, which showed that GREM1 increased the doubling time of basal cell 

carcinoma cells (Sneddon et al., 2006). However, additional CRC cell lines need to 

be investigated to substantiate these findings. In addition, it would be important to 
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define the effects of GREM1 on colon fibroblasts and CAFs, as previous articles 

suggest that GREM1 may also affect their proliferation and migration in addition to 

the cancer cells themselves (Ren et al., 2019). Furthermore, the addition of GREM1 

on normal colon cells needs to be investigated, to determine if GREM1 is the driver 

of proliferation, or whether it requires accumulated driver mutations obtained in 

HCT116 cells. Interestingly, the computational analysis of Vil1-Grem1 transgenic 

mouse gene expression changes suggest a decrease in cellular functions including 

movement and proliferation (Figure 3.3.16). This contrasts with data presented in 

Figure 3.3.12 and 13, suggesting that GREM1 promotes proliferation at 8 h and has 

no negative effects on cell migration in the CRC cell line HCT116. Published papers 

also identifying that GREM1 promoted cell migration and proliferation in a range of 

cell lines (Sneddon et al., 2006; Lorente-Trigos et al., 2010; Kim et al., 2012; 

Mulvihill et al., 2012; Kenneth Yan et al., 2014; Liu et al., 2019). 

 

To provide further insight, a computational approach was taken to further elucidate 

GREM1 affects in CRC. Analysis suggested GREM1 signalling may induce an 

inflammatory response in GREM1-induced CRC. Interestingly, it was demonstrated 

that BMP4 can regulate autophagy and polarize macrophages into anti-inflammatory 

phenotypes (Martínez et al., 2017; Deng et al., 2018). Therefore, as a BMP4 

antagonist, this supports the hypothesis that GREM1 may increase inflammation in 

tissues. Furthermore, data presented suggests that GREM1 increases infiltration of 

inflammatory cells and upregulated pro-inflammatory factors (Lavoz et al. 2015). In 

addition, previous reports suggest GREM1 may signal via the Notch and the 

canonical and non-canonical Nuclear Factor Kappa B (NF-κB) pathway in the 

kidney, leading to increased pro-inflammatory cytokines and renal cell inflammation 

(Lavoz et al., 2018). There are currently very few data regarding GREM1 and the 



Chapter 3: Results- 3.3 Investigation into GREM1 Mechanisms of Action 

240 

immune response, and, it would be interesting to investigate these pathways in 

relation to CRC cell lines and animal models, especially with regards to the NF-κB 

pathway and T-cells. T-cells were listed to be statistically significantly affected by 

GREM1 overexpression from the IPA computational analysis (Figure 3.3.16 and 17). 

Interestingly, reports also identify Noggin, another BMP antagonist, to inhibit 

BMP2-mediated IL-2 production via SMAD signalling in human T lymphocyte, 

Jurkat cells (Yoshioka et al., 2012). However, their data also did not show any 

significant effects of Noggin on T-cell proliferation or differentiation (Yoshioka et 

al., 2012), as predicted by our computational analysis. Interestingly, reports currently 

identify the importance of BMPs in regulating T-cell development within the 

thymus, and have demonstrated that BMP signalling blockade impairs T-cell 

proliferation, involving canonical BMP signalling and IL-7 (Patel et al., 2006; 

Yoshioka et al., 2012; Laurila et al., 2013; Martínez et al., 2015; Yan et al., 2017). 

Furthermore, previously published data showed the BMP pathway activation is vital 

for human CD4+ T-cell activation and homeostasis (Martínez et al., 2015). Therefore, 

it is possible, in combination with data presented in this chapter, to suggest GREM1 

may regulate these processes via inhibiting BMP signalling. In addition, important 

genes involved in these pathways, such as interleukin-2 receptor, interleukin-7 

receptor and T-cell receptor (TCR), were present and fold changes statistically 

significantly decreased, further supporting these interpretations. Furthermore, IL2 

and TCR, shown to be essential in BMP T-cell activation (Martínez et al., 2015), 

were both top predicted inhibited upstream regulators from the input gene lists in 

IPA (Figure 3.3.16). These findings are important as T helper cells are known to help 

target tumour cells (Borst et al., 2018), and therefore this may be a possible 

mechanism of high GREM1 tumours to evade destruction from immune cells.   
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Of interest, cholesterol biosynthesis was predicted to be upregulated in Vil1-Grem1 

mice (Figure 3.3.14, red), a hallmark feature for many cancers, shown to 

substantially promote cancer progression through increased cell proliferation, 

migration and invasion (Huang, Song and Xu, 2020). Cholesterol biosynthesis plays 

an important role in cancer progression, as high levels of cholesterol are required for 

membrane biogenesis (Huang, Song and Xu, 2020). Moreover, cholesterol is a 

precursor to bile acids and steroid hormones, which can initiate or promote cancers, 

including colon cancer (Degirolamo et al., 2011). Cholesterol has also been shown to 

regulate signalling pathways involved in tumorigenesis and cancer progression 

through covalent modifications of proteins, including Hedgehog, mTORC1 and 

Smoothed (Porter, Young and Beachy, 1996; Xiao et al., 2017), as well as aiding 

specialized membrane microdomain formation (Sheng et al., 2014). Of further 

relevance in regards to Vil1-Grem1 mice and CRC, mTOR signalling was also a 

predicted increased pathway (Figure 3.3.14, red) and Hedgehog signalling has key 

roles in intestinal crypt homeostasis (Büller et al., 2012), therefore this predicted 

increase in cholesterol biosynthesis induced by Grem1 overexpression warrants 

further investigation.  

 

 

Interestingly, several other canonical pathways associated with cancer were also 

predicted to be affected by GREM1 over-expression in the intestine of Vil1-Grem1 

transgenic mice. For example, eIF signalling was the top predicted affected canonical 

pathway of the 1500 gene list analysis, and has been shown to be increased in colon 

cancer cells (Song et al., 2013; Sharma et al., 2016). Knockdown of eIF signalling 

causes reduced cell proliferation and induced apoptosis in HCT116 cells (Song et al., 

2013). In addition, mTOR signalling was also a top predicted canonical pathway 

affected by Grem1 over expression in the Vil1-Grem1 mouse intestine, a pathway 
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activated in many cancer types including colon cancer (Francipane and Lagasse, 

2014). Furthermore, in agreement with the predicted methods of GREM1-altered 

gene expression summarised in Figure 3.3.19, Jiang Ren et al. (2019) found that 

increased GREM1 activated breast cancer CAFs, altering their gene expression 

levels, including genes also upregulated in our Vil1-Grem1 mouse analysis such as 

ID1, ID3, TGFβ targets and matrix metalloproteinases (MMPs).  To investigate these 

mechanisms further it would be interesting to stain for specific cell types, or to cell 

sort using FACS for further gene expression analysis. Additionally, examining the 

difference in gene expression between high or low GREM1 CRC tumours and 

normal tissue may also provide further insight into possible GREM1 signalling 

mechanisms.  

 

Alternatively, it is important to consider that some of these changes in gene 

expression and predicted pathway may be caused by general dysbiosis within these 

mice, the effect of which overrides CRC-specific mechanisms. Dysbiosis is 

described as the loss of the balanced, non-pathological interactions between 

microorganisms and humans cells within the gut, in which the microbiota produces 

harmful effects, for example via changes to their metabolic activity, or changes to 

their local distribution (Myers, 2004).  Therefore, this imbalance could have been 

induced by the ectopic crypt growth within the Vil1-Grem1 mice. For example, 

GREM1 has been shown in a variety of cancers, including CRC, to induce increase 

cell proliferation, migration and invasion (Karagiannis et al., 2012; Jang et al., 

2016), therefore the reduction in cell movement and migration within Vil1-Grem1 

mice may be due to dysbiosis, as research has shown resident gut bacteria are 

capable of secreting molecules which in turn can prevent tumour growth and 

invasion (Vivarelli et al., 2019). Furthermore, data also shows dysbiosis to cause 
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commensal bacteria to be remodelled towards pathogenic states causing an immune 

response, promoting pathogenic inflammation associated with CRC (Toor et al., 

2019)  

 

Overall, data presented in this chapter provides important clarification on the 

potential relationship between GREM1 and VEGFR2, opening possibilities for other 

non-canonical signalling mechanisms to be explored in more detail. Subsequently, 

we carried out computational analysis of mouse model gene expression data 

representative of HMPS patients, Vil1-Grem1 transgenic mice, to elucidate possible 

mechanisms based on the changes in gene expression in comparison to normal tissue. 

This method provided multiple exciting avenues of research into the role of GREM1 

in CRC, which will require further exploration- such as involvement of immune 

cells.  
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3.4 GREM1 AS A POTENTIAL THERAPEUTIC TARGET 

 

INTRODUCTION 

 

Colorectal cancer (CRC) is the third most common cancer affecting both men and 

women worldwide, accounting for a total of 10.2 % of malignancies (Mattiuzzi, 

Sanchis-Gomar and Lippi, 2019). Based on current predictions by Arnold et al., 

(2017), an estimated 2.2 million new cases of CRC are expected globally by 2030, an 

increase of 60 %  (Arnold et al., 2017). In addition to this predicted increase, CRC 

accounted for approximately 794,000 deaths globally in 2016, making it the fourth 

leading cause of cancer-associated death worldwide (Mattiuzzi, Sanchis-Gomar and 

Lippi, 2019). Furthermore, approximately one third of all CRC patients will present 

with metastatic disease (Kopetz, 2019). Treatment for CRC patients consists 

primarily of surgery, adjuvant chemotherapy, neoadjuvant radiotherapy and targeted 

therapy (Van Der Jeught et al., 2018). A contributing source to this high CRC 

mortality (in addition to metastasis), is drug resistance. Almost half of all metastatic 

CRC patients are resistant to the most commonly used CRC treatments, 5-

fluorouracil (5-FU)-based chemotherapies (Douillard et al., 2000). In addition, many 

alternative treatments for CRC are considered palliative, aiming to increase life 

duration and quality rather than curing the patient (McQuade et al., 2017).  

Therefore, there is a clear need for the development of new CRC treatments to 

combat the increasing patient numbers, high mortality, and drug resistance.  

 

Data presented in Chapter 3.1 identifies that high GREM1 is associated with poor 

prognosis in numerous cancers, including gastric cancer (Figure 3.1.1). Furthermore, 

the association of high GREM1 expression and CRC has been identified in HMPS 
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and TSA CRCs (Jaeger et al., 2012; Pelli, Juha P Väyrynen, et al., 2016). Our data 

showed non-HMPS patients with high GREM1 from five distinct data sets were all 

associated with worse survival compared to patients with low GREM1 expression 

(Figure 3.1.3A). Furthermore, analysis showed high GREM1 to be associated with 

the stromal, metastatic CMS4 subtype, (Figure 3.1.3B and Figure 3.1.4) the subtype 

with worst overall survival and relapse-free survival of all the CMS subtypes 

(Guinney et al., 2015). Overall, data presented in this thesis in combination with 

published reports, suggest GREM1 to be critically involved in CRC promotion and 

progression. Therefore, we suggest that GREM1 may be a potential therapeutic target 

for CRC, however, there are few reports of effective inhibitors of GREM1 in the 

literature. This chapter will extend the effort to identify novel inhibitors of GREM1 

in an effort to improve therapeutic options for CRC treatment in patients.  
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EXPERIMENTAL STRATEGY 

 

To investigate FDA-approved small molecule compounds that may be possible high 

GREM1 CRC treatment options, connectivity mapping using QUB Accelerated Drug 

And Transcriptomic Connectivity (QUADrATiC) software (O'Reilly et al., 2015) 

was carried out. QUADrATiC uses the NIH Library of Integrated Network-based 

Cellular Signatures Program (LINCS) dataset, modified to consist of FDA-approved 

small molecule compounds only, as the ‘reference’ genes set. The ‘query’ gene set 

used was the previously described Vil1-Grem1 vs WT mouse small intestine dataset 

gene expression data (Davis et al., 2015) (GSE62307). These gene sets were 

analysed by Partek to produce gene lists of the top 150, 100 and 50 statistically 

significant up- and down-regulated genes, input as the ‘query’ gene set and analyses 

carried out as suggested by the software developers- using the ‘drug name + cell line 

+ concentration + time’ analysis sets with 2000 p-value random signatures. The 

workflow for this is summarised in Figure 3.4.1. 

 

The predicted FDA-approved small molecule compounds from QUADrATiC 

analysis then reviewed in the literature and were then tested on varying cell types to 

investigate the effects on GREM1 expression and cell death.  

 

In addition to computational analysis to discover possible high GREM1 CRC 

treatments, small molecule inhibitors of GREM1 were also developed within our 

laboratory and so lead inhibitors from this work were also tested as potential anti-

GREM1 cytotoxic agents for cancer cells. 
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Figure 3.4.1 Workflow schematics of QUADrATiC connectivity mapping 

analysis of Vil1-Grem1 mouse gene expression dataset for predicted high 

GREM1 CRC treatments  
The Vil1-Grem1 mouse gene expression dataset was analysed for gene expression fold changes in 

comparison to WT control mouse dataset from Davis et al. (2015) using GEOR (GSE62307). The 

original 45,282 gene signature list was converted to statistically significant genes (p < 0.05) with a +/- 

1.5-fold change. Mouse gene IDs were converted to matching human IDs were possible using HG133A 

dataset in Partek and lists of the top 150, 100 and 50 human IDs were made. These IDs were then 

converted into Affymetrix probes for QUADrATiC input ‘drug name + cell line + concentration + time’ 

analysis sets with 2000 p-value random signatures. Drugs identified were then reviewed in the literature 

and Cerulenin, Simvastatin and Quinidine selected for further investigation.  

 

A. 

B. 
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RESULTS 

 

3.4.1 QUADrATiC Connectivity Mapping 

 

Three gene lists of the top 150, 100 and 50 statistically significant (p < 0.05) up- and 

down- regulated genes from Vil1-Grem1 mice in comparison to WT mice were 

produced as described in Section 3.3.4 and Materials and Methods. These gene lists 

were then input into QUADrATiC for connectivity mapping and the top 7 outputs 

displayed in Table 4.3.1. 

 

 

Table 3.4.1 Top candidate drugs for the treatment of high GREM1 CRC as 

predicted by QUADrATiC connectivity mapping software 
Lists consisting of the top 150, 100 and 50 top up- and down-regulated statistically signifigant genes 

between Vil1-Grem1 mice and WT mice (GSE62307) were analysed using QUADrATiC Connectivity 

Mapping software to predict possible high GREM1 CRC drug candidates. Table shows the predicted 

FDA approved drug alongside the cell line and cancer type the data originated from, the lists in which 

the hit was present as well as connectivity and Z-score.  

 

 

Drug Cell Line Origin Lists 
Connectivity 

Score 

Z-

Score 

Cerulenin NCIH2073 
Lung 

adenocarcinoma 

50, 100, 

150 
-0.239 -4.575 

Simvastatin SNU-C5 
Stomach 

carcinoma 

50, 100, 

150 
-0.270 -5.077 

Quinidine HCC515 
Lung 

adenocarcinoma 

50, 100, 

150 
-0.226 -4.806 

Metaxalone PHH Hepatocyte 50, 100 -0.312 -5.418 

Chlorphenamine PHH Hepatocyte 50, 100 -0.286 -4.726 

Modafinil HA1E 
Kidney 

epithelium 
50, 100 -0.221 -4.863 

Trioxsalen HA1E 
Kidney 

epithelium 
50, 100 -0.316 -4.896 
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QUADrATiC connectivity mapping aims to reverse the gene expression changes 

between the ‘query’ back to the ‘reference’ inputs (O’Reilly et al., 2016). Therefore, 

QUADrATiC was used to predict small molecule compounds that would adjust the 

input 150, 100 or 50 gene expression changes in Vil1-Grem1 mice back to those 

observed in the WT mouse dataset. Therefore, the predicted outputs are not based on 

biological plausibility of the candidate drug and does not mean any candidates are 

necessarily GREM1-specific. It is also important to note that QUADrATiC outputs 

are based on the known effects on the ‘query’ gene expression data observed from 

the drug on the specifically listed cell lines and is therefore may not be relevant to 

the pathways involved in CRC. Therefore, in addition to the QUADrATiC outputs, 

the literature was also reviewed to narrow the list of possible candidates identified by 

QUADrATiC. From the combination of these two analyses, cerulenin, simvastatin 

and quinidine were chosen for further investigation (Figure 3.4.2). 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.2 Gene probe signatures contributing to QUADrATiC-predicted 

drugs for high GREM1 CRC treatment    
Gene lists of the top 150, 100 and 50 up- and down-regulated genes from Vil1-Grem1 mice vs WT mice 

gene expression data (GSE62307) were analysed by QUADrATiC for connectivity mapping as 

described in Materials and Methods. Cerulenin, quinidine and simvastatin were chosen as top candidates 

based on QUADrATiC analysis in combination in review of the literature. Red colouring shows higher 

levels of contribution to reversing input gene expression changes, whilst yellow shows lower 

contribution.  
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Once candidate drugs were identified, they were tested at concentrations based on the 

QUADrATiC analysis and review of the literature, on various cell lines maintained 

within the laboratory to evaluate whether these drugs could target GREM1 

expression specifically.  

 

The thyroid cancer cell line S117 was first tested as this cell line had the highest 

GREM1 expression levels of all the cell lines that were currently maintained within 

our laboratory. S117 cells were treated with the drugs overnight and GREM1 

expression levels measured (Figure 3.4.3). Simvastatin had the largest effect on 

GREM1 expression, with all three concentrations reducing GREM1 expression by 

approximately 5-fold, with an increase in cell stress and death also visible (Figure 

3.4.3). Quinidine caused a more modest effect on the cells, with around 50 % less 

cells in the highest concentration of 250 μM (Figure 3.4.3). Interestingly, the 

GREM1 expression increased with higher concentrations of Quinidine, decreasing 

around 3-fold to 0.3 at 25 μM, and a non-significant decrease at 100 μM, and a 0.5-

fold increase at 250 μM (Figure 3.4.3). Finally, Cerulenin caused the most cell death 

at the highest concentration (50 μM), with around 70 % of cells dead compared to 

vehicle control (Figure 3.4.3).  However, Cerulenin did not affect GREM1 mRNA 

expression levels, suggesting the toxic effect on cells may be GREM1-independent. 

From these data, Simvastatin was chosen to investigate further in other cell lines, at a 

concentration of 10 μM as this induced cell death in S117 cells and there was no 

significant difference between the three concentrations on the effect on GREM1 

expression (Figure 3.4.3). 
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Figure 3.4.3 QUADRaTiC-predicted drug treatments inhibit GREM1 expression 

in S117 cells 
Probe lists of the top 150, 100 and 50 up- and down-regulated genes (p <0.05) from Vil1-Grem1 mouse 

gene expression dataset in comparison to WT mouse control dataset (GSE62307) were analysed by 

QUADRaTiC and, in combination with review of the literature, three FDA-approved drugs and 

associated concentrations were produced, predicted to counteract the changes in gene expression caused 

by Grem1 overexpression in intestinal epithelial cells. S117 cells were treated with the chosen 

concentrations of Cerulenin, Quinidine and Simvastatin or vehicle (PBS) overnight. Cell images were 

taken post-treatment and RNA extracted for DNA to measure GREM1 expression levels using 

ThermoFisher TaqMan probe set and Roche LightCycler 480. Relative expression levels were 

calculated using the Ct method with β-actin and 18S as housekeeping controls as described in 

Materials and Methods. GREM1 data was normalised to vehicle control and data plotted as mean 

foldchange +/- SD. Statistical analysis was done using two-way ANOVA with Bonferroni’s multiple 

comparison test. * p < 0.05, * p < 0.005, ns non-significant in comparison the vehicle control. 
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Simvastatin was used to treat CCD18co, a normal colon fibroblast cell line. As 

demonstrated in Chapter 3.1, fibroblasts are the source of GREM1 within CRC. 

Simvastatin treatment of CCD18co cells overnight inhibited proliferation in 

comparison to vehicle control (Figure 3.4.4). Cell density of simvastatin treated 

compared to pre-treatment was similar in contrast to the vehicle treatment which had 

around double the cell density. Furthermore, CCD18co colon fibroblasts treated with 

Simvastatin express half the levels of GREM1 mRNA compared to vehicle control 

(Figure 3.4.4).  These results show that Simvastatin is capable of not only reducing 

the potential cell source of GREM1 in the colon, but also inhibited GREM1 

expression in these normal colon fibroblasts (Figure 3.4.4). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.4 Simvastatin inhibits GREM1 expression in CCD18co colon 

fibroblasts 
CCD18co cells were treated with 10 μM Simvastatin or vehicle (PBS) overnight and imaged pre- and 

post-treatment. Images are representative of 3 images per well with 3 wells per treatment and n=3. Cells 

were washed once with PBS and RNA extracted for DNA synthesis to measure GREM1 expression 

levels using ThermoFisher TaqMan probe set and Roche LightCycler 480. The Ct method using β-

actin and 18S as housekeeping controls was used to calculate relative expression levels as described in 

Materials and Methods. GREM1 data was normalised to vehicle control and data plotted as mean 

foldchange +/- SD. Statistical analysis was done using two-tailed t-test with Bonferroni’s multiple 

comparison Test. ** p < 0.01.  
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Next, HeLa, HEK293T and HCT116 cells were also treated to investigate the effects 

of Simvastatin on cell lines that express GREM1 (HeLa) compared to cell lines that 

do not express GREM1 (HEK293T and HCT116). The effects of Simvastatin on a 

non-cancerous cell line (HEK293T) compared to a CRC cell line were also 

compared. Similar to CCD18co cells, HeLa cells treated with Simvastatin had a 

reduction in GREM1 expression, and also did not appear to display high cell stress or 

death (Figure 3.4.5). Simvastatin did appear to slightly reduce the growth of HeLa 

cells, with a less dense population of cells evident in comparison to the vehicle 

control (Figure 3.4.5). As expected, no GREM1 was detected in either the vehicle or 

Simvastatin-treated HEK293T or HCT116 cells (Figure 3.4.6A). Interestingly, no 

visible changes in HEK293T cells were observed after Simvastatin treatment, with 

no visible signs of reduced proliferation or increased cell stress or cell death (Figure 

3.4.6B). In contrast, HCT116 cells, despite also not expressing GREM1, had 

increased cell stress and cell death in Simvastatin-treated cell in comparison to 

vehicle controls (Figure 3.4.6B). These data suggest that the effects of Simvastatin 

on cell survival may not solely be GREM1-dependent and may induce cell death via 

GREM1-independent mechanisms.   
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Figure 3.4.5 Simvastatin treatment reduces GREM1 expression in HeLa cells 
HeLa cells were treated with 10 μM Simvastatin or vehicle (PBS) overnight and imaged both pre- and 

post-treatment, with images representative of 3 images taken per well, 3 wells per treatment and n=3. 

RNA was extracted from the cells and DNA synthesised to run on Roche LightCycler 480 using 

ThermoFisher TaqMan probe set to determine GREM1 expression. Housekeeping genes 18S and β-

actin were also used as controls to calculate relative expression levels using the Ct method as 

described in Materials and Methods. GREM1 data was normalised to vehicle control and data plotted 

as mean foldchange +/- SD. Statistical analysis was done using two-way t-test with Bonferroni’s 

multiple comparison Test. ** p < 0.01.  
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A. 

B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.6 Simvastatin causes cell death in CRC cell line HCT116 but not 

normal kidney epithelial cell line HEK293T 
A. Representative figure of Roche LightCycler 480 readout for both HEK293T and HCT116 cells. No 

GREM1 expression was detected in any samples of HEK293T or HCT116 cells (no detection- red), 

whilst housekeep genes were detected at normal levels (green). CCD18co cells treated with vehicle 

from Figure 3.4.4 were used as positive control (+). 

B. HEK293T and HCT116 cells were seeded and treated with either 10 μM Simvastatin or vehicle 

(PBS) overnight and imaged pre- and post-treatment (representative images, 3 images taken per well 

with 3 wells per treatment and n=3). Post-treatment, cells were washed once with PBS and RNA 

extracted for DNA synthesis to quantify GREM1 expression levels using ThermoFisher TaqMan probe 

set and Roche LightCycler 480.  

 

 

To further investigate if GREM1 plays a role in the effects of Simvastatin on cancer 

cells, MTT assays with HCT116 and HeLa cells treated with varying concentrations 

of Simvastatin in the presence of GREM1 for 24 or 48 hours were carried out. 

Consistent with data presented in Figure 3.4.5, there was no significant difference in 
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cell viability in the HCT116 cells treated with 1 or 10 μM Simvastatin at 24 hours 

(Figure 3.4.7A). In contrast, 25 μM Simvastatin reduced cell viability by 25 % 

(Figure 3.4.7A). The effects of Simvastatin on HCT116 cells were much more 

pronounced after 48 hours, with both 10 and 25 μM Simvastatin causing significant 

reductions in cell viability by around 70 % (Figure 3.4.7B). However, there was no 

significant difference in cell viability between the control and 1 μM-treated cells, 

showing this concentration to be too low to have an effect.  

 

In HeLa cells, the effect of Simvastatin at 24 hours was more prominent than that in 

the HCT116 cells, with all three concentrations significantly reducing cell viability in 

comparison to the vehicle control by 10, 30 and 35 % respectively (Figure 3.4.8A). 

This effect was more evident at 48 hours, with reductions in cell viability of 10, 75, 

and 90 % in 1, 10 and 25 μM Simvastatin treatments respectively (Figure 3.4.8B). 

These data suggests that, although not solely dependent on GREM1, GREM1 may be 

one of the targets of Simvastatin to induce cell death, as HeLa cells express GREM1 

whereas HCT116 cells do not.  Interestingly, in both HeLa and HCT116 cells, and in 

both time points and all three concentrations, there was no significant difference 

between Simvastatin-treated cells and cells treated with both Simvastatin and 

rhGREM1 (Figure 3.4.7 and 3.4.8). These data suggest that the cytotoxic effects of 

Simvastatin are not GREM1-specific, as we would expect some degree of rescue 

when rhGREM1 was added in combination with the Simvastatin-treated cells. 

Interestingly, there was also no significant difference in cell viability between 

vehicle and GREM1 treatment alone in either cell lines or time points, indicating no 

difference in cell proliferation caused by rhGREM1 at the concentration tested. 
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Figure 3.4.7 GREM1 does not rescue Simvastatin-induced cell death in HCT116 

cells  
Indicated concentrations of Simvastatin were incubated with vehicle (PBS, plain bars) or rhGREM1 (25 

μg/mL, striped bars) for 15 min at 37 °C before treating HCT116 cells for either 24 h (A) or 48 h (B). 

MTT assay was carried out as described in Materials and Methods and absorbance ran at 540 nm. Data 

presented shows mean cell viability per treatment +/- SD and statistical analysis using two-way 

ANOVA with Bonferroni’s multiple comparison test. **** p < 0.0001, ns non-significant.   

A. 24 h 

B. 48 h 
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Figure 3.4.8 GREM1 does not rescue Simvastatin-induced cell death in HeLa 

cells 
Indicated concentrations of Simvastatin were incubated with vehicle (PBS, plain bars) or rhGREM1 (25 

μg/mL, striped bars) for 15 min at 37 °C before treating HeLa cells for either 24 h (A) or 48 h (B). MTT 

assay was carried out as described in Materials and Methods and absorbance read at 540 nm. Data 

presented shows mean cell viability per treatment +/- SD and statistical analysis using two-way 

ANOVA with Bonferroni’s multiple comparison test. **** p < 0.0001, ns non-significant.   

A. 24 h 

B. 48 h 
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3.4.2 Testing the Ability of Novel, Small Molecule Inhibitors of 

GREM1 to Induce Cancer Cell Death 

 

In addition to computational analysis using QUADrATiC connectivity mapping to 

predict potential treatments, a high-throughput screen of 30,000 compounds was 

performed in the Brazil laboratory to identify novel, small molecule inhibitors of 

GREM1-BMP2 binding. From this screen, 63 hit compounds were identified for 

secondary validation using luciferase assays and ELISA. This reduced the number of 

hit compounds down to two molecules which were chosen for further validation as 

novel inhibitors of GREM1 for this thesis. The structure of these inhibitors 

(henceforth referred to as ‘DB21’ and ‘DB52’) remains confidential due to possible 

commercial potential. However, as part of this thesis, these compounds were tested 

for their ability to induce cell death in HeLa cells (which express GREM1) and 

HCT116 colon epithelial cells (which do not express GREM1) as well as their effects 

on GREM1-mCherry uptake.  

 

In HeLa cells, DB21 caused significant reduction in cell viability at all three 

concentrations tested, with 25 μM causing a 50 % reduction in cell viability and 100 

and 250 μM both causing a 75 % reduction in cell viability (Figure 3.4.9A). There 

was a significant difference (p < 0.001) between 25 and 100 μM DB21 treatments; 

however, interestingly, no significant difference in cell viability was detected 

between 100 and 250 μM treatment in cell viability of HeLa cells (Figure 3.4.9A). 

HeLa cells treated with 25 μM DB52 had no significant difference in cell viability, 

however a 75 % and 85 % reduction in cell viability was detected when treated with 

100 and 250 μM respectively (Figure 3.4.9A). 
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Interestingly, in HCT116 cells, DB21 treatment caused no significant change in cell 

viability at any of the concentrations tested (Figure 3.4.9B). In contrast, DB52 

treatment of HCT116 cells did cause a significant reduction of 48 and 38 % in cell 

viability at 100 and 250 μM respectively (Figure 3.4.9B). Consistent with HeLa 

cells, 25 μM DB52 treatment also did not cause any significant change in cell 

viability (Figure 3.4.9B).  

 

These data therefore show these compounds are effective at killing GREM1-

expressing cells. Interestingly, these data also show that DB52 does not appear to be 

GREM1-specific in its cytotoxicity, as it causes cell death in HCT116 cells that do 

not express GREM1.  

 

From these data, 100 μM was used to investigate the effect of the novel small 

molecule inhibitors of GREM1 on recombinant GREM1-mCherry uptake, as 

previously described in Chapter 3. Interestingly, both inhibitors reduced the uptake 

of GREM1-mCherry into HeLa cells, with a reduction in fluorescence visible when 

examining the images, as well as a significant quantified difference when analysed 

using ImageJ (Figure 3.4.10). These data support the theory that these two 

compounds can bind to GREM1 and inhibit active uptake of GREM1 protein into 

cells.  

 

 

 

 

 



Chapter 3: Results- 3.4 GREM1 as a Potential Therapeutic Target 

261 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.9 Effect of predicted small molecule GREM1 inhibitors on HeLa and 

HCT116 cell viability 
HeLa (A) or HCT116 (B) cells were treated with predicted small molecule GREM1 inhibitors DB21 

(left) or DB52 (right) at the indicated concentrations for 48 h before carrying out MTT assay as 

described in Materials and Methods. Absorbance was read at 540 nm after dissolving formazan crystals 

in DMSO, and blank subtracted from all wells before calculating cell viability (%) as ((MC*SA)/MC) 

*100 where MC= mean control absorbance and SA = sample absorbance. Data presented shows mean 

cell viability per treatment +/- SD and statistical analysis using two-way ANOVA with Bonferroni’s 

multiple comparison test. * p < 0.05, *** p < 0.001, **** p < 0.0001, ns non-significant.   

 

 

 

A. HeLa cells 

B. HCT116 cells 
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Figure 3.4.10 Small molecule GREM1 inhibitors reduce uptake of GREM1-

mCherry in HeLa cells 
GREM1-mCherry conditioned medium was incubated with 100 μM of the predicted small molecule 

GREM1 inhibitors DB21 or DB52 for 30 min at 37 °C before addition to HeLa cells overnight. Cells 

were then fixed in 4 % PFA and imaged using the Leica DMi8 and mean fluorescence intensity per cell 

quantified using ImageJ as described in in Material and Methods. **** p < 0.0001, Images are 

representative of 3 images per well, n = 1, 3 replicates per treatment with 3 images analysed per 

replicate. Scale bar indicates 75 μm.  
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SUMMARY 

 

Data presented in this chapter shows preliminary work on two different methods of 

identifying possible high-GREM1 CRC treatments. Firstly, a computational approach 

using the publicly available Vil1-Grem1 dataset to predict potential FDA-approved 

treatments using QUADrATiC connectivity mapping. Secondly, via a high-

throughput screen of compounds using a variety of assays.  

 

Through QUADrATiC connectivity mapping in combination with review of current 

literature, Simvastatin, Cerulenin and Quinidine were identified as candidates to 

reverse high GREM1-induced gene expression changes. To investigate whether the 

drugs had a direct effect on GREM1 expression, changes in GREM1 expression were 

evaluated in S117 thyroid cancer cells which express high levels of GREM1. 

Simvastatin appeared the most promising (Figure 3.4.3) and was therefore tested on 

other cell lines (CCD18co, HeLa, HEK293T and HCT116). Simvastatin also caused 

a significant reduction to GREM1 expression in CCD18co and HeLa cells which 

express GREM1, whilst no GREM1 expression, nor change in expression was 

detected in the non-GREM1 expressing cell lines HEK293T or HCT116. 

Importantly, Simvastatin did not cause cell death in non-GREM1 expressing 

HEK293T cells but did cause cell death in the CRC cell line HCT116 cells, although 

these cells also do not express GREM1. Furthermore, data showed the addition of 

rhGREM1 did not rescue the cells from Simvastatin-induced cell death. These data 

suggest that Simvastain has other mechanisms of killing CRC cells in addition to 

targeting GREM1 expression. These preliminary results suggest Simvastatin would 

be worth further investigation as a potential high-GREM1 CRC treatment.  
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Additionally, two novel small molecule inhibitors of GREM1 previously identified in 

the Brazil laboratory, referred to as ‘DB21’ and ‘DB52’, were tested. Results 

presented in this chapter confirm these compounds caused substantial reductions in 

cell viability in HeLa cells, which express GREM1. Importantly, both compounds 

also reduce uptake of GREM1-mCherry, showing potential to inhibit other 

mechanisms of GREM1 beyond BMP2 binding.  
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DISCUSSION 

 

There is a clear need for advances in CRC diagnosis and treatment options, with the 

disease being the third most common cancer and the fourth leading cause of cancer-

associated deaths worldwide (Mattiuzzi, Sanchis-Gomar and Lippi, 2019). 

Furthermore, one third of CRC patients will present with metastatic cancer, and half 

of these patients develop resistance to the commonly used 5-FU-based 

chemotherapies (Douillard et al., 2000; Kopetz, 2019). Many of the alternative CRC 

treatments are considered palliative (McQuade et al., 2017), and therefore there is a 

clear need for new developments to combat the severe mortality and drug resistance 

observed in this disease worldwide. In Chapter 3.1, we identified high GREM1 to be 

associated with poor prognosis in non-HMPS CRC patients from five distinct 

datasets, in comparison to low-GREM1 CRC patients (Figure 3.1.3A) and 

furthermore identified a correlation between the worse overall survival CMS4 

subtype and high GREM1 (Figure 3.1.3B and Figure 3.1.4). Based on these findings, 

in this chapter we investigated potential novel inhibitors of GREM1 to improve 

therapeutic options for these high-GREM1 CRC patients.   

 

Firstly, computational analysis of the Vil1-Grem1 mouse compared to WT dataset 

(Davis et al., 2014)(GSE62307) was carried out through QUADrATiC connectivity 

mapping, to predict FDA-approved small molecule compounds that could possibly 

reverse the input gene expression changes. The three drugs Cerulenin, Quinidine and 

Simvastatin were chosen to investigate within the laboratory due to the data from 

QUADrATiC being of cancer cell origin, furthermore both lung (cerulenin and 

quinidine origin) and stomach (simvastatin origin) were shown to have worse 

prognosis in patients with high GREM1 (Figure 3.1.1). In addition to this, the drugs 
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were also chosen due to being hits in all three gene lists entered, their Z-scores and 

review of the literature. 

 

Fatty acid synthase (FAS) is a key enzyme involved in de novo lipogenesis (Wakil, 

1989). Overexpression of FAS has been identified in numerous cancers, and has been 

shown to be associated with poorer prognosis and reduced survival in many cancer 

types including colon, prostate and lung cancer (Shurbaji, Kalbfleisch and 

Thurmond, 1996; Rossi et al., 2003; Visca et al., 2004; Ogino et al., 2008; Flavin et 

al., 2010). This wealth of literature currently supports FAS to be a metabolic 

oncogene due to its important role in tumour growth and survival (Baron et al., 2004; 

Flavin et al., 2010), therefore making it an attractive target for alternative cancer 

therapies. Cerulenin is an early small-molecule inhibitor of FAS and as such has 

been used to investigate the role of FAS in a multitude of cancers. Cerulenin 

treatment has been shown to induce apoptosis and inhibit proliferation in numerous 

cancer cell types, as well as inhibiting metastases and angiogenesis in melanoma, 

squamous carcinoma and CRC cell lines (Bollati et al., 2009; Seguin et al., 2012). 

Importantly, cerulenin has also been shown to induce ER stress and subsequent cell 

death in CRC tumour cells, but not in normal cells (Mokarram et al., 2017), as well 

as inhibit CRC metastasis to the liver in mice models (Murata et al., 2010). Cerulenin 

was predicted by QUADrATiC analysis to affect GREM1 expression (Figure 3.4.2); 

however, it also did not have any significant effect on GREM1 in S117 cells. Based 

on the quantity of data in the field, Cerulenin appears to be a promising cancer 

treatment. Although our preliminary data suggests it is not  GREM1-specific, it 

would be interesting to test this drug on GREM1 and non-GREM1 expressing cancer 

cells to elucidate this further, as Cerulenin may have indirect effects, causing 

changes in signalling pathways affected by high GREM1. For example, Cerulenin 
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has also been identified as a sonic hedgehog signalling (shh) inhibitor (Kangwan et 

al., 2016), and shh has been shown to promote GREM1 expression in pancreatic 

cancer (Yu et al., 2018). Additionally, preliminary data discussed by Seguin et al. 

(2012) suggests FAS inhibitors such as cerulenin can cause in vitro proteasomal 

degradation of HIF-1α- one of the top upregulated genes in Vil1-Grem1 mice. It is 

difficult to rule out both Quinidine and Cerulenin as possible high-GREM1 CRC 

treatments, as little is still known about the exact pathways induced by GREM1 in 

cancer. It is, however, not entirely surprising neither Quinidine nor Cerulenin affect 

GREM1 expression directly, as QUADrATiC predicts drugs to reverse the input 

changes in gene expression, and not specifically target the GREM1 overexpression 

that was causing these changes. However, due to the obvious direct inhibition of 

GREM1 expression by Simvastatin treatment, this drug was chosen to further 

investigate for this chapter.   

 

Quinidine is a commonly used Class I anti-arithmetic agent acting as a voltage-gated 

sodium channel blocker (Grace and Camm, 1998). Outside of the cardiac field, the 

literature has suggested sodium channels to be involved in cell proliferation, 

migration, adhesion and regulation of the cell cycle (Laniado et al., 1997; Sanchez-

Sandoval and Gomora, 2019), and therefore sodium channels have been investigated 

for their potential role in cancer. For example, data shows high levels of sodium 

channels are associated with metastatic prostate cancer (Smith et al., 1998; Fiske et 

al., 2006) and a positive correlation between sodium channel expression and 

invasiveness of breast and prostate cancer cells (Smith et al., 1998; Sanchez-

Sandoval and Gomora, 2019). Quinidine has also been shown to reverse multiple 

drug resistance in numerous cancer cell lines (Tsuruo et al., 1984; Vezmar and 

Georges, 2000; Lee et al., 2011), suggesting a potential as a combination treatment 
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for high-GREM1 CRC tumours. Furthermore, quinidine has been shown to decrease 

ATP levels and consequently cAMP levels in human colon epithelial cell lines 

(McRoberts, Beuerlein and Dharmsathaphorn, 1985; Dharmsathaphorn et al., 1986). 

It was surprising that the lowest concentration (25 μM) of Quinidine had the largest 

effect on GREM1 levels in S117 cells (Figure 3.4.3), especially as GREM1, similar 

to Cerulenin, was a predicted target gene to be affected by the addition of Quinidine 

by QUADrATiC analysis (Figure 3.4.2). It would therefore be interesting to examine 

the effects of Quinidine over a larger range of concentrations in colorectal cell lines. 

 

Simvastatin is a 3-hydroxy-3-methyl-glutaryl coenzyme A (HMGCoA) reductase 

inhibitor, that acts by inhibiting the conversion of HMG-CoA to mevalonate thereby 

reducing cholesterol synthesis (McFarlane et al., 2002). This is of particular interest, 

as cholesterol biosynthesis was predicted to be one of the upregulated signalling 

pathways in Vil1-Grem1 mice (Figure 3.3.14). Simvastatin is primarily used to treat 

hyperlipidaemia in cardiovascular disease (McFarlane et al., 2002), however, in 

recent years supporting evidence has increased showing statins, including 

simvastatin, to have therapeutic effects in numerous human diseases, specifically in 

cancers (G. Li et al., 2017). In a study examining the long-term use of statins in CRC 

epidemiology, a 47 % reduction in the prevalence of CRC was observed (Poynter et 

al., 2005)- highlighting the possible impact statins such as simvastatin could have on 

CRC. From this and other data, further investigations have been carried out to 

elucidate the potential anti-tumour mechanism of Simvastatin in cancer, including 

CRC. To date, several pathways have been attributed to Simvastatin’s therapeutic 

effect in cancer, including NMK/CHOP/DR5 signalling, NF-kB signalling and 

AKT/mTOR pathways as well as caspase 3/BCL-2/cIAP-induced apoptosis (Cho et 

al., 2008; Ghosh-Choudhury et al., 2010; Fang et al., 2013; Gopalan et al., 2013). In 
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addition, publications have also shown inhibition of angiogenesis and synergetic 

effects of Simvastatin with chemotherapeutic drugs or radiation in CRC cells (G. Li 

et al., 2017; Chen et al., 2018; Karagkounis et al., 2018). AKT/mTOR signalling is 

particularly interesting as mTOR signalling was shown to be one of the top canonical 

pathways upregulated in Vil1-Grem1 mice (Figure 3.3.14). Furthermore, Simvastatin 

was shown to be effective against colon cancer cell lines with p53 mutants rather 

than cell lines with p53 wild-type (Lu et al., 2019). This may explain the cell death 

observed in the HCT116 cell line which is p53 -/-, despite HCT116 cells not 

expressing GREM1 (Figure 3.4.6). Of importance, data from Kodach et al. (2014) 

showed CRC cell lines varied widely in their sensitivity to Simvastatin treatment, 

interestingly, data showed this sensitivity was correlated to BMP2 expression and 

activation of the BMP pathway, via the central BMP pathway element SMAD4 

(Kodach et al., 2007). As GREM1 is a BMP2 antagonist, it is therefore possible 

Simvastatin may act not only through enhancing BMP2 expression, but also by 

inhibiting GREM1, thereby enhancing BMP signalling. Additionally, these variety of 

mechanisms of cell death induced by Simvastatin may also explain why the addition 

of surplus GREM1 does not rescue Simvastatin-induced cell death, as although it 

may potentially be acting through inhibition of GREM1 expression and other 

GREM1-related signalling. There are likely to be many other pathways at play that 

Simvastatin affects this cellular context (Figure 3.4.7 and Figure 3.4.8). Simvastatin 

caused the highest decrease in GREM1 expression (Figure 3.4.3), this was surprising, 

as the effect of the drug on GREM1 levels was not predicted to be significant by 

QUADrATiC analyses (Figure 3.4.2).  In contrast however, Simvastatin had been 

predicted to affect the genes which had the largest fold change decreases in the Vil1-

Grem1 dataset such as solute carrier proteins and aquaporins (Figure 3.4.2). 

Interestingly, Simvastatin has been shown to increase expression of aquaporins (Li et 



Chapter 3: Results- 3.4 GREM1 as a Potential Therapeutic Target 

270 

al., 2011). The data presented in this chapter showing GREM1 expression inhibition 

by Simvastatin, in addition to the current published literature of the drug in cancer 

and CRC, indicate it may be a promising therapeutic agent for high GREM1 CRC, 

worthy of future research to fully investigate its potential in the clinic.  

 

There were several interesting genes, in addition to GREM1, input into QUADrATiC 

that were specifically identified by the programme to be affected by the three drugs 

Cerulenin, Simvastatin and Quinidine (Figure 3.4.2). Firstly, Solute carrier family 

11, member 2 (SLC11A2) was one of the highest genes increased in Vil1-Grem1 mice 

in comparison to WT mice, with a fold change of 14.5 (Appendix 1), and this 

increased expression was predicted to be reversed by all three candidate drugs 

(Figure 3.4.2). SLC11A2 is the only known transmembrane ion transporter to be 

involved in the cellular uptake of iron, although SLC11A2 has been shown to be 

capable of transporting alternative metal cations, iron appears to be its most 

significant physiological substrate (Gunshin et al., 1997; Shirase et al., 2010). 

SLC11A2 is widely expressed, and can be found in hepatocytes (Trinder et al., 2000) 

and the placenta (Gunshin et al., 2005) but is mostly found on the apical membrane 

of duodenal surface cells, where it has been shown to be essential for intestinal iron 

absorption (Canonne-Hergaux et al., 1999; Gunshin et al., 2005). Increased iron 

beyond a tissue’s normal storage capacity has been linked to a higher risk of cancer, 

as iron catalyses to form reactive oxygen species (Toyokuni, 1996, 2009). 

Furthermore, previous reports have identified increased SLC11A2 in CRC, with a 

fold increase of 2.05 in comparison to normal colon tissue (Brookes et al., 2006), a 

smaller increase than the 14.5 fold increase observed in the Vil1-Grem1 mice. 

Importantly, this study found an increase in iron import proteins, including 

SLC11A2, was associated with CRC progression, and may influence proliferation in 
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CRC cells (Brookes et al., 2006). Additionally, increased iron intake has been 

associated with increased aberrant crypt foci (Kato, 2001), as observed in Vil1-

Grem1 mice and in patients before the onset of CRC (Orlando et al., 2008). 

Therefore, it is possible this large increase in SLC11A2 expression observed in the 

Vil1-Grem1 mice causes increase iron uptake in the intestine, leading to an increased 

risk of cancer and promoting CRC carcinogenesis and progression. Consequently, if 

the three candidate drugs are able to reverse this overexpression of SLC11A2 as 

predicted, they may be able to combat one of the potential mechanisms of CRC 

development in patients.  

 

In addition to SLC11A2, ID1 and ID2 (inhibitor of DNA binding 1/2) were also two 

genes that had high fold changes in  Vil1-Grem1 mice compared to WT, and were 

predicted by QUADrATiC to be affected by all three of the candidate drugs (Figure 

3.4.2). ID proteins are a class of helix-loop-helix transcriptional factors, and play a 

key role in the regulation of a number of tumour-associated cellular pathways, 

including cell fate, differentiation, migration, angiogenesis and epithelial-

mesenchymal transition  (Sikder et al., 2003; Ke et al., 2018). Aberrant expression of 

ID proteins, particularly ID1, 2 and 3, has been identified in many human cancers 

types including breast, lung, ovarian, cervical, pancreatic and importantly CRC 

cancers, and are therefore considered potential oncogenes in these cancers (Sikder et 

al., 2003; Ke et al., 2018). Additionally, ID protein overexpression has been further 

identified to be associated with advanced tumour stages and worse clinical in a 

number of these cancers, including ovarian (Birner et al., 2000), squamous cell 

carcinoma (Langlands, Down and Kealey, 2000) and neuroblastoma (Lasorella et al., 

2002). Furthermore, Id2 expression was identified as vital for promoting primary 

tumour formation and metastasis of CRC in vivo, as well as inhibiting CRC cell 



Chapter 3: Results- 3.4 GREM1 as a Potential Therapeutic Target 

272 

proliferation (Gray et al., 2008). However, the increase in these two genes is 

unexpected in the Vil1-Grem1 mouse model, as ID1/2/3 expression has been shown 

to be regulated by the BMP signalling pathway in several reports (Ogata et al., 1993; 

Hollnagel et al., 1999; Peng et al., 2004; Yin et al., 2017). Therefore, we would 

expect increased GREM1 expression to reduce ID1/2 expression as a BMP 

antagonist. However, in contrast with this hypothesis, data presented by Yin et al. 

(2017) showed GREM1 silencing in mesothelioma cells caused a significant 

reduction in ID1 mRNA expression, which is supportive of the increased expression 

observed in the Vil1-Grem1 mice. This therefore suggests GREM1 may have a BMP-

independent mechanisms and may activate independent pathways that increase ID 

protein expression.  

 

Aquaporin-1 and -3 (AQP1/3) were also genes predicted to be affected by the three 

candidate drugs. Levels of AQP1/3 were decreased in Vil1-Grem1 mouse intestine 

compared to WT, with 9.1 and 10.8 fold changes respectively (Appendix 1).  

Aquaporins are a family of small water channel proteins, expressed in numerous 

human tissues and are responsible for the transport of solutes (Verkman, 2005; Wang 

et al., 2015). Currently, there is a large number of reports showing the association 

between aquaporins and tumour-associated cellular pathways, including migration, 

proliferation and angiogenesis (Verkman, 2005; Papadopoulos and Saadoun, 2015). 

High expression of AQP1 and AQP3 have been detected and associated with poor 

prognosis in over 20 cancer types, including CRC (Moon et al., 2003; Liu et al., 

2007; Shi et al., 2012; Yoshida et al., 2013; Chen et al., 2014; Papadopoulos and 

Saadoun, 2015). Specifically, increased AQP1/3 is associated with increased CRC 

grade, angiogenesis, invasion and cell migration as well as worse patient prognosis 

(Moon et al., 2003). Therefore, the decrease in AQP1/3 expression in the Vil1-
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Grem1 dataset is surprising. Currently, there appear to be no reported links between 

BMP signalling and AQP expression, therefore it would be interesting to investigate 

this further. Also, it is possible GREM1 triggers BMP-independent mechanisms that 

may reduce AQP levels, and despite this reduction causing reduced tumour-

associated pathways, this may be overcome by activation of other pathways by 

GREM1 and GREM1-mediated genes.  

 

In addition to Simvastatin, the two small molecule GREM1 inhibitors tested in this 

thesis also appear to be promising, however it is important to note that results are 

preliminary with n = 1. Both compounds induce cell death in HeLa cells, cancer cells 

which express GREM1, in a dose dependent manner (Figure 3.4.9). Furthermore, 

both compounds also inhibited uptake of mCherry- GREM1 into HeLa cells, 

additionally supporting their ability to act as GREM1 inhibitors (Figure 3.4.10). 

Interestingly, DB21 did not cause a reduction in cell viability in the non-GREM1 

expressing CRC cell line HCT116 (Figure 3.4.9B, left). In contrast, DB52 did cause 

cell death in HCT116 cells (Figure 3.4.9B, right). These data suggest that DB21 is 

more GREM1-dependent than DB52, and that DB52 may be affecting other cellular 

pathways to induce cell death and is therefore not entirely GREM1-specific. 

Therefore, these data suggest that DB21 is a better candidate to explore further as a 

small molecule inhibitor of GREM1.  It would be interesting to further confirm if the 

cell death is GREM1-dependent in DB21 through attempting to rescue the cell death 

through addition of GREM1. In addition, it would be advantageous to investigate the 

potential mechanisms of cell death triggered by these inhibitors as this may provide 

insight into the GREM1 mechanisms of action in cancer. DB21 has been used to 

develop novel chemical libraries to identify a range of novel, selective, high-affinity 

GREM1 inhibitors by the Brazil laboratory (data not shown). Importantly, there is 
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currently no GREM1 inhibitor available on the market, and with the vast number of 

human diseases associated with GREM1, and the data presented in this thesis and 

current reports in the literature evidencing the role of GREM1 in CRC, there is a 

clear need for a more efficacious GREM1 inhibitor to be available both for research 

and therapeutic approaches.   
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4. FUTURE DIRECTIONS & FINAL 

CONCLUSIONS 

 

4.1 SUMMARY  
 

GREM1 is an antagonist of BMP signalling, involved particularly during embryonic 

development and tissue differentiation, through binding to BMP-2, -4 and -7, 

inhibiting their binding to BMP receptors and subsequent downstream signalling (Ali 

and Brazil, 2014; Brazil et al., 2015). GREM1 has since been identified to play key 

roles in a multitude of human diseases, including diabetic nephropathy, renal 

inflammation and pulmonary hypertension, namely through GREM1-induced 

fibrosis (Park, 2018). In recent years, reports have identified GREM1 to be involved 

in cancer, including ovarian, lung, breast and pancreatic (Namkoong et al., 2006; Sha 

et al., 2009; Ren et al., 2019). The potential role of GREM1 in CRC was the focus of 

this thesis, with GREM1 expression previously shown to be vital in maintaining 

colonic crypt formation, and over-expression of GREM1 identified as the sole cause 

of HMPS in patients (Jaeger et al., 2012).  

 

In Results Chapter 3.1 presented in this thesis, publicly available datasets were first 

analysed to shed light on the involvement of GREM1 in CRC. Data confirmed 

previous reports (Jaeger et al., 2012; Karagiannis et al., 2015; J. Li et al., 2017; Jang 

et al., 2017), showing high levels of GREM1 mRNA expression is associated with 

poor prognosis in CRC patients, however, importantly our data additionally showed 

this association was independent of HMPS or TSA diagnosis. Furthermore, we were 

able to identify for the first time, that GREM1 expression was associated with a 
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specific CRC subtype, CMS4, along with confirming previous reports of GREM1 

expression origin (Karagiannis et al., 2014; Kim et al., 2017)- showing GREM1 to 

originate from fibroblasts and smooth muscle lineages. This association is important 

as, in combination with our data on tissue origin and tumour classification, it 

indicates GREM1 may have cell-specific effects along with tissue-specific effects in 

the intestine and other tissues. Additionally, Chapter 3.1 also investigated Grem1 

mRNA and protein localisation in mouse colon tissue. Data again confirmed 

previous reports of colonic crypt localisation within the muscularis mucosa layer in 

fibroblasts for Grem1 mRNA (Kosinski et al., 2007; Jang et al., 2016). However, 

when IHC staining was carried out for protein localisation, our data showed for the 

first time that Grem1 protein had a more diffuse staining pattern compared to Grem1 

mRNA from the muscularis layer, spreading into the epithelial cells of the colonic 

crypts. These data identified a novel paracrine loop in which Grem1 is secreted by 

fibroblasts in the muscularis layer before uptake into the surrounding epithelial crypt 

base cells. Overall, these findings may contribute to future diagnosis methods for 

CRC, with the potential as a biomarker specifically for CMS4 patients. Furthermore, 

the data identifies the importance of variation between mRNA and protein expression 

for future studies in this field, which has the potential to become more accessible 

with the current developments of novel GREM1 antibodies from academia and 

industry.  

 

From the findings identified in Results Chapter 3.2, we next investigated GREM1 

secretion, uptake and localisation. With our data showing epithelial cells in the 

colonic crypt that do not stain positive for Grem1 mRNA, but do stain positive for 

Grem1 protein, we first confirmed that cells that do not express Grem1 are capable of 

taking up Grem1 protein. Using HEK293T and HCT116 cells, we clearly 
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demonstrated that GREM1 was actively taken up into cells and was stable once 

inside the cell. Our data also indicated that both clathrin- and calveolar-mediated 

endocytosis may be involved in GREM1 uptake, in addition to a possible role for 

HSPGs. Next, GREM1 localisation was also examined, as this can provide key 

insight into potential physiological roles of a protein. No specific localisation of 

GREM1 to an organelle was identified, although our data does identify some partial 

localisation in the endoplasmic reticulum and pockets between the Golgi apparatus. 

Additionally, in Results Chapter 3.2, the secretion sequence of GREM1 was also 

interrogated. We found that once the MTS was removed, Grem1 protein was, as 

expected, not secreted into the conditioned medium and remained trapped inside the 

cell. Surprisingly, this non-secreted Grem1 localised entirely to the nucleus, unlike 

the peri-nuclear, polarised localisation pattern observed in full length GREM1.The 

identification of the two NLS in GREM1 presented in this thesis may shed light on 

this novel observation.   

 

In Results Chapter 3.3, the potential mechanisms of action of GREM1 were 

investigated. Firstly, we interrogated the reported action of GREM1 to activate 

VEGFR2 signalling to induce angiogenesis (Stabile et al., 2007; Mitola et al., 2010). 

Despite exhaustive efforts, we could not demonstrate that GREM1 could activate 

VEGFR2 signalling in a range of cell lines. Although these findings contrast to 

previous reports, they support previous data from our group demonstrating no defects 

in retinal blood vessel formation in Grem1-/- mice (Church et al., 2017). Consistent 

with our data, other reports from Medina et al., 2017 and Rowan et al., 2018 showed 

GREM1 could in fact inhibit VEGF signalling in pulmonary microvascular 

endothelium. Additionally, the effect of GREM1 on cancer cell proliferation and 

migration was assessed, as reports show GREM1 to increase both these responses 
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(Sneddon et al., 2006, Kim et al., 2012; Liu et al., 2016). We showed that GREM1 

caused a significant effect on HCT116 cell proliferation although interestingly, no 

significant effect on cell migration. Lastly, a computational genomics approach was 

taken to provide insight into the potential mechanisms of action of GREM1 in CRC, 

using the publicly available Vil1-Grem1 gene expression dataset (GSE62307; (Davis 

et al., 2015)) and Ingenuity® Pathway Analysis (IPA). Our results predicted 

numerous cell signalling relationships and pathways, with a focus on potential 

Grem1-mediated effects on immune cell pathways, especially increased 

inflammatory responses. These findings support the theory of BMP-independent 

signalling by GREM1, and cast doubt on the utilisation of VEGFR2-signalling by 

GREM1, opening the field to investigate additional mechanisms of BMP-

independent GREM1 signalling in cancer, such as GREM1-induced AKT/STAT3 

signalling that was recently identified in breast cancer cells  (Kim et al., 2020).  

 

Finally, Results Chapter 3.4 investigated GREM1 as a potential therapeutic target. 

Firstly, a computational approach was taken to predict FDA-approved small 

molecule inhibitors to counteract the changes in gene expression observed between 

WT and Vil1-Grem1 mice (GSE62307; (Davis et al., 2015)) using QUADrATiC 

connectivity mapping. The results were then reviewed in the current literature and 

Simvastatin, Cerulenin and Quinidine were identified as novel candidate drugs, with 

our results suggesting Simvastatin to have the most potential as a novel GREM1 

inhibitor for CRC.  Furthermore, two potential GREM1 inhibitor candidates were 

also tested, identified from a novel screen carried out by the Brazil lab for small 

molecule inhibitors of GREM1. Of the two inhibitors, data presented in this thesis 

suggest DB21 to be a more promising candidate, as it was shown to cause cell death 
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in HeLa cells which express GREM1 but caused no cell death in HCT116 cells that 

do not express GREM1. In comparison, DB52 caused cell death in both cell lines 

suggesting that this inhibitor may have GREM1-independent ‘off-target’ effects on 

cells.   These data contribute to preliminary works into GREM1 as a potential 

therapeutic target. This is an exciting and important field open for exploration, due to 

the range of human diseases (including cancer) where GREM1 has been identified as 

playing an important role. It will be exciting to see the development of these 

inhibitors and the potential they have as therapeutics for many diseases in future 

years.  
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4.2 FUTURE DIRECTIONS  
 

4.2.1  Clinical Relevance of GREM1 

 

 

In this chapter, multiple publicly available datasets were analysed, and showed 

GREM1 was associated with poor prognosis of CRC patients, in addition to 

association with the CMS4 subtypes and that fibroblasts were the cellular source of 

GREM1. As fibroblasts have previously been shown to also be associated with 

CMS4 and poor prognosis of CRC patients (Calon et al., 2015; Isella et al., 2015; 

Dunne et al., 2016; McCorry et al., 2018), it would be interesting to also analyse the 

difference between high fibroblast patients with high or low GREM1 as well as low 

fibroblast patients with high or low GREM1. This will allow new insights into 

whether GREM1 is potentially simply a marker for high fibroblast patients or 

whether GREM1 is an independent marker for poor prognosis in CRC. Furthermore, 

as high GREM1 was found to be associated with the CMS4 subtype, it would be 

interesting to investigate the effects of GREM1 on key features of this subtype in 

vitro, such as TGFβ and EMT, especially as Ren et al. (2019) identified that TGFβ 

increased GREM1 expression in breast cancer CAFs. We could therefore carry out 

similar experiments, adding TGFβ to CRC CAFs and measuring the changes in 

GREM1 RNA expression as well as measuring any change in GREM1 protein 

secretion by ELISA. Additionally, we could treat normal colon epithelial cell lines 

such as CRL-1831 or the epithelial CRC cell line HCT116 cells with GREM1 either 

as conditioned medium from transfected cells, or rhGREM1. The cells could then be 

harvested and Western blot to detect changes in EMT markers, such as E-cadherin 

and β-catenin for epithelial markers and N-cadherin, vimentin and SNAIL expression 

for mesenchymal markers. Importantly, these markers have been used to study EMT 
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in CRC cells previously (Busch, Mcgraw and Sandler, 2014). It may also be 

interesting to examine these markers using IHC and treating the cells with GREM1-

mCherry conditioned medium or transfections to visualise GREM1 

uptake/transfection along with the EMT markers. Furthermore, it would be 

interesting to IHC stain wild-type vs Vil1-Grem1 mouse colon tissue samples for 

EMT markers also, particularly E-cadherin and N-cadherin for epithelial and 

mesenchymal markers respectively.   

 

This chapter also identified for the first time a novel paracrine loop between GREM1 

secretion by fibroblasts and uptake by surround crypt base epithelial cells to maintain 

the stem cell niche. This was achieved by ISH staining and a modified, more reliable 

Grem1 protein staining IHC method developed in the Brazil laboratory. This staining 

was carried out on mouse colon tissue samples, therefore it would be interesting to 

confirm this staining pattern in human tissue, although this is currently limited by the 

availability of a human GREM1-specific antibody, as the current mouse Grem1 only 

has a 10 % cross-reactivity with human GREM1. Importantly, a new human GREM1 

antibody has recently become available from R&D Systems and will be tested for its 

ability to recognise GREM1 by IHC using human tissues.  Additionally, potential 

nuclear GREM1 staining was observed in the Grem1 protein sections, therefore it 

would also be interesting to characterise this further. A potential method to achieve 

this would be to have sequential slides and stain odd numbers with Grem1 and the 

H&E stain to visualise the nucleus, and leave the even numbers only stained for 

Grem1. We could then compare the sequential stains to see if the nuclear staining 

aligns with the Grem1 staining of the non-H&E stained slides. Mutation of the 

predicted NLSs in ∆SGrem1 and examination of whether this changes the nuclear 

localisation would also provide useful new data. 
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4.2.2 GREM1 Secretion, Uptake and Localisation 

 

From the data shown in Results Chapter 3.1, GREM1 secretion, uptake and 

localisation was further defined in Chapter 3.2, firstly to confirm that non-GREM1 

expressing cells are capable of taking up GREM1 protein, as shown in Results 

Chapter 3.1. Data presented in Results Chapter 3.2 confirmed that non-GREM1 

expressing cells are capable of taking of GREM1 protein, furthermore data suggests 

this occurs via both clathrin- and calveolar-mediated endocytosis as well as potential 

involvement of HSPGs. It is clear there is need for further investigation into this area 

to confirm what the mechanisms of GREM1 uptake is. To achieve this, more specific 

uptake inhibitors should be used. Firstly, a general inhibitor of endocytosis, such as 

Dyngo4a, should be used to first confirm it is endocytosis uptake. Dyngo4a works by 

inhibiting GTPase activity of the fission molecule dynamin, thus inhibiting 

membrane scission for both clathrin- and calveolar-mediated endocytosis (Sandvig, 

Kavaliauskiene and Skotland, 2018). Next, we must distinguish between the different 

endocytic pathways, therefore the specific clathrin-mediated endocytosis inhibitor 

Pitstop2 could be used alongside chlorpromazine hydrochloride. Pitstop2 acts as an 

inhibitor of clathrin-mediated endocytosis by inhibiting the interaction between 

amphiphysin and the amino terminal domain of clathrin (Sandvig, Kavaliauskiene 

and Skotland, 2018). To investigate whether GREM1 is taken up into cells via 

caveolar-mediated endocytosis, an inhibitor such as Methyl-β-cyclodextrin could be 

used, which acts through cholesterol depletion, however, it should be noted 

cholesterol also plays a role in clathrin-mediated endocytosis. Furthermore, it would 

be interesting to carry these experiments out on a variety of cell lines to confirm 

whether the uptake mechanism is cell specific, as well as the fact that inhibitors of 

endocytosis have been reported to display varying effectiveness of differing cell lines 
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(Vercauteren et al., 2010). To examine the mechanism of uptake in a more accurate 

and reliable manner, previously validated RNA interference or gene-editing should 

be used to disrupt either clathrin- and calveolar-mediated endocytosis, for example 

by silencing clathrin heavy chain or caveolin-1 proteins using siRNAs (Al-Soraj et 

al., 2010).  It is also important to note that endocytosis is not the sole role of 

caveolae within cells- they have been reported to act as buffers for membrane stress 

during mechanical stretching (Parton, McMahon and Wu, 2020), therefore it would 

be important to take these effects into consideration when interpreting results. 

Additionally, it would also be interesting to carry out high quality live cell imaging 

of the uptake, as preliminary data presented in this chapter suggests different cells 

take up GREM1 at different rates. Live cell imaging would also provide new 

information into how GREM1 is transported within the cell once it crosses the 

plasma membrane. 

 

No clear localisation of GREM1 was identified to a specific organelle, although 

results indicate some localisation around the endoplasmic reticulum and pockets 

between the Golgi apparatus (Figure 3.2.28). Therefore, it is vital for future works to 

stain for additional organelles and compartments, including lysosomal or endosomal 

localisation by staining for vesicle markers such as LAMP1 and using Lystotracker 

(for lysosome), EEA1 (for early endosome) and RAB proteins such as RAB11 (for 

recycling endosome). There are two distinct pathways in which GREM1 could be 

involved with endosomes. Firstly, the recycling pathway in which GREM1 may be 

recycled back to the plasma membrane for reuse, or sorted for degradation, therefore 

regulating the ratio of surface receptors and intracellular pools, thereby regulating the 

responsiveness to external signals (Miaczynska, 2013; Villaseñor, Kalaidzidis and 

Zerial, 2016).  In addition, research shows that proteins can be internalised with their 
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receptors and transported within special endosomes, which allow interactions with 

varying signalling molecules within the cell to regulate local events and gene 

expression (Wu et al., 2009; Villarroel-Campos, Schiavo and Lazo, 2018). The 

endosomal membrane system has attracted a lot of attention for data indicating its 

modulation of cell migration (Schiefermeier, Teis and Huber, 2011). Endosomes act 

as containers utilizing microtubules and actin filaments to transport to the correct 

cellular location at the correct time (Goode, Drubin and Barnes, 2000). Furthermore, 

a review of protein databases identified almost 50 endosomal scaffolds that were 

capable of regulating multiple signalling pathways, including Wnt, Notch and 

MAPK signalling (Pálfy, Reményi and Korcsmáros, 2012), which are of importance 

within colon and cancer signalling. Therefore, it is possible that GREM1 may not 

only be recycled and have cellular reservoirs to potentially regulate BMP signalling 

responses in addition to other potential non-canonical GREM1 signalling, but also 

may be signalling via these endosomes intracellularly, affecting pathways involved 

in cell migration or other key pathways such as Wnt or Notch.    

Additionally, microtubule staining such as staining for α-tubulin, should also be 

carried out due to the polar nature of the GREM1 staining pattern, and proteins 

localisation to microtubules has been shown to be important for numerous cellular 

processes such as cell transport and division, and a novel role for GREM1 in these 

processes should be defined. Additionally, the time course FITC-GREM1 uptake 

carried out with HCT116 cells in this chapter indicates potential membrane-binding 

and thus potential receptor-binding by GREM1. Therefore, it would also be 

important to identify any possible GREM1 receptors that may be present at the 

plasma membrane. This work on GREM1 localisation and potential receptors is 

currently be carried out within the Brazil Laboratory. Furthermore, data produced 

using the pcDNA3.1- ∆SGrem1 shows nuclear localisation of GREM1. This 
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additionally needs future investigation as to what GREM1 may be affecting in the 

nucleus, and to confirm if this occurs in vivo through tissue staining as previously 

described in Section 4.2.1.  

 

4.2.3 Investigation into GREM1 Mechanisms of Action 

 

The effect of GREM1 on HCT116 cell proliferation was assessed using clonogenic 

assays, with results showing GREM1 to have a significant increase on HCT116 

proliferation. To further characterise this, this experiment could be carried out on 

multiple CRC cell lines. Cell migration was also investigated in this chapter and 

would also benefit from carrying out the experiments again on multiple cell lines. 

Furthermore, defining cell migration through transwell assays, via addition of 

rhGREM1 as well as seeding fibroblasts that express GREM1 such as CCD18co 

could be carried out. Cell migration was carried out using Ibidi inserts, and imaging 

manually, it would therefore also be beneficial to carry out live cell imaging of the 

wound healing, as well as seed, for example, fibroblasts expressing GREM1 on one 

half of the insert and CRC epithelial cell line such as HCT116 on the other half of the 

insert. It would also be interesting to carry out these experiments for cell 

proliferation and migration with stable cell lines developed in the laboratory to 

overexpress GREM1 and monitor growth curves for these cells to investigate the 

effects of GREM1 expression.  

 

Computational analysis of the gene expression changed between Vil1-Grem1 mice 

colon compared to WT by IPA was also carried out and provided insight into key 

pathways that require further investigation in vitro. Firstly, results indicated the 

involvement of immune cells. This correlates with the association of high GREM1 
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with CMS4 subtype, as this subtype is associated with high immune cell infiltrate. It 

would therefore be interesting to investigate if GREM1 causes the migration of 

immune cells to the tumour site by carrying out migration assays with CRC CAFs 

and immune cells, particularly immune cells such as T-cells. Furthermore, it would 

be beneficial to stain for specific immune cells in the Vil1-Grem1 and WT colon 

tissue samples, as the high fold changes suggest it is an influx of immune cells to the 

Vil1-Grem1 colon not previously present in the WT colon. Therefore, IHC staining 

to visualise immune cells such as CD3 for T-cells, CD11c for macrophage or 

neutrophils would be informative to carry out on both Vil1-Grem1 and WT colon 

tissue for comparison- experiments which are currently underway in the Brazil 

Laboratory. In addition to IHC staining, it would be beneficial to carry out single cell 

analysis on the Vil1-Grem1 and WT colon tissue, allowing insight into which cells 

may be causing the changes in gene expression, as well as the effect on cell type 

ratios between the Vil1-Grem1 and WT colon tissue.  

 

4.2.4 GREM1 as a Potential Therapeutic Target 

 

The final Results chapter of this thesis (3.4) focussed on identifying potential 

GREM1-targeting small molecule compounds. It is clear from data presented in this 

thesis that GREM1 is an attractive therapeutic target, specifically for CMS4 CRC 

patients. Firstly, a computational approach was carried out using QUADrATiC 

analysis, which, in combination with review of literature, predicted Simvastatin, 

Cerulenin and Quinidine as potential small molecule inhibitors. Importantly, these 

predictions were to reverse the changes in gene expression observed in the colon 

between WT and Vil1-Grem1 mice, and not predicted to target GREM1 specifically. 
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However, all 3 compounds were tested for their ability to inhibit GREM1 mRNA 

production in cells, with Simvastatin being the most promising, and was therefore 

investigated further. However, it would be beneficial to investigate Cerulenin and 

Quinidine further as both have potential as high GREM1 CRC treatments, as 

discussed in Chapter 3.4. In addition to these compounds, predicted inhibitors of 

GREM1 which were already under instigation by the Brazil Laboratory were also 

used in this thesis. It is important to note that data presented here is preliminary, with 

an n = 1. It would be important to use inhibitors that were deemed unsuccessful in 

the previous screenings as a negative control. With all studies for GREM1-targeting 

therapies, it would be important to investigate these treatments at a variety of 

concentrations and cell lines, before moving on to organoid studies, and investigating 

the effects of these inhibitors on organoid generation. If results continue to be 

promising, in vivo animal studies could be carried out, using Vil1-Grem1 mice that 

replicates HMPS-like morphology. Further studies are necessary and will include 

investigations such as the effect of the inhibitors on cell migration and proliferation 

and uptake of FITC-GREM1, in addition to potential rescue by addition of GREM1 

and investigating the effect of the inhibitors on downstream BMP signalling. It 

would also be interesting to investigate these inhibitors as a possible combination 

treatment for high GREM1 patients, such as combining with 5-FU or radiotherapy 

and investigating whether the effects are enhanced.  
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4.2.5 Future Perspectives 

 

What does the future hold for GREM1 as a diagnostic marker and therapeutic target 

in colorectal cancer? Clearly, there is a need for further development of GREM1 

mRNA and protein as potential biomarkers in tumour biopsies, with the importance 

of the variance between the two identified within this thesis. Furthermore, future 

research into the potential of circulating GREM1 as a “liquid biopsy” for non-

invasive diagnostics in both CRC and other diseases is an exciting and new avenue 

of research- for example the possibility of detecting GREM1 promoter CpG island 

methylation in urine or serum samples as eluded to by Van Vlodrop et al. (2010). In 

addition, ELISAs and cutting-edge technologies such as nanoscale mass 

spectrometry will contribute to this effort. Additionally, further research into 

GREM1 uptake, localisation and mechanisms of action should provide beneficial 

information towards strategies to inhibit GREM1 signalling in CRC. For example, 

the development of small molecules which, once advanced for use in mouse models 

and subsequently humans, can also be assessed for use in other serious diseases in 

which GREM1 is heavily implicated, such as diabetic nephropathy, lung fibrosis and 

inflammatory arthritis. The next 3-5 years of research in this field will advance these 

aims and help to clarify the potential of GREM1 as both a diagnostic and therapeutic 

target not just in CRC, but in human disease.  
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4.3 FINAL CONCLUSIONS 
 

Overall, the results of this thesis demonstrate that GREM1 plays a key role in CRC 

carcinogenesis, especially in CMS4. This study also provided insight into possible 

mechanisms of action of GREM1, showing the most reported non-canonical 

mechanism of VEGFR2 phosphorylation to likely be an artefact, therefore clarifying 

future investigation into potential non-canonical mechanisms of GREM1 in cancer. 

The data presented produced many interesting research directions for the field, 

including the involvement of immune cells in high GREM1 CRC and possible 

involvement in other signalling pathways such as AKT, mTOR and TGFβ. In 

conclusion, GREM1 as a potential therapeutic target or as a predictive biomarker 

should be further investigated, although further insight into the mechanisms of action 

of GREM1 is required before proceeding fully, as this will provide beneficial 

perspectives on potential GREM1 therapeutic targets. 
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APPENDIX 1 VIL1-GREM1 GENE EXPRESSION LISTS FOR IPA 

ANALYSIS 

 

Table 0.1 1500, 1000 and 500 gene lists of top up- and down-regulated, statistically 

significant (p <0.05) genes between Wild-type and Vil1-Grem1 mice colon gene 

expression  
The gene expression data set (GSE62307; (Davis et al., 2015)) was downloaded as the Series Matrix and 

input into Partek® Genomics Suite® where the gene probe list (n= 45281) was cut to statistically significant 

gene probes (adj. p < 0.05 n= 2885). The gene list was then cut into a list of 1500 (whole list: dark, middle 

and lightest shades), 1000 (middle and lightest shades) and 500 (lightest shades) based on their fold change 

(FC). Orange colours represent Vil1-Grem1 mice genes with increased FC compared to wild-type mice 

whilst green colours represent genes that decreased.  

 

Available to view at: https://pure.qub.ac.uk/en/persons/derek-brazil/projects/ 

 

 

 

 

 

 

 

 



Chapter 6: Appendices- 0 6.0 List of Appendices: 

342 

APPENDIX 2 VIL1-GREM1 GENE EXPRESSION LISTS FOR 

QUADRATIC CONNECTIVITY MAPPING ANALYSIS 

 

Table 0.2 500, 150 and 50 gene lists of top up- and down-regulated, statistically 

significant (p <0.05) genes between Wild-type and Vil1-Grem1 mice colon gene 

expression  
The gene expression data set (GSE62307; (Davis et al., 2015)) was downloaded as the Series Matrix and 

input into Partek® Genomics Suite® where the gene probe list (n= 45281) was cut to statistically significant 

gene probes (adj. p < 0.05 n= 2885). The gene list was then cut into a list of 500 (whole list: dark, middle 

and lightest shades), 150 (middle and lightest shades) and 50 (lightest shades) based on their fold change 

(FC). Orange colours represent Vil1-Grem1 mice genes with increased FC compared to wild-type mice 

whilst green colours represent genes that decreased.  

 

Available to view at: https://pure.qub.ac.uk/en/persons/derek-brazil/projects/ 
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APPENDIX 3 PCDNA3.1 PLASMID GENERATION 

 

 Table 0.3 Primers used to produce FLGREM1/Grem1  

 

 Human Mouse 

F
u
ll

 l
en

g
th

 

EcoR1 

Forward 

Primer 

5′-GAC AGT GAA TTC ATG 

AGC CGC ACA GCC TAC 

ACG-3′ 

 

Xba1 

Reverse 

Primer 

3′-GGA TTT TCT AGA ATC 

CAA ATC GAT GGA TAT 

GCA-5’ 

5’- GC TCT AGA TTA ATC 

CAA GTC GAT GGA TAT 

GCA ACG-3’ 

 

 

Table 0.4 Primers used to produce ∆S Grem1 

 

 Mouse 

∆
S

 

∆S EcoR1 

Forward 

Primer 

5’-GCGCG GAA TTC ATG AAA AAG AAA GGT TCC 

CAA GGA GCC AT-3’ 

∆S Xba1 

Reverse 

Primer 

5’-GC TCT AGA TTA ATC CAA GTC GAT GGA TAT 

GCA ACG-3’ 
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Figure 6.0.1 pcDNA3.1/myc-His A plasmid map 
pcDNA3.1/myc-His A plasmid was used to creature the human GREM1 and mouse Grem1 plasmids in 

addition to ∆S(signal sequence removed) Grem1. Sequences were inserted between EcoRI and XbaI sites, 

cut using T4 DNA ligase. Map obtained from SnapGene® software (from GSL Biotech; available at 

snapgene.com). 
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APPENDIX 4 GREM1-MCHERRY PLASMID GENERATION 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.0.2 GREM1-mCherry plasmid map 
The plasmid GREM1-mCherry was made by the company VectorBuilder. Figure shows plasmid map with 

GREM1 sequence in dark green and mCherry sequence in light green. 
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APPENDIX 5 WESTERN BLOTTING RECIPES 

 

Table 0.5 - Reagents to prepare varying percentages of SDS-PAGE resolving gels 

 

 

Resolving percentages (volumes for 2 gels) 

7.5 % 10 % 12 % 15 % 

R
ea

g
en

ts
 

Acrylamide 3. 75 mL 5 mL 6 mL 7.5 mL 

1 M Tris HCl pH 8.8 7.5 mL 7.5 mL 7.5 mL 7.5 mL 

dH20 3.35 mL 2.1 mL 1.1 mL - 

10 % SDS 150 µL 150 µL 150 µL 150 µL 

10 % APS 150 µL 150 µL 150 µL 150 µL 

TEMED 10 µL 10 µL 10 µL 10 µL 

 

 

Table 0.6- Reagents to prepare SDS-PAGE stacking gel 

 

 Stacking gel (volumes for 2 gels) 

R
ea

g
en

ts
 

Acrylamide 1 mL 

1 M Tris HCl pH 6.8 0.85 mL 

dH20 4.5 mL 

10 % SDS 66.5 µL 

10 % APS 50 µL 

TEMED 5 µL 
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Table 0.7 Laemmeli Buffer 

 

Reagent 2x 5x 

1 M TrisHCl pH 6.8 1.25 mL 1.25 mL 

10 % SDS (sodium dodecyl 

sulphate) 
4.0 mL 4.0 mL 

Glycerol 100 % 2.0 mL 5.0 mL 

dH20 to 10 mL / 

Bromophenol Blue Pinch to add colour 

+ B-ME (β-mercaptoethanol) just before use, 10 μL to 990 μL 

 

10 % SDS  

Dissolve 10 g SDS pellets in 80 mL dH20, then make up to 100 mL 

 

10 % APS  

Dissolve 1 g APS in 10 mL in dH20 

 

1M TrisHCL ph 8.8/6.8 (500 mL)  

 60.5g Tris-base (mw = 121.14) dissolved in 250 mL dH20, HCl added to pH required  

and made up to 500 mL with dH20 
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10 x Running Buffer 

• 30.3 g Tris Base 

• 142.6 g Glycine 

• 100 mL 10 % SDS 

Dissolved in 1800 mL dH20 then made up to 2 L.  

Stored at RT and made up to 1 x Running Buffer in dH20 when required.  

 

10 x Transfer Buffer 

• 30.25 g Tris Base 

• 142.8 g Glycine 

Dissolved in 1800 mL dH20 then made up to 2 L.  

Stored at RT and made up to 1 x Transfer Buffer in dH20 with 20 % MeOH when 

required.  

 

10 x TBS 

• 24.3g Tris Base 

• 88g NaCl 

• pH to pH 7.4 using HCl 

Dissolved in 800 mL dH20 and then made up to 1 L and stored at RT until required. 

 

1 x TBS-T  

900 mL dH20, 100 mL 10 x TBS and 1 mL Tween-20 
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5 % Milk TBS-T 

100 mL 1 x TBS-T and 5 g non-fat dried milk (Tesco) 

 

3 % BSA TBS-T 

100 mL 1 x TBS-T and 3 g bovine serum albumin (BSA; Sigma-Aldrich) 

 

 

 

 

 

Table 0.8 Primary antibodies and their associated secondary antibodies made up 

in 5 % Milk TBS-T 

 

Primary 

Antibody 

Catalogue 

No. 
Dilution 

Secondary 

Antibody 

Catalogue 

No. 
Dilution 

Anti-Mouse 

Gremlin1 

(R&D Systems) 

#AF956 1:1000 

Anti-goat IgG, HRP-

linked Antibody 

(Santa Cruz) 

sc-2354 1:10,000 

Anti-Myctag 

(Cell 

Signalling) 

#2276 1:2000 

Anti-mouse IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7076 1:10,000 

Anti-β-actin 

(Cell 

Signalling) 

#3700S 1:50,000 

Anti-mouse IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7076 1:50,000 

Anti-mCherry 

antibody [1C51] 

(Abcam) 

ab125096 1:5000 

Anti-mouse IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7076 1:10,000 

Anti-AKT 

(Cell 

Signalling) 

#9272S 1:2000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 
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Table 0.9 Primary antibodies and their associated secondary antibodies made up 

in 3 % BSA TBS-T 

 

Primary Antibody 
Catalogue 

No. 
Dilution 

Secondary 

Antibody 

Catalogue 

No. 
Dilution 

Anti-Phospho-Akt 

(S473) 

(Cell Signalling) 

#9271S 1:1000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 

Anti-Phospho-Akt 

(T308) 

(Cell Signalling) 

#4056S 1:1000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 

Anti-Phospho-

Smad1 

(Ser463/465)/ 

Smad5 

(Ser463/465)/ 

Smad9 

(Ser465/467) 

(Cell Signalling) 

#13820 1:1000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 

Anti-Phospho-

VEGF Receptor 2 

(Y1175) 

(Cell Signalling) 

#2478S 1:1000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 

Anti-Phospho-

VEGF Receptor 2 

(Y951) 

(Cell Signalling) 

#4991S 1:1000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 

Anti-Smad1 

(Cell Signalling) 
#6944 1:1000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 

Anti-VEGF 

Receptor 2 

(Cell Signalling) 

#2479 1:1000 

Anti-rabbit IgG, 

HRP-linked 

Antibody 

(Cell Signalling) 

#7074 1:10,000 
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APPENDIX 6 QUANTITATIVE PCR TAQMAN
®

 PROBES 

 

Table 0.10 Taqman® Probes used for quantitative real-time PCR 
Gene expression analysis was carried out using the LightCycler® 480 System: real time ready probes from 

Roche Diagnostics (Burgess Hill, UK). 

Target gene Species Company Assay ID 

GREM1 Human Roche 105548 

VEGFR2 Human ThermoFisher Hs00911706_m1 

18S Human Roche 104092 

β-ACTIN Human Roche 143636 
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APPENDIX 7 IMMUNOFLUORESCENCE ANTIBODIES  

 

Table 0.11 Primary antibodies and their associated secondary antibodies used for 

immunofluorescence microscopy 

 

Primary 

Antibody 

Catalogue 

No. 
Dilution Serum 

Secondary 

Antibody 

Catalogue 

No. 
Dilution 

Anti-

Calreticulin 

[EPR3924] 

(Abcam) 

ab92516 1:500 

Donkey 

(D9663; 

Sigma-

Aldrich) 

Anti-Rabbit 

IgG H&L 

(Alexa Fluor® 

594) (Abcam) 

ab150076 1:500 

Anti-Giantin 

(Abcam) 
Ab80864 1:200 

Donkey 

(D9663; 

Sigma-

Aldrich) 

Anti-Rabbit 

IgG H&L 

(Alexa Fluor® 

594) (Abcam) 

ab150076 1:500 

Anti-Mouse 

Gremlin1 

(R&D 

Systems) 

#AF956 1:500 

Donkey 

(D9663; 

Sigma-

Aldrich) 

Anti-Goat IgG 

H&L (Alexa 

Fluor® 

594) (Abcam) 

ab150132 1:500 

Anti-Phospho 

-VEGF 

Receptor 2 

(Y1175) 

(Cell 

Signalling) 

#2478S 1:500 

Donkey 

(D9663; 

Sigma-

Aldrich) 

Anti-Rabbit 

IgG H&L 

(Alexa Fluor® 

594) (Abcam) 

ab150076 1:500 
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APPENDIX 8 IMMUNOHISTOCHEMISTRY ANTIBODIES 

 

Table 0.12 Primary antibodies and their associated secondary antibodies used for 

tissue immunohistochemistry 

 

 

Primary 

Antibody 

Catalogue 

No. 
Dilution 

Secondary 

Antibody 

Catalogue 

No. 
Dilution 

Anti-Mouse 

Gremlin1 

(R&D 

Systems) 

#AF956 1:250 

Rabbit anti-goat 

biotinylated 

(VectaStain ABC 

kit)  

PK-6105 1:250 

Anti-pSmad1/5 

Ser463/Ser465 

(Thermo Fisher 

Scientific) 

31H14L11 1:175 

Goat anti-rabbit 

biotinylated 

(VectaStain ABC 

kit) 

PK-8200 1:250 

Anti-Phospho -

VEGF 

Receptor 2 

(Y1175) (Cell 

Signalling) 

#2478S 1:250 

Goat anti-rabbit 

biotin 

(VectaStain ABC 

kit) 

PK-8200 1:250 

Normal Goat 

IgG (Santa 

Cruz) 

#SC-2028 
Same as primary 

antibody 

Goat anti-rabbit 

biotin 

(VectaStain ABC 

kit) 

PK-8200 1:250 

Normal Rabbit 

IgG (Santa 

Cruz) 

#SC-2027 
Same as primary 

antibody 

Rabbit anti-goat 

biotin 

(VectaStain ABC 

kit) 

PK-6105 1:250 

DAB 

Peroxidase 

Substrate 

#SK4100 

Per 

manufacturer’s 

instructions 
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APPENDIX 9 ‘FIBROBLAST-DERIVED GREMLIN1 LOCALISES TO 

EPITHELIAL CELLS AT THE BASE OF THE INTESTINAL CRYPT’ 

 

Dutton LR, Hoare OP, McCorry AMB, Redmond KL, Adam NE, Canamara S, 

Bingham V,Mullan PB, Lawler M, Dunne PD, Brazil DP. Fibroblast-derived Gremlin1 

localises to epithelial cells at the base of the intestinal crypt. Oncotarget. 2019 Jul 

23;10(45):4630-4639.  
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APPENDIX 10 ‘NO EVIDENCE OF GREMLIN1-MEDIATED 

ACTIVATION OF VEGFR2 SIGNALLING IN ENDOTHELIAL 

CELLS’ 

 

Dutton LR, O' Neill CL, Medina RJ, Brazil DP. No evidence of Gremlin1-mediated 

activation of VEGFR2 signalling in endothelial cells. J Biol Chem. 2019 Nov 

29;294(48):18041-18045. 
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