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Abstract	
 
Colorectal cancer (CRC) is the third most common cancer worldwide, affecting over 

15,000 individuals in Australia each year. While CRC is often detected at a stage where 

resection of the primary tumour is possible, approximately 50% will relapse and die from 

metastatic disease. Current practice to determine clinical management and prognosis is 

determined by tumour depth (T) and lymph node stage (N) and the extent of cancer 

spread at diagnosis (M) (TNM staging). However, clinical outcomes of patients with the 

same TNM staging can be heterogeneous. While adjuvant 5-flurorouracil (5-FU) based 

chemotherapy is offered to the majority of patients with stage III CRC it is only offered 

for high risk stage II CRC and many will relapse to 5-FU as a first line therapy. Therefore, 

there is a need to identify markers to better predict prognosis and better stratify 

patients with stage II/III CRC for treatment regimes. Currently, the use of biomarkers in 

prognostication for the management of CRC is still not common practice with only a few 

markers used in the clinic. The mutational landscape of CRC has revealed large numbers 

of mutated genes; however, it is not known which are drivers that contribute to 

carcinogenesis and whether such mutations provide prognostic information. 

 

This thesis aims to (I) identify clinically relevant markers and patient subgroups of CRC 

to better predict prognosis and better stratify patients with stage II/III CRC for treatment 

regimes, (II) to investigate the potential for a MACROD2 deletion as a novel driver of 

CRC tumourigenesis and (III) to elucidate the impact of a MACROD2 gene deletion on 

DNA repair and chromosomal instability in CRC.  
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1. Introduction		

1.1	Colorectal	cancer:	An	overview	
 

	1.1.1	Colorectal	cancer	Epidemiology	
Colorectal cancer (CRC) is a significant disease worldwide. The development of CRC is a 

progressive, stepwise transformation of normal epithelium lining the colon or rectum to 

benign adenoma and ultimately adenocarcinoma, driven by accumulation of (epi) 

genetic alterations (Fearon & Vogelstein, 1990). In 2014, CRC was the second most 

diagnosed cancer in both men and women in Australia, with 16,630 cases diagnosed and 

4,120 deaths (Australian Institute of Health and Welfare, 2014). Worldwide, CRC is the 

fourth leading cause of cancer related mortality with approximately 694,000 deaths in 

2012 (Stewart, 2014). CRC incidence is highest in developed regions with the highest 

rates in Australia and New Zealand (Age Specific Rate (ASR): 44.8 and 32 in 100,000 for 

men and women respectively) and the lowest recorded in Western Africa (4.5 and 3.8 in 

100,000) (Ferlay et al., 2012). The mortality associated with CRC is lower in developed 

countries and has gradually declined in Australia over the past three decades (ASR 1982-

2014 31.5 to 15.6 per 100,000) (Australian Institute of Health and Welfare, 2014). The 

improvements in CRC survival in developed countries including Australia are largely 

attributed to the implementation of screening programs leading to early detection and 

treatment, improvements in surgical techniques and increasingly effective therapies 

(Andre et al., 2009; Baxter et al., 2009; D. Kerr, 2003; Sargent et al., 2001).  

 

The aetiology of CRC is multifaceted with genetic and environmental factors 

contributing to tumour development. Identified risk factors include ethnicity, advanced 

age, diet, lifestyle behaviours (exercise and alcohol consumption) and genetic 

susceptibility (Australian Institute of Health and Welfare, 2014).  While most cases are 

sporadic, around 5% of CRC develops as a result of inherited genetic conditions including 

Familial Adenomatous Polyposis (FAP), Hereditary Non-Polyposis Colorectal Cancer 

(HNPCC) and MYH-associated polyposis (MAP) (Gryfe, 2009).  
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1.1.2	Colorectal	Cancer	Staging	
Tumour staging is the clinical and pathological assessment of an individual’s cancer 

based on the size of the primary tumour and the extent of spread at the time of 

diagnosis. CRC is classified according to the TNM staging system, developed and updated 

by the American Joint Committee on Cancer (AJCC) and the Union for International 

Cancer Control (UICC)  (American Joint Committee on Cancer Staging Manual, 2017) 

(Table 1.1). TNM staging captures the progression of cancer based on the extent of 

primary tumour invasion (T stage), the extent of spread to the lymph nodes (N stage) 

and the presence of metastasis (M stage). CRC stage is the principal indictor of disease 

prognosis and guides assignment of treatment. T, N and M stages are combined to assign 

the overall tumour stage (0, I, II, III or IV) with further subdivisions depending on the 

version of the staging system indicated by letters (Figure 1.1, Table 1.2). Stage 0, also 

known as carcinoma in situ or intramucosal carcinoma, is the earliest stage of CRC with 

neoplastic cells confined to the innermost lining of the colorectum. Stage I is assigned 

when the cancer has spread to the submucosa and/or muscle layer of the colon wall. 

Stage II can be divided into stage IIA, B and C: stage IIA describes cancer that has spread 

through the muscle layer to the serosa of the bowel wall, stage IIB cancer has spread 

through the serosa, and stage IIC cancer has spread through the serosa to nearby organs. 

Progression of the cancer to nearby lymph nodes is assigned stage III and can be further 

divided into stage IIIA, B and C to describe the extent of spread to nearby lymph nodes. 

Stage IV also known as metastatic, advanced or secondary cancer is assigned when the 

cancer has spread to one (stage IVA) or more (stage IVB) organs that is not near the 

colon (Figure 1.1).  
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Figure 1.1 Colorectal staging 
The development and classification of staging according to the TNM staging system 

(Bowel Cancer Australia, 2014).   
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Table 1.1 TNM nomenclature according to the AJCC  

T- Primary Tumour 
TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

Tis Carcinoma in situ 

T1 Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades through the muscluaris propria into pericolorectal tissues 

T4a Tumour penetrates to the surface of the visceral peritoneum 

T4b Tumour directly invades or is adherent to other organs or structures 

N-Regional Lymph nodes 
NX Regional lymph nodes cannot be evaluated 

N0 No regional lymph node involvement 

N1 Metastasis in 1-3 regional lymph nodes 

N1a Metastasis in 1 regional lymph nodes 
N1b Metastasis in 2-3 regional lymph nodes 
N1c Tumour deposits in the subserosa, mesentery or nonperitonealized pericolic or 

perirectal tissues without regional nodal metastasis 
N2 Metastasis in 4 or more regional lymph nodes 

N2a Metastasis in 4-6 regional lymph nodes 
N2b Metastasis in 7 or more regional lymph nodes 

M-Distant metastasis 
MX Distant metastasis cannot be assessed 

M0 No distant metastasis  

M1 Distant metastasis 

M1a Metastasis confined to one organ or site 

M1b Metastasis in more than one organ/site or the peritoneum 

 
Table 1.2 Assignment of stage based on T, N and M categories: AJCC cancer staging 
manual, 8th edition, 2017 

Stage T N M 
I T1 

T2 
N0 
NO 

M0 
MO 

IIA T3 NO MO 
IIB T4a N0 MO 
IIC T4b NO MO 
IIIA T1-2 

T1 
N1 
N1 

MO 
MO 

IIIB T3-4a 
T2-3 
T1-2 

N1 
N2a 
N2b 

MO 
MO 
MO 

IIIC T4a 
T3-4 
T4b 

N2a 
N2b 
N1-2 

MO 
MO 
MO 

IVA Any T Any N M1a 

IVB Any T Any N M1B 
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1.1.3	Current	treatment	for	colorectal	cancer	
Patients presenting with stage I, II and III CRC are managed by surgical resection with 5 

year survival rates of 93%, 82% and 59% respectively (American Cancer Society, 2016; 

Australia, 2005). However, following resection of the primary tumour there remains a 

substantial risk of disease recurrence for stage II and III CRC with 5-year overall 

recurrence rates of approximately 27% for stage II and 56% for stage III CRC (Mamounas 

et al., 1999; Manfredi et al., 2006). Additional treatment of adjuvant chemotherapy with 

5-fluoropyrimidine based chemotherapy (5-FU or capecitabine), often combined with 

oxaliplatin (FOLFOX) or irinotecan (FOLFIRI), is the standard-of-care for patients with 

stage III and high-risk stage II CRC  (Carrato, 2008; Hirsch & Zafar, 2011; Huang et al., 

2011; National Institute of Health, 1990; Wolmark et al., 1993). Adjuvant chemotherapy 

offers substantial benefit to high risk stage III CRC patients with up to 30% reduction in 

risk of recurrence translating to considerable survival benefits (Gill et al., 2004; Wolmark 

et al., 1993).  

 

In patients who present with advanced metastatic disease (stage IV), prognosis remains 

poor with a 5-year survival of less than 20% and curative surgery is rarely possible (Jemal, 

Center, DeSantis, & Ward, 2010). Nonetheless, the use of 5-FU combination therapies 

(fluoropyrimidine plus oxaliplatin or irinotecan) and more recently targeted agents have 

increased survival. Targeted agents include antibodies against the epidermal growth 

factor receptor (EGFR) cetuximab and panitumumab or the vascular endothelial growth 

factor receptor (VEGF) bevacizumab (Huang et al., 2011; National Institute of Health, 

1990). While providing some survival benefit, agents such as cetuximab are restricted to 

a subset of patients (RAS wild-type metastatic CRC) and have various side effects 

including neutropenia, diarrhea, leucopenia and rashes (Tonini, Calvieri, Vincenzi and 

Santini et al, 2009) .  

1.2	Molecular	pathogenesis	of	colorectal	cancer	
 

1.2.1	The	classical	adenoma-carcinoma	sequence	
Tumourigenesis is a progressive, multistep process transforming a normal cell into a 

malignant cancer cell. The molecular events that underlie the steps in this process are 

principally genetic mutations or epigenetic changes which inactivate tumour suppressor 
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genes or activate oncogenes. Fearon and Vogelstein were the first to describe the 

molecular changes underlying the classical adenoma to carcinoma sequence (Figure 

1.2)(Fearon & Vogelstein, 1990). Key features of their model were the requirement of 

mutational events targeting both tumour suppressor and oncogenes for initiation and 

formation of malignant tumours, and the importance of the total accumulation of 

changes rather than the order of specific mutations for determining the biological 

properties of the tumour (Fearon & Vogelstein, 1990).  The original model of progression 

has since been refined to recognise heterogeneity in histologies and mutation profiles 

and to include tumour characteristics of genomic instability, namely chromosomal 

instability (CIN), microsatellite instability (MSI) and CpG island methylator phenotype 

(CIMP) (Coppede, 2014; E. R. Kim & Kim, 2014).  

 

1.2.2	The	Chromosome	Instability	(APC)	Pathway	
Chromosome instability (CIN) is defined as the accumulation of numerical and structural 

chromosomal abnormalities resulting in aneuploidy, loss of heterozygosity (LOH) and 

chromosomal rearrangements. The Chromosome instability (CIN) pathway corresponds 

to the classical adenoma to carcinoma sequence and accounts for approximately 70% of 

sporadic CRCs (Figure 1.2) (Pino & Chung, 2010; Yamagishi, Kuroda, Imai, & Hiraishi, 

2016). CIN tumours are more common in the distal colon and typically have poor 

prognosis. This pathway is initiated by biallelic inactivation of the Adenomateous 

Polyposis Coli (APC) tumour suppressor gene and subsequent progression to 

intermediate adenoma is accompanied by mutations in GTPase Kirsten Rat Sarcoma 

(KRAS). Progression to late adenoma is associated with loss of 18q targeting tumour 

suppressors SMAD2 and SMAD4. Mutations in Tumour Protein 53 (TP53) and 

Phosphatidylinositol-4, 5-Bisphosphate 3-Kinase Catalytic Subunit Alpha (PIK3CA) 

accompany the transition from late adenoma to carcinoma. 
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Figure 1.2 Adenoma to carcinoma sequence in CRC 
Representative histological images demonstrating the classical adenoma to carcinoma 

sequence defined by the accumulation of genetic alterations during tumourigenesis 

(Christie & Sieber, 2011).   

 
1.2.1.1	The	APC	tumour	suppressor	
The APC gene located on chromosome 5q encodes a large protein (312 kDa) that has 

multiple functional domains that regulate differentiation, adhesion, polarity, migration, 

development, apoptosis and chromosomal segregation (Pino & Chung, 2010). An 

important cellular function of APC in tumourigenesis is its interaction with glycogen 

synthase kinase-3 beta (GSK3b) and negative regulation of b-catenin in the WNT 

signalling pathway. Somatic mutations in the APC gene is the most common (~70% of 

cases) and the earliest genetic event in the initiation of sporadic CRC (Christie et al., 

2013; Pino & Chung, 2010). Somatic mutations are clustered in the mutation cluster 

region (MCR) between codons 1286-1513, leaving 1-3 intact 20 amino acid repeats 

(20AARs) and abolishing all Ser-Ala-Met-Pro (SAMP) repeats resulting in a truncated 

protein (Christie et al., 2013; Miyoshi et al., 1992). Mutant APC disrupts the formation 

of the degradation complex in the WNT signalling pathway causing cytoplasmic 

accumulation and translocation of b-catenin to the nucleus where it interacts with the 
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T cell factor (TCF)/lymphoid enhancer factor (LEF) transcription factors resulting in 

transcription of genes implicated in tumour growth and invasion. Hypermethylation of 

APC is observed in approximately 18% of CRCs indicating an alternate mechanism of 

inactivation (Esteller et al., 2000). Germline mutations in APC underlie the heritable form 

of CRC known as Familial Adenomatous Polyposis (FAP) which is characterised by 

hundreds to thousands of adenomas in the colorectum and a 100% risk of CRC if left 

untreated (Groden et al., 1991).  

 

1.2.2.2	KRAS	
The KRAS oncogene is a member of the MAPK signalling pathway, an effector molecule 

responsible for signal transduction from ligand-bound EGFR to the nucleus. Activating 

mutations in KRAS occur early in progression, detected in approximately 40% of primary 

tumours and 36% in related metastases (Santini et al., 2008). Other studies suggest that 

the frequency of KRAS mutations in lymph node metastases are higher than the primary 

CRC (Oliveira et al., 2007). Mutations occur in codons 12 and 13 of exon 2, to a lesser 

extent codon 61 of exon 3 and codon 117 and 146 of exon 4 (Andreyev, Norman, 

Cunningham, Oates, & Clarke, 1998; Janakiraman et al., 2010; Pino & Chung, 2010). Exon 

4 mutations in KRAS are attributed to an increase in guanine nucleotide exchange, while 

mutations in exons 2 and 3 compromise the ability of GTPase-activating proteins to 

target the inactivating hydrolysis of RAS-bound GTP to GDP, therefore locking KRAS in 

the activated form, leading to constitutive activation of RAS downstream signalling 

(Downward, 2003; Janakiraman et al., 2010; Pino & Chung, 2010). RAS signalling 

regulates multiple cellular functions including proliferation, survival and inflammation 

through effectors which include the RAF-MEK-ERK pathway, PI3K, RALGDS, RALGDS-like 

gene and RGL2 (Pino & Chung, 2010). KRAS mutations in exons 2,3 and 4 have been 

identified and are an FDA approved predictive marker of lack of response to anti-EGFR 

monoclonal antibodies; cetuximab and panitumumab (Amado et al., 2008; Bokemeyer 

et al., 2011; De Roock et al., 2010; Karapetis et al., 2008; Lievre et al., 2006). In CRCs 

treated with curative intent, there is support of an association between KRAS mutations 

and poor prognosis in Microsatellite stable (MSS) tumours (Dienstmann et al., 2017; 

Phipps et al., 2015; Schell et al., 2016; Taieb et al., 2016). Data from these studies 

containing more than 2,000 patients from phase III clinical trials conclude that KRAS 
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mutations are significantly associated with shorter disease free survival (DFS) and overall 

survival (OS) in MSS tumours (Dienstmann et al., 2017; Phipps et al., 2015; Schell et al., 

2016; Taieb et al., 2016).  

 

1.2.2.3	SMAD2	and	SMAD4	
SMAD2 and SMAD4, located on 18q are tumour suppressor genes which are mediators 

of the transforming growth factor-β (TGFβ) pathway involved in regulation of cell 

growth, differentiation and apoptosis (Pino & Chung, 2010). Specifically, biological 

signals for TGFβ are transduced through serine/threonine receptors to activate 

signalling through recruitment of TGFβ receptor 1 (TβRI) by TβRII. Upon activation of 

TβRI, SMAD2 and SMAD4 associate with the receptor, form a heteromeric complex 

which can translocate from the cytoplasm to the nucleus to regulate transcription of 

target genes (Xu & Attisano, 2000). Despite frequent mutation and LOH of 18q in CRCs, 

inactivating mutations in SMAD2 and SMAD4 are only detected in approximately 4% and 

8% of CRCs respectively (Fleming et al., 2013; Vogelstein et al., 1988; Xu & Attisano, 

2000). Somatic mutations and LOH of SMAD4 have been associated with advanced CRC 

and poor prognosis (Koyama, Ito, Nagai, Emi, & Moriyama, 1999; Miyaki et al., 1999).  

 

1.2.2.4	TP53	
The TP53 gene located on chromosome 17 encodes a 393 amino acid transcription factor 

which was identified as the first tumour suppressor gene in 1979 (Vogelstein, Lane, & 

Levine, 2000). TP53, often referred to as the “guardian of the genome”, is a central 

coordinator of cellular responses to stress by regulation of hundreds of genes involved 

in apoptosis, cell cycle, maintenance of genomic stability, angiogenesis, DNA 

metabolism, migration, immune response and cell differentiation (Pino & Chung, 2010; 

Vogelstein et al., 2000). TP53 mutation is a hallmark of more than 50% of human cancers 

and its loss of function is reported in approximately 60% of non-hypermutated CRCs, 

highlighting its role in the transition from adenoma to carcinoma (Hollstein et al., 1994; 

TCGA, 2012b). The majority of TP53 mutations are comprised of missense mutations in 

5 hotspot codons (175, 245, 248, 273 and 282) which results in an inactive protein with 

an abnormally long half-life (Beroud & Soussi, 2003). TP53 has been investigated both 

as a prognostic marker and a predictive marker of therapy response. In the TP53 
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Colorectal Cancer International Collaborative Study on over 3000 patients, mutated 

TP53 in the distal colon was found to be associated with advanced CRC and worse 

survival, but not related to adjuvant chemotherapy response in patients with Dukes’ 

stage C tumours (Iacopetta et al., 2006; Russo et al., 2005). Similar results were reported 

in a systematic review with over 18,000 patients, which additionally suggested that TP53 

mutation confers no association with chemotherapy response. However, abnormal TP53 

was associated with resistance to radiotherapy in rectal cancers (Munro, Lain, & Lane, 

2005).  

 

1.2.3	The	Serrated	Neoplasia	Sequence		
The serrated neoplasia sequence represents an alternate pathway to CRC in which 

malignancy develops from benign polyps with serrated histology rather than traditional 

adenomas (Figure 1.3). Accounting for approximately 10-15% of CRC, serrated polyps 

are a group of colorectal lesions characterised by a jagged saw-tooth appearance which 

include hyperplastic polyps (HP), sessile serrated adenoma (SSA), traditional serrated 

adenoma (TSA) or mixed polyps (MP). Unlike the classical adenoma to carcinoma 

sequence, the serrated neoplasia sequence is thought to be initiated by a BRAF mutation 

and progression to carcinoma is governed by gene promoter methylation, CpG Island 

Methylator Phenotype (CIMP). Impairment of the DNA mismatch repair pathway is a 

common feature of this pathway which manifests as microsatellite instability. (Risio, 

2009; Yamane, Scapulatempo-Neto, Reis, & Guimaraes, 2014). Serrated polyps are 

distinguished by their morphology and location, HPs are commonly found in the distal 

colon while SSAs are typically found in the caecum and proximal colon. Serrated polyps 

are associated with female sex, smoking and have a higher risk of progression to CRC 

(Bordacahar et al., 2015; Lu et al., 2010).  
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Figure 1.3 The serrated neoplasia sequence 
Representative histological images demonstrating the serrated neoplasia sequence, an 

alternate sequence of histopathological lesions in CRC development (Christie & Sieber, 

2011).  

 
1.2.3.1	BRAF	
The BRAF gene encodes a serine/threonine protein kinase downstream of KRAS which 

mediates cellular responses involving proliferation, apoptosis and differentiation in 

response to growth signals through the RAS-RAF-mitogen activated protein kinase 

pathway (Yamane et al., 2014). BRAF mutations are present in approximately 10% of 

CRCs, the most common resulting in a valine-to-glutamate change at residue 600 

(V600E) (Barras, 2015). The initiating BRAF mutation results in constitutive activation of 

the MAPK pathway and uncontrolled cell proliferation, apoptosis, cell survival, invasion 

and metastasis. Mutations in BRAF and KRAS are mutually exclusive events. BRAF 

mutated tumours are associated with right sided CRC, female sex, MSI-high, older age 

and CIMP phenotype (Gonsalves et al., 2014). BRAF has been established as a prognostic 

marker of poor prognosis in CRC. Several large studies of stage II and III CRCs have 
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identified BRAF mutations in MSS tumours are significantly associated with shorter DFS 

and OS (Dienstmann et al., 2017; Phipps et al., 2015; Roth et al., 2010; Seppala et al., 

2015; Sinicrope et al., 2015; Taieb et al., 2016). In metastatic CRC, BRAF mutations have 

been associated with lack of response to anti-EGFR antibodies cetuximab and 

panitumumab with no significant improvement in progression free survival, overall 

survival or overall response rate (Pietrantonio et al., 2015).  

 

1.2.3.2	Deficient	DNA	mismatch	repair	(dMMR)	
Approximately 10-15% of CRCs are characterised by loss of DNA mismatch repair (MMR), 

caused by either epigenetic silencing of the mutL homologue 1 (MLH1) or less frequently 

by mutations in one of the mismatch repair genes MLH1, MSH2, MSH6 or PMS2. DNA 

mismatch repair manifests as genome-wide hypermutation at microsatellites, short 

tandem repeats of 1-6 base pairs, a phenotype called microsatellite instability (MSI) 

(Vilar & Gruber, 2010).  MSI can be diagnosed using polymerase chain reaction (PCR) for 

the Bethesda panel of 5 microsatellite markers. This panel includes 2 mononucleotide 

markers (BAT 25 and BAT26) and 3 dinucleotide microsatellites (D5s346, D2S123 and 

D17S250). Tumours harbouring 2 or more unstable markers are defined as MSI high 

(MSI-H), tumours harbouring 1 marker is defined as MSI low (MSI-L) and when no 

instability is detected in the panel the tumours are defined as microsatellite stable (MSS) 

(Laghi & Malesci, 2012).  Notably, MSI tumours accumulate mutations in cancer genes 

comprising nucleotide repeats such as AXIN2, TGF-β receptor 2 (TGFBR2), Insulin Like 

Growth Factor 2 Receptor (ILGF2R), E2F transcription factor 4 (E2F4), Caspase 5 (CASP5), 

Catenin (cadherin-associated protein) beta 1 (CTNNB1) and BCL-associated X protein 

(BAX) (Worthley & Leggett, 2010). MSI tumours are strongly associated with oncogenic 

BRAF mutation and the CIMP phenotype and are mutually exclusive from CIN (Walther 

et al., 2009). Sporadic CRCs with MSI display distinct clinicopathologcal features 

including right sided tumour location, lower tumour stage, older age of patients, higher 

histological grade, mucinous differentiation, tumour infiltrating lymphocytes and are 

predominantly found in females (Vilar & Gruber, 2010). MSI-H tumours are associated 

with better prognosis for stage II-III tumours  (Roth et al., 2010). In addition, 

retrospective studies have found that MSI-H CRCs do not respond to adjuvant 5-FU 

chemotherapy (Des Guetz et al., 2009).   
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1.2.3.3	The	CpG	Island	Methylator	Island	Phenotype	(CIMP)		
In normal cells, DNA is frequently methylated at CpG dinucleotides except in CG rich 

regions adjacent to gene promoters known as CpG islands. Tumors with a CpG Island 

Methylator Phenotype (CIMP) exhibit concurrent hypermethylation of multiple CpG 

islands, and can be defined by a panel of 5 to 8 markers (Rhee, Kim, & Kang, 2017; Toyota 

et al., 1999). The most commonly used 5-marker panel includes CACNAIG, IGF2, 

NEUROG1, RUNX3 and SOCS1 where methylation in 3 or more of the markers is defined 

as CIMP-H and methylation of 0-2 markers is defined at CIMP-L or CIMP-O 

(Weisenberger et al., 2006). CIMP-H CRCs present with distinct clinicopathological and 

molecular features including location in the proximal colon, poor differentiation, older 

age at onset, advanced CRC, female sex and frequently associated with MSI and BRAF 

mutations. CIMP-H status has been associated with poor prognosis (worse OS) by some 

investigators and less consistently with response to 5-FU chemotherapy (Juo et al., 2014; 

J. H. Kim, Shin, Kwon, Cho, & Kang, 2009; Shiovitz & Grady, 2015).  

1.3	Molecular	landscape	of	colorectal	cancer		
 

1.3.1	The	mutational	landscape	of	colorectal	cancer	
Identification of the genetic and genomic changes that occur in CRC beyond the major 

known driver genes is essential to further understand the pathophysiology of CRC, to 

identity predictive or prognostic biomarkers and to develop of novel therapeutics for 

targeted treatment. Several pioneering studies have mapped the genetic landscape of 

CRC, demonstrating that CRC is a highly heterogeneous disease at both at the inter- and 

intra-tumour levels (Sjoblom et al., 2006; TCGA, 2012b; Wood et al., 2007).  

 

The genomic landscape of CRC was first elucidated in the large-scale PCR-based 

sequencing studies by Sjoblom et al and Wood et al. These studies described the 

genomic landscape of CRC as composed of a number of frequently mutated genes they 

termed ‘gene mountains’ (APC, KRAS, TP53 and FBXW7) that are interspersed with many 

‘gene hills’ consisting of genes mutated at low frequencies (Sjoblom et al., 2006; Wood 

et al., 2007). These studies highlighted a large number of novel candidate genetic 

alterations which may contribute to the development of CRC opening up a large field for 

future study.  
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These initial studies were followed up by the international TCGA network study, 

reporting NGS-based exome sequencing data on 224 colorectal tumour/normal pairs. 

Based on these data, the TCGA categorised CRC into two major groups consistent with 

previous classification systems; approximately 15% of CRCs were hypermutated with 

either MSI due to MLH1 silencing causing defective DNA mismatch repair or abundant 

single nucleotide mutations due to inactivation of the DNA polymerase epsilon 

proofreading gene (POLE) resulting in ultramutated CRCs. The remaining 85% of CRC 

were non-hypermutated cancers. Among the non-hypermutated cancers, the most 

frequently mutated genes included APC, TP53, KRAS, PIK3CA, FBXW7, SMAD4, TCFL2 

and NRAS as anticipated from previous studies. In addition, multiple novel genes were 

identified, including recurrent mutations in FAM123B, ARIDIA and SOX9. Hypermutated 

tumours shared common mutations in APC, TCFL2 and TP53 with non-hypermutated 

tumours, but the mutation frequency and spectrum was different and reflective of the 

underlying mutator phenotype. Overall, the most frequently mutated genes in 

hypermutated tumours included ACVR2A, APC, TGFBR2, MSH3, MSH6, SLC9A9, TCLF2 

and BRAF. In addition, a large number of less commonly mutated genes were identified 

in both non-hypermutated and hypermutated CRCs the pathogenic relevance of many 

of which remains unclear. Further investigation is required to understand these changes 

and their significance in colorectal tumourigenesis.  

 

1.3.2	Major	altered	signalling	pathways	in	CRC	
Several signalling pathways have been causally implicated in the initiation and 

progression of CRC. Specifically, integrated analysis of mutations, copy number and 

mRNA expression changes in CRC, combined with cell biology studies of gene function 

have highlighted the WNT, MAPK, PI3K, TGF-b and p53 pathways as major drivers (TCGA, 

2012b). 

 
1.3.2.1	WNT	signalling	pathway	
The canonical WNT signalling pathway is fundamental to cell proliferation, stem cell 

maintenance and homeostasis in the gastrointestinal track (Clevers, 2006). In the 

absence of WNT ligand, b-catenin is bound by a dedicated cytoplasmic degradation 

complex composed of the scaffolding protein Axin, tumour suppressor APC, casein 
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kinase 1 (CK1) and glycogen synthase kinase 3b (GSK-3b). Following b-catenin capture 

by the complex, b-catenin is phosphorylated at Ser45 by CKI stimulating further 

phosphorylation of b-catenin by GSK-3b at Thr41, Ser37 and Ser33 residues. 

Subsequently, phosphorylated b-catenin is ubiquitinated by b-TrCP ubiquitin E3 ligase 

and degraded by the proteasome (Clevers, 2006). In the absence of nuclear b-catenin, 

the T-cell factor (TCF) and lymphoid enhancer factor (LEF)-TCF/LEF and transduction-like 

enhancer (TLe/Groucho) recruit histone deacetylases (HDACs) to repress expression of 

target genes in the nucleus. In the presence of a WNT ligand, WNT binding to the frizzled 

(FZD) and low-density-lipoprotein-related protein 5/6 (LPR5/6) co-receptor complex 

activates the WNT signalling pathway through stabilisation of b-catenin. This involves 

recruitment of the destruction complex to the WNT receptor complex and destruction 

or functional inactivation by the activated receptor Dishevelled (DVL). This results in 

stabilisation, accumulation and translocation of b-catenin to the nucleus where it 

engages with TCF/LEF transcription factors to activate expression of WNT target genes 

through displacement of the TLE/Groucho complex and recruitment of histone 

modifying factors and co-activators including CBP/p300, BRG1, BCL9 and Pygo (Behrens 

et al., 1996; Lien & Fuchs, 2014; Molenaar et al., 1996).  

 

Members of the WNT signalling pathway are altered in approximately 90% of non-

hypermutated tumours and hypermutated tumours, including inactivating mutations in 

APC or activating mutations in b-catenin in 80% of cases (TCGA, 2012b). Alterations have 

also been reported in other WNT pathway genes including the WNT receptor frizzled 

(FZD10), DKK family members, FAM123B, AXIN1, AXIN2, GSK-3b, ARID1A, FBXW7, LPR5, 

LRP6, RNF43, SOX9 and TCF7L2 (Christie et al., 2013; Giannakis et al., 2014; 

"International Cancer Genome Consortium COAD-USA," ; Kitaeva et al., 1997; Liu et al., 

2000; Seshagiri et al., 2012; Uchida et al., 2010). Interestingly, many of these alterations 

were found in tumours harbouring APC mutations, suggesting that multiple mutations 

in the WNT signalling pathway confer a selective advantage to the tumour.  

 
1.3.2.2	MAPK	pathway	
Mitogen-activated protein kinases (MAPK) are evolutionarily conversed enzymes that 

function to link extracellular signalling to the nucleus to control fundamental processes 
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including cell growth, proliferation, differentiation, migration and apoptosis (Dhillon, 

Hagan, Rath, & Kolch, 2007). The MAPK pathway consists of a three-tier kinase module 

in which activation of MAPK is dependent on sequential phosphorylation of three 

kinases: mitogen-activated protein kinase kinase kinase (MAPKKK), mitogen-activated 

protein kinase kinase (MAPKK) and MAPK (Figure 1.4 (Dhillon et al., 2007). There are 

three major MAPK subfamilies; the extracellular-signal-regulated kinases (ERK MAPK), 

the c-jun N-terminal kinase or stress-activated protein kinases (JNK or SAPK); and 

MAPK14 (Dhillon et al., 2007). The MAPK/ERK pathway is frequently mutated in many 

cancer subtypes and recognised as the most important pathway for cellular proliferation 

and the induction of cyclin D1 in cell division (Fang & Richardson, 2005; Smalley, 2003; 

Troppmair et al., 1994). The MAPK/ERK pathway responds to signalling from multiple 

growth factor receptors including the epidermal growth factor receptor (EGFR) (Chen & 

Davis, 2003). In the MAPK/ERK pathway, ERK is activated upon phosphorylation by MEK, 

which is activated itself upon phosphorylation by Raf. In this pathway, signals 

transmitted through protein kinase C (PKC) or Ras promotes guanosine triphosphate 

(GTP) loading onto the Ras GTPase, which in turn recruits Raf kinases to the membrane 

for activation (Fang & Richardson, 2005). There are three p21ras small GTPases (H-Ras, 

N-Ras and K-Ras) that are switched from the inactive GDP bound form to active GTP 

bound from upon signalling (Smalley, 2003). In addition, there is cross talk between 

Raf1, the phosphoinositol 3 (PI3) kinase and AKT, suggesting additional roles for Raf1 in 

regulation of cell survival and proliferation (Sato, Fujita, & Tsuruo, 2004).  

 

Activation of the MAPK signalling is key in intestinal stem cell differentiation, and 

deregulation of this pathway is recognised to play a role in the pathogenesis, 

progression and oncogenic behaviour of CRC (Fang & Richardson, 2005). The RAS-MAPK 

pathway is altered in approximately 60% of non hypermutated tumours and 80% of 

hypermutated tumours (TCGA, 2012b). Alteration of the MAPK pathway affects multiple 

hallmarks of cancer through constitutive activation that causes uncontrolled cell 

proliferation, deregulated apoptosis, cell survival, invasion into surrounding tissues and 

metastasis. Deregulation of the ERK MAPK pathway can occur at many levels, 

highlighting the importance of this pathway to tumourigenesis. Key alterations in this 
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pathway include mutations in KRAS and BRAF in approximately 35% and 10% of CRCs 

respectively (Andreyev et al., 1998; Davies et al., 2002; Wisdom, Johnson, & Moore, 

1999). 

 

 

Figure 1.4 MAPK signalling in pathogenesis 
The MAPK pathway consists of a three-tier kinase module activated by external stimuli 

including growth factors, stress and inflammation. Downstream effectors of the Ras 

pathway include activation of cMyc and cJun to form AP1 (activator protein 1) for gene 

activation. AIF2=apoptosis inducing factor. ASK=apoptosis signal-regulating kinase. 

CRE=cyclic AMP/calcium response element. ELK=mixed lineage kinase. MKK=MAPK 

kinase. MEF2=myocyte enhancer factor 2. PKC=protein kinase C. ROS=reactive oxygen 

species. SOS=son of sevenless. STAT1=signal transducer and activator of transcription 

factor 1 (Fang & Richardson, 2005).  
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1.3.2.3	PI3K	pathway	
 
The phosphoinositide 3-kinases (PI3K) are members of a conserved family of 

intracellular lipid kinases which phosphorylate 3’-hydroxyl groups on 

phosphatidylinositol and phosphoinositides in response to growth factors and 

hormones. This initiates a coordinated set of events  leading to cell growth, proliferation, 

survival, motility and metabolism (Engelman, Luo, & Cantley, 2006).  Members of the 

PI3K pathway (I-III) are bound to regulatory subunits which modulate its activity. PI3K I-

III are classified according to their substrate preference and sequence homology 

(Engelman et al., 2006). Class I PIKs are divided into two subfamilies, Class IA activated 

by growth receptor kinases (RTKs) and class IB activated by G-protein-coupled receptors 

(GPCRs) and primarily generate phosphatidylinositol-3,4,5-trisphosphate (PIP3) from 

phosphatidylinositol-4,5-bisphosphate (PI-4,5-P2) (Figure 1.5) (Cantley, 2002). The class 

IA PIKs are heterodimers of a p85 regulator subunit and a p110 catalytic subunit with 

numerous isoforms (p85a, b, g and p110 a, b and d). The class IB is a heterodimer 

consisting of a p101 regulatory subunit and p110g catalytic subunit. Class I PI3Ks 

primarily regulate glucose homeostasis, cell migration, growth and proliferation 

(Cantley, 2002). The class II PIKs consist of a single p110 like catalytic subunit and 

preferentially generate phosphatidylinositol-3-phosphate (PI-3-P) and 

phosphatidylinositol-3,4-biphosphate (PI-3,4-P2) (Katso et al., 2001). Class II PIKs 

regulate membrane trafficking and receptor internalisation. The class III PI3K generate 

PI-3-P from phosphatidylinositol (PI) and may be important in controlling cell growth 

(Byfield, Murray, & Backer, 2005). 

 

In the canonical PI3K pathway, activation of PI3K phosphorylates PIP2 resulting in the 

conversion to PIP3. This is turn leads to phosphorylation and subsequent tethering of 

PH-containing molecules AKT and guanine nucleotide exchange proteins (Rho-GEFs) to 

the plasma membrane. AKT can subsequently activate mTOR, stimulate cell growth and 

protein synthesis, inactivate Bad to inhibit apoptosis and can inactivate GSK3-b, an 

antagonist of the WNT signalling pathway (Weinberg, 2007).  
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Figure 1.5 Class 1 PI3K signal transduction pathway 
Simple schematic of the class 1 PI3K pathway and MAPK pathway with key members 

targeted by genetic or epigenetic alterations indicated by a red asterisk (Weigelt & 

Downward, 2012).  

 

 
The PI3K pathway is frequently activated in cancer as a result of genetic (gene 

amplifications, mutations, deletions) and epigenetic (DNA methylation, regulation by 

non-coding RNAs) aberrations targeting multiple key components (Weigelt & 

Downward, 2012). In CRC, PI3K signalling is altered in about 50% of non-hypermutated 

and hypermutated tumours (TCGA, 2012b). Key alterations include mutation of PIK3CA 

(15%) and PIK3R1 (2%), mutations or amplification of genes encoding receptor tyrosine 

kinases (RTKs), EGFRs ERBB2 and ERBB3 (6 and 4% respectively), mutation in AKT (1%) 

deletions or loss of PTEN phosphatase protein expression (4%) and IGF1R and IRS2 

overexpression in non hypermutated (TCGA, 2012b).  KRAS mutations (~40%) can 

further activate PI3K signalling (Danielsen et al., 2015; Forbes et al., 2011; "Somatic 

Mutations in Cancer (COSMIC)").  
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1.3.2.4	TGF-b		pathway		
The transforming growth factor b (TGFb) pathway has a central role in the signalling 

networks of colon epithelial cells that function to reduce proliferation, promote 

apoptosis and differentiation (Shi & Massague, 2003). The loss of the anti-proliferative 

effects of the TGFb signalling pathway is a feature of transformed epithelial cells 

(Manning, Williams, Game, & Paraskeva, 1991). Binding of TGFb super family ligands to 

both type I and type II serine/threonine kinase receptors (TGFBR1, TGFBR2, BMPR2, 

BMPR1A/1B, ACVR2A and ACVR2A/2B) regulate SMAD proteins and transcription 

(Figure 1.6) (Jung, Staudacher, & Beauchamp, 2017). The TGFb family consist of nearly 

30 members that can be divided into two branches; the BMP/GDF and 

TGFb/Activin/Nodal branch (Massague, Blain, & Lo, 2000). In response to ligand binding, 

type II receptors recruit and phosphorylate the type I receptor to stimulate 

phosphorylation and activation of pathway specific receptor associated SMAD proteins 

(SMAD1/5/8 or SMAD2/3). Activation of receptor associated SMAD proteins complex 

with SMAD4, results in its translocation to the nucleus and subsequent interaction with 

transcription factors to regulate TGFb responsive genes (Jung et al., 2017). Activation of 

downstream targets of TGFb include cell-cycle check-point genes CDKN1A (p21), 

CDKN1B (p27) and CDKN2B (p15) which lead to growth arrest (Massague et al., 2000). 

Therefore, TGFb acts as a tumour suppressor in normal intestinal epithelial cells (Xu & 

Pasche, 2007).  
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Figure 1.6 TGFb signalling and common alterations in CRC and gastrointestinal cancers 
Simplified schematic of the TGFb signalling pathway and altered targets. Targets 
commonly mutated in CRC are green, targets commonly mutated in gastrointestinal 
cancers are purple and targets commonly altered in both are striped (Jung et al., 2017).  
 
 
The TGFb signalling pathway is frequently deregulated in CRC and many other cancers 

(Massague et al., 2000). In CRC, alterations in TGFBR1, TGFBR2, ACVR2A, ACVR1B, 

SMAD2, SMAD3 and SMAD4 occur in approximately 30% of non-hypermutated and 85% 

of hypermutated tumours (TCGA, 2012b). TGFb pathway alterations render tumour cells 

resistant to TGFb induced growth inhibition, but there is further evidence that as CRC 

progresses, TGFb signalling switches to a growth stimulatory effect (Xu & Pasche, 2007). 

High levels of TGFb are associated with advances stages of CRC, increased rate of 

recurrence and decreased survival (Friedman et al., 1995). This switch may be due in 

part to activation of SMAD independent pathways such as the MAPK, JNK and PI3K/AKT 
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pathways (Roman, Saha, & Beauchamp, 2001). In addition, it is thought that TGFb 

signalling promotes angiogenesis and immune-suppression, both important in 

tumourigenesis (Elliott & Blobe, 2005).  

 
1.3.2.5	p53	pathway	
The p53 tumour suppressor gene, often referred to as the “guardian of the genome”, 

encodes a nuclear phosphoprotein which binds directly to DNA and acts as a 

transcriptional activator (Conlin, Smith, Carey, Wolf, & Steele, 2005; Lane, 1992). p53 

functions to protect cells against damaging stimuli including oxidative stress, nutrient 

deprivation, hypoxia, DNA damage, telomere attrition, oncogene expression and 

ribosomal dysfunction through both transcription dependent and independent 

mechanisms (Meek, 2015; Zhang & Lu, 2009; Zhou, Liao, Liao, & Lu, 2012). The 

protective capabilities of p53 are due to p53-mediated induction of cell cycle arrest to 

allow damaged cells to be repaired or targeted for apoptosis. (Bieging & Attardi, 2012; 

Levine & Oren, 2009; Steele, Thompson, Hall, & Lane, 1998). Mutations in the p53 gene 

are among the most common genetic alterations in cancer (Conlin et al., 2005), with 

alterations in 59% of non hypermutated CRC (TCGA, 2012b).  

 

p53 protein expression is tightly regulated. The principal regulator of p53 is MDM2, an 

oncogene and E3 ubiquitin ligase (Haupt, Maya, Kazaz, & Oren, 1997). MDM2 negatively 

regulates p53 by binding to the N-terminal transactivating domain of p53, promoting 

translocation of p53 from the nucleus to the cytoplasm which supresses its capacity to 

interact with the transcription machinery. MDM2 ubiquitinates specific residues on p53 

to target p53 for proteasomal degradation (Haupt et al., 1997). Expression of p53 is 

generally maintained at low levels and activation of p53 occurs when the interaction of 

MDM2 is disrupted by different stressors such as DNA damage. When DNA damage 

occurs, kinases such as Chk1/Chk2 and ATM/ATR are activated which phosphorylate 

sites on the N-terminus of p53 and reduces its affinity for MDM2 (Shieh, Ahn, Tamai, 

Taya, & Prives, 2000; Shiloh, 2003). Another mechanism of p53 activation is stimulation 

with mitogenic signals such as c-MYC and KRAS, resulting in the accumulation of p14ARF 

which binds to MDM2 allowing p53 to be activated (Weber, Taylor, Roussel, Sherr, & 

Bar-Sagi, 1999). While disrupting the interaction between MDM2 and p53 is required 
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for p53 activation, MDM2 is also one of the transcriptional targets of p53; thus 

regulation of p53 by MDM2 occurs through a negative-feedback loop (Kruse & Gu, 

2009). 

 

Besides p53 mutation, other members of the p53 pathway can be targeted by 

alterations in CRC. These include mutation in ATM (7% in non hypermutated tumours), 

a kinase that phosphorylates and activates P53 after DNA damage. Alternatively, cancers 

can disrupt p53 regulation through overexpression of MDM2 or inactivation of p14ARF 

(Nicholson et al., 2001). While alterations in the p53 pathway are often thought to 

inactivate its tumour suppressor role, recent data suggest that some changes can have 

oncogenic roles. Certain mutations in p53 have been shown to be gain-of-function 

mutations through stimulating increased signalling via the EGFR and TGFb pathways 

(Haupt, Raghu, & Haupt, 2016; Nguyen, Lio, Zeng, & Lu, 2017).  

 

1.4	 Molecular	 alterations	 as	 biomarkers	 for	 colorectal	
cancer	outcome	
A biomarker is defined as a biological molecule found in blood or tissues that is an 

indicator of a particular biological process, or of a condition or disease (Langan et al., 

2013). Biomarkers include DNA, RNA, microRNA (miRNA), epigenetic changes or 

antibodies (Lech, Slotwinski, Slodkowski, & Krasnodebski, 2016). Biomarkers play an 

increasing role in improving the outcomes for cancer patients, through enabling early 

detection, diagnosis and staging, and guiding the use of treatments, a concept termed 

personalised medicine. For the management of sporadic CRC biomarkers currently used 

in clinical practice include MSI or dMMR protein profiling for identification of stage II 

patients with a low risk of recurrence, KRAS and NRAS mutation testing for allocation of 

anti-EGFR therapies in patients with metastatic disease and carcinoembryonic antigen 

(CEA) protein detection to monitor disease recurrence  (De Roock et al., 2010; Duffy et 

al., 2014; Locker et al., 2006; Popat, Hubner, & Houlston, 2005; Roth et al., 2010). Gene 

expression profiling arrays with microarray technology exist to identify gene signatures 

for diagnosis and treatment prediction, although their uptake into clinical practice has 

been limited (Nannini et al., 2009). In addition, many other alterations or signatures 
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have been proposed as biomarkers of CRC, however translation into clinical use has 

been limited. This may be due in part to proposed markers having insufficient evidence 

or lacking adequate sensitivity, cost of testing or general invasiveness (Langan et al., 

2013).  Several examples of candidate biomarkers in the context of prognosis for early 

stage (stage I-III) CRC are discussed below. 

 

1.4.1	Chromosome	18q	loss	of	heterozygosity	(18qLOH)	
A candidate marker of CRC prognosis which has been studied in considerable detail is 

the loss of heterozygosity at chromosome 18q. There are a number of key genes in this 

region that are involved in CRC carcinogenesis including DCC, SMAD2 and SMAD4 (>50%) 

(Lech et al., 2016). In multiple studies, 18qLOH has been shown to be a prognostic 

marker of poor overall survival in patients with stage II/III CRC (Popat & Houlston, 2005; 

Sarli et al., 2004). Although there is a general consensus on the association between 

18qLOH and poor survival, the estimates of prognostic value vary considerably between 

studies which may reflect differences in methodology and/or cohort characteristics. The 

predictive value of 18qLOH has not yet been confirmed, although it has been 

demonstrated to predict a better response to 5-FU based chemotherapies in patients 

with stage III and MSS (Watanabe et al., 2012).  

 

1.4.2	p53	mutations	
Loss-of-function mutations or mutation in the TP53 gene that result in protein 

overexpression are frequent events in CRC (50-70%) (Tejpar et al., 2010). Alterations in 

TP53 are associated with CIN and inversely correlated with MSI tumour phenotype. 

Associations of TP53 with prognosis and response to therapy have been extensively 

studied, yet the findings remain inconclusive. Multiple studies examining TP53 mutation 

status have related presence of mutation to poor prognosis (Goh, Yao, & Smith, 1995; 

Russo et al., 2005; Westra et al., 2005). However, tumour site, type of mutation and 

adjuvant treatment were important factors in determining prognostic significance. 

Similarly, some but not all studies examining p53 protein expression have linked TP53 

alterations to inferior outcomes (Munro et al., 2005; Petersen, Thames, Nieder, 

Petersen, & Baumann, 2001). Alterations in TP53 have been assessed as a predictive 
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marker of 5-FU chemotherapy response with conflicting results between studies (Allegra 

et al., 2003; Elsaleh et al., 2001; Russo et al., 2005).  

 

1.4.3	PIK3CA	mutations	
PIK3CA mutations occur in 10-20% of CRC tumours (Lech et al., 2016). PIK3CA mutations 

have been associated with significantly worse CRC specific mortality and overall survival 

by some reports, although data have not always been consistent (Jhawer et al., 2008; 

Ogino et al., 2009). Refined consideration of PIK3CA mutations according to location in 

exon 9 and 20 has also given conflicting results (Liao, Morikawa, et al., 2012).  

 

Recently, PIK3CA mutations have been identified as a predictive biomarker for adjuvant 

aspirin therapy which may explain some of these discrepant findings. In patients with 

PIK3CA mutations, regular use of aspirin, a cyclooxygenase-2 inhibitor after diagnosis 

has been associated with longer cancer specific survival (Liao, Lochhead, et al., 2012).  

 

1.4.4	PTEN	deletions	
Inactivating somatic mutations in PTEN are found at a low frequency in CRC (~10%) and 

PTEN expression is lost in up to 20% of CRCs in both KRAS wild type and mutant tumours 

(Wood et al., 2007). A lack of PTEN expression in CRC has been associated with a shorter 

overall survival (Laurent-Puig et al., 2009). Additional studies have suggested PTEN as a 

predictive marker of response to cetuximab in metastatic CRCs. This association is 

inconsistent between studies and may be a result of differences between studies 

(Jhawer et al., 2008; Razis et al., 2008). 

 

1.5	The	DNA	copy	number	landscape	of	CRC		
In addition to genetic sequencing studies, DNA copy number studies have identified 

novel cancer genes through copy number alterations (CNA) in the cancer genome, the 

significant gain or loss of a gene and structural variants (SVs) as novel cancer gene 

candidates (TCGA, 2012b). DNA copy number profiles in CRC cell lines and primary 

cancers showed non-hypermutated cases tend to exhibit unstable profiles with modal 

chromosome copy numbers from 2n to 6n in cancers while hypermutated cancers 

showed stable profiles with modal chromosome copy number of 2n. In non 
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hypermutated cases, common deleted chromosome arms included 8p, 17p (including 

TP53), and 18q (including SMAD4), and the most common gained regions include 

chromosome 7, 8q (including MYC), 13 and 20q (Mouradov et al., 2014; TCGA, 2012b).  

 

Focal regions significantly targeted by CNAs in both CRC cell lines and cancers tend to 

overlap between hypermutated groups and non hypermutated groups respectively. In 

non hypermutated groups, overlapping regions included the amplification of MYC and 

deletion of PARK2 and WRN in 29.5% and 36.3% in cell lines and 21.9% and 31.6% in 

primary cancers. Four recurrent regions present in hypermutated and non 

hypermutated groups included FHIT, A2BP1, WWOX and MACROD2, all known fragile 

sites in the genome (Mouradov et al., 2014).  

 

1.6	 MACROD2,	 a	 candidate	 driver	 of	 colon	 cancer	
development	
The clinical relevance and impact of many genes targeted by CNA on tumourigenesis 

and patient outcomes remains poorly understood. One candidate highlighted by the 

recent genome wide DNA copy number analyses in CRC is the MACRO domain containing 

2 (MACROD2) locus on chromosome 20p12.1 which shows significant focal deletion 

(Beroukhim et al., 2010; Burghel et al., 2013; Dulak et al., 2012; Mouradov et al., 2014; 

van den Broek et al., 2015). The MACROD2 locus is a known fragile site and the role of 

deletions  in tumourigenesis remains unknown (Rajaram et al., 2013).  

 

MACROD2 is a member of the evolutionarily conserved macrodomain family of proteins 

containing 10 members in humans which bind mono or poly-ADP ribose (PAR), poly (A) 

or O-acetyl-ADP-ribose (OAADPr) (Rosenthal et al., 2013). Macrodomain proteins are 

involved in diverse cellular processes including transcriptional regulation, chromatin 

remodelling and developmental processes (Han, Li, & Fu, 2011).  MACROD2 is localised 

to the nucleus (Rosenthal et al., 2013) and functions as an OAADPr deacetylase and 

mono-ADP-ribosylhydrolase. As a mono-ADP-ribosylhydrolase, it reverses the post 

translational modification known as ADP-ribosylation, the addition of ADP-ribose 

moieties from nicotinamide adenine dinucleotide NAD(+) by PAR polymerases (PARPs) 
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to target proteins to regulate response to cellular stresses including DNA damage 

(Jankevicius et al., 2013; Rosenthal et al., 2013).  

 

1.6.1	Structure	and	function	of	the	macro	domain	family	of	proteins	
The evolutionarily conserved macro domain family all contain at least one copy of the 

macro domain, a 130-190 amino acid domain that binds to ADP-ribose, (Figure 1.7). 

Macro domain proteins also contain additional domains which allow for interaction with 

specific target proteins or specific nucleic acid proteins (Han et al., 2011).  

 

 

Figure 1.7 The macro domain family. 
Structure of the macro domains in humans and other organisms (Han et al., 2011) 
 

X-ray crystallography has revealed that the macro domain folds into a structure 

containing a mix of a helix and b sheets and contains a deep grove, which acts as a 

potential binding pocket for ligands including ADP ribose (Karras et al., 2005). The 

conserved family of macro domain proteins share 30-40% sequence homology at the 

ADP-ribose binding site; notably, the hydrophobic residues that line the adenine and 
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ribose binding pockets are highly conserved (Karras et al., 2005) (Rosenthal et al., 2013) 

(Figure 1.8). Further modeling of MACROD2 has revealed that the hydrolysis reaction 

mechanism is dependent on the conserved macro domain and this occurs specifically at 

aspartate or glutamate residues (Rosenthal et al., 2013).  

The differences in structure between macrodomains result in differential affinity for 

ADP-ribose and selectivity for binding partners (Han et al., 2011). For example, 

MACROD1, MACROD2 and C6orf130 have been shown to robustly hydrolyse the mono-

ADP-ribose moiety from proteins modified by PARP10 and PARP1, whereas MACROD2 

H2A1.1 was not able to remove the mono-ADP-ribose moiety (Rosenthal et al., 2013).  

 

 
Figure 1.8 Structural analysis of MACROD2 and the mono-ADP-ribosylhydrolase 
activity 
The 3D Structural model of MACROD2 (a), the primary macro domain binding site loops 

are highlighted in violet. Overlay of MACROD1 (yellow), MACROD2 (green) and C6orf130 

(violet) with the ADP-ribose pocket in the binding pocket (b) (Rosenthal et al., 2013).  

 

1.6.2	MACROD2	biological	functions	
Recent studies have implicated MACROD2 as a regulator of poly-ADP ribsose 

polymerase 1 (PARP1) and poly-ADP ribsose polymerase 3 (PARP3) in DNA repair and of 

glycogen synthase kinase 3 beta (GSK3b) in WNT signalling (Jankevicius et al., 2013; 

Munnur & Ahel, 2017; Rosenthal et al., 2013). 
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1.6.2.1	MACROD2	as	a	regulator	of	poly-ADP-ribose	polymerase	1	(PAPRP1)	
PARP1 is a key DNA damage sensor of DNA single strand breaks (SSB), double strand 

breaks (DSB) and chromatin structure (Jankevicius et al., 2013). In response to DNA 

lesions, PARP1 is recruited to DNA nicks or breaks and polymerises poly(ADP-ribose) 

(PAR) chains onto other proteins as well as itself by covalently attaching mono-ADP-

ribose moieties to aspartate or glutamate residues to initiate a DNA damage response 

(DDR). Master regulators of the DNA damage response pathway activated by poly-ADP-

ribosylation include; ataxia-telangiectasia mutated (ATM), Rad3 related (ATR) and DNA-

protein kinase (DNA-PK) from the phosphatidylinositol 3-kinase-like protein kinases 

(PIKKs) family (Ciccia & Elledge, 2010). PAR synthesis is a dynamic process that is 

reversed by PAR glycohydrolyase (PARG) which cleaves the ribose-ribose bonds of the 

chain (Han et al., 2011). Removal of the terminal auto-inhibitory mono-ADP-ribose from 

PARP1 for reactivation specifically requires MACROD2 recruitment to the site of damage 

and enzymatic activity of the MACROD2 ADP-ribose binding pocket (Figure 1.9) 

(Jankevicius et al., 2013). The kinetics of MACROD2 recruitment is bimodal with a rapid 

and slow phase to allow for maximum intensity of recruitment to DNA lesions, 

concordant with increasing DNA damage (Jankevicius et al., 2013). The first phase of 

recruitment is a result of the initial DNA damage induced mono-ADP ribosylation, the 

second phase represents MACROD2 binding to the final mono-ADP-ribose moiety that 

remains after PARG degradation of the PAR chain (Jankevicius et al., 2013). A recent 

study identified MACROD2 phosphorylation by ATM triggers MACROD2 nuclear export 

upon DNA damage (Golia et al., 2017). This negative feedback loop between ADP 

ribosylation and ATM activation temporarily restricts MACROD2 recruitment to DNA 

lesions providing the mechanism for the bimodal recruitment of MACROD2 to sites DNA 

damage. The necessity for MACROD2 to remove the final auto-inhibitory mono-ADP-

ribose suggests that MACROD2 could be implicated in PARP1 mediated function at sites 

of DNA breaks. 
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Figure 1.9 Macro domains as erasers of ADP-ribosylation. 
ARTD1 or PARP1 serves as a substrate for MACROD2, a mono-ADP-ribosylhydrolase to 

remove the mono-ADP-ribose and revert ARTD1/PARP1 to its native state. 

 

1.6.2.2	MACROD2	as	a	regulator	of	poly-ADP-ribose	polymerase	3	(PARP3)	
Poly-ADP ribose polymerase 3 (PARP3) is a newly characterised member of the PARP 

family of proteins that catalyse the ADP ribosylation reaction (Boehler et al., 2011). 

PARP3, like PARP1 and PARP2 is involved in maintaining genome stability and is recruited 

to sites of DNA damage (DSB and SSBs). Catalytic activation results in auto-modification 

and ADP ribosylation of effector proteins initiate a DDR (Boehler et al., 2011; Munnur & 

Ahel, 2017). Unlike PARP1 and PARP2 which are activated by DNA breaks with either a 

3’ or 5’ phosphate and are able to catalyse the attachment of PAR chains onto proteins, 

PARP3 is preferentially activated by DNA breaks with a 5’ phosphate and has a mono 

ADP-ribosyltransferase activity (Gibson & Kraus, 2012; Vyas et al., 2014).  PARP3 shares 

structural similarities with PARP1 and PARP2, containing an N-terminal extended 

domain, Trp-Gly-Arg (WGR) domain, helical domain (HD) and an ADP-ribosyltransferase 

(ART) fold (Pascal & Ellenberger, 2015; Vyas et al., 2014). PARP3 does not contain the 3 

zinc fingers, only contains 1 proline residue in the D-loop which impairs PAR activity and 

contains no BRCT domain which is present in PARP1 for interaction with XRCC1 in single 

strand break repair (Loeffler et al., 2011; Munnur & Ahel, 2017). This suggests that 

PARP3 may have a functional role in double stranded DNA break repair which is 

supported by several studies (Boehler et al., 2011; Munnur & Ahel, 2017; Rulten et al., 

2011). PARP3 is identified to play a role in transcriptional silencing, stabilization of the 

mitotic spindle in mitotic progression, telomere integrity and DNA repair networks 

including base excision repair (BER), single strand break repair (SSBR) and non-

homologous end joining (NHEJ), highlighting a role for PARP3 in genomic integrity 

(Boehler et al., 2011; Rulten et al., 2011). PARP3 has been identified to ADP-ribosylate 
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Ku70 and Ku80, which is important in determining if DSBs will be repaired by NHEJ or 

homologous recombination (HR). PARP3 promotes NHEJ by accumulating APLF at sites 

of DSBs which increases retention of the x-ray repair cross complementing protein 1 

(XRCC1)/LigaseIV complex to facilitate DNA end ligation (Rulten et al., 2011). In addition, 

PARP3 is identified to interact with PARP1 in the absence of DNA resulting in the 

synthesis of PAR chains (Loseva et al., 2010). A recent study has identified that 

MACROD2 removes the terminal ADP ribose moiety in addition to PARG, TARG1 and 

ARH3. This further suggests a role for MACROD2 in PARP regulated processes including 

DS break repair (Boehler et al., 2011).  

 
1.6.2.3	MACROD2	as	a	regular	of	glycogen	synthase	kinase	3-beta	(GSK3-3b)	
MACROD2 has also been implicated as a regulator of GSK3β with a role in the canonical 

WNT signalling pathway. MACROD2 has been demonstrated to functionally and 

specifically remove the PARP10/ARTD10 catalysed mono-ADP-ribosylation, rendering 

the inhibitory effect of GSK3β ADP-ribosylation reversible (Rosenthal et al., 2013). 

Removal of the ADP-ribose moiety from GSK3β restores kinase activity, activating GSK3β 

to phosphorylate β-catenin in the context of the degradation complex with APC, axin 

and casein kinase 1α (CKIα). In a steady state condition, phosphorylation of β-catenin by 

GSK3β triggers ubiquitination and proteasomal degradation, preventing its stabilisation 

and subsequent translocation to the nucleus, where it interacts with T Cell factor (TCF) 

and lymphoid enhancer-binding factor (LEF) to activate the transcription of WNT target 

genes to drive proliferation (Niehrs, 2012) (Figure 1.10). The requirement of MACROD2 

to remove the terminal ADP-ribose moiety and subsequent restoration of GSK3β 

function suggests that MACROD2 deficiency could promote tumourigenesis through the 

promotion of aberrant WNT signalling.  
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Figure 1.10 Schematic summary of MACROD2 as a potential regulator of GSK3β in the 
WNT signalling pathway.  
In the presence of MACROD2 (a), the mono-ADP-ribose on GSK3β is removed by 

MACROD2 activating GSK3β to phosphorylate β-catenin in the context of the 

degradation complex, targeting β-catenin for degradation. In the absence of MACROD2 

(b), GSK3β activity is inhibited by addition of a mono-ADP-ribose. The degradation 

complex is not formed; β-catenin accumulates in the cytoplasm, translocates to the 

nucleus and induces transcription of WNT target genes. Adapted from Reya and Clevers.  

(Reya & Clevers, 2005).  

 

1.6.3	MACROD2	as	a	novel	cancer	gene	candidate	in	CRC	
Preliminary data from the Sieber Laboratory further support MACROD2 as a novel 

cancer gene in CRC.  

1.6.3.1	Discrete	targeting	of	MACROD2	by	somatic	deletions	in	CRC	
As described above, recent studies have identified MACROD2 as a target of frequent 

deletions in CRC (Burghel et al., 2013; Dulak et al., 2012; Mouradov et al., 2014; van den 

Broek et al., 2015). Integration of high-density single nucleotide polymorphism (SNP) 

microarray data from the Sieber Laboratory and the TCGA on 655 sporadic CRCs 

demonstrated significant prevalence of focal MACROD2 deletions in both MSS and MSI 
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cases (Figure 1.11). The spectrum of focal SCNAs at the MACROD2 locus was determined 

through fine mapping the somatic deletions at chromosome 21.1 using high density SNP 

arrays. Overall, heterozygous or homozygous deletions of MACROD2 were identified in 

32% (210/655) of tumours. Notably, out of these somatic deletions, 80% (167/210) were 

intragenic microdeletions in MACROD2 mapping to a region from exon 4-5 containing 

the macro domain. This deletion spectrum was also observed across 53 CRC cell lines 

(Figure 1.12).  

 

 
 
Figure 1.11 SNP assay on LCCI and TCGA data sets reveal frequent deletion of candidate gene 
MACROD2. 
SNP assays on LCCI patient samples (n = 657) were performed by the AGRF using Illumina 

Human610-Quad BeadChips (GSE55832) and processed using GenomeStudio (Illumina). 

SNPs showing germline alterations were excluded. DNA copy-number segmentation was 

performed using OncoSNPv2.18. Regions of significantly altered genome identified using 

GISTIC2.0 revealed frequent targeted deletions of the MACROD2 locus.  
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Figure 1.12 Targeted MACROD2 deletions in CRC samples and cell lines 
SNP array segmentation map for 655 primary CRCs (top) and 53 CRC cell lines (bottom) 

showing the area surrounding MACROD2 on chromosome 20. Cases are sorted by region 

of loss at the MACROD2 locus; heterozygous (light blue bars) and homozygous (dark blue 

bars) deletions. Position and boundaries of the MACROD2 gene (red bar) are indicated. 

Surrounding genes are indicated with grey arrows.  

 

Homozygous exonic deletions were confirmed by absence of mapped reads in whole 

exome sequencing data (Figure1.13), and both heterozygous and homozygous exonic 

deletions resulted in the absence of one or more respective exon in the corresponding 

mRNA transcripts (Figure 1.13). Moreover, intronic MACROD2 microdeletions at the 

DNA level were also found to be pathogenic at the mRNA level with 66% of cell lines (4/6 

cell lines) lacking one or more mRNA exon. Overall, aberrant mRNA transcripts were 

predicted to result in premature MACROD2 protein truncation in 28% of cases, or in-

frame exonic deletions targeting the macro domain of the protein in 72% of cases.  
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Figure 1.13 MACROD2 somatic copy number alterations causes transcript-level 
consequences 
SNP array, whole-exome sequencing and mRNA sequencing data for representative 

human CRC cell lines relating both exonic and intronic MACROD2 microdeletions to 

aberrant transcripts lacking one or more exons.  

 

Evaluation of MACROD2 deletion across 32 TCGA analysed tumour types using GISTIC 

(Genomic Identification of Significant Targets in Cancer) (Mermel et al., 2011) identified 

significant focal loss in gastrointestinal cancers (colorectal, COAD/READ; stomach, STAD; 

esophageal, ESCA) and malignancies of the cervix, uterus, lung, liver and thyroid (CESC, 

UCEC, UCS, LUAD, LIHC, THCA) (figure 1.14).  
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Figure 1.14 Focal somatic copy number alterations targeting MACROD2 in 32 TCGA-
analysed tumour types  
GISTIC analysis across 32 TCGA-analyzed tumor types identifying focal SCNAs targeting 

MACROD2 in gastrointestinal cancers (COAD/READ, STAD, ESCA) and malignancies of 

the cervix, uterus, lung, liver and thyroid (CESC, UCEC, UCS, LUAD, LIHC, THCA); * q<0.05. 

 

1.6.3.2	MACROD2	mutational	burden	in	gastrointestinal	cancers	
Data on somatic MACROD2 mutations on 1,394 gastrointestinal cancers (COAD/READ, 

STAD, ESCA) identified 18 missense mutations which  were localized throughout the 

protein with no clustering (figure 1.15). Fifty percent (9/18) of the missense mutations 

were identified as pathogenic using two prediction algorithms (polyphen and SIFT) 

(Adzhubei et al., 2010; Kumar, Henikoff, & Ng, 2009).  The pathogenic mutations were 

mapped to the crystal structure of the MACROD2 macro domain and 3 variants 

(Ala91Ser, Gly100Ser, Thr187Ala) were predicted to interfere with binding of the co-

crystalised ADP-ribose moiety to the conserved catalytic pocket (Figure 1.15).  
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Figure 1.15 Somatic mutations targeted the MACROD2 macro domain 
Somatic MACROD2 mutations detected in CRC tumors/cell lines from this study and in 

the TCGA-analyzed CRC (COAD/READ, blue triangle), ESCA (orange triangle) and STAD 

cohorts (red triangle). MACROD2 is shown as a ribbon diagram with alpha helixes and 

beta sheets, known mutations are shown in orange and labelled.  

 

16.3.3	 MACORD2	 deficiency	 inhibits	 PARP1	 function	 and	 recruitment	 of	
MACORD2	to	sites	of	DNA	damage.		
The macrodomain of MACROD2 has previously been shown to be recruited to sites of 

DNA damage in a PARP1 dependent manner (Jankevicius et al., 2013). MACROD2 

microdeletions in CRC often result in in-frame exonic deletion involving the 

macrodomain. The impact of these deletions on protein recruitment to sites of DNA 

damage was confirmed using near-infrared (NIR) laser microirradiation in CRC cell lines 

containing deletion transcripts and GFP-tagged proteins. MACROD2 deletions targeting 

the macrodomain resulted in loss of recruitment to sites of DNA damage whilst full 

length MACROD2 or a control truncated protein with an intact macro domain showed 

rapid recruitment (Figure 1.16).  
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Figure 1.16 MACROD2 macro domain loss results in loss of MACROD2 protein 
recruitment to sites of DNA damage   
Recruitment of EGFP-tagged MACROD2 macrodomain deletion mutants 

(MACROD2Δex11-17, MACROD2Δex1-8, MACROD2Δex4, MACROD2Δex5 and 

MACROD2Δex4-5) and wild-type MACROD2 control to sites of laser-induced DNA 

damage. Sites of laser microirradiation are indicated by the arrowheads. Images are 

representative for >5 nuclei representative of duplicate experiments. Scale bar, 10µm. 

 

Further preliminary data indicated the impact of homozygous and heterozygous 

MACROD2 deletions on PARP1 transferase activity as quantified by the incorporation of 

biotinylated PAR onto histone proteins. Following g-irradiation (IR) or treatment with 

the DNA topoisomerase II inhibitor doxorubicin (Dox), HCT116 MACROD2-/- and -/+ 

showed significant attenuation of PAR incorporation onto histones as compared to 

HCT116-MACROD2+/+ cells (p=<0.01 for all comparisons, Figure 1.17). Conversely, the 

rescue of heterozygous or homozygous cell lines with wild type MACROD2 resulted in a 

significant increase of PAR incorporation onto histones (p=<0.005 for all comparisons, 

Figure 1.17). These findings support the initial studies that MACROD2 regulates PARP1 

activity as indicated by PARylation levels, highlighting a potentially important role for 
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MACROD2 in PARP1 mediated functions at sites of DNA breaks in gastrointestinal 

cancers.  

 
 
Figure 1.17 MACROD2 loss causes inhibition of PARP1 
Incorporation of biotinylated PAR onto histone proteins following g-irradiation (IR, 10 

Gy) or treatment with doxorubicin (Dox, 0.5µM) for isogenic HCT116-MACROD2-/-, 

HCT116-MACROD2-/+ and HCT116-MACROD2+/+ cells or LIM2405-MACROD2-/- and 

LIM1215-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP control. Data 

is presented as the mean ± SEM of 6 repeats representative of duplicate experiments. 

**** p < 0.0001,       *** p <0.001, ** p < 0.01, Student t-test.  

 
In summary, the preliminary data revealed that MACROD2 is frequently deleted in 

gastrointestinal cancer including CRC. Microdeletions in CRC are often in-frame exonic 

deletions involving the macrodomain resulting in aberrant MACROD2 mRNA transcripts 

lacking one or more exon. The recruitment of MACROD2 to sites of DNA damage in a 

PARP1 dependant manner was confirmed including the requirement of the 
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macrodomain for recruitment. The impact of MACROD2 deficiency was identified to 

cause PAR incorporation onto histones in the context of CRC cells. These observations 

raise the possibility that somatic genetic alterations in MACROD2 contribute to 

tumourigensis of CRC through impairment of the DDR or promotion of aberrant WNT 

signalling.  

1.7	Aims	of	this	thesis	
 

1.7.1	Hypothesis	
The known major CRC driver genes only represent a small subset of functional (epi-) 

mutated genes which contribute to carcinogenesis. The mutational landscape of CRC 

has revealed large numbers of genes with low to moderate mutation frequency, 

however it is not known which are drivers that contribute to carcinogenesis and whether 

such mutations provide prognostic information. It is hypothesised that novel cancer 

gene candidates and biomarkers for CRC can be identified through comprehensive 

patient cohort studies evaluating the relationships between gene mutation status, 

patient clinical features and prognosis.  

 

MACROD2 is a novel candidate gene identified as being frequently deleted in CRC and 

other gastrointestinal cancers, with mutations specifically targeting the catalytic domain 

of this O-acetyl-ADP-ribose deacetylase and mono-ADP-ribosylhydrolase. Given the 

emerging data on regulation of PARP1 and GSK-3b by MACROD2 in the DNA repair and 

WNT signalling pathways, it is hypothesised that MACROD2 loss in CRC may contribute 

to tumourigenesis through the impairment of DNA repair or promotion of aberrant WNT 

signalling.  

 

1.7.2	Specific	aims	
To address these hypotheses, this thesis is structured into three aims: 

1. To identify clinically relevant colon cancer genes for patients with stage II/III CRC 

through integration of mutation profile, functional annotation and patient data 

2. To investigate a MACROD2 gene deletion as a novel driver of tumourigensis 

3. To elucidate the impact of a MACROD2 gene deletion on DNA repair and chromosomal 

instability in colorectal cancer 
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2. Materials	and	Methods		

2.1	Materials	
 

2.1.1	CRC	cell	lines	
 
2.1.1.1	Generation	of	isogenic	HCT116	MACROD2	knock-out	cells	
Isogenic HCT116 knock out cell lines were generated using CRISPR/Cas9 technology to 

investigate the effect of heterozygous and homozygous loss of MACROD2 in a CRC cell 

line. 

HCT116-Cas9 stable cells were generated using the FUCas9Cherry lentivirus system 

(Addgene #70182) by expansion of a single-cell derived mCHERRY-positive clone isolated 

using fluorescence-activated cell sorting (FACS) (BD FACSAria III, Becton Dickinson). To 

generate MACROD2 knock-out cells, guide RNA was designed against MACROD2 exon 2: 

gRNA-F 5’-TCCCGAACAGCATTCTATCATGGA-3’, gRNA-R 5’-

AAACTCCATGATAGAATGCTGTTC-3’ (Figure 2.1 a). The guide RNA was cloned into the 

FgH1tUTG vector (Addgene #70183) and the insert confirmed by DNA sequencing 

(described section 2.6.1.4). HCT116-Cas9 cells were infected with guide RNA lentivirus 

and induced with doxycycline (Selleckem, USA). On day 6 post-induction, single 

mCHERRY/GFP double-positive cells were FACS sorted into 96 well plates (ThermoFisher 

Scientific, USA). Single-cell derived clones with heterozygous or homozygous MACROD2 

knock-out were identified using DNA sequencing for MACROD2 exon 2: forward primer 

5’-AATGGAGATTCTGCTTTTATTTTGC-3’; reverse primer 5’-ACTTACCATCATTTTGGCCCT-

3’ (Figure 2.1 b) (described section 2.6.1.4).  
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Figure 2.1 Generation of isogenic HCT116 knock out cell line using CRISPR/Cas9 
Technology 
 (a) Schematic diagram showing the strategy to disrupt the human MACROD2 gene via 

CRISPR/Cas9 targeting of exon 2. (b) Sequencing chromatograms for wild-type, 

heterozygous and homozygous MACROD2 knock-out clones and predicted protein 

sequences.  

 

2.1.1.2	Cell	line	transfections	and	plasmids	
MACROD2 was knocked down in CRC cell, using short hairpin RNAs (shRNA). MACROD2 

wildtype CRC cell lines (HCT116 and LOVO) were transfected with either a control 

scrambled shRNA or a shRNA against MACROD2 (Table 2.1).  Loss of MACROD2 in CRC 

cell lines harbouring either a heterozygous or homozygous MACROD2 deletion 

(LIM1215, COLO320, LIM2405 and SW480) (Table 2.1), was rescued with plasmids 

expressing either a GFP protein (control) or a MACROD2-GFP protein.   CRC cell line 

transfections were conducted using Lipofectamine 2000 (Invitrogen, USA) as per 

manufacturer’s instructions for the following gene expression vectors and shRNA 

constructs: pEGFP (ClonTech), pMACROD2-EGFP (kindly provided by Dr Ivan Ahel). The 

plasmid constructs, pRETROSUPER-NEO-GFP-shMACROD2 (target sequence 5’-

AAGAGAATGATTCAACGAAGA-3’), pRETROSUPER-NEO-GFP-shNEG (target sequence 5’-
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AATTCTCCGAACGTGTCACGT-3’) were generated by cloning of the target sequences into 

pRETROSUPER-NEO-GFP vector (Oligoengine, USA). All vectors were verified by DNA 

sequencing. For gene expression and shRNA constructs, transfected cells were 

maintained in selective media to achieve stable integration.  

 
Table 2.1 Mutation status for CRC cell lines  
 

Cell line MACROD2 APC CTNNB1 KRAS TGFB2 TP53 MSI 

HCT116 Wt (+/+) Wt Mut  Mut Wt Wt  MSI 

Lovo Wt (+/+) Mut Wt Mut Mut Wt  MSI 

SW480 Hom (-/-) Mut Wt Mut Wt  Mut MSS 

LIM2405 Hom (-/-) Mut Wt Wt  Mut Wt  MSI 

COLO320 Het (+/-) Mut Wt Wt Wt Mut MSS 

LIM1215 Het (+/-) Wt Mut Wt Mut Wt  MSI 

 

2.1.2	Mouse	models	
Macrod2 knock-out mice (Macrod2tm1.1(KOMP)Vlcg) were obtained from the 

Knockout Mouse Program Repository (KOMP) of the Jackson Laboratory. In this strain, a 

lacZ reporter (ZEN-UB1 Velocigene cassette) has been inserted into the Macrod2 locus, 

creating a 19,224-base pair deletion between positions 140226712-140245935 of 

chromosome 2 (Genome Build37) resulting in premature truncation of the Macrod2 

protein at amino acid 53 (Figure 2.2). Mice heterozygous for Apc (ApcMin/+) have been 

described previously (L. K. Su et al., 1992). Both ApcMin/+ and Macrod2tm1.1(KOMP)Vlcg 

mice are on an inbred C57BL/6 background.  

 

 

Figure 2.2 Macrod2 gene knock out strategy 
Schematic diagram showing the strategy to disrupt the Macrod2 gene via homologous 

recombination. 
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2.1.3	Mouse	derived	cell	lines		
Macrod2+/+, Macrod2-/+ and Macrod2-/- Mouse Embryonic Fibroblast (MEFs) were 

generated from day 14 embryos. Embryos were washed with phosphate-buffered saline 

(PBS), WEHI, Australia) and head and visceral tissues removed from isolated embryos. 

The head from each embryo was used to genotype the MEFs (described in section 2.5.1). 

The remaining tissues were washed in fresh PBS (WEHI, Australia), minced using a pair 

of scissors, transferred into a 0.1 mM trypsin/1 mM EDTA solution (3 ml per embryo, 

WEHI, Australia), and incubated at 37°C for 20 minutes. After trypsinization, an equal 

amount of medium (6 ml per embryo DMEM containing 10% FBS, (ThermoFisher 

Scientific, USA) was added, tissues disassociated by pipetting and supernatant 

transferred into a new tube. Cells were collected by centrifugation (200 × g for 5 minutes 

at 4°C) and re-suspended in fresh medium. 1 × 106 cells (passage 1) were cultured on 

100 mm dishes (ThermoFisher Scientific, USA) at 37°C with 10% CO2.  

 

2.1.4	Commercial	antibodies	and	Reagents		
The commercial antibodies, commercial kits and reagents used in research projects in 

this thesis are summarised in table 2.2-2.4.  

Table 2.2 Commercial antibodies 
Antibody Company Catalogue 

number 
Species IF 

Dilution 
IHC 
dilution 

anti-gH2A.X 
(phospho S140) 

Abcam ab22551 Mouse 1:1000  

phospho-histone 
H2A.X (Ser139) 
(20E3) 

Cell Signalling 
Technology 

#9718 Rabbit 1:200 1:5000 

anti-pATM 
(EP1890Y) 

Abcam ab81292 Rabbit 1:1000  

β-tubulin Sigma T4026 Mouse 1:200  
β-catenin Becton 

Dickinson 
610153 mouse  1:5000 

CENP-A Cell Signalling 
Technology 

2186S Rabbit 1:400  

Alexa 488 Life 
Technologies 

A11008 Goat anti-
rabbit 

1:2000  

Alexa 546 Life 
Technologies 

A11003 Goat anti-
mouse 

1:1000  

Alexa 647 Life 
Technologies 

A21245 Goat anti-
rabbit 

1:1000  
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Alexa 647 Life 
Technologies 

A32728 Goat anti-
mouse 

1:1000  

 
Table 2.3 Commercial kits  

Commercial kit Company Catalogue number 
AllPrep DNA/RNA Mini Kit Qiagen 80204 

AmpliTaq GoldÔ DNA 
Polymerase with Buffer II 
and MgCl2 

ThermoFisher Scientific N8080241 

BigDye® Terminator™ 
purification kit  

Applied Biosystems 4376486 

BigDye® Terminator™ v3.1 
cycle sequencing kit 

Applied Biosystems 4337455 

Caspase-Glo®3/7 assay  Promega G8091 
Comet Assay Kit  Trevigen 4250-050-K 

dNTP mix Qiagen 201900 
HiSeq Kit v4 Illumina FC-401-4003 
NextSeq500/550 V2 High 
Output Kit-150 cycles 

Illumina  FC-404-2001 

Qubit® dsDNA broad range 
assay kit  

ThermoFisher Scientific Q32850 

Qubit® dsDNA high 
sensitivity assay kit 

ThermoFisher Scientific Q32854 

SensifastFAST SYBR® NO-
ROX kit 

Bioline 98002 

Tapestation D1000 kit Agilent 5067-5882 and 5067-5583 
Tapestation genomic DNA 
kit 

Agilent 5067-5365 and 5067-5366 

Tapestation high sensitivity 
D1000 kit 

Agilent 5067-5584 and 5067-5585 

Tetro cDNA synthesis kit Bioline  BIO-65043 
TruSeq SR Cluster Kit v3 
reagents 

Illumina GD-401-3001 

TruSeq Stranded Total RNA 
Library Preparation Kit 

Illumina RS-122-2203 
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Table 2.4 List of chemicals and reagents 
Chemical/Reagent Company Catalogue 

number 
Usage Directions 

Acetic acid  Chem-Supply AA009-2.5L  

Chloroform Merk 
Millipore 

1070242500  

Citrate buffer  ThermoFisher 
Scientific 

005001 10mM, pH 6 

Colchicine  Sigma C3915 0.2 μg/ml 
DAPI Roche 10236276001 1:5000 from 10µM stock  
Dispase  Gibco™, 

ThermoFisher 
Scientific 

17105041 1mg/10ml 

Dulbecco’s Modified 
Eagle Medium 1x 
(DMEM) 

Gibco™, 
ThermoFisher 
Scientific 

11995-065  

Doxorubicin Sellckem S1208 0.5 µM final concentration 
Doxycycline Sellckem S4163  
DPX mountant  Sigma 44581  
EDTA Chem supply EA023  
Ethanol (100%) Chem supply EA043 Diluted with Millq water 
Exonucelase 1 
(E.coli) 

New England 
Biolabs 

#M0293S  

Fetal Bovine Serum 
(FBS) 

ThermoFisher 
Scientific 

SH30071.03 10% in DMEM  

Isopropanol  Merk 
Millipore 

1096342500  

Leishman’s powder  Sigma L6254 1% in methanol 

Lipofectamine 2000 Invitrogen 11668500  

Methanol Merk-
Millipore 

1060092500  

Methylene blue Sigma M4195 0.2% in PBS 
MyTaq HS 
polymerase  

Bioline BIO-21111  

MyTaq™ Reaction 
buffer  

Bioline BIO-37111  

Olaparib Sellckem S1060 1µM final concentration 
paraformaldehyde 
(16%) 

Alfa Aesa 43368 4% in PBS 

PBS WEHI   
PJ34 Sellckem S7300 1 µM final concentration 
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Potassium Chloride 
(KCL) 

Merk-
Millipore 

1049360500 0.58% or 0.28% in PBS 

Propidium Iodide (PI) Sigma P4270 1:5000 
Proteinase K (fungal) ThermoFisher 

Scientific 
25530015 100 µg/ml 

RNase ThermoFisher 
Scientific 

12091-021  

RNase free water Qiagen  129114  
Sodium Chloride 
(NaCl) 

Ajax Finchem 1221130071  

SYBR green reagent Trevigen 4250-050-05 1µl in 10 ml TE buffer (10mM 
Tris-HCL, 1mM EDTA) 

Thermosensitive 
alkaline phosphatase 

Promega M991A 
31416801 

 

Tris ThermoFisher 
Scientific 

15504-020  

Triton X-100 Sigma T9284  
Trypsin WEHI   
Xylenes Sigma 534056  

 
 

2.2	Ethical	procedures		
	
2.2.1	Ethical	Use	of	animals	
All animal procedures were approved and conducted in accordance with the Animal 

Ethics Committee (AEC) of the Walter and Eliza Hall Institute of Medical Research under 

the ethics number 2012.014 and AEC approval for the experimental studies described in 

this thesis is current until 2018.  

2.2.2	Ethical	use	of	human	tissues	
The research in this study used de-identified human tissue sourced from patients with 

stage II/III CRC treated at the Royal Melbourne Hospital, Western Footscray Hospital and 

St Vincents hospital.  

Ethics approval to conduct research using these human tissues were obtained from the 

Melbourne Health Research Ethics Committee (HREC) under the project number 1219. 

HREC approval for the experimental studies described in this thesis is current until 2019.  
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2.3	Colorectal	Cancer	patient	study	population	
 

2.3.1	Australian	community	based	cohort	
The primary cohort used in this study consisted of a community based cohort of 296 

patients treated at Royal Melbourne Hospital/Western Hospital Footscray (Victoria) and 

St Vincents Hospital (NSW) since 1993, for whom matched tumour and normal fresh-

frozen samples was available for patients with stage II/III CRC. For all patients 

anonymised clinical data have been collected in accordance with HREC approvals and 

protocols including; family/personal cancer history, co-morbidities, surgery, pathology, 

treatment and 5 year follow up (relapse free and overall survival). Individuals with 

hereditary CRC syndromes were excluded. All patients were prospectively followed 

according to standard protocols, with 3 monthly clinic visits and testing for CEA levels, 

12 monthly CT scans of the chest, abdomen and pelvis for 2 years after diagnosis, and 

then 6-monthly clinic visits and CEA testing until 5 years from diagnosis. Outcome data 

were collected at each clinic visit and entered into a comprehensive multi-site database. 

The method of detection of any recurrent disease, sites of relapse and further treatment 

was also collected. Any missing data were retrieved by data entry officers. The median 

duration of follow-up was 60 months. All patients gave informed consent, and this study 

was approved by the medical ethics committees of all sites. Clinical characteristics of all 

samples used in this research are outlined in table 2.5.  
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Table 2.5 Clinicopathological characteristics of patient cohort 
  N (%) 
AGE   

MEDIAN(RANGE) 68 ( 29 to 94 ) 
GENDER   

M 166 (56.1) 
F 130 (43.9) 

SITE   
RIGHT 114 (38.5) 

LEFT 98 (33.1) 
RECTUM 84 (28.4) 

STAGE   
B 111 (37.5) 
C 185 (62.5) 

CIMP   
CIMP0 95 (66.4) 
CIMPL 26 (18.2) 
CIMPH 22 (15.4) 

MSI   
S 250 (84.7) 
U 45 (15.3) 

DIFFERENTIATION   
WELL/MODERATE 242 (82.9) 

POOR 50 (17.1) 
MUCINOUS   

NO 167 (72.3) 
YES 64 (27.7) 

LVI   
NO 146 (52.1) 
YES 134 (47.9) 

ADJUVANT TREATMENT 
NO 130 (43.9) 
YES 166 (56.1) 

 
 

2.3.2	QUSAR2	international	clinical	trial	cohort	
The validation set used in this thesis comprised of an international trial (QUASAR2) with 

1,952 CRC patients with high risk stage II disease or stage III disease, randomised to 

capacetabine +/- bevacizumab as described by Kerr et al (Kerr et al., 2016). Clinico-

pathological data were obtained from the trial database and a subset of 597 tumours 

was analysed using an Ion Torrent sequencing gene panel (table 2.6). Briefly, 40µm 

scrolls were cut from FFPE specimens of CRC that had >80% estimated purity, and from 

normal bowel; 10µm sections were cut from the remaining CRCs and needle-
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microdissected to enrich for tumour using a haematoxylin and eosin (H&E) section as a 

guide. Peripheral blood samples were also available from each patient. DNA was 

extracted from FFPE tissue using the DNeasy kit (Qiagen, Germany) and from blood with 

the Maxwell 16 Blood DNA Purification kit (Promega, USA). 

Table 2.6 Ion Torrent gene panel  
ABL1 DDR2 IDH2 PTEN WT1 
AKT1 EGFR JAK2 PTPN11 XRCC2 
ALK ERBB2 JAK3 RAD51 

 

APC ERBB4 KDR RB1 
 

AR ERCC1 KIT RET 
 

ATM EZH2 KRAS RRM1 
 

ATRX FANCA MAP2K1 RUNX1 
 

AURKA FANCC MAP2K2 SMAD4 
 

AURKB FBXW7 MAP3K1 SMARCB1 
 

AURKC FGFR1 MDM2 SMO 
 

BRAF FGFR2 MET SRC 
 

BRCA1 FGFR3 MLH1 STK11 
 

BRCA2 FLT3 MTOR TET2 
 

C11orf30  GNAS N4BP2L2 TLR4 
 

CCND1 HDAC1 NF1 TNKS1 
 

CDH1 HDAC2 NOTCH1 TNKS2 
 

CDKN2A HDAC3 NPM1 TP53 
 

CSF1R HNF1A NRAS TTLL5 
 

CTNNB1 HRAS PDGFRA UGT1A1 
 

CYP2D6 IDH1 PIK3CA VHL 
 

 

2.4	Haloplex™	Target	enrichment	methods	
The Haloplex™ target enrichment system is designed to enable fast and efficient analysis 

of genomic regions of interest in an automated high-throughput manner. The Haloplex™ 

system involves design of a custom panel containing thousands of exons followed by 

creation of targeted exome libraries for next-generation sequencing.  

 

2.4.1	Custom	panel	Design	
Custom amplicon panels were designed using Agilent’s SureDesign tool for use with 

HaloPlex™ Target Enrichment System (https://earray.chem.agilent.com/suredesign/). 

Probes were designed using maximum stringency optimised for FFPE samples, and only 

genes with greater than 90% probe coverage were included in our final design. The final 
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design was optimised for a read length of 100 bp. A total of 33,942 amplicons were 

covered with total target coverage of 99.15% across the gene panel. 

 

2.4.2	Quality	Control		
Successful enrichment using the Haloplex™ technology requires high quality DNA. The 

concentration and quality of DNA was assessed using the Qubit® fluometric and Tape 

station electrophoresis assays (ThermoFisher Scientific and Agilent, USA).  

 

2.4.2.1	Qubit®	Flurometric	assay	
The Qubit® assay kits are designed for accurate DNA quantification using a simple mix 

and read workflow. The assay is highly selective for double stranded DNA (dsDNA) over 

RNA with the dye emitting a fluorescent signal only when specifically bound to dsDNA.  

DNA samples were quantified using the Qubit® dsDNA broad range assay kit 

(ThermoFisher Scientific, USA) to determine initial DNA concentration and Qubit®dsDNA 

High Sensitivity Assay kit (ThermoFisher Scientific, USA) after dilution to 5 ng/µl as per 

manufacturer’s instructions using the Qubit 2.0 flurometer (ThermoFisher Scientific, 

USA). 

 

2.4.2.2	Tapestation	
The Agilent 2200 tapestation (Agilent Technologies, USA) is an automated platform for 

fast and reliable electrophoresis and imaging requiring only 1 µl of genomic DNA. The 

DNA samples were quantified using genomic DNA screen tapes (Agilent Technologies, 

USA) and High sensitivity screen tapes (Agilent Technologies, USA) according to the 

manufacture’s instructions. High sample integrity was confirmed through gel images, 

molecular weight sizing and sample concentration.  

 

2.4.3	Haloplex™	Workflow		
Samples libraries were prepared at the Peter MacCallum Cancer Center using the Bravo 

Automated Liquid Handling Platform (Agilent, USA) optimised for HaloPlex™ Target 

enrichment in a 96 well format according to manufacturer’s instructions (automation 

protocol, version D3 2013). Briefly, the Haloplex™ workflow includes digestion of sample 

DNA with 16 restriction enzymes to create a library of gDNA restriction fragments. 
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Subsequently, the custom probe library is hybridised to target fragments. Each custom 

probe was an oligonucleotide which hybridises to both ends of the DNA restriction 

fragment resulting in a circular DNA molecule. Each probe was biotinylated and contains 

a sample barcode and a sequencing specific primer which was incorporated during 

circularisation. Targeted fragments were retrieved using streptavidin beads and circular 

fragments are closed by ligation. Circular fragments are amplified to obtain a barcoded 

amplification product ready for sequencing.  

 

2.4.4	Next-generation	sequencing	of	Haloplex™	libraries	
 
2.4.4.1	Target	enrichment	validation	
Individual sample libraries were analysed on the 2200 tapestation (Agilent Technologies, 

USA) with HSD1000 tapes (Agilent Technologies) as described in section 2.3.2.2. 

Successful target enrichment was indicated by a peak between 175-625 base pairs on 

the gel image. Sample libraries underwent a second validation using the Qubit BR kit as 

described in section 2.3.2.1. The concentration and molarity of the sample libraries were 

determined by integration of tapestation (Agilent Technologies, USA) and qubit 

concentrations.  

 

2.4.4.2	Next-Generation	Sequencing	
Individual samples were multiplexed at equimolar amounts. Concentration and molarity 

of the final library was determined by tapestation analysis as described in section 

2.3.2.2.  The final library was sequenced on the NextSeq 500 (Illumina, USA) using the 

NextSeq500/550 V2 High Output Kit-150 cycles (Illumina, USA) as per manufacturer’s 

instructions. Each sample was sequenced at a read depth of 2 x106 million reads per 

sample.  

 

2.4.5	Detection	of	somatic	mutations	
Detection of somatic mutation were detected by first trimming out poor quality reads. 

Regions with phred quality scores below 30, adapter sequences and reads containing 

less than 50bp were removed. The paired end reads were merged using Fast Length 

Adjustment of Short Reads (FLASH) algorithm. The flattened and unflattened reads were 

combined and adapter sequences were trimmed. The reads were aligned to HG.19 using 
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the Burrows-Wheeler Aligner (BWA) and variants were called using a modified version 

of GATK best practice pipeline removing the removal of duplication step and base quality 

recalibration.  

 

2.4.6	Association	analysis		
 Association analysis between mutation status and clinical attributes was performed 

using Fisher exact test on binarised data: male vs female, <70 vs 70+ age, B vs C stage, 

Poor vs Well/moderate differentiation, mucinous vs not mucinous, yes vs no LVI, right 

vs left primary site and relapse. Data is presented as odds ratios with 95% confidence 

intervals. 

 

2.4.7	Detection	of	mutation	burden		
The total number of non-synonymous mutations was taken as the measure for mutation 
burden (quartiles). High mutation burden was defined as overall number of non-
synonymous mutations in upper quartiles (3 and 4).  
 

2.4.8	Survival	analysis		
Time-to-event analysis was performed for relapse-free survival (RFS) right-truncated at 

5 years, as biologically this is the most relevant endpoint. RFS was defined as time from 

surgery to the first confirmed relapse, with censoring done when a patient died from 

causes unrelated to cancer or was alive without recurrence at last contact. Kaplan–

Meier survival curves were generated and univariate survival distributions compared. 

Cox proportional hazards models were used to estimate survival distributions and 

hazard ratios and multivariate analyses included T stage, N stage, treatment arm and 

MSI where relevant. All survival analyses were two-sided and considered significant if p 

< 0.05. 

2.5	In	vivo	Mouse	model	of	tumourigenesis	methods	
 

2.5.1	Genotyping	
Animals were genotyped for Apc and Macord2 with three-primer, allele-specific PCR 

assays. Mouse tails were taken at time of weaning or sacrifice and were incubated in 

mouse tail lysis buffer (100mM TrisHCL pH8.5, 5mM ETDA pH 8.0, 0.2% SDS, 200mM 

NaCl, 2µl (100ug/ml) of Proteinase K/tail, ThermoFisher Scientific, USA) at 55°C 

overnight with rotation in a hybridisation oven (Hybaid mini 10, M-006110204a). 
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Subsequently, samples were centrifuged (132,000 RPM for 10 minutes) to pellet debris. 

The supernatant was transferred to pre-labelled tubes containing Isopropanol (Merk 

Millipore, USA) to precipitate DNA. Precipitated DNA was transferred to cluster tubes 

(Corning, USA) containing Tris/EDTA (5ml 1M TrisHCL and 500 µl 0.5M EDTA, ph 8.5) to 

solubilize and protect DNA from degradation.  

For PCR amplification, a master mix (final volume 17 µl) was prepared containing 5 x 

MyTaq™ Reaction buffer (4 µl, Bioline, UK), wild type primers (0.5 µl), mutant primers 

0.5 µl), MyTaq HS polymerase (0.1 µl, Bioline, UK) and RNase/DNase free water (11.9 µl, 

Qiagen, Germany). DNA (3µl). All reactions were performed in 20 µl reaction volumes in 

96 well plates (ThermoFisher Scientific, USA) with the thermal profile listed in table 2.7. 

Primer details are provided in appendix 1.  

 

  Table 2.7 PCR amplification thermal profile 
REACTION 
VOLUME 20UL 

STEP 1                                                 STEP 2 STEP 3 STEP 4  STEP 5 STEP 6 

 1 cycle 1 cycle 40 cycles 40 cycles 40 cycles 1 cycle 
TEMPERATURE 
°C 

96 96 55 72 70 10 

TIME (MINUTES) 1 20s 20s 90s 10 ∞ 
 
 
Amplified DNA was analysed using 2% and 3.5% agarose gels (w/v) for APC and Macrod2 

respectively. APCmin/+ and Macrod2 genotypes were determined by the presence of wild 

type and mutant bands for APC (600 bp and 340 bp respectively) and Macrod2 (507 bp 

and 552 bp respectively).  

 

2.5.2	Tumour	burden		
At experimental end-point (120 days) mice were sacrificed by C02 asphyxiation. The 

intestinal tract was removed and divided into 3 equal lengths of the small intestine 

(proximal, middle and distal) and the whole of the large intestine. Each of the four 

segments were flushed with PBS (WEHI), laid out on filter paper and opened 

longitudinally. Representative tumours and adjacent normal tissue were dissected from 

the intestine using scalpel-blades (Heinz Herenz, Germany) and were fresh frozen at -

80°C for DNA/RNA extraction. The samples were fixed in metacarn (60% Methanol, 30% 

Chloroform and 10% acetic acid) for 2 hours at room temperature and stored in 70% 
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ethanol (Chem Supply, Australia). For analysis, samples were stained in 0.2% methylene 

blue (Sigma, USA) for 1 minute and washed with PBS (WEHI) 2 times for 5 minutes at 

room temperature. Tumours were counted under a dissecting microscope (Olympus, 

SZX12) and categorised according to size (1mm, 2mm, 3mm and 4mm). Tumours in the 

small intestine and large intestine were counted at 10 X magnification.  

 

2.5.3	DNA/RNA	extraction	
Representative tumours and adjacent non-tumour tissues were harvested for DNA/RNA 

extraction using the AllPrep DNA/RNA Mini Kit (Qiagen, Germany) according to the 

manufacturer’s instructions. DNA and RNA were resuspended in 150 µl and 30 µl of EB 

buffer or RNase free water respectively (Qiagen, Germany). Quality of DNA was 

determined by Qubit ® flurometric assay described in section 2.3.2.1. The Quality of RNA 

extracted was determined by running 2 µl of RNA on a 1% (w/v) agarose gel and 

visualising the presence of 28s and 18s rRNA bands. RNA was subsequently analysed 

using a Nanodrop® spectrophotometer (Thermo Scientific, USA). Nuclease free water (2 

µl, Qiagen, Germany) was loaded to blank the spectrophotometer followed by 2 µl of 

each sample. RNA purity was assessed by the 260/280 wavelength absorbance ratio and 

concentration was estimated on light absorbance at 260nm.  

 

2.5.4	Immunohistochemistry		
Swiss rolls of intestinal segments were prepared and fixed in 10% neutral buffered 

formalin for paraffin embedding. For immunohistochemical analysis, mouse tissue 

sections were prepared and de-paraffinized. Heat-induced antigen retrieval was 

performed in 10 mM citrate buffer (pH 6, Thermo Scientific, USA). Endogenous 

peroxidases were blocked by incubation in 3% hydrogen peroxide (v/v; BioLab). 

Immunohistochemical stains were performed with antibodies against β-catenin (Becton 

Dickinson, USA) and pγ-H2AX (Cell Signalling Technologies, USA). Immunoperoxidase 

staining was detected with the 3-3’-Diaminobenzidine (DAB) Liquid Substrate System 

(Dako), and sections were counterstained with hematoxylin. Staining was quantified 

using MetaMorph software (Molecular Devices) blinded to animal genotype.  
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2.5.5	RNA-Sequencing	
RNA samples from intestinal tumors of ApcMin/+/Macrod2-/-, ApcMin/+/Macrod2-/+ and 

ApcMin/+/Macrod2+/+ mice (6 tumors per group) were prepared for sequencing using the 

TruSeq Stranded Total RNA Library Preparation Kit (Illumina, USA). Libraries were pooled 

and clustered using the cBot system (Illumina) with TruSeq SR Cluster Kit v3 reagents 

(Illumina). Sequencing was performed with HiSeq Kit v4 reagents (Illumina, USA) on the 

Illumina HiSeq 2500 system at the AGRF. Each sample was sequenced to a depth of at 

least 26 million single end reads of 100bp.  

RNAseq data was analysed by Dr Christopher Love. Briefly,  Sequencing reads were 

quality assessed using FASTQC (Andrews, 2010) and trimmed for sequencing adaptors 

using Trimmomatic (v0.22) (Bolger, Lohse, & Usadel, 2014); reads shorter than 50 bp 

were removed. Reads were aligned to mouse genome build mm10 using Tophat v2.0.8 

(Trapnell et al., 2012). Gene level expression was quantified using UCSC mm10 

annotation and feature Counts with a parameter for stranded counting (-s 2) (Liao, 

Smyth, & Shi, 2014). Data have been deposited in the Gene Expression Omnibus 

(GSE93514). 

 

2.5.6	Flow	cytometry		
Representative tumours and adjacent non-tumour tissues were harvested and dissected 

into smaller pieces a scalpel blade (Heinz Herenz, Germany) and disaggregated into a 

cellular suspension by dispase (ThermoFisher Scientific, USA) treatment (1mg/10ml in 

DMEM (ThermoFisher Scientific, USA) for 1 hour at 37°C with shaking (1200 RPM) at 10 

minute intervals. The tissue was further broken into a single cell suspension by passing 

the sample through a through a 19g needle (BD biosciences, USA) and syringe (Terumo, 

Japan) and vortexing. The single cell suspensions were centrifuged (1,300 RPM for 6 

minutes) to pellet the cells and supernatant was removed. Subsequently samples were 

resuspended in 2% FBS/PBS by vortexing, centrifuged at 1,300 RPM for 2 minutes and 

supernatant was discarded. The cells were resuspended in 2% FBS/PBS and fixed by 

addition of ice cold 80% EtOH (ChemSupply, Australia) dropwise while vortexing and 

incubated at 4°C overnight in the dark. Following incubation, the samples were 

centrifuged (1,300 RPM for 2 minutes), washed 1x in PBST (1ml) and stained with 

Propidium Iodide (PI) in 1% FCS in PBS, RNase (5 µl-ThermoFisher Scientific, USA) and PI 
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(1:5000-Sigma, USA) for 10 minutes at room temperature in the dark. Following 

incubation, 300µl of 1% FBS in PBS was added to each sample and filtered through a 40 

µm filter into tubes (BD biosciences, USA). Analysis of cellular DNA content was 

performed by flow cytometry using a BD FACS Caliber instrument (BD Biosciences, USA). 

Cells were excited with an argon laser emitting at 488 nm, and PI fluorescence was 

detected by using a 670-nm long pass filter. Forward and right angle light scatter were 

used to set a gate including all cells, but excluding debris. A second gate set on area and 

width of PI fluorescence, to further define the single cell population. PI fluorescence was 

collected in linear mode, and acquisition was stopped after 20,000 gated events had 

been acquired. Data were analyzed for aneuploidy [DNA index (DI)] by using MODFIT LT 

v3.0 (Verity Software House, Topsham, ME). 

2.6 In	vitro	methods	to	investigate	MACROD2	
 

2.6.1 Measurement	 of	MACROD2	 expression	 and	 deletion	 in	 cell	
lines	

 
2.6.1.1	cDNA	synthesis	
RNA templates were used to generate cDNA using the Tetro cDNA synthesis kit (Bioline, 

USA) as per manufacturer’s instructions. The following amendments were made; 1 µl of 

Oligo dt and 1 µl of Random Hexamers were added to the master mix, 1 µl of DEPC-

treated water was added and RNA was diluted in 10 µl of nuclease free water (Qiagen, 

Germany) to make a final volume of 20 µl. After the PCR reaction, cDNA was diluted in 

80 µl of nuclease free water (Qiagen, Germany) to obtain a final concentration of 1ng/µl. 

cDNA was stored at -20°C until subsequent real time PCR was performed.  

 
2.6.1.2	Quantitative	Real-time	PCR	
MACROD2 gene expression in cell lines was determined using quantitative real time PCR 

with the SensifastFAST SYBR® Low-ROX kit (Bioline, USA) as per manufacturer’s 

instructions. Gene expression was determined by combining 30 ng of cDNA (3 µl), 0.5 µl 

of Primers (10 ng/µl), SensiFAST 2X SYBRG mix (10 µl) and nuclease free water (6.5 µl, 

Qiagen, Germany). All reactions were performed in 20 µl volume, run in triplicate in 96 

well plates (ThermoFisher scientific, USA) in a 7500 Fast Real-Time PCR system (Applied 
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Biosystems, USA) with the thermal profile listed in table 2.8. Primer details are provided 

in appendix 2. 

 

Table 2.8 Thermal profile for quantitative real-time PCR 
Reaction volume 20ul Step 1 Step 2 Step 3 
 1 cycle 45-50 cycles 45-50 cycles 
Temperature °C 95 95 60 
Time (Minutes) 2 5 s 30 s 

 

Relative expression was analysed using the comparative Ct method (ΔΔCt method). 

Expression of MACROD2 or target genes were normalised to the endogenous control 

HPRT ) (De kok et al, 2005) and relative expression was calculated using the following 

two equations  

ΔCt = Ct target-ct reference 

ΔΔCt= ΔCt test sample-Δct calibrator sample 

 

2.6.1.3	DNA	sequencing	
DNA sequencing was performed to validate MACROD2 mutations in CRISPR generated 
cell lines. 

2.6.1.3.1	PCR	
Amplification of DNA for sequencing was performed by polymerase chain reaction (PCR) 

thermal cycling. For amplification of DNA a master mix (20 µl) was prepared containing 

forward and reverse primers at a concentration of 10 µM (0.25 µl), 10 x Gold buffer (2 

µl), Gold MgCl2 (25 nM, 2 µl), AmpliTaq (0.1 µl) (Thermofisher Scientific, USA), DNTPs 

(Qiagen, USA), Nuclease free water (Qiagen, Germany) and 1 µl of extracted genomic 

DNA. The PCR was performed on a tetrad® peltier thermo cycler (Bio-Rad, USA) with the 

thermal profile listed in table 2.9. Amplified DNA was analysed using 2% agarose gels 

(w/v) to verify success of PCR amplification and DNA product size.  
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Table 2.9 Thermal profile for DNA sequencing  
Reaction 
volume 20ul 

Step 1 Step 2 Step 3 Step 4  Step 5 Step 6 

 1 cycle                  40 cycles 1 cycle 1 cycle 
Temperature 
°C 

95 94 60 72 70 15 

Time 
(Minutes) 

10 30 s  45 s 45 10 ∞ 

 

2.6.1.3.2	Purification	of	PCR	products	
Excess unlabeled dNTPs and unincorporated primers were removed from PCR reactions 

by treatment with Temperature Sensitive Alkaline phosphatase (TSAP) (0.25 µl, 

Promega, USA), exonuclease (0.025 µl, New England Biolabs, USA) and nuclease free 

water (9.725 µl, Qiagen, USA) at 37°C for 30 minutes and 95 °C for 5 minutes.  

	
2.6.1.3.3	The	big	dye	terminator	v3.1	cycle	sequencing	reactions	
Sequencing reactions were performed using the BigDye® XTerminator™ v3.1 cycle 

sequencing kit (Applied Biosystems, USA). Sequencing reactions were prepared by 

combining BigDye® Terminator™ (0.25 µl), 5 x sequencing reaction buffer (2 µl), 10 µM 

of forward and reverser primers (0.2 µl), nuclease free water (Qiagen, Germany) and 

purified DNA product (4 µl). All reactions were prepared in 96 well plates (ThermoFisher 

Scientific, USA) with the thermal profile listed in table 2.10. Primer details are provided 

in appendix 3.  

 

 

Table 2.10 Thermal Profile for big dye terminator reactions 
Reaction 
volume 20ul 

Step 1 Step 2 Step 3 Step 4  Step 5 

 1 cycle                  35 cycles 1 cycle 
Temperature 
°C 

94 96 50 60 15 

Time 
(Minutes) 

2 10 s  30 s 1 ∞ 

 

2.6.1.3.4	Sequencing	clean-up	
The BigDye® Terminator™ purification kit (Applied Biosystems, USA) was used to purify 

samples prior to genetic analysis. Sequencing clean-up was performed by the addition 

of SAM solution (30 µl) and XTerminator reagent (7 µl) to each sample. Samples were 
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incubated on an IKA® MS 3 Digital Mixer (Sigma-Aldrich, USA) for 30 minutes at 2000 

rpm followed by centrifugation (1000g for 2 minutes). Samples were loaded onto a 

3130xl Genetic Analyser (Applied Biosystems, USA). Sequencing results were analysed 

by interpretation of chromatograms using the Seqman Pro™ software (DNASTAR).  

2.6.2	Metaphase	Spreads	
Chromosome (cytogenetic) counting is a technique used to detect CIN by determination 

of the percentage of euploid metaphase chromosomes. A normal diploid mouse or 

human chromosome count is 40 and 46 respectively. CRC and MEF cells growing in 

exponential phase were incubated with 0.2 μg/ml colchicine (Sigma, USA) overnight. 

Cells were harvested by mitotic shake off, incubated with warm hypotonic 0.56% or 

0.28% KCl (Merk-Millipore, USA) for 20 minutes at 37°C for MEF and human CRC cells, 

respectively. Following incubation, cells were fixed by the dropwise addition 3:1 

methanol/acetic acid ((v/v) (Merk-Millipore, USA, Chem-Supply, Australia)) and 

incubated at room temperature for 30 minutes. After 30 minutes, cells were centrifuged 

(1200 RPM for 10 minutes), supernatant removed and resuspended in fresh fixative. This 

step was repeated twice and on the last addition of fixative, cells were dropped onto 

clean wet slides (MENZEL-GLÄSER, SUPERFROST™, Thermo scientific, USA, SF41206) 

held at a 45° angle. The cell suspensions were allowed to run to the end of the slide and 

then rotated 90° to obtain flattened, well spread chromosomes. Slides were air-dried 

and stained with Leishman’s stain (90% methanol (Merk-Millipore), 1% leishman’s 

powder (SIGMA-ALDRICH) for 4 minutes. Chromosome numbers were evaluated using a 

ZeissAxioimager.Z2 and Metasystems automated scanning under a 10x and 63 x 

objective. At least 50 metaphases were analyzed per sample. 

 

2.6.3	Immunofluorescence	microscopy		
 
2.6.3.1	Immunofluorescence	analysis	for	DNA	foci	
Immunofluorescent microscopy was used to investigate DNA repair dynamics in CRC and 

MEF cells following exposure to DNA damaging agents.  CRC and MEF cells were seeded 

on glass coverslips in 6 well plates (ThermoFisher Scientific, USA) incubated at 37°C for 

24 hours. Cells were g-irradiated with 10Gy using a Cobalt 60 source or treated with 0.5 

µM doxorubicin (Sellckem, USA) and incubated for 0, 1, 2 and 4 hours. Cells were fixed 
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in 4% paraformaldehyde (Alfa Aesa, USA, 43368) and/or permeabilized with 100% ice-

cold methanol (Merk-Millipore, USA) for 30 min. Samples were blocked in 4% 

BSA/TBS/0.05% Tween-20 for 30 min, and then labelled with mouse anti-gH2A.X 

(phospho S140) antibody [3F2] (Abcam, USA), phospho-histone H2A.X (Ser139)(20E3) 

(Cell Signaling Technology, USA)  and rabbit anti-pATM antibody (EP1890Y)(Abcam, USA) 

for 1 hour at room temperature or 4°C overnight. Samples were then incubated for 1 

hour protected from light with Alexa Fluor-conjugated secondary antibodies (Life 

Technologies, Alexa 488 anti-rabbit; Alexa 546 anti-mouse; Alexa 647 anti-rabbit and 

Alexa 647 anti-mouse) followed by incubation with DAPI (Roche, USA) for 5 minutes 

protected from light. Cover slips were dehydrated in increasing concentrations of 

ethanol (70-100%, ChemSupply, Australia), followed by drying in Xylenes (Sigma, USA) 

before mounting on slides (MENZEL-GLÄSER, SUPERFROST™, ThermoFisher scientific, 

USA) with DPX mountant (Sigma, USA). Fluorescence analyses for H2AX and ATM were 

performed with a Deltavision Elite microscope (GE Lifesciences) equipped with a 

60x/1.2NA magnification objective. Images were deconvolved using measured point 

spread function (PSF) on the deltavision SoftWorx software. Foci per cell were counted 

with ImageJ. At least 80 cells were counted per cell line.  

 

2.6.3.2	Immunofluorescence	analysis	for	segregation	errors	
Immunofluorescent microscopy was used to investigate segregation errors in dividing 

cells in the absence of MACROD2. CRC cell lines were seeded on glass coverslips in 6 well 

plates (ThermoFisher Scientific, USA) incubated at 37°C. Cells in exponential phase were 

treated with or without PARP inhibitors Olaparib (Sellckem, USA) or PJ34 (Sellckem, USA) 

for 24 hours, fixed in 4% paraformaldehyde (Alfa Aesa, USA) for 20 minutes and 

permeabilized with 0.2% Triton X-100 (Sigma, USA) for 15 minutes. Samples were 

blocked in 5% BSA/TBS and labelled with rabbit CENP-A (CST, USA) and mouse β-tubulin 

(Sigma, USA) overnight at 4°C. Samples were then incubated for 1 hour in the dark with 

Alexa Fluor-conjugated secondary antibodies (Alexa 546 anti-mouse and Alexa 647 anti-

rabbit). Following incubation with DAPI (Roche, USA) for 5 minutes, slides were mounted 

with DPX (Sigma, USA). Fluorescence analyses for segregation errors was performed on 

the Leica SP8 confocal microscope equipped with a 63x /1.8 NA oil immersion objective. 
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At least 100 mitotic events were scored per genotype and the experiment was run in 

triplicate.  

 

2.6.3.3 Immunofluorescence for b-catenin localisation 
Cells were grown overnight on glass cover-slips, stimulated with Wnt3a conditioned 

medium for 16 hours. Cells were fixed in 4% paraformaldehyde (Alfa Aesa, USA) for 20 

minutes and permeabilized with 0.2% Triton X-100 (Sigma, USA) for 15 minutes. Samples 

were blocked in 5% BSA/TBS and labelled with mouse anti-b catenin (BD biosciences, 

USA). After incubation with Alexa Fluor-conjugated secondary antibodies (Alexa 546 

anti-mouse) and DAPI (Roche, 1:5000) the slides were mounted with DPX (Sigma, USA). 

Fluorescence analysis was performed on an Olympus FV1000 inverted confocal 

microscope equipped with a 63x/1.4NA oil immersion objective. β-catenin localization 

and intensity was analysed with an Image J with a script to measure the red channel.  

 

2.6.4	Single	Cell	Gel	Electrophoresis	assay	(Comet)	assay	
The single cell gel electrophoresis or comet assay is a sensitive technique for quantifying 

DNA damage and DNA repair at the level of individual cells (Singh, McCoy, Tice, & 

Schneider, 1988). The resulting image obtained resembles a comet which has a distinct 

head and tail. The head contains intact DNA contained with the nucleoid, while the tail 

contains fragmented DNA (single or double strand DNA breaks) which has migrated out 

of the nucleoid. The extent of DNA in the comet tail is directly proportional to the 

amount of DNA damage.  

 

CRC cells (1x105 cells/well seeded) and MEF cells (1x105 cells/well seeded) were seeded 

into 24 well plates in duplicate and incubated at 37°C for 24 hours. Cells were treated 

with or without PARP inhibitors Olaparib (Sellckem, USA) or PJ34 (Sellckem, USA) for 1.5 

hours and either g-irradiated with 10Gy using a Cobalt 60 source or treated with 0.5 µM 

doxorubicin (Sellckem, USA) and the degree of DNA damage analysed at baseline and 2 

hours post-treatment under neutral (double-strand DNA breaks, DSBs) or alkaline 

(single-strand DNA breaks, SSBs) conditions using the CometAssay Kit (Trevigen, USA) as 

per manufacturer’s instructions. After electrophoresis, slides were stained with SYBR 

Green Reagent (Trevigen, USA), and comets imaged using a SPOT RT3 slide camera 
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attached to a Nikon 90i microscope (Nikon). Comet Olive tail moments (tail length × (tail 

fluorescence/(head+tail fluorescence))) were determined using MetaMorph Microscopy 

Automation and Image Analysis Software (Molecular Devices). At least 100 randomly 

chosen comets were analysed per sample. 

 

2.6.5	Caspase	
The Caspase-Glo®3/7 assay (Promega, USA) is a luminescent assay used to measure 

caspase-3 and caspase-7 through cleavage of caspase -3/7 pro-luminescent substrate. 

The substrate contains a tetrapeptide sequence DEVD, when cleaved a substrate for 

luciferase (aminoluciferin) is released, resulting in a luciferase reaction and production 

of light.  

CRC cells (3x104 cells/well) or MEF cells (5x104 cells/well) were seeded into 96 well plates 

(ThermoFisher Scientific, USA) in triplicate and incubated at 37°C for 24 hours. Cells were 

g-irradiated with 10Gy using a Cobalt 60 source or treated with 0.5 µM doxorubicin 

(Sellckem, USA). Caspase activity was measured at baseline and 72 hours post treatment 

by the addition of Caspase-Glo® reagent (50 µl) (Promega, USA) for 1 hour at room 

temperature and luminescence was measured using the envision plate reader 

(PerkinElmer, USA). 
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3. Identification	of	clinically-relevant	colon	cancer	genes	
through	mutation	profile	and	patient	data	integration	

 

3.1	Introduction	
Current prognostication for CRC largely relies on TNM staging which considers tumour 

size, involvement of the lymph nodes and metastatic lesions to guide treatment options. 

While this approach is the cornerstone for patient management, significant 

heterogeneity in outcomes and response to treatment remains for individuals with the 

same TNM stage. For example, TNM staging for patients with early stage CRC indicates 

the use of adjuvant fluoropyrimidine (FU)-based chemotherapy, with treatment offered 

to patients with stage III or high-risk stage II disease, however only a subset of patients 

benefit from treatment (Gill et al., 2004; Wolmark et al., 1993). Conversely, a subset of 

patients with low-risk stage II disease who do not routinely receive chemotherapy do 

relapse (Andre et al., 2009; Benson AB, 2004; Mamounas et al., 1999). Therefore, there 

is a need for novel methods of patient stratification for treatment beyond TNM staging 

for CRC. 

 

Personalised cancer medicine is the concept of predicting disease development and 

guiding treatment for an individual based on an understanding of the molecular profile 

of an individual’s disease (NHMRC, 2011). In cancer treatment, it is becoming 

increasingly recognised that therapy can be modified to improve outcome based on 

molecular biomarkers. However, currently there are a small number of biomarkers used 

in clinical practice for CRC.  

 

For example, detection of microsatellite instability (MSI) or loss of DNA mismatch repair 

proteins is a predictive biomarker of good prognosis in patients with early stage CRC 

(Popat et al., 2005) and has been identified to predict resistance to 5-FU adjuvant 

chemotherapy (Popat et al., 2005). In the metastatic setting, both KRAS and NRAS 

mutations are considered markers of lack of efficacy for anti-EGFR antibody therapy 

(Amado et al., 2008; Bokemeyer et al., 2011; De Roock et al., 2010; Karapetis et al., 2008; 

Lievre et al., 2006). Moreover, there is emerging evidence that BRAF and KRAS 

mutations are associated with poor prognosis, in particular in microsatellite stable 
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tumours, although these are not yet formally accepted for clinical prognostication 

(Clarke & Kopetz, 2015; Phipps et al., 2013). Furthermore, various mRNA signatures 

including the consensus molecular subtypes (CMS) have been proposed for prediting 

CRC outcomes (Guinney et al., 2015).  

 

Multiple other molecular biomarkers have been associated with CRC outcomes and 

therapy response, however uptake has generally been hampered by insufficient level of 

evidence (Andre et al., 2015; Deng et al., 2015; Dienstmann et al., 2017; Jorissen et al., 

2015; Kadowaki et al., 2015; Laurent-Puig et al., 2009; Manceau et al., 2015; Merok et 

al., 2013; Mouradov et al., 2013; Phipps et al., 2015; Roth et al., 2012; Roth et al., 2010; 

Schell et al., 2016; Seppala et al., 2015; Sinicrope et al., 2015; Taieb et al., 2016). For 

example, many biomarker studies have been limited in sample size, lacked critical 

clinical or treatment information or have not been rigorously validated in additional 

cohorts. An additional limitation of many studies has been the lack of standardised 

recruitment and follow up of patients.  Additional factors that may confound biomarker 

assessments include; host immune responses, diet, environmental exposure, lifestyle 

and patient demographics (Manne, Putcha, Samuel, & SudhirSrivast, 2017). Follow-up 

studies of promising biomarkers in large, well-annotated clinical cohorts to consolidate 

evidence of clinical utility is clearly required. In addition, recent exome-wide mutation 

studies for CRC have suggested large numbers of putative cancer gene candidates which 

have not yet been systematically investigated as biomarkers (TCGA, 2012b). 

 
This study aimed to add to the evidence for clinical utility for both lead biomarkers and 

novel cancer gene candidates in patients with resected stage II/III CRC. An Australian 

cohort of 296 patients with detailed clinical, treatment and follow-up information was 

evaluated for a custom-designed panel of 113 “significantly mutated” genes in CRC. 

Major findings were cross-validated in a cohort of 1,952 patients from the QUASAR2 

clinical trial (Kerr et al., 2016). 

 

3.2	Selection	of	candidate	cancer	genes	for	CRC	
A panel of 113 cancer gene candidates was designed based on “significant” mutation 

evidence in microsatellite stable (MSS) colon cancer obtained from integration of whole 
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exome sequencing and gene expression data (Table 3.1). Data were derived from whole 

exome sequencing on MSS colon cancers from our laboratory (n = 91) as well as 

accessing available TCGA (n = 188) and Genentech (n = 57) cohorts. For the in-house 

cohort, somatic mutations were identified using a bioinformatics pipeline co-developed 

with the Victorian Life Sciences Computational Initiative (VSLCI). “Significantly” mutated 

genes were identified based on the MutSig CV algorithm developed by the Broad 

Institute (Lawrence et al., 2013; TCGA, 2012a). Briefly, this algorithm identifies genes 

mutated more often than expected by chance alone by consideration of patient specific 

mutation frequencies, gene length, mutation spectra, gene expression levels and 

replication time of a DNA region during the cell cycle. To further enrich for functionally 

relevant driver genes in cancer, only genes with additional evidence of expression in 

RNA-sequencing studies performed on 13 CRC cell lines were included in the gene panel 

for investigation.  

 

Table 3.1 Cancer gene panel  
ACVR2A CDC42EP1 GNRH2 MICALCL PTEN TGIF1 

ADCK5 CHD6 GPX1 MLL2 PTPLA TIAM1 

ADM2 CNOT2 GRIN3B MLL3 RALY TMEM184A 

ADRA2B CREBBP GSPT1 MUC6 RAVER1 TMPRSS13 

AP3S1 CTNNB1 HDGFRP2 MYADML2 RBM5 TP53 

APC CTSA HNRNPL NEUROG3 RIN3 TRRAP 

ASH1L DBR1 HRCT1 NRAS RNF43 TTLL11 

ATM DIAPH1 HTT OVGP1 RNPC3 TYRO3 

ATN1 DRD4 IRF5 PABPC1 RPL14 WRAP53 

ATXN1 ECHS1 KANK3 PAK2 SAFB2 ZFHX3 

AXIN2 ELF3 KDM6B PCGF6 SLC5A10 ZFP36L2 

B2M EP300 KIAA0040 PHF2 SMAD4 ZNF787 

BAIAP2L2 EP400 KRAS PHF21A SOX9 ZNF880 

BCL9L ERBB3 KRTAP5-5 PIK3C2B SPERT 
 

BZRAP1 FAM171B LATS2 PIK3CA SPHK1 
 

C21orf58 FAM46A MAFA PLIN4 SPPL2B 
 

C6orf223 FAT1 MAL2 PPM1E SRCAP 
 

CACNA1B FBXW7 MED31 PRDM2 TBP 
 

CD58 FNBP4 MEF2A PRIM2 TCF7L2 
 

CD7 GLTPD2 MESP1 PRX TDG 
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3.3	 Gene-panel	 sequencing,	 mutation	 detection	 and	
mutation	burden	assessment	
Gene-panel sequencing was performed on 235 patients with stage II/III CRC using the 

Haloplex™ target enrichment system. Both tumour and matched normal DNA samples 

were sequenced on the Illumina next-seq 500 from paired end libraries of 100 base 

pairs, with an average coverage of 1000 reads per sample. Six sample pairs failed library 

preparation and sequencing. To identify somatic mutations raw fastq data were first 

trimmed of poor quality reads (phred quality scores below 30) and adapter sequences 

and reads containing less than 50bp were removed. Overlapping paired-end reads were 

merged using Fast Length Adjustment of Short Reads (FLASH) algorithm (Magoc & 

Salzberg, 2011). Raw reads were aligned to HG19 using the Burrows-Wheeler Aligner 

(BWA)(Li & Durbin, 2009) and variants were called using a modified version of GATK best 

practice pipeline (Decap, Reumers, Herzeel, Costanza, & Fostier, 2017). Mutation data 

from this cohort were combined with an additional cohort of 67 stage II/III patients 

previously analysed in our laboratory by whole-exome sequencing, resulting in a 

combined cohort of 296 patients (Table 2.5).  

 

For the 296 CRC samples, numbers of non-synonymous mutations detected in our 113-

gene panel ranged from 1 to 94 (Figure 3.1). Forty-five (15.3%) of patients presented 

with a hypermutator phenotype characterised by increased indels indicative of MSI 

(mean mutations 33.1 vs 6.7 for MSS) (red bar, Figure 3.1). Two patients presented with 

a hypermutator phenotype characterised by increased SNVs (mean mutations 69.0 vs 

6.7 for MSS) and an increase in trinucleotide changes TCT to  TAT and TCG to TTG, 

indicative of DNA polymerase e  (POLE) deficiency (blue bar) (Castellucci, He, Goldstein, 

Halmos, & Chuy, 2017). One of the POLE-signature samples was confirmed to contain a 

missense mutation in the POLE exonuclease domain, P286R, by re-sequencing. The 

remaining 250 (84.7%) CRCs were non-hypermutated (white bar, Figure 3.1).  

 

The mutation profile for our 113 gene panel (Figure 3.2, 3.3) resembled that reported 

for CRC by the TCGA (TCGA, 2012b). We identified APC as the most frequently mutated 

gene in our cohort with a prevalence of 68.2%, with the majority of mutations (80%) 

producing nonsense or frameshift changes (Figure 3.3). In addition, other established 
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CRC cancer genes TP53 (59.8%), KRAS (41.6%), PIK3CA (21.7%) and FBXW7 (16.1%) were 

among the top mutated genes in our panel. Cancer gene candidates with evidence of 

common mutation in our panel included the Lysine (K)-Specific Methyltransferase 

(KMT2D) (20.3%), Zinc Finger Homeobox 3 (ZFHX3) (18.9%), Benzodiazepine Receptor 

Peripheral Associated Protein 1 (BZRAP1) (16.4%), RNA Binding Region-containing 

Protein 3 (RNPC3) (11.9%), Scaffold Attachment Factor B2 (SAFB2) (11.5%). Among the 

entire cohort, we identified 61 recurrently (in >5% of samples) mutated genes, with 31 

genes identified as recurrently mutated when considering MSS only samples (Table 3.2). 

A 5% mutation frequency threshold was selected to have statistical power for 

association analysis in future studies on follow up patient cohorts.  

 

 

 
Figure 3.1 mutation burden for CRC samples 
Total mutation frequency plotted per sample. MSI + cancers are indicated by red bar, 

MSS samples indicated by white bar and POLE ultramutated samples indicated by the 

blue bar.  
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Figure 3.2 Mutation frequency per gene 
Mutation frequency for cancer gene panel, red line indicates 5% mutation frequency 

threshold to select genes for further analysis. 

 

 

 
Figure 3.3 Mutation classification by gene 
Mutation classification (missense, nonsense or other) for the cancer gene panel 

presented in order of total mutation frequency.  
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Table 3.2 Recurrently mutated genes in MSS CRCs 
ADCK5 FBXW7 PIK3CA ZFP36L2 
APC HTT PLIN4  
ATM KDM6B PRIM2  
ATN1 KMT2C SMAD4  
BCL9L KMT2D SOX9  
BZRAP1 KRAS TBP  
CACNA1B KRTAP5-5 TCF7L2  
CHD6 MAFA TP53  
EP400 MICALCL TYRO3  
FAM171B MUC6 ZFHX3  

 

3.4	Prognostic	markers	for	stage	II/III	CRC	
We first evaluated our cohort for lead molecular and clinicopathologic markers of 

prognosis for stage II/III CRC. Markers included mutations in KRAS, BRAF and TP53, 

overall mutation burden, MSI status, chemotherapy and radiation treatment, tumour 

size (T4 Vs T1,2,3) and involvement of lymph nodes (N+ Vs NO). In univariate analysis for 

relapse-free survival (RFS) (Table 3.2), mutation burden (HR=0.72, 95%CI=0.62-0.85, 

p=8.6x10-5) and MSI (HR=0.39, 95%CI=0.18-0.71, p=0.003) were identified to be 

significantly associated with good prognosis, while T stage was associated with a worse 

prognosis (HR=2.19, 95%CI=1.54-3.22, p=2.01x10-5). N stage showed the anticipated 

relationship with inferior outcomes, although this did not reach statistical significance 

(HR=1.4, 95%CI=0.97-2.08, p=0.07).  

 

In a reverse stepwise multivariate analysis incorporating all clinical and molecular 

variables (Table 3.3), T stage, BRAF and TP53 mutations were found to be significantly 

associated (p<0.05) with poor relapse free survival (p<0.05), whilst mutation burden and 

chemotherapy were significantly associated with good prognosis. MSI, radiotherapy and 

N stage were not associated with prognosis. Mutations in the known biomarker KRAS 

also showed evidence of poor prognosis although formal statistical significance was not 

reached. To test whether the prognostic effect of mutation burden was due to 

hypermutator phenotypes (both MSI and POLE phenotypes have been associated with 

good prognosis (Domingo et al., 2016; Roth et al., 2012), the same model was run in the 

subset of tumours with exclusion of MSI or pathogenic POLE mutations. Chemotherapy, 

T stage, mutation burden and TP53 remained significantly associated with prognosis, 
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KRAS became significantly associated with prognosis, and BRAF mutations lost 

significance (table 3.3). 
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Table 3.3 Associations between clinico-pathological-molecular variables and relapse-free survival in discovery cohort 
 

 All cases univariate All cases multivariate MSI- & Non-pathogenic POLE multivariate 
HR 95%CI P HR 95%CI p HR 95%CI p 

KRAS mutation 1.31 0.92-1.87 0.136 1.51 0.97-2.38 0.066 1.61 1.02-2.59 0.040 
BRAF mutation 0.91 0.52-1.64 0.780 2.18 1.08-4.56 0.029 1.79 0.73-4.24 0.204 

TP53 mutation 1.19 0.83-1.71 0.334 1.82 1.12-2.73 0.014 1.81 1.09-2.82 0.020 
Mutation burden (quartiles) 0.72 0.62-0.85 8.62x10-5 0.78 0.63-0.95 0.014 0.82 0.64-0.93 0.008 

MSI 0.39 0.18-0.71 0.003 0.62 0.24-1.44 0.247 - -  - 
Chemotherapy (yes vs no) 1.01 0.71-1.44 0.946 0.60 0.34-0.91 0.019 0.51 0.18-0.90 0.018 
Radiotherapy (yes vs no) 1.21 0.50-3.02 0.653 1.33 0.53-3.32 0.546 1.29 0.51-3.20 0.603 

T4 v T123 2.19 1.54-3.22 2.01x10-5 2.38 1.57-3.75 6.34x10-5 2.67 1.73-4.21 1.62x10-5 
N+ v N0 1.4 0.97-2.08 0.070 1.21 0.71-2.04 0.493 1.19 0.66-2.05 0.597 

 

Note:	N=296 (all cases, univariate); N=254 (all cases, multivariate); N=210 (MSI-/Non-pathogenic POLE). Note that BRAF was only tested 
for the common V600E variant and that GNAS was not tested. 



 - 93 - 

To validate the clinical relevance of these prognostic markers, we used a larger, 

independent data set from the QUASAR2 cohort, an international clinical trial 

comprising 1,952 CRC patients with stage II/III CRC, randomised to capacetabine +/- or 

bevacizumab (Kerr et al., 2016). In a univariate analysis (Table 3.4), T and N stage were 

associated with poor prognosis in the QUASAR2 cancers. Mutation burden and 

mutations in TP53, KRAS and BRAF showed the expected trends for individual 

associations with poor prognosis (p<0.10) (Table 3.4-3.5). Mutation burden, T stage, N 

stage, MSI status, treatment arm and mutations in TP53, KRAS and BRAF were then 

assessed in a reverse stepwise multivariate RFS analysis. Mutation burden (HR=0.81; 

95%CI=0.68-0.96; p=0.014) was associated with good prognosis while mutations in 

TP53, KRAS and BRAF were all independently associated with poor prognosis (p<0.05). 

In a model excluding MSI and POLE (hypermutated) tumours, stage (T/N) and mutations 

in TP53, KRAS and BRAF remained significantly associated with prognosis (p<=0.025) 

while mutation burden showed borderline significance (p=0.051) (Table 3.4).  
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Table 3.4 Associations between clinic-pathological-molecular variable and relapse free survival in the QUASAR2 clinical trial  
 

 All cases univariate All cases multivariate MSI- & Non-pathogenic POLE multivariate 

 HR 95% CI p HR 95% CI p HR 95% CI p 
KRAS mutation 1.48 1.07-2.05 0.018 1.99 1.37-2.91 3.44x10-4 2.25 1.51-3.35 6.07x10-5 

BRAF mutation 1.42 0.94-2.13 0.093 2.46 1.51-4.03 3.31x10-4 2.88 1.70-4.85 7.50x10-5 

TP53 mutation 1.53 1.08-2.18 0.018 1.63 1.12-2.38 0.011 1.61 1.09-2.38 0.025 

Mutation burden (quartiles) 0.87 0.75-1.00 0.055 0.81 0.68-0.96 0.014 0.85 0.73-1.00 0.051 
MSI 0.73 0.42-1.28 0.271 1.12 0.57-2.19 0.75 - - -  

Treatment arm 1.37 0.98-1.92 0.065 1.43 1.02-2.00 0.039 1.55 1.09-2.22 0.015 
T4 v T123 2.11 1.52-2.94 8.59x10-6 2.10 1.50-2.93 1.36x10-5 2.29 1.61-3.25 3.66x10-6 
N+ v N0 1.80 1.22-2.63 0.003 1.85 1.25-2.73 0.002 2.03 1.33-3.09 0.001 

Note: N=511 (all cases, univariate and multivariate); N=443 (MSI-/Non-pathogenic POLE) for QUASAR2 clinical trial  
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In a combined univariate analysis of Australian and QUASAR2 cohorts (n = 808), 

mutations in KRAS, BRAF and TP53, stage (T/N) were all independently associated with 

poor prognosis while mutation burden was associated with favourable prognosis 

(p=<0.05, Figure 3.7; Table 3.5-3.6). In a combined multivariate analysis, mutations in 

TP53, KRAS, BRAF, mutation burden, treatment arms, radiotherapy and stage remained 

significantly associated with prognosis. MSI was not independently associated with 

prognosis. With the exclusion of hypermutated cancers, the findings were not altered 

identifying KRAS, BRAF, TP53 and mutation burden as relapse free survival prognostic 

markers in stage II/III CRC.  

 

 

 
 

Figure 3.4 single nucleotide variant (SNV) burden is associated with good prognosis in 
stage II/III CRC 
Kaplan-Meier RFS plot according to quartiles of mutation burden in MSI-/POLEwt 

tumours from combined cohorts.
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Table 3.5 Combined analysis of Australian and QUASAR cohorts 
 

 All cases univariate All cases multivariate MSI- & Non-pathogenic POLE multivariate 
HR 95%CI P HR 95%CI p HR 95%CI p 

KRAS mutation 1.40 1.10-1.78 0.006 1.74 1.31-2.29 1.21x10-4 1.88 1.40-2.51 2.11x10-5 
BRAF mutation 1.23 0.88-1.72 0.231 2.21 1.47-3.29 1.02x10-4 2.32 1.50-3.58 1.49x10-4 
TP53 mutation 1.30 1.01-1.67 0.039 1.65 1.24-2.19 4.67x10-4 1.68 1.24-2.26 0.001 

Mutation burden (quartiles) 0.82 0.74-0.92 5.1x10-4 0.8 0.70-0.91 0.001 0.84 0.74-0.94 0.004 
MSI 0.58 0.38-0.89 0.012 0.8 0.46-1.35 0.399 - - - 

Cohort/treatment Q2 cap Ref.   Ref.   Ref.   
Cohort/treatment Q2 bev+cap 1.45 1.04-2.03 0.029 1.44 1.02-2.01 0.034 1.53 1.07-2.18 0.019 

Cohort/treatment Australia no chemo 2.04 1.4-2.98 2.2x10-4 3.48 2.28-5.30 7.04x10-9 4.05 2.58-6.34 9.96x10-10 
Cohort/treatment Australia chemo 2.06 1.45-2.93 5.61x10-6 1.75 1.18-2.58 0.005 1.88 1.25-2.83 0.002 

Radiotherapy (yes vs no) 1.56 0.64-3.78 0.326 1.37 0.54-3.41 0.503 1.3 0.51-3.24 0.579 
T4 v T123 1.81 1.42-2.29 1.30x10-6 2.19 1.68-2.83 3.03x10-9 2.36 1.80-3.09 4.38x10-10 
N+ v N0 1.45 1.11-1.89 0.006 1.63 1.21-2.20 0.001 1.68 1.21-2.30 0.002 
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Table 3.6 Association burden with clinic-pathological variables in Australian and 
QUSAR2 cohorts combined (MSI-/POLE non-pathogenic cancers only, multivariate 
linear regression, N = 638) 
 

Mutation burden in MSI-/POLEwt  OR 95%CI p 

Male vs Female 1.05 0-88-1.26 0.575 
Proximal v Distal 1.32 1.08-1.59 0.006 

Poor vs Well/Moderate 0.97 0.75-1.27 0.841 
Age 1.01 1.00-1.02 0.023 

T4 v T123 0.90 0.75-1.09 0.28 
N+ v N0 0.98 0.81-1.19 0.847 
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3.5	Combination	of	MSI,	KRAS	and	BRAF	to	predict	patient	
outcome	
Previous reports have identified the prognostic associations of either KRAS and/or BRAF 

mutations in MSI+ in CRCs to categorise patients into actionable subtypes. For example, 

MSI+ tumours alone are associated with a better prognosis and BRAF V600E mutation 

with a poor prognosis (Roth et al., 2010). CRCs harbouring both MSI+/BRAFV600E 

mutations have a favourable prognosis in stage II/III or the combination of MSI+, KRAS 

and BRAF V600E mutations had significantly poorer survival than patients with MMR 

deficient tumours lacking these mutations (Phipps et al., 2015; Seppala et al., 2015; 

Sinicrope et al., 2015).  

 
Based on these reports we investigated the prognostic association of KRAS mutations 

alone or in combination with BRAF mutations and how they relate to MSI status. Data 

from the Australian cohort was combined with data from the QUASAR2 gene panel plus 

an additional 676 QUASAR2 and 362 stage II/III Australian CRCs previously typed for MSI 

and analysed for KRAS and BRAF mutations by Sanger sequencing (table 3.8). In this 

combined data set of 1,732 patients (table 3.8), the frequency of MSI (14%) and 

mutation frequencies of KRAS (36%), BRAF (13%) and TP53 (59%) as well as pairwise 

associations with clinical features (Table 3.9) were in concordance with the literature 

(Barras, 2015; Hollstein et al., 1994; Sinicrope et al., 2015).  

 

 

In a univariate analysis of the combined cohorts adjusted for T/N stage and 

cohort/treatment arm, MSI and mutations in KRAS, but not BRAF mutations were 

significantly associated with prognosis (p<0.05, table 3.10). In a multivariate analysis, we 

found that MSI was associated with good prognosis (HR=0.45, 95%CI=0.31-0.64, p=1x10-

5) and KRAS and BRAF mutations with poor prognosis (HR=1.22, 95%CI=1.01-1.48, 

p=0.035; HR=1.53, 95%CI=1.14-2.04, p=0.004 respectively; (table 3.10). The strong co-

variation of these biomarkers could potentially have confounded the prognostic effects, 

thus we added to the multivariate model multiplicative interaction terms between MSI 

and mutations in KRAS and BRAF. We found both interactions to be significant (p=0.003 

and p=0.023 respectively).  
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These results suggest the differential prognostic effects observed for BRAF and KRAS 

mutations are dependent on MSI status. Accordingly, we explored different 

combinations of MSI, KRAS mutation and BRAF mutations on prognosis. First, we 

examined the effect of KRAS or BRAF in MSI- (MSI low/MSS) cancers. Compared to with 

“triple negative” (MSI-, KRAS-wildtype, BRAF wildtype) cancers, we found that tumours 

with either KRAS or, especially, BRAF mutations had a worse prognosis (respectively 

HR=1.35, 95%CI=1.11-1.64, p=0.003 and HR=2.02, 95%CI=1.47-2.77, p=1.19x10-5; table 

3.11, Figure 3.8). By contrast, and explaining the statistical interactions, MSI+ CRCs with 

KRAS or BRAF mutation had a significantly better prognosis than the triple negative 

tumours (respectively HR=0.28, 95%CI=0.09-0.89, p=0.03 and HR=0.55, 95%CI=0.34-

0.90, p=0.017). MSI+ with KRAS-wildtype, BRAF wildtype showed evidence of a 

prognostic association with good prognosis although formal statistical significance was 

not reached. Although the data is presented as a combined analysis, the prognoses of 

the 6 MSI/KRAS/BRAF sub-groups was consistent between the Australian and QUASAR 

data sets.  
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Table 3.7 Distribution of clinic-pathological variables in all cohorts 
Q2 NGS=QUASAR2 cancers analysed using Ion Torrent gene panel; Q2 extended=QUASAR2 cancers analysed by Sanger sequencing. 

Australia NGS=Australian cancers analysed using targeted NGS; Australia extended= Australian cancers analysed by Sanger sequencing. All 

Australia samples also had MSI assessed. Proximal location=caecum, ascending colon, hepatic flexure and transverse colon; distal 

location=splenic flexure, descending colon, sigmoid colon and rectum. 

  Q2 NGS Q2 Extended Australia NGS 
Australia 
Extended 

Total 

T (%) T1-3 309 (65) 378 (65) 228 (77) 299 (60) 1214 (69) 

  T4 202 (35) 206 (35) 68 (23) 62 (40) 538 (31) 

N (%) N0 166 (32) 232 (40) 110 (37) 135 (37) 643 (37) 

  N1-2 345 (68) 352 (60) 186 (63) 226 (63) 1109 (63) 

Gender (%) Male 265 (52) 361 (62) 166 (56) 197 (55) 989 (56) 

  Female 246 (48) 223 (38) 130 (44) 164 (45) 763 (44) 

Location (%) Right 197 (41) 224 (43) 144 (39) 149 (42) 714 (42) 

  Left 282 (59) 296 (57) 182 (61) 211 (58) 971 (58) 

Differentiation 
(%) 

Well/Moderate 
405 (84) 458 (83) 

242 (83) 
272 (78) 

1377 (82) 

  Poor 79 (16) 88 (17) 50 (17) 77 (22) 294 (18) 

Trial arm (%) Cap 234 (46) 299 (51) - - 533 (49) 

  Cap+Bev 277 (54) 285 (49) - - 562 (51) 

Chemotherapy 
(%) 

No 
- - 

131 (44) 
147 (41) 

278 (42) 

  Yes - - 165 (56) 214 (59) 379 (58) 

Age (range) Mean 
63.6 (27-85) 64.2 (21-83) 

67.2 (29-94) 
67.8 (30-92) 

65.2 (21-

94) 
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Table 3.8 Pairwise associations in all samples from Australian cohort and QUASAR2 cohorts combined 
 

   MSI KRAS BRAF TP53 
    Total MSS MSI+ p Wt Mut p Wt Mut p Wt Mut p 

MSI (%) MSI- 1488 (86) - -   - -   - -   - -   
  MSI+ 244 (14) - -   - -   - -   - -   

KRAS (%) Wt 1102 (64) 894 (60) 208 (85) 2x10-15 - -   - -   - -   
  Mut 630 (36) 594 (40) 36 (15)   - -   - -   - -   

BRAF (%) Wt 1504 (87) 1376 (92) 128 (52) 7x10-49 880 (80) 624 (99) 2x10-39 - -   - -   
  Mut 228 (13) 112 (8) 116 (48)   222 (20) 6 (1)   - -   - -   

TP53 (%) Wt 473 (41) 361 (36) 112 (72) 1x10-16 274 (39) 199 (45) 0.031 388 (39) 85 (56) 9x10-5 - -   
  Mut 674 (59) 630 (64) 44 (28)   433 (61) 241 (55)   607 (61) 67 (44)   - -   

T (%) T1-3 1197 (69) 1033 (69) 164 (67) 0.5 781 (71) 416 (66) 0.04 1056 (70) 141 (62) 0.014 324 (69) 494 (73) 0.085 
  T4 535 (31) 455 (31) 80 (33)   321 (29) 214 (34)   448 (30) 87 (38)   149 (31) 180 (27)   

N (%) N0 637 (37) 504 (34) 133 (55) 1x10-9 425 (39) 212 (34) 0.043 552 (37) 85 (37) 0.88 188 (40) 217 (32) 0.01 
  N1-2 1095 (63) 984 (66) 111 (45)   677 (61) 418 (66)   952 (63) 143 (63)   285 (60) 457 (68)   

Gender (%) Male 979 (57) 874 (59) 105 (43) 5x10-6 630 (57) 349 (55) 0.48 885 (59) 94 (41) 7x10-7 245 (52) 372 (55) 0.28 
  Female 753 (43) 614 (41) 139 (57)   472 (43) 281 (45)   619 (41) 134 (59)   228 (48) 302 (45)   

Location (%) Proximal 676 (41) 485 (35) 191 (83) 5x10-45 413 (40) 263 (44) 0.15 502 (35) 174 (80) 7x10-36 227 (49) 225 (34) 9x10-7 
  Distal 959 (59) 921 (65) 38 (17)   620 (60) 339 (56)   916 (65) 43 (20)   234 (51) 428 (66)   

 Differentiation (%) Well/Mod 1361 (82) 1230 (87) 131 (55) 1x10-28 839 (80) 522 (87) 7x10-5 1230 (86) 131 (60) 1x10-17 365 (80) 537 (83) 0.34 
  Poor 291 (18) 185 (13) 106 (45)   215 (20) 76 (13)   205 (14) 86 (40)   90 (20) 113 (17)   

Age (SE) Mean 65.2 (0.26) 65.0 (0.27) 66.4 (0.73) 0.03 64.9 (0.33) 65.8 (0.42) 0.061 64.7 (0.28) 68.4 (0.63) 5x10-7 66.4 (0.51) 65.3 (0.43) 0.048 
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Table 3.9  RFS in all samples from discovery and QUSAR cohorts (n = 1732) 
 

 All cases univariate All cases multivariate 

HR 95%CI P HR 95%CI p 

KRAS mutation 1.22 1.02-1.47 0.028 1.22 1.01-1.48 0.035 

BRAF mutation 1.03 0.80-1.34 0.819 1.53 1.14-2.04 0.004 

MSI 0.52 0.34-0.72 8x10-5 0.45 0.31-0.64 1x10-5 

Cohort/treatment (Q2 bev+cap v Q2 cap) 1.25 0.98-1.60 0.072 1.27 1.00-1.63 0.053 

Cohort/treatment (Aus No chemo vs Q2 cap) 2.65 1.96-3.58 2x10-10 2.79 2.06-3.78 3x10-11 

Cohort/treatment (Aus Chemo vs Q2 cap) 2 1.56-2.56 6x10-8 2.01 1.57-2.59 4x10-8 

T4 v T123 2.27 1.89-2.73 1x10-18 2.27 1.89-2.73 2x10-18 

N+ v N0 2.19 1.75-2.74 7x10-12 2.06 1.65-2.58 3x10-10 

 

 

Table 3.10 Prognosis associated with sub-groups by KRAS mutation, V600E BRAF mutation and MSI in all cohorts (N=1,726). 
p for interaction between MSI and BRAF and KRAS is 0.003 and 0.023 respectively. Results are from multivariate analysis adjusted by cohort 

arms as shown in table 3.6 

All cohorts (N=1,726) HR 95%CI p 

KRASwt/BRAFwt/MSI- Ref.   

KRASmut/BRAFwt/MSI- 1.35 1.11-1.64 0.003 

KRASwt/BRAFmut/MSI- 2.02 1.47-2.76 1.20x10-5 

KRASwt/BRAFwt/MSI+ 0.90 0.56-1.45 0.67 

KRASmut/BRAFwt/MSI+ 0.28 0.09-0.89 0.028 

KRASwt/BRAFmut/MSI+ 0.55 0.35-0.90 0.017 

T4 v T123 2.26 1.88-2.71 3.32x10-18 

N+ v N0 2.07 1.65-2.59 2.62x10-10 



- 103 - 
 

 

 
Figure 3.5 BRAF and KRAS mutation are predictive of good prognosis in MSI+ tumours 
Kaplan-Meier RFS plot according to combinations of MSI and mutations in KRAS and 

BRAF in all QUASAR2 and discovery cohorts combined. 
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3.6	TP53-based	prognostic	sub-sets	in	MSI-CRCs	
While MSI status was not an independent prognostic marker when mutation burden 

was a co-variate (Table 3.3, 3.4 and 3.5), it was prognostic in the absence of that 

information (Table 3.10). Considering that TP53 mutation remained an independent 

prognostic marker in both cohorts and the combined analysis when MSI+ and 

ultramutator CRCs were excluded from our analysis based on gene panels (table 3.3,3.4 

and 3.5), we investigated if we could identify new prognostic groups within the larger 

MSI- sample set using KRAS, BRAF and TP53.  

 
We examined our Australian and QUSAR2 cohorts with the available TP53 status from 

either NGS or Sanger sequencing and analysed subtypes within MSI- tumours (N=991). 

CRCs harbouring both BRAF and TP53 mutations and wildtype KRAS had a poor 

prognosis (HR=3.08, 95%CI=1.88-5.03, p=7.12x10-6; (Table 3.12; Figure 3.9), with a 

suggestive, but non-significant, interaction between these markers (HR=2.21, p=0.058), 

while no evidence of interaction between TP53 and KRAS (HR=1.13, p=0.62) was 

observed. Therefore, we detected only independent prognostic effects of these three 

driver genes. 

 
Table 3-11 (RFS by combinations of KRAS, BRAF V600E and TP53 mutations in MSI- 
from all QUASAR2 and discovery cohorts combined (N=991).  
p for interaction of TP53 with BRAF is 0.058 and TP53 with KRAS 0.62. Results are from 
multivariate analysis adjusted by cohort arms as shown in Table 3.7. Mutation 
combinations missing from the table (KRASmut/BRAFmut) are too rare for useful 
analysis.  
 

Genotype HR 95%CI p 
KRASwt/BRAFwt/TP53wt Ref.   

KRASwt/BRAFwt/TP53mut 1.18 0.82-1.70 0.375 
KRASwt/BRAFmut/TP53wt 1.38 0.67-2.85 0.377 

KRASwt/BRAFmut/TP53mut 3.08 1.88-5.03 7.12x10-6 
KRASmut/BRAFwt/TP53wt 1.43 0.97-2.12 0.069 

KRASmut/BRAFwt/TP53mut 1.85 1.28-2.67 0.001 
T4 v T123 2.20 1.76-2.75 4.52x10-12 

N+ v N0 2.07 1.54-2.78 1.12x10-6 
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Figure 3.6 TP53 based prognostic subgroups in MSI- CRCs 
Kaplan-Meier RFS plot according to combinations of mutations in KRAS, BRAF and TP53 

in MSI- tumours from all QUASAR2 and Australian cohorts combined. 
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3.7	Discussion	
The use of molecular biomarkers in the clinical management of CRC is currently not 

widespread, with TNM staging as the main tool for prognostication. There is a clear need 

to identify biomarkers in stage II/III CRC to improve patient selection for adjuvant 

chemotherapy. In this study, gene-panel sequencing across two independent large 

cohorts confirmed the prognostic value of KRAS and BRAF mutation and highlighted the 

potential of TP53 mutation status and total mutation burden for improving 

prognostication. Our data demonstrate that small tailored gene panels can provide 

important prognostic information for use in clinical practice. 

 
Current known driver genes of CRC may only represent a subset of genes driving CRC 

progression and potential response to therapy. In addition to identifying established CRC 

genes (TP53 (59.8%), KRAS (41.6%), PIK3CA (21.7%) and FBXW7 (16.1%)), this study 

highlighted relatively frequent mutations in BZRAP1, RNPC3, SAFB2 and ZFHX3 

suggesting these as candidates for future studies. BZRAP1 is an adaptor molecule known 

to regulate synaptic transmission (Bucan et al., 2009), and its functional role in CRC 

remains unclear. RNPC3 (RNA Binding Region (RNP1, RRM) Containing 3) encodes a 

component of the U12-type spliceosome (Zhao et al., 2003). While RNPC3 has not 

formally been implicated in cancer, aberrant splicing has been identified to orchestrate 

the deregulation of many important cellular processes required for tumourigenesis 

including proliferation, adhesion, differentiation, motility invasion and cell death 

(Srebrow & Kornblihtt, 2006). SAFB2 which encodes a protein that binds scaffold/matrix 

attachment region (S/MAR) DNA and is required for cell cycle regulation, apoptosis, 

differentiation, stress response and regulation of immune genes, all of which are 

important in maintenance of homeostasis and could be exploited to promote 

tumourigenesis (Hong, Gautrey, Elliott, & Tyson-Capper, 2012). Mutations in SAFB2 have 

not been highlighted in CRC, although SAFB2 has been identified as a tumour suppressor 

in breast cancer (Hong et al., 2012). ZFHX3, a transcription factor with multiple 

homeodomains and zinc finger domains was one of the most frequently mutated genes 

in this study and while it has not previously been identified in CRC, it has been implicated 

as a potent tumour suppressor in breast, endometrial, gastric, head and neck, 

hepatocellular carcinoma, lung, prostate and skin cancer (Cho et al., 2007; Kim et al., 
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2008; Minamiya et al., 2012; Nishio, Miura, Kawaguchi, & Morita, 2012; Sun et al., 2005; 

Sun et al., 2013; Sun et al., 2007; Walker et al., 2015). The role that ZFHX3 plays in other 

solid cancers may also give insight on the pathogenesis of CRC including interaction with 

p53, p21 and PTEN to regulate proliferation. Extensive studies in gastric cancer have 

identified the involvement of ZFHX3 in alpha-pheron production and MUC5AC 

regulation, which may also be of importance for CRC (Sun et al., 2005). Intriguingly, 

ZFHX3 has also been found to interact with platelet-derived growth factor receptor β 

(PDGFRB) and ATM to protect neurons from oxidative stress. An interaction with ATM 

could have important implications in colorectal cancer and chemotherapy if loss of 

function mutations disrupts the DNA damage response (DDR) (Kim et al., 2010). 

Additional work is required to further investigate if ZFHX3 is acting as a tumour 

suppressor in CRC.  

 
The use of molecular markers in the management of CRC and other solid malignancies 

holds promise for better stratifying patients for personalised treatment. Our study of 

two independent patient cohorts with stage II/III CRC (n=1,732 patients combined) 

identified that low overall mutation burden and mutations in KRAS, BRAF and TP53 are 

independently associated with poorer RFS. Interestingly, MSI was generally not 

prognostic when considering the other molecular variables, as its effects were captured 

by mutation burden (somatic SNVs and small indels). While mutation burden both 

strongly co-varies with MSI and POLE, it also provided prognostic information in MSI- 

CRCs. While a high mutation burden has been associated with good CRC prognosis in the 

context of MSI and POLE proofreading deficiency (Domingo et al., 2016), this has not 

previously been shown for CRCs that lack those forms of genomic instability. In other 

tumour types, including lung carcinoma and melanoma, high mutation burden without 

specific forms of genetic instability predicts improved response to immune checkpoint 

inhibitors (Rizvi et al., 2015; Snyder et al., 2014b). Increased anti-tumour immune 

responses associated with hypermutation status and increased neoantigen load may 

explain the association between mutation burden and good prognosis (Birkbak et al., 

2013; Gupta, Artomov, Goggins, Daly, & Tsao, 2015; Strickland et al., 2016).  
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In addition, this study highlighted the interplay between KRAS, BRAF and TP53 

mutations, MSI and mutation burden in CRC. We observed these mutations to strongly 

covary with other molecular variables including stage (T, N), gender, tumour location, 

differentiation and age. Our study strongly supports the reported poor prognosis of MSI- 

CRCs harbouring KRAS or BRAF mutations (Dienstmann et al., 2017; Phipps et al., 2015; 

Schell et al., 2016; Seppala et al., 2015; Sinicrope et al., 2015; Taieb et al., 2016) 

compared with MSI- CRCs wildtype for these genes and unselected MSI+ CRCs. In 

addition, our data highlights that KRAS and BRAF are markers of good prognosis in MSI+ 

CRCs which has not previously been reported. While reports on TP53 mutations as a 

prognostic marker for CRC treated with curative intent has been inconsistent we found 

TP53 to be predictive of poor prognosis. In addition, a comprehensive molecular analysis 

to include KRAS, BRAF, TP53 and MSI- tumours identified CRC tumours with wild-type 

KRAS and mutations in BRAF and TP53 tumours were predictive of worse prognosis.  

 
This study shows that a boutique gene panel used in a cohort with extensive clinical-

pathological information can provide important prognostic information. Known drivers 

of CRC were confirmed and novel cancer genes previously unreported in CRC were 

identified highlighting the importance of not limiting studies to small gene panels. Our 

data confirmed known prognostic markers KRAS, BRAF and MSI in addition to 

identification of new prognostic associations including TP53, mutation burden and 

combinations of MSI, KRAS and BRAF. Identification of new biomarkers and sub-groups 

which have different prognosis will aid better stratification of patients into sub-group 

based of different biologies, molecular biomarkers and mutation combination as 

opposed to TNM staging. These findings should be validated through genome wide 

profiling of larger sample sets with increased power to detect associations.  
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4. Investigation	 of	 a	MACROD2	 gene	 deletion	 as	 a	 novel	
driver	of	colorectal	cancer	tumourigenesis	

4.1	Introduction	
Genome wide DNA copy number analyses have identified re-occurring focal deletions of 

the MACROD2 locus in CRC and other malignancies including:  gastric cancer, breast 

cancer, melanoma and liver cancer (Berger et al., 2012; Beroukhim et al., 2010; Dulak et 

al., 2012; Fujimoto et al., 2016; Tan et al., 2014). The MACROD2 locus is a proposed 

fragile site, a chromosome region susceptible to breaks under replication stress, yet its 

biological function and the contribution of deletions to tumourigenesis remains 

unknown (Gonsalves et al., 2014; Rajaram et al., 2013).  

 

MACROD2 is a mono-ADP-ribosylhydrolase and recent studies have implicated 

MACROD2 as a positive regulator of GSK-3b, indicating a potential role in 

tumourigenesis through the modulation of the WNT signalling pathway (Rosenthal et 

al., 2013). The canonical WNT pathway or b-catenin dependent signalling pathway 

controls fundamental biological processes in the colon, including cell proliferation and 

stem cell maintenance (Clevers, 2006). Deregulation of the WNT signalling pathway 

occurs in many forms of cancer and underlies both sporadic CRC and hereditary 

syndromes including Familial Adenomatous Polyposis (FAP) and Hereditary Non-

Polyposis Colorectal Cancer (HNPCC) (Clevers, 2006; MacDonald, Tamai, & He, 2009). 

In the absence of WNT, the signalling pathway promotes the phosphorylation, 

ubiquitination and degradation of b-catenin by a dedicated cytoplasmic degradation 

complex. This complex is composed of the scaffolding protein Axin, tumour suppressor 

APC, casein kinase 1 (CK1) and GSK-3b. In resting cells the destruction complex is highly 

efficient at capturing the continuously transcribed b-catenin, resulting in low cytosolic 

levels of b-catenin. Specifically, b-catenin is captured by the complex and 

phosphorylated at Ser45 by CKI which stimulates phosphorylation of b-catenin by GSK-

3b at Thr41, Ser37 and Ser33 residues. Subsequently, phosphorylated b-catenin is 

ubiquitinated by b-TrCP ubiquitin E3 ligase to be degraded by the proteasome (Clevers, 

2006).  In the absence of nuclear b-catenin, the T-cell factor (TCF), lymphoid enhancer 
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factor (LEF)-TCF/LEF and transduction-like enhancer (TLe/Groucho) recruit histone 

deacetylases (HDACs) to repress target gene expression. 

 

In the presence of a WNT ligand, WNT binds to the frizzled (FZD) and low-density-

lipoprotein-related protein 5/6 (LPR5/6) co-receptor complex to activate the WNT 

signalling pathway through stabilisation of b-catenin. Although incompletely resolved, 

the mechanism involves recruitment of the destruction complex to the WNT receptor 

complex and destruction or functional inactivation by the activated receptor Dishevelled 

(DVL). This results in stabilisation, accumulation and translocation of b-catenin to the 

nucleus where it engages with TCF/LEF transcription factors to activate expression of 

WNT target genes through displacement of the TLE/Groucho complex and recruitment 

of histone modifying co-activators including CBP/p300, BRG1, BCL9 and Pygo (Behrens 

et al., 1996; Lien & Fuchs, 2014; Molenaar et al., 1996).  

 

While the mechanism of b-catenin stabilisation upon WNT activation is not completely 

understood, there are several proposed models to describe the events leading to b-

catenin stabilisation, some of which involve inactivation of GSK-3b. Two models 

implicate suppression of GSK-3b in mediating WNT signalling which involve inhibition of 

GSK-3b activity by protein kinase B (PKB) or sequestration of GSK-3b from the cytosol 

into multivescular bodies thus separating GSK-3b from the remaining members of the 

destruction complex in the cytosol (Desbois-Mouthon et al., 2001; Fukumoto et al., 

2001; Taelman et al., 2010). More recently, GSK-3β has been identified as a target of 

ARTD10/PARP10 which transfers a mono-ADP-ribose moiety to GSK-3β which non-

competitively inhibits GSK-3β kinase activity (Rosenthal et al., 2013). Only MACROD2 

has been identified to specifically reverse the inhibitory effect of GSK-3β mono-ADP-

ribosylation by the removal of the terminal mono-ADP-ribose moiety, which is sufficient 

to restore activity of GSK-3β to phosphorylate β-catenin in the context of the destruction 

complex (Rosenthal et al., 2013). However, the implications of MACROD2 loss on GSK-

3β activity within the destruction complex and the WNT signaling pathway in CRC 

remains unknown.  
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Deregulation of WNT signaling is acknowledged as a major driver of the majority of 

sporadic CRCs and other human cancers through hyper activation of b-catenin 

dependent signaling (Polakis, 2012). Most sporadic human CRCs harbor somatic 

mutations or change in expression of one or more members of the WNT pathway 

including inactivating mutations in; APC (>70%), AXIN1 (>20%), FBXW7 (>10%), GSK-3b 

(<1%), RNF43 (>18%) and constitutively activating mutations or alterations in β-catenin 

(<5%), R-spondin 3 fusion (10%), LGR5 (mutated 5.12%, overexpressed >70%), LPR6 

(<3%), TCF7 (<5%) (Christie et al., 2013; Giannakis et al., 2014; "International Cancer 

Genome Consortium COAD-USA," ; Kitaeva et al., 1997; Liu et al., 2000; Seshagiri et al., 

2012; Uchida et al., 2010). Some of these mutations including β-catenin are more 

common in the context of hereditary colon cancer (Johnson et al., 2005).  

 

Mutations in members of the WNT signaling pathway result in WNT ligand independent 

tumour growth. In particular, inactivating mutations in APC or constitutively activating 

mutations in β-catenin circumvent the strict regulation of β-catenin to increase cellular 

proliferation (Morin et al., 1997). Truncation of APC results in failure of β-catenin 

ubiquitination and loss of APC function has been identified as the main driver of WNT 

signaling in CRC and the underlying cause of the hereditary colon cancer syndrome FAP 

(Kinzler et al., 1991). Similarly, mutations in β-catenin tend to alter phosphorylation sites 

that would normally mark it for ubiquitination and subsequent degradation (Morin et 

al., 1997; Su et al., 2008). In addition, mutations found to be mutually exclusive to APC, 

including the R-spondin/LGR5/RNF43 module, are implicated in WNT driven tumour 

growth (Giannakis et al., 2014). Under these conditions, it is unknown if the regulatory 

role of GSK-3β to constrain tumour growth is maintained. 

 

This chapter addresses the contribution of MACROD2 deletions to intestinal 

tumourigenesis and its role in the WNT signalling pathway by utilising ApcMin (multiple 

intestinal neoplasia) mice crossed to Macrod2 knockout mice. This in vivo model of 

intestinal cancer demonstrated that haploinsufficiency of MACROD2 caused a 

promotion of tumour development. A combination of in vivo and in vitro models of CRC 

were utilised to investigate the impact of MACROD2 loss on WNT signalling by examining 
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the expression of WNT target genes and β-catenin localisation as indicators of pathway 

activation. 

4.2	 Establishing	 a	 role	 of	 MACROD2	 loss	 in	 intestinal	
tumourigenesis	
The ApcMin/+ mouse model is a common model of tumourigeneis used to study sporadic 

CRC in vivo. ApcMin/+ mice carry a truncating germline mutation at codon 850 in the APC 

gene, modelling the initiating gene mutation in the classical model of CRC development 

(Heyer, Yang, Lipkin, Edelmann, & Kucherlapati, 1999; Pino & Chung, 2010). ApcMin/+ 

mice develop multiple tumours throughout the intestinal tract, most as a result of loss 

of heterozygosity of the wild-type APC allele. ApcMin/+ mice were crossed to Macrod2 

knockout (+/+, -/+, -/-) mice to obtain APCMin/+/Macrod2+/+, +/- or -/- genotypes to investigate 

the role of MACROD2 deficiency in tumour initiation and/or promotion. Mice were aged 

for 130 days prior to being euthanised (ethical end-point) to allow for the development 

of intestinal tumours. Mice displaying earlier signs of severe disease progression (weight 

loss, anemia or hunched posture) were euthanised when required. 

 

 MACROD2 deficiency resulted in a significant increase in the number of tumours for 

ApcMin/+/Macrod2-/- and ApcMin/+/Macrod2-/+ mice as compared to ApcMin/+/Macrod2+/+ 

mice with 81.8, 81.3, and 65.6 polyps, respectively (p< 0.012 and p<0.007, Student’s t 

test, Figure 4.1). Subsequently, tumour burden, measured by the overall area of the 

tumours, was assessed and MACROD2 loss was found to result in a significant increase 

in total adenoma burden in ApcMin/+/Macrod2-/- and ApcMin/+/Macrod2-/+ mice (p<0.033 

and p<0.044 respectively, Student’s t test, Figure 4.1). Evidence of a gene dosage 

dependent enhancement was observed when considering large adenomas (> 3mm) with 

a 2.5 and 2-fold increase for ApcMin/+/Macrod2-/- and ApcMin/+/Macrod2-/+ mice 

respectively, when compared to ApcMin/+/Macrod2+/+ (Figure 4.1). Control mice for each 

genotype were examined for signs of tumour growth and no tumours were found in the 

intestines of these mice (Apc+/+/Macrod2+/+, Apc+/+/Macrod2-/+ and Apc+/+/Macrod2-/-, 

15 animals per group). Taken together, while MACROD2 deletion alone did not initiate 

tumourigenesis by 130 days of age, MACROD2 deficiency resulted in increased tumour 

development in the setting of the Apc mutation.  
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Figure 4.1  MACROD2 loss enhances tumourigensis in Apc min/+ mice  
Quantification of the number, size and area of intestinal tumours in ApcMin/+/Macrod2-/-

, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2+/+ mice (a) and representative sections from 

the proximal small intestines (b). Data are means ± SEM of 35 mice per cohort for tumor 

number and 15 mice per cohort for tumor area/size measurements. *p<0.05, **p<0.01, 

***p<0.001, student’s t test. 

 

We next investigated if loss of MACROD2 could enhance the initiation and promotion of 

tumour growth in human CRC cells ex vivo through the generation of xenografts in CBA 

athymic mice. We used MACROD2 wild-type, heterozygous and homozygous knock out 

HCT116 cells generated using CRISPR/Cas 9 technology (HCT116 MACROD2+/+, -/+, -/-) and 

LIM2405 CRC cells harbouring a homozygous MACROD2 deletion (GFP) and stably 

reconstituted with wild-type MACROD2 (MACROD2-GFP). Loss of MACROD2 resulted in 
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increased xenograft establishment rate in a dose-dependent manner (p<0.002 for both 

comparisons, student’s t test, Figure 4.2), and tumour volume was further increased in 

HCT116 MACROD2-/- compared to HCT116 MACROD2-/+ and HCT116 MACROD2+/+ 

(p=0.007 for both comparisons, Figure 4.2 a). Conversely in LIM2405 harbouring a 

MACROD2 homozygous deletion, the reconstitution of wild-type MACROD2 significantly 

reduced growth of xenografts in CBA athymic mice (p<0.001, Figure 4.2 b). 

 

 
 
Figure 4.2 MACROD2 loss enhances xenograft establishment and growth 
Human tumour xenograft establishment rate and growth in CBA athymic nude mice 

injected subcutaneously with isogenic HCT116-MACROD2-/-, HCT116-MACROD2-/+ and 

HCT116-MACROD2+/+ cells or LIM2405-MACROD2-/- cells reconstituted with wild-type 

MACROD2 or GFP control. Data are means ± SEM of 12 tumors per condition 

representative of duplicate experiments. *p<0.05, **p<0.01, ***p<0.001, student’s t 

test. 

 

4.3	Impact	of	MACROD2	loss	on	WNT	signalling	
MACROD2 has been shown to be a positive regulator of GSK-3b, restoring activity of 

GSK-3b within the destruction complex which in turn regulates the cellular level and 

localisation of b-catenin within the cell to engage downstream WNT signalling and thus 

proliferation (Rosenthal et al., 2013). Most human CRCs harbour mutations in key WNT 

signalling members, either inactivating mutations in APC or activating mutations in b-
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catenin (Morin et al., 1997; Rosenthal et al., 2013). However, it remains unknown if the 

positive regulation of GSK-3b by MACROD2 is biologically relevant in tumours 

harbouring these WNT pathway mutations. Human CRC cell lines with mutations in b-

catenin (HCT116 isogenics MACROD2+/+, MACROD2-/+ and MACROD2-/- and LIM1215-

MACROD2-/+) or APC (LOVO-MACROD2+/+ or LIM2405-MACROD2-/-) were stimulated 

with Wnt3a conditioned medium for 24 hours to activate WNT signalling. The impact of 

loss of MACROD2 on WNT pathway activation was examined by determination of 

expression of WNT target genes or re-localisation of b-catenin. 

 

Three key members of the WNT signalling pathway; CD44, AXIN2 and DVL1 were 

measured at the mRNA level by RT-PCR (with HMBS as housekeeping gene) and the data 

presented as the ratio of Wnt3a stimulated/unstimulated (Figure 4.3). There was no 

significant change in expression of CD44, AXIN2 or DVL1 between MACROD2 genotypes 

in b-catenin mutant or APC mutant CRC cell lines (Figure 4.3a). Accordingly, the mRNA 

expression of Cd44, Axin2 and Dvl1 did not differ in intestinal polyps of 130 day old 

ApcMin/+/Macrod2-/-, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2+/+ mice (Figure 4.3b). To 

demonstrate that differences in WNT signaling can be detected using this approach, the 

expression of CD44, AXIN2 and DVL1 were measured in 293T cells (APC and b-catenin 

wildtype) with and without MACROD2 knock down. A significant increase in the 

expression of CD44 and DVL1 was observed in MACROD2 knock down (293T 

shMACROD2) compared with MACROD2 wild type (293T shNEG) (Figure 4.3c). This data 

demonstrates that MACROD2 suppression was able to modify WNT signalling in a 

wildtype WNT background. 
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Figure 4.3 MACROD2 loss does not alter WNT signalling in APC or b-catenin mutated intestinal tumour cells 
(a) Expression of WNT target genes (CD44, AXIN2 and DVL1) post stimulation with Wnt3a for 24 hours in b-catenin (HCT116 isogenic and 

LIM1215) or APC mutant cell lines (LOVO and LIM2405). (b) Expression of WNT target genes in intestinal tumours from 130 day old 

ApcMin/+/Macrod2-/-, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2+/+ mice. (c) Expression of WNT target genes in 293T cells, wildtype for APC,  

b catenin. Data are presented as relative expression against the house keeping genes HMBS (human) or HPRT (mouse).  Data are means ± 

SEM for 6 replicates representative of duplicate experiments. ns, not significant, *p<0.05, Student’s t test.  
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Further expanded analysis of established WNT target genes in ApcMin/+/Macrod2-/-, 

ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2+/+ mice (n = 6) by RNAseq also did not identify 

significant differences between the three genotypes (Figure 4.4) 

 
Figure 4.4 RNA seq heatmaps of WNT target genes in intestinal mouse polyps 
Analysis of WNT target gene expression of intestinal tumours from 130-day old 

ApcMin/+/Macrod2-/-, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2+/+ mice. No significant 

difference between genotypes, BH adjusted, p>0.05, limma/voom.  

 

To further validate these findings, RNAseq data on 208 TCGA analysed colon or rectal 

adenocarcinoma samples was assessed for association of MACROD2 status (retrieved 

from TCGA SNP arrays) with WNT target gene expression. Consistent with the above 

findings no association was found between MACROD2 status and WNT target gene 

expression (Figure 4.5). 
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Figure 4.5 RNA seq heatmaps of WNT tatget genes in TCGA CRC samples 
Analysis of WNT target gene expression in TCGA analysed CRC samples (n = 208), no 

significant difference was observed according to MACROD2 deletion status (+/+, +/- and -

/-). BH adjusted, p>0.05, limma/voom.  

 

It was next investigated whether loss of MACROD2 had an impact on b-catenin re-

localisation from the cytoplasm to the nucleus in response to WNT stimulation, 

indicative of active WNT signalling. CRC cell lines harbouring b-catenin mutations, APC 

mutations or wildtype b-catenin and APC (293T cells) were stimulated with Wnt3a for 

16 hours and examined by immunofluorescence microscopy. Nuclear b-catenin re-

localisation was quantified in CRC cells after Wnt3a stimulation (Figure 4.6). Consistent 

with the results obtained for WNT target gene expression in intestinal polyps, no 

significant difference was observed in re-localisation of b-catenin to the nucleus 

between all three genotypes in the HCT116 isogenic cell lines and between MACROD2 

deleted and rescued CRC cell lines with an APC or b-catenin mutation (Figure 4.6a-b). In 

contrast, MACROD2 knock down in 293T cells (APC and b-catenin wildtype) increased   

b-catenin nuclear re-localisation  in response to WNT3A stimulation.  Thus, in a wildtype 

WNT pathway background, MACROD2 was  able to modify WNT activity. 
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Figure 4.6 MACROD2 loss does not alter cellular localisation of b-catenin 
(a) Assessment of b-catenin localisation in b-catenin mutant cell lines (HCT116 isogenics and LIM1215), APC mutant (LOVO and LIM2405) 

orb-catenin, APC wildtype cell lines (293T) post Wnt3a stimulation for 16 hours by immunofluorescence and quantification (b,c). Data is 

presented as means ± SEM of >100 cells representative of duplicate experiments. ns, not significant, Student’s t test.
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Analysis of b-catenin localisation in adenomas from intestinal scrolls of 

ApcMin/+/Macrod2-/-, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2+/+ mice also did not 

identify any significant difference between the genotypes (n=10 polyps/genotype) 

(Figure 4.7). Taken together, our data thus does not support an impact of MACROD2 loss 

on WNT signalling in the context of APC or b-catenin mutated CRC. 

 

 

 
Figure 4.7 MACROD2 loss does not alter nuclear localisation of b-catenin in intestinal 
tumours 
Cellular localisation of β-catenin measured in intestinal tumours from 130-day old 

ApcMin/+/Macrod2-/-, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2+/+ mice. Data is 

presented as means ± SEM of 10 tumors/ mice for 6 mice per cohort. ns, not significant, 

Student’s t test. Scale Bar is 1mm. 

 

4.4	Discussion	
MACROD2 has recently been identified as a target of focal somatic copy number 

deletions in multiple human malignancies including CRC, gastric cancer, breast cancer, 

melanoma and liver cancer (Berger et al., 2012; Beroukhim et al., 2010; Dulak et al., 

2012; Fujimoto et al., 2016; Tan et al., 2014). Analysis of TCGA copy number data in 

combination with fine mapping studies highlight recurrent focal deletions targeting the 

MACROD2 locus in sporadic CRC at a prevalence of approximately 30%. In addition, 

MACROD2 is almost exclusively subject to whole-gene deletions or microdeletions 

involving the catalytic macrodomain, with only rare somatic point mutations. The 

MACROD2 locus is a known fragile site and thus the high frequency of deletions in CRC 

and other gastrointestinal cancers may be attributed to the susceptibility of this locus 

to breakage during replicative stress (Rajaram et al., 2013). Thus, it remains unknown if 

MACROD2 aberrations contribute to carcinogenesis.  
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Utilising the ApcMinMacrod2 tumorigenesis model, we have shown that MACROD2 loss 

promotes the growth of intestinal tumours in a haploinsufficent manner. In this study, 

we identified a role for MACROD2 deficiency on tumour evolution using an APCmin model 

of tumourigenesis. On the APCmin background, heterozygous and homozygous Macrod2-

deficent mice developed an increased number of intestinal tumours. Concomitantly, the 

loss of MACROD2 resulted in a significantly increased total adenoma burden (indicated 

by overall tumour area) with evidence of a gene dosage dependent enhancement when 

considering large adenomas (>3mm). In addition, through generation of xenografts, 

 MACROD2 deficiency was identified to enhance the growth of human CRC cells ex vivo. 

The loss of MACROD2 resulted in a significantly increased establishment rate and 

growth. 

 

Two landmark studies have identified a role for MACROD2 as a mono-ADP-

ribosylhydrolase regulating the activity of GSK-3b (Jankevicius et al., 2013; Rosenthal et 

al., 2013). Analysis of WNT target gene expression and b-catenin localisation in human 

CRC cell lines and ApcMinMacrod2 adenomas, indicate that in tumours already 

harbouring mutations in the WNT pathway, the MACROD2 tumour promoting effect is 

independent of MACROD2 regulation of GSK-3b activity. Examining the impact of 

MACROD2 loss on the WNT signalling pathway as an additional oncogenic drive in 

promotion of intestinal tumourigenesis, we found no supporting evidence for this 

hypothesis in intestinal tumours or CRC cell lines with an APC or β-catenin mutation. This 

finding may be explained by studies supporting a ‘just right’ level of b-catenin dependent 

WNT signaling, where only partial loss of b-catenin regulation is required for optimal 

tumour development (Christie et al., 2013).  Mutations in APC or β-catenin may provide 

the optimal level of WNT signaling for tumour growth in intestinal tumours or CRC cell 

lines suggesting that in this context, loss of MACROD2 does not affect the regulatory 

role of GSK-3b. 

 

The pro-oncogenic drive provided by MACROD2 loss may be attributed to additional 

functions, including the regulation of PARP1. PARP1 is a principal sensor of DNA single 
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stand breaks (SSB) and double strand breaks (DSB) and is recruited to sites of DNA nicks 

and breaks where it promotes DNA repair and restarts stalled replication forks (Bryant 

et al., 2005; Petrucco & Percudani, 2008). Activation of PARP1 causes polymerization of 

poly(ADP-ribose) (PAR) chains onto target proteins as well as itself to amplify a DNA 

damage signal and recruit the master regulators of the DNA damage response pathway; 

ATM, ATR, MRE-11 and DNA-PK (Ciccia & Elledge, 2010; Yang, Cortes, Patnaik, Jasin, & 

Wang, 2004). Inhibition of PARP1 activity is traditionally associated with promotion of 

cell death through the inhibition of DNA repair and proven to be extremely effective in 

BRCA1/2 deficient tumours (De Soto et al., 2006).  

 

In conclusion, this study provides evidence of a role for MACROD2 deletions in CRC 

development and supports a role for MACROD2 as a care taker tumour suppressor 

acting in a haploinsufficent manner. The results from our in vivo ApcMinMacrod2 mouse 

model have shown that MACROD2 loss promotes the growth of intestinal tumours in a 

haploinsufficent manner. Analysis of the WNT target gene expression and b-catenin 

localisation in ApcMin adenomas and CRC cell lines already harbouring mutation in the 

WNT pathway indicate that the MACROD2 pro-tumourigenic drive is independent of 

MACROD2 regulation of GSK-3b activity, highlighting the need for further investigation 

into identification downstream targets of MACROD2.  
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5. Investigation	 of	 a	 MACROD2	 gene	 deletion	 in	 the	
promotion	of	chromosomal	 instability	and	DNA	repair	
in	colorectal	cancer	

5.1	Introduction	
Damage to a cells genetic material is a threat to both genomic integrity and survival.  

Maintaining DNA integrity is a major challenge as it is subject to incessant nucleolytic 

threats from both exogenous sources including physical or chemical agents or 

endogenous sources such as reactive oxygen species (ROS) or replication induced stress 

(Ciccia & Elledge, 2010). In response to these threats, eukaryotic cells have evolved a 

DNA damage response (DDR). The DDR is a complex network of cellular pathways that 

sense, signal and orchestrate the appropriate repair of DNA lesions to prevent the 

generation of deleterious mutations (Ciccia & Elledge, 2010; Harper & Elledge, 2007). 

The major surveillance proteins that monitor DNA integrity and signal for activation of 

DNA repair pathways include the proteins of the phosphatidylinositol 3-kinase-like 

protein kinase (PIKK) family such as ataxia-telangiectasia mutated (ATM), ataxia- and 

Rad3-related related (ATR) and DNA-dependent protein kinase (DNA-PK) as well as 

members of the poly(ADP)ribose polymerase (PARP) family, PARP1 and PARP2 (Cimprich 

& Cortez, 2008; Harper & Elledge, 2007). ATM and DNA-PK are activated by DNA 

damaging agents that create double strand breaks (DSBs) while ATR is activated 

following recruitment to replication protein A (RPA)-coated single stand DNA (ssDNA) 

regions at replication forks (Cimprich & Cortez, 2008; Harper & Elledge, 2007). PARP1 

and PARP2 are activated by both SSBs and DSBs. PARP proteins catalyse the addition of 

poly(ADP) ribose chains onto histone proteins stimulating recruitment of DDR factors 

including ATM, ATR and DNA-PK to DNA strand breaks to initiate DNA repair (Ciccia & 

Elledge, 2010; Yang et al., 2004).  

 

To counteract DNA damage, there are specific repair mechanisms for different lesions 

that occur. Mispaired DNA bases are corrected by DNA mismatch repair (MMR), while 

non-bulky chemical alterations of DNA bases are repaired by base excision repair (BER) 

through excision of the damaged base. More complex bulky lesions such as pyrimidine 

dimers and interstrand cross links, are corrected by nucleotide excision repair (NER) 
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through the removal of a short oligonucleotide segment of approximately 30 bp around 

the damaged bases (Ciccia & Elledge, 2010; Jiricny, 2006; Lindahl & Barnes, 2000). 

 

Single-strand DNA breaks (SSBs) which can be generated by irradiation, ROS or arise 

indirectly through failure of BER are repaired by single strand break repair (SSBR) 

(Caldecott, Aoufouchi, Johnson, & Shall, 1996; Ciccia & Elledge, 2010). One of the 

earliest events in SSBR is recruitment and activation of PARP1 to SSBs (Khoronenkova & 

Dianov, 2015). Activated PARP1 polymerises negatively charged poly(ADP)ribose (PAR) 

chains onto itself and multiple target proteins, to initiate DNA repair (Jankevicius et al., 

2013). PAR synthesis at DNA strand breaks is fundamental to the rapid recruitment of 

critical components of the SSBR pathway, including x-ray repair cross complementing 

protein 1 (XRCC1) (El-Khamisy, Masutani, Suzuki, & Caldecott, 2003). XRCC1 in turn 

coordinates the recruitment of other members of SSBR pathway; AP endonuclease 1 

(APE1), DNA polymerase b, DNA poly nucleotide kinase and DNA ligase IIIa to fill in and 

re-seal the gap (Caldecott et al., 1996; Khoronenkova & Dianov, 2015; Mackey et al., 

1997; Vidal, Boiteux, Hickson, & Radicella, 2001; Whitehouse et al., 2001). Unrepaired 

SSBs activates the DDR via ATM activation, resulting in the delay of DNA replication and 

additional time for SSB repair (Khoronenkova & Dianov, 2015).  

 

DNA double-strand breaks (DSBs) can be detected by PARP1, PARP2, Ku70/Ku80, Mre 

11-Rad50-Nbs1 (MRN) complex and RPA to promote the intricate network of multiple 

DNA repair pathways (Ciccia & Elledge, 2010). In addition, DSBs are monitored by p53, 

signaling cells to arrest in the G1 phase to initiate repair or apoptosis (Vogelstein et al., 

2000).  DSBs can be repaired by four independent pathways; homologous 

recombination (HR), classical non homologous end joining (cNHEJ), alternative-NHEJ 

(alt-NHEJ) and single strand annealing (SSA). The choice of repair pathway is influenced 

in part by the extent of DNA end processing required (Ciccia & Elledge, 2010). NHEJ does 

not require end resection and can occur throughout the cell cycle, however it is 

predominantly active in G0/G1 and G2. NHEJ repairs DSBs by blunt end ligation 

independent of sequence homology (Ceccaldi, Rondinelli, & D'Andrea, 2016). Factors 

required for NHEJ include the Ku70/Ku80 heterodimer which rapidly binds to the DNA 
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ends and loads DNA-PK to initiate repair and prevents end resection. DNA-PK 

subsequently recruits DNA ligase IV to ligate the DNA ends (Chiruvella, Liang, & Wilson, 

2013). Alternatively, PARP1 can compete for the DSB ends to promote end-resection, 

leaving 3’ single stranded DNA (SSDNA) overhangs to be repaired by HR, alt-NHEJ or SSA 

(Ceccaldi et al., 2016). In the G1 phase of the cell cycle, resection is directed by the MRN 

complex which promotes end clipping of a small number of bases by the endonucleases 

MRE11 and CtlP, making the DNA available for alt-NHEJ (Truong et al., 2013). DSB repair 

by alt-NHEJ is mediated by annealing ssDNA microhomology regions, followed by LIG III 

DNA end ligation (Chiruvella et al., 2013). Alt-NHEJ is error-prone due to its susceptibility 

for joining DSBs on different chromosomes, generating chromosomal translocations 

(Ceccaldi et al., 2016). In S and G2 phases of the cell cycle, CtlP is ubiquitinated by BRCA1 

during end resection, associates with the MRN complex and stimulates ATM 

phosphorylation (Huen, Sy, & Chen, 2010). This triggers further end resection by 

exonucleases DNA2, BLM and EXO1 generating long stretches of ssDNA which are 

coated in RPA proteins, committing cells to HR or SSA (Symington & Gautier, 2011). HR 

provides high fidelity, template-dependent repair and predominately occurs post 

replication in mid-S to G2 phase of the cell cycle, where DNA replication is high and the 

sister template is available (Ceccaldi et al., 2016). HR requires activation of ATM, BRCA2 

and RAD51 paralogues to assist the exchange of RPA with RAD51 for subsequent strand 

invasion and repair (Ceccaldi et al., 2016). SSA mediates end joining between 

interspersed nucleotide repeats and involves the reannealing RPA coated ssDNA by 

RAD52 in complex with RAD59. After annealing, mismatch repair proteins MSH2 and 

MSH3 stabilize the annealed complex and the non-homologous ends are cleaved by the 

RAD1-RAD10 endonucleases (Ceccaldi et al., 2016). This latter form of homology based 

repair is rapid but causes large deletions as one copy of the repeat and the intervening 

sequence between the repeats are deleted in the final repair product (Heyer et al., 

1999).  

 

Failure to repair DNA breaks is a major source of chromosome aberrations (Bakhoum, 

Kabeche, Murnane, Zaki, & Compton, 2014; Pino & Chung, 2010). Upon DNA damage, 

cells are prevented from entering mitosis by Chk1 and Chk2 to provide sufficient time to 
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repair the lesion or initiate cell death (van Vugt et al., 2010). When cells with unrepaired 

lesions persist into mitosis or damage occurs to cells during mitosis, the damage can 

propagate by generating anaphase bridges, acentric chromosome fragments, lagging 

chromosomes and micronuclei (Bakhoum et al., 2014) . Aberrant repair of DSBs can also 

lead to inappropriate end-joining events which result in large deletions, 

rearrangements, chromosomal translocations or loss of heterozyosity (LOH) (Ceccaldi et 

al., 2016). Inherited or acquired deficiencies in DNA break repair compromise genomic 

integrity and enhance tumour susceptibility and progression (Bassing et al., 2003; 

Peddibhotla, Lam, Gonzalez-Rimbau, & Rosen, 2009). For example, haploinsufficiency of 

histone H2AX, a mammalian core histone H2A important in sensing and processing DSBs, 

compromises genomic integrity by causing large chromosomal abnormalities including 

chromosomal gaps, fusions, fragments and detached centromeres (Bassing et al., 2003).  

 

PARP1 is the principal sensor of both SSBs and DSBs, and an integral player in the early 

DDR. PARP1 is critical in orchestrating rapid recruitment of DNA repair proteins to sites 

of DNA damage, initiating BER/SSBR, HR and NHEJ (Bryant et al., 2005; Khadka et al., 

2015). During the DDR, PARP1 is recruited to sites of DNA nicks or breaks and 

polymerises poly(ADP-ribose) (PAR) chains onto proteins as well as itself, creating 

negatively charged polymers adjacent to DNA breaks through cleavage of nicotinamide 

adenine dinucleotide (NAD+) to generate nicotinamide and ADP-ribose (Javle & Curtin, 

2011). The negatively charged polymers created by PARP1 form a scaffold to recruit 

master regulators of the DNA damage response pathway; ATM, ATR, MRE-11 and DNA-

PK (Ciccia & Elledge, 2010; Yang et al., 2004). Importantly, PAR synthesis is dynamic and 

rapidly degraded by PAR glycohydrolase (PARG) or PAR hydrolase (PARH) within minutes 

of synthesis. However, PARG and PARH cannot remove the terminal autoinhibitory 

mono-ADP ribose group (D'Amours, Desnoyers, D'Silva, & Poirier, 1999). Removal of the 

terminal autoinhibitory mono-ADP-ribose from PARP1 requires MACROD2 recruitment 

and enzymatic activity to restore PARP1 activity (Jankevicius et al., 2013). MACROD2 

recruitment to sites of DNA damage occurs  in a PARP1 dependent manner. In turn, 

MACROD2 regulates PARP1 activity through the removal of the auto-inhibitory mono-

ADP ribose, thus loss of MACROD2 may abrogate PARP1 activity (Golia et al., 2017; 
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Jankevicius et al., 2013; Rosenthal et al., 2013). Inhibition of PARP1 activity is reported 

to slow proliferation, increase sister chromatid exchange, telomere shortening, 

micronuclei formation and increase chromosome instability (D'Amours et al., 1999; 

Morrison et al., 1997).  

 

MACROD2 is deleted in multiple cancer types, however the impact of MACROD2 loss on 

PARP1 activity in the context of DNA repair in cancer has not been investigated (Berger 

et al., 2012; Beroukhim et al., 2010; Dulak et al., 2012; Fujimoto et al., 2016; Tan et al., 

2014). The aim of this chapter is to address the unknown role of MACROD2 on DNA 

repair. A combination of in vivo and in vitro models of CRC were utilized in functional 

DNA repair assays and immunofluorescent microscopy were used to assess the impact 

of MACROD2 loss of DNA repair efficacy and genomic integrity.  

 

5.2	MACROD2	haploisufficiency	promotes	CIN	in	CRC	
CIN is a hallmark of cancer generating molecular heterogeneity, driving disease 

progression and development of resistance to therapy (Hanahan & Weinberg, 2011). To 

assess the impact of MACROD2 loss on genome integrity, we examined karyotype 

stability in immortalised MEFS (Macrod2+/+, -/+ and -/-) from Macrod2 knock out (KO) mice 

and HCT116 isogenic cell lines (MACROD2+/+, -/+ and -/-). Karyotype stability of MEFs and 

HCT116 isogenic cell lines was assessed by metaphase spreads at passage 6 and 60 

(Figure 5.1). At passage 6, karyotypes of MEFS were normal across all Macrod2 

genotypes, but by passage 60 karyotype variability was significantly increased in 

Macrod2-/- and Macrod2-/+ MEFs as compared to Macrod2+/+ MEFs (p<0.001 for both 

comparisons, Levene’s test, Figure 5.1). Similarly, karyotypes of human HCT116 isogenic 

MACROD2 cells were normal at passage 6, but by passage 60 karyotype variability was 

significantly increased in HCT116 MACROD2-/- and HCT116 MACROD2-/+ cells as 

compared to HCT116 MACROD2+/+ cells (p<0.011 for both comparisons, Levene’s test, 

Figure 5.1), indicating that loss of MACROD2 promotes the acquisition of CIN.  

  

We next determined whether MACROD2 deletion in primary human CRCs was 

associated with CIN by quantifying tumour ploidy and calculating the estimated 
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chromosome segment number (eCSN- the total number of segments per sample, 

calculated from the number of identified chromosomal breaks) from SNP microarray 

data on 651 in-house and 616 TCGA analysed tumours (Figure 5.2). Consistent with the 

in vitro data, MACROD2 deletion status in primary CRCs was associated with a significant 

increase in aneuploidy, rising from 68.1% in MACROD2+/+ tumors to 80.3% in MACROD2-

/+ and 87.7% in MACROD2-/- tumors (p<0.003 for both comparisons, Z test; Figure 5.2a). 

In addition, eCSN increased by 1.3-fold in MACROD2-/+ tumours and 1.9-fold in 

MACROD2-/- as compared to MACROD2+/+ tumors (p <0.01 for both comparisons in both 

cohorts, Figure 5.2b). MACROD2 remained an independent predictor of eCSN when 

adjusted for age at diagnosis, gender, tumour location, stage, differentiation and MSI in 

a multivariate analysis. These relationships were independent of known drivers of CIN 

including APC, TP53 and BCL9L (MACROD2-/+ vs MACROD2+/+, p<0.019; MACROD2-/- vs 

MACROD2+/+, p<0.001 all comparisons) (Table 5.1-5.2). Collectively, this data suggests 

that MACROD2 deficiency is a potent driver of CIN in CRC, characterized by an elevated 

number of chromosome strand breaks and aneuploidy.  
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Figure 5.1 MACROD2 deficiency promotes chromosomal instability  
 (a) Karyotype analyses for MEF cells from Macrod2 knock-out mice showing 

representative metaphase spreads at passage 6 and 60 and violin plots summarizing 

chromosome counts (>50 metaphases per genotype). (b) Karyotype analyses for 

isogenic HCT116-MACROD2-/-, HCT116-MACROD2-/+ and HCT116-MACROD2+/+ cells 

showing representative metaphase spreads at passage 6 and 50 and violin plots 

summarizing chromosome counts (>50 metaphases per genotype). *** p <0.001, 

Levene’s test. 
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Figure 5.2-MACROD2 deficiency promotes aneuploidy and increased DNA breaks in 

human CRC 

(a) Aneuploidy estimated from SNP array data of primary CRCs (n=655) according to 

MACROD2 deletion status. **p<0.01, ***p<0.001, Z proportion test. (b) Number of 

chromosome breaks estimated from SNP array data of primary CRCs (n=657) according 

to MACROD2 deletion status. **p<0.01, ***p<0.001, Wilcoxon rank sum test.
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Table 5.1 Multivariate analysis for the association between MACROD2 deletion status and chromosome segmentation index in 651 patients 
with CRC adjusting for clinical-pathological features. 
 

Characteristic Patients, n (%) estimated Chromosome Segment Number Relative Ratio (CI) P Value 

MACROD2 status         

+/+ 441 (67.7) 22.9     

-/+ 137 (21) 30.6 1.37 (1.17-1.61) <0.001* 

-/- 73 (11.2) 42.1 1.79 (1.48-2.14) <0.001* 

Age, years         

   Mean ± SD 69 (22.5 - 99.2)   1 (1.00-1.01) 0.697 

Gender         

   Male 363 (55.8) 26.0     

   Female 288 (44.2) 27.5 1.11 (0.96-1.27) 0.150 

Tumour location         

Proximal colon 288 (44.3) 24.3     

Distal colon 204 (31.4) 30.2 1.06 (0.90-1.25) 0.466 

   Rectum 158 (24.3) 26.4 0.93 (0.78-1.12) 0.453 

Tumour stage         

   Stage I 60 (9.2) 23.5     

   Stage II 208 (32) 24.1 0.98 (0.76-1.29) 0.889 

   Stage III 297 (45.6) 27.9 1.18 (0.92-1.53) 0.205 

   Stage IV 86 (13.2) 30.9 1.25 (0.93-1.68) 0.140 

Differentiation         

 Well/Moderate 484 (76.7) 27.1     

   Poor 147 (23.3) 25.5 0.99 (0.84-1.17) 0.935 

Microsatellite instability         

   Stable 552 (84.8) 29.0     

   Unstable 99 (15.2) 14.0 0.5 (0.38-0.65) <0.001* 
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Table 5.2 Multivariate analysis for the association between MACROD2 deletion status and chromosome segmentation index in 616 TCGA 
patients with CRC adjusting for clinical-pathological features. 

Characteristic Patients, n (%) estimated Chromosome Segment Number Relative Ratio (CI) P Value 

MACROD2 status         

+/+ 372 (73.2) 36.9     

-/+ 111 (21.9) 48.0 1.24 (1.09-1.42) 0.001 

-/- 25 (4.9) 67.8 1.58 (1.28-1.94) <0.001 

Age, years         

   Mean ± SD 66 (31 - 90)   1 (1.00-1.01) 0.294 

Gender         

   Male 267 (52.6) 42.0     

   Female 241 (47.4) 39.6 0.96 (0.85-1.07) 0.433 

Tumour location         

Proximal colon 221 (45.1) 31.2     

Distal colon 198 (40.4) 47.1 1.22 (1.07-1.4) 0.004* 

   Rectum 71 (14.5) 52.9 1.39 (1.18-1.64) <0.001* 

Tumour stage         

   Stage I 84 (17.2) 34.0     

   Stage II 182 (37.1) 36.3 1.13 (0.94-1.35) 0.200 

   Stage III 148 (30.2) 47.1 1.32 (1.10-1.58) 0.003* 

   Stage IV 76 (15.5) 47.8 1.32 (1.08-1.62) 0.008* 

Differentiation         

 Well/Moderate 440 (87.8) 43.0     

   Poor 61 (12.2) 23.7 0.66 (0.52-0.82) <0.001* 

Microsatellite instability         

   Stable 435 (86.0) 45.3     

   Unstable 71 (14.0) 14.0 0.40 (0.30-0.52) <0.001* 
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5.3	MACROD2	deficiency	results	in	altered	DNA	repair	and	
increased	sensitivity	to	genotoxic	stress	
We next investigated the mechanism through which MACROD2 deficiency promotes CIN 

in CRC. Preliminary data had demonstrated that MACROD2 deficiency in CRC cell lines 

resulted in decreased PARP1 transferase activity in vitro as measured by incorporation 

of biotinylated PAR onto histone proteins following g-irradiation or the addition of DNA 

topoisomerase II inhibitor doxorubicin. This suggested that alterations in MACROD2 may 

contribute to the tumourigensis of CRC through impairment of PARP1 thereby 

compromising the DDR and resulting in an increased sensitivity to DNA damage and CIN. 

 

To elucidate the impact of MACROD2 on DNA break repair, comet assays were 

performed to quantify DNA repair efficacy following a genotoxic insult. Comet assays 

are single cell gel electrophoresis assays; comet heads contain intact DNA within the 

nucleoid, while the tail contains fragmented DNA (single or double strand DNA breaks) 

which has migrated out of the nucleoid. The length of the comet tail is directly 

proportional to the amount of DNA damage and is quantified as the olive tail moment 

(length × (tail fluorescence/(head+tail fluorescence))). The assay can be performed 

under different conditions to quantify SSBs (detected under alkaline conditions) and 

DSBs (detected using a neutral conditions). To generate DNA damage, cells were 

challenged with ƴ irradiation (IR) or doxorubicin (dox). 

 

 HCT116 isogenic or wild-type cell lines (HCT116 and LOVO) showed a gene dosage 

dependant increase in DSB (neutral comet assay) and SSB (alkaline comet assay) as 

measured by olive tail moments in HCT116 MACROD2 -/-, HCT116 MAROD2 -/+, 

HCT16shMD2 and LOVOshMD2 compared to HCT116 MACROD2 +/+, HCT116shNEG and 

LOVOshNEG when challenged with both IR (10 gy) or doxorubicin (0.5µM) (p= <0.05 for 

all comparisons, student’s t test, Figures 5.3, 5.4,.5.5, 5.6, 5.7 and 5.8). Conversely, the 

reconstitution of wild-type MACROD2 in CRC cell lines with homozygous MACROD2 

deletions (LIM2405, SW480) or heterozygous MACROD2 deletions (COLO320, LIM1215) 

was associated with a significant reduction in the accumulation of DSBs and SSBs (p= 

<0.001 for all comparisons, student’s t test, Figures 5.3, 5.4,.5.5 and 5.6). Consistent with 
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the human CRC cell lines, comet assays on the MEFS also showed a significant increase 

in accumulation of SSB and DSB in Macrod2-/- and Macrod2-/+ cells compared to 

Macrod2+/+ when challenged with IR or doxorubicin (p= <0.001 for all comparisons, 

student’s t test, Figures 5.9 and 5.10). 
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Figure 5.3 MACROD2 deficiency impairs DNA DSB repair following  g-irradiation as measured by the neutral comet assay 
HCT116 MACROD2+/+ and LOVO-MACROD2+/+ with MACROD2 knocked out or LIM2405-MACROD2-/-, SW480-MACROD2-/- and LIM1215-

MACROD2-/+ or COLO320-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP control, challenged with g-irradiation (IR, 10 Gy) 

as measured by the neutral comet assay (detects DNA-DSBs). Representative images shown. Data is presented as the mean ± SEM for >100 

comets representative of duplicate experiments. **** p < 0.0001, Student’s t test. 
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Figure 5.4 MACROD2 deficiency impairs DNA SSB repair following g-irradiation as measured by the alkaline comet assay 
HCT116 MACROD2+/+ and LOVO-MACROD2+/+ with MACROD2 knocked out or LIM2405-MACROD2-/-, SW480-MACROD2-/- and LIM1215-

MACROD2-/+ or COLO320-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP control, challenged with g-irradiation (IR, 10 Gy) 

as measured by the alkaline comet assay (detects DNA-DSBs). Representative images shown. Data is presented as the mean ± SEM for >100 

comets representative of duplicate experiments. **** p < 0.0001, Student’s t test. 
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Figure 5.5 MACROD2 deficiency impairs DNA DSB repair following doxorubicin treatment as measured by the neutral comet assay 
HCT116 MACROD2+/+ and LOVO-MACROD2+/+ with MACROD2 knocked out or LIM2405-MACROD2-/-, SW480-MACROD2-/- and LIM1215-

MACROD2-/+ or COLO320-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP control, challenged with doxorubicin (Dox, 

0.5µM) as measured by the neutral comet assay (detects DNA-DSBs). Representative images shown. Data is presented as the mean ± SEM 

for >100 comets representative of duplicate experiments. *** p <0.001, **** p < 0.0001, Student’s t test. 
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Figure 5.6 MACROD2 deficiency impairs DNA SSB repair following doxorubicin treatment as measured by the alkaline comet assay 
HCT116 MACROD2+/+ and LOVO-MACROD2+/+ with MACROD2 knocked out or LIM2405-MACROD2-/-, SW480-MACROD2-/- and LIM1215-

MACROD2-/+ or COLO320-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP control, challenged with doxorubicin (Dox, 

0.5µM) as measured by the alkaline comet assay (detects DNA-DSBs). Representative images shown. Data is presented as the mean ± SEM 

for >100 comets representative of duplicate experiments. *p<0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001, Student’s t test. 
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Figure 5.7 MACROD2 deficiency impairs DNA break repair in HCT116 isogenic cell lines to g- irradiation as measured by the comet assay 
Isogenic HCT116 MACROD2+/+, MACROD2-/+ and MACROD2-/- cells challenged with g-irradiation (IR, 10 Gy) as measured by the neutral or 

alkaline comet assay (detects DNA-DSBs, DNA-SSBs). Representative images shown. Data is presented as the mean ± SEM for >100 comets 

representative of duplicate experiments. ** p < 0.01, *** p <0.001, **** p < 0.0001, Student’s t test. 

 
 
 



- 140 - 
 

 
Figure 5.8 MACROD2 deficiency impairs DNA break repair in HCT116 isogenic cell lines to doxorubicin as measured by the comet assay 
Isogenic HCT116 MACROD2+/+, MACROD2-/+ and MACROD2-/- cells challenged with doxorubicin (Dox, 0.5µM) as measured by the neutral or 

alkaline comet assay (detects DNA-DSBs, DNA-SSBs). Representative images shown. Data is presented as the mean ± SEM for >100 comets 

representative of duplicate experiments. *p<0.05, **** p < 0.0001, Student’s t test. 
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Figure 5.9 Macrod2 deficiency impairs DNA break repair in MEF cell lines to g- irradiation as measured by the comet assay 
MACROD2+/+, MACROD2-/+ and MACROD2-/- MEF cells challenged with g-irradiation (IR, 10 Gy) as measured by the neutral or alkaline comet 

assay (detects DNA-DSBs, DNA-SSBs). Representative images shown. Data is presented as the mean ± SEM for >100 comets representative 

of duplicate experiments. *** p <0.001,**** p < 0.0001,  Student’s t test. 
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Figure 5.10 Macrod2 deficiency impairs DNA break repair in MEF cell lines to doxorubicin as measured by the comet assay 
MACROD2+/+, MACROD2-/+ and MACROD2-/- MEF cells challenged with doxorubicin (Dox, 0.5µM) as measured by the neutral or alkaline 

comet assay (detects DNA-DSBs, DNA-SSBs). Representative images shown. Data is presented as the mean ± SEM for >100 comets 

representative of duplicate experiments. **** p < 0.0001, Student’s t test 
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To further examine the effect of MACROD2 loss on DNA damage response, we next 

quantified DNA damage induced foci of phosphorylated g-H2AX (g-H2AX), 

phosphorylated ATM (pATM) and phosphorylated BRCA1 (pBRCA1) which is a marker of 

homologous recombination. 

 

 Human CRC cell lines with MACROD2 knock-down (HCT116 shMACROD2), homozygous 

or heterozygous MACORD2 deletions (LIM2405 GFP or LIM1215 GFP) displayed 

significantly more g-H2AX foci compared to MACROD2 wild-type cells when challenged 

with IR (2 gy) at 1 hour (LIM2405 and LIM1215), 2 hours (HCT116) and 4 hours post 

treatment (HCT116 and LIM1215) (p<0.05 for all comparisons, student’s t test, Figure 

5.11). Consistent with IR, CRC cell lines harbouring MACROD2 deletion or knock down 

displayed significantly more foci compared to MACROD2 wildtype cell lines when 

treated with doxorubicin (0.5 µM) at 1 hour (LIM1215), 2 hours (LIM2405 and LIM1215) 

and 4 hours (HCT116, LIM1405 and LIM1215) post treatment (P<0.05 for all 

comparisons, student’s t test, Figure 5.12). HCT116 MACROD2-/- and MACROD2-/+ cells 

displayed significantly more g-H2AX compared to MACROD2 wild-type cells (HCT116 

MACROD2+/+) when challenged with IR (2 gy) or doxorubicin (0.5 µM) at 1,2 and 4 hours 

post treatment (p<0.01 for all comparisons, student’s t test, Figure 5.13, 5.14). 

Accordingly, MEF cell lines harbouring heterozygous or homozygous Macrod2 deletions 

also displayed significantly more g-H2AX compared to MACROD2 wild-type cells when 

challenged with IR (2 gy) or doxorubicin (0.5 µM) at 2 and 4 hours post treatment 

(p<0.05 for all comparisons, student’s t test, Figure 5.15, 5.16). 
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Figure 5.11 MACROD2 deficiency increases sensitivity of CRC cell lines to  g-irradiation 
as measured by g-H2AX foci 
Representative images of γ-H2AX foci in HCT116 shMACROD2, LIM2405-MACROD2-/- 

and LIM1215-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP controls. 

Cells were subject to g-irradiation (IR 2Gy), collected at the times indicated and 

immunostained with anti-γH2AX (yellow) antibody and DAPI (blue). Scale bar, 20µm.  

Quantification of the number of γ-H2AX foci for IR treatment in > 80 cells for the 

indicated CRC cell lines. Data are means ± SEM for a representative duplicate 

experiment. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Student’s t test. 
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Figure 5.12 MACROD2 deficiency increases sensitivity of CRC cell lines to doxorubicin 
as measured by g-H2AX foci 
Representative images of γ-H2AX foci in HCT116 shMACROD2, LIM2405-MACROD2-/- 

and LIM1215-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP controls. 

Cells were subject to doxorubicin (0.5 µM), collected at the times indicated and 

immunostained with anti-γH2AX (yellow) antibody and DAPI (blue). Scale bar, 20µm.  

Quantification of the number of γ-H2AX foci for doxorubicin treatment in > 80 cells for 

the indicated CRC cell lines. Data are means ± SEM for a representative duplicate 

experiment. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Student’s t test. 
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Figure 5.13 MACROD2 deficiency increases sensitivity of HCT116 isogenic cell lines to  
g-irradiation as measured by g-H2AX foci 
 Representative images of γ-H2AX foci in isogenic HCT116 cells subject to g-irradiation 

(IR 2Gy), collected at the times indicated and immunostained with anti-γH2AX (yellow) 

antibody and DAPI (blue). Scale bar, 20µm.  Quantification of the number of γ-H2AX foci 

for doxorubicin treatment in > 80 cells for the indicated CRC cell lines. Data are means ± 

SEM for a representative duplicate experiment. ****p<0.0001, Student’s t test. 

 
Figure 5.14 MACROD2 deficiency increases sensitivity of HCT116 isogenic cell lines to 
doxorubicin as measured by g-H2AX foci 
Representative images of γ-H2AX foci in isogenic HCT116 cells subject to doxorubicin 

(0.5 µM), collected at the times indicated and immunostained with anti-γH2AX (yellow) 

antibody and DAPI (blue). Scale bar, 20µm.  Quantification of the number of γ-H2AX foci 

for doxorubicin treatment in > 80 cells for the indicated CRC cell lines. Data are means ± 

SEM for a representative duplicate experiment. ****p<0.0001, student T-test. 
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Figure 5.15 MACROD2 deficiency increases sensitivity of MEF cells to  g-irradiation as 
measured by g-H2AX foci 
Representative images of γ-H2AX foci in MACROD2+/+, MACROD2-/+ and MACROD2-/- 

MEF cells subject to g-irradiation (IR 2Gy), collected at the times indicated and 

immunostained with anti-γH2AX (yellow) antibody and DAPI (blue). Scale bar, 20µm.  

Quantification of the number of γ-H2AX foci for doxorubicin treatment in > 80 cells for 

the indicated CRC cell lines. Data are means ± SEM for a representative duplicate 

experiment. *p<0.05, ***p<0.001****p<0.0001, Student’s t test. 
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Figure 5.16 MACROD2 deficiency increases sensitivity of MEF cells to  doxorubicin as 
measured by g-H2AX foci 
Representative images of γ-H2AX foci in MACROD2+/+, MACROD2-/+ and MACROD2-/- 

MEF cells subject to doxorubicin (0.5 µM), collected at the times indicated and 

immunostained with anti-γH2AX (yellow) antibody and DAPI (blue). Scale bar, 20µm.  

Quantification of the number of γ-H2AX foci for doxorubicin treatment in > 80 cells for 

the indicated CRC cell lines. Data are means ± SEM for a representative duplicate 

experiment. *p<0.05, **p<0.01, Student’s t test.  
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Consistent with g-H2AX, pATM foci formation was significantly increased in CRC cell lines 

harbouring MACROD2 deletion or knock down compared to MACROD2 wildtype or  

rescued cell lines when treated with IR (2 gy) at 1 hour (LIM2405 and LIM1215) and 2 

hours (HCT116, LIM2405 and LIM1215) post treatment (p<0.05 for all comparisons, 

student’s t test, Figure 5.17).  Consistent with IR, pATM foci formation was significantly 

increased in CRC cell lines harbouring MACROD2 deletion or knock down compared to 

MACROD2 wildtype cell lines when treated with doxorubicin (0.5 µM) at 1 hour 

(LIM2405), 2 hours (HCT116) and 4 hours (HCT116, LIM2405 and LIM1215) post 

treatment (p<0.05 for all comparisons, student’s t test, Figure 5.18). HCT116 MACROD2-

/- and -/+ isogenic cells displayed significantly more pATM compared to HCT116 

MACROD2+/+ cells when challenged with IR (2 gy) at 1,2 and 4 hours post treatment 

(p<0.01 for all comparisons, student’s t test, Figure 5.19). When treated with 

doxorubicin (0.5 µM), HCT116-MACROD2-/- displayed significantly more foci for pATM 

foci at 1, 2 and 4 hours post treatment (p<0.05 for both comparisons, student’s t test, 

Figure 5.20). HCT116-MACROD2-/+ displayed significantly more foci only at 2 hours post 

treatment (p<0.01, student’s t test, Figure 5.20). 
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Figure 5.17 MACROD2 deficiency increases sensitivity of CRC cell lines to  g-irradiation 
as measured by pATM foci 
Representative images of pATM foci in HCT116 shMACROD2, LIM2405-MACROD2-/- and 

LIM1215-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP controls. 

Cells were subject to g-irradiation (IR 2Gy), collected at the times indicated and 

immunostained with anti-pATM (magenta) antibody and DAPI (blue). Scale bar, 20µm.  

Quantification of the number of pATM foci for IR treatment in > 80 cells for the indicated 

CRC cell lines. Data are means ± SEM for a representative duplicate experiment. *p<0.05, 

**p<0.01, ***p<0.001, Student’s t test. 

 
 
 
 



- 151 - 
 

 
Figure 5.18 MACROD2 deficiency increases sensitivity of CRC cell lines to doxorubucin 
as measured by pATM foci 
Representative images of p-ATM foci in HCT116 shMACROD2, LIM2405-MACROD2-/- and 

LIM1215-MACROD2-/+ cells reconstituted with wild-type MACROD2 or GFP controls. 

Cells were subject to doxorubicin (0.5 µM), collected at the times indicated and 

immunostained with anti-pATM (magenta) antibody and DAPI (blue). Scale bar, 20µm.  

Quantification of the number of pATM foci for doxorubicin treatment in > 80 cells for 

the indicated CRC cell lines. Data are means ± SEM for a representative duplicate 

experiment. *p<0.05, **p<0.01, ***p<0.001, Student’s t test. 
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Figure 5.19 MACROD2 deficiency increases sensitivity of HCT116 isogenic cell lines to  
g-irradiation as measured by pATM foci 
Representative images of γ-ATM foci in isogenic HCT116 cells subject to g-irradiation (IR 

2Gy), collected at the times indicated and immunostained with anti-pATM (magenta) 

antibody and DAPI (blue). Scale bar, 20µm.  Quantification of the number of pATM foci 

for g-irradiation treatment in > 80 cells for the indicated CRC cell lines. Data are means 

± SEM for a representative duplicate experiment. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001, Student’s t test. 
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Figure 5.20 MACROD2 deficiency increases sensitivity of HCT116 isogenic cell lines to  
doxorubicin as measured by pATM foci 
Representative images of pATM foci in isogenic HCT116 cells subject to doxorubicin (0.5 

µM), collected at the times indicated and immunostained with anti-pATM (magenta) 

antibody and DAPI (blue). Scale bar, 20µm.  Quantification of the number of pATM foci 

for doxorubicin treatment in > 80 cells for the indicated CRC cell lines. Data are means ± 

SEM for a representative duplicate experiment. *p<0.05, **p<0.01, Student’s t test. 
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In contrast to pH2AX and pATM, human CRC cell lines with homozygous or heterozygous 

deletions (HCT116 MACROD2-/- and HCT116 MACROD2-/+) displayed significantly less 

pBRCA1 foci as compared to MACROD2 wildtype cells (HCT116 MACROD2+/+) when 

challenged with g-irradiation (2Gy) or doxorubicin 0.5 µM at 1 and 2 hours post 

treatment (Figure 5.21, p<0.0001, student’s t test). Conversely, the reciprocal 

phenotype was observed upon MACROD2 reconstitution in MACROD2-/- or MACROD2-/+ 

at 2 and 4 hours post treatment (Figure 5.21, .21, p<0.001, student’s t test).  

 

 
 
Figure 5.21 MACROD2 deficiency reduces formation of pBRCA1 foci in HCT116 isogenic 
cell lines in response to g-irradiation 
Representative images of pBRCA1 foci in isogenic HCT116 cells subject to g-irradiation 

(IR 2Gy), collected at the times indicated and immunostained with anti-pBRCA1 (pink) 

antibody and DAPI (blue). Scale bar, 20µm.  Quantification of the number of pBRCA1 foci 

for g-irradiation treatment in > 80 cells for the indicated CRC cell lines. Data are means 

± SEM for a representative duplicate experiment. ****p<0.0001, Student’s t test. 

 
 
 
 
 
 
 
 



- 155 - 
 

 
Figure 5.22 MACROD2 deficiency reduces formation of pBRCA1 foci in HCT116 isogenic 
cell lines in response to  doxorubicin 
Representative images of pBRCA1 foci in isogenic HCT116 cells subject to doxorubicin 

(0.5 µM), collected at the times indicated and immunostained with anti-pBRCA1 (pink) 

antibody and DAPI (blue). Scale bar, 20µm.  Quantification of the number of pBRCA1 foci 

for doxorubicin treatment in > 80 cells for the indicated CRC cell lines. Data are means ± 

SEM for a representative duplicate experiment. ****p<0.0001, Student’s t test. 
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Figure 5.23 Rescue of MACROD2 in LIM1215 cells increases formation of pBRCA1 fociin 
response to g-irradiation 
Representative images of pBRCA1 foci in LIM1215-MACROD2-/+ cells reconstituted with 

wild-type MACROD2 or GFP controls. Cells were subject to g-irradiation (IR 2Gy), 

collected at the times indicated and immunostained with anti-pBRCA1 (pink) and DAPI 

(blue). Scale bar, 20µm.  Quantification of the number of pBRCA1 foci for IR treatment 

in > 80 cells. Data are means ± SEM for a representative duplicate experiment. Ns = 

p>0.5,***p<0.001 ****p<0.0001, Student’s t test. 

 
 
Figure 5.24 Rescue of MACROD2 in LIM1215 cells increases formation of pBRCA1 fociin 
response to doxorubicin 
Representative images of pBRCA1 foci in LIM1215-MACROD2-/+ cells reconstituted with 

wild-type MACROD2 or GFP controls. Cells were subject to g-irradiation (IR 2Gy), 

collected at the times indicated and immunostained with anti-pBRCA1 (pink) antibody 

and DAPI (blue). Scale bar, 20µm.  Quantification of the number of pBRCA1 foci for IR 
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treatment in > 80 cells. Data are means ± SEM for a representative duplicate experiment. 

Ns = p>0.5, ****p<0.0001, Student’s t test. 

 
 
Figure 5.25 Rescue of MACROD2 in LIM1215 cells increases formation of pBRCA1 fociin 
response to g-irradiation 
Representative images of pBRCA1 foci in LIM2405-MACROD2-/+ cells reconstituted with 

wild-type MACROD2 or GFP controls. Cells were subject to g-irradiation (IR 2Gy), 

collected at the times indicated and immunostained with anti-pBRCA1 (pink) and DAPI 

(blue). Scale bar, 20µm.  Quantification of the number of pBRCA1 foci for IR treatment 

in > 80 cells. Data are means ± SEM for a representative duplicate experiment. Ns = 

p>0.5, ****p<0.0001, Student’s t test. 

  
Figure 5.26 Rescue of MACROD2 in LIM2405 cells increases formation of pBRCA1 fociin 
response to doxorubicin 
Representative images of pBRCA1 foci in LIM1215-MACROD2-/+ cells reconstituted with 

wild-type MACROD2 or GFP controls. Cells were subject to g-irradiation (IR 2Gy), 

collected at the times indicated and immunostained with anti-pBRCA1 (pink) antibody 

and DAPI (blue). Scale bar, 20µm.  Quantification of the number of pBRCA1 foci for IR 
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treatment in > 80 cells. Data are means ± SEM for a representative duplicate experiment. 

Ns = p>0.5, ***p<0.001,****p<0.0001, Student’s t test.  

 

Markers of differential DNA repair efficacy were further  examined in intestinal polyps 

from 130 day old ApcMin/+/Macrod2+/+, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2-/- 

mice.  A significant dose-dependent increase was observed in γ-H2AX staining in 

intestinal polyps from ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2-/- mice compared to 

intestinal polyps from ApcMin/+/Macrod2+/+ mice (p<0.001, student’s t test, Figure 5.27). 

 

 
 
Figure 5.27 Macrod2 deficiency increases g-H2AX staining in mouse polyps 
Representative images of γ-H2AX immunohistochemistry in intestinal tumors from 130-

day-old ApcMin/+/Macrod2+/+, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2-/-mice. 

Quantification of γ-H2AX positive tumor cells for each genotype. Data are means ± SEM 

of 10 tumors/mice from 6 mice per cohort. ****p<0.001, Student’s t test. Scale bar, 

200µm.  
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We next examined whether reduced DNA repair efficacy in MACROD2 deficient cells 

translated to an increased sensitivity to DNA damage induced cell death. DNA damage 

induced cell death was measured by the luminescent assay for caspase 3/7 activity 72 

hours post ƴ-irradiation or treatment with doxorubicin. Deletion or knock down of 

MACROD2 resulted in increased levels of apoptosis when challenged with IR (10 gy) or 

doxorubicin (0.5 µM) compared to MACROD2 wild-type or rescue cell lines (p<0.05 for 

all comparisons, student’s t test, Figures 5.28, 5.29). Consistent with the comet assays 

and foci, rescue of wild-type MACROD2 in deleted cell lines rescued this phenotype with 

less cells undergoing apoptosis (p<0.010 for all comparisons except SW480 GFP-SW480 

GFP-MACROD2 p=>0.05, student’s t test, Figure 5.28). Similar to the CRC cell lines, MEFs 

displayed a similar phenotype with Macrod2 -/- and Macrod2-/+ cells displaying increased 

levels of DNA-damage induced apoptosis compared with Macrod2+/+ cells (p<0.05 for 

both comparisons, student’s t test, Figure 5.30). 

 
Figure 5.28 MACROD2 deficiency results in increased apoptosis in human CRC cell lines 
(a) g-irradiation (IR, 10Gy) and (b) doxorubicin (Dox, 0.5µM) induced increased caspase 

activity HCT116 shMD2 and LOVO shMD2 compared to wild-type controls (shNEG) and 

LIM2405-MACROD2-/-, SW480-MACROD2-/- and LIM1215-MACROD2-/+ or COLO320-
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MACROD2-/+ cells compared to respective cell lines reconstituted with wild-type 

MACROD2 or GFP control, as measured by caspase glo. Data is representative of 

duplicate experiments. ns = not significant, ** p < 0.01, **** p < 0.0001, Student’s t test.  

  
 
 
 
 

 
Figure 5.29 MACROD2 deficiency results in increased apoptosis in HCT116 isogenic cell 
lines  
(a) g-irradiation (IR, 10Gy) and (b) doxorubicin (Dox, 0.5µM) induced increased caspase 

activity in MACROD2-/+ and MACROD2-/- isogenic HCT116 cells compared to MACROD2+/+ 

as measured by caspase glo. Data is representative of duplicate experiments. *** p 

<0.001, **** p < 0.0001, Student’s t test. 
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Figure 5.30 MACROD2 deficiency results in increased apoptosis in MEFS obtained from 
Macrod2 knock out mice  
 (a) g-irradiation (IR, 10Gy) and (b) doxorubicin (Dox, 0.5µM) induced increased caspase 

activity in MACROD2-/+ and MACROD2-/- MEF cells compared to MACROD2+/+ as 

measured by caspase glo. Data is representative of duplicate experiments. **** p < 

0.0001, *** p <0.001, ** p < 0.01, 0.01*p<0.05, Student’s t test. 
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5.4	 Investigating	 the	molecular	mechanism	of	MACROD2	
loss	induced	CIN	
Our karyotype analysis of MEFS and HCT116 isogenic MACROD2 cell lines and in vitro 

experiments suggest that MACROD2 deficiency results in impaired DNA repair, 

increased sensitivity to DNA damage and the promotion of spontaneous acquisition of 

CIN. To investigate the impact of MACROD2 loss on mitotic chromosome mis-

segregation as a possible mechanism for the CIN phenotype observed in MACROD2 

deficient cells and intestinal tumours, frequencies of anaphase bridges, lagging 

chromosomes and micronuclei were evaluated by immunostaining for kinetochores, 

microtubules and DNA (Figure 5.31). HCT116 MACROD2-/- and HCT116 MACROD2-/+ cells 

displayed a gene dosage dependent increase in total chromosome segregation errors as 

compared to HCT116 MACROD2+/+ cells (p<0.001 for both comparisons, z proportion 

test, Figure 5.31). The percentage of anaphase bridges was significantly increased in 

both MACROD2-/- and -/+ cells compared to MACROD2 wild-type cells (p<0.01 and 0.05, 

z proportion test). Similarly, the percentage of lagging chromosomes was significantly 

increased in MACROD2-/+ cells compared to MACROD2+/+ cells, although no difference 

was observed between MACROD2-/- and MACROD2+/+ cells (p<0.0001, z proportion test). 

Finally, the formation of micro nuclei which results from misincorporation of lagging 

chromosomes was significantly increased in MACROD2-/- and -/+ cells compared to +/+ 

cells (p<0.0001 for both comparisons, z proportion test). 

 

In support of this in vitro data, analysis of H&E stained sections from intestinal tumours 

from 130-day-old ApcMin/+/Macrod2-/-and ApcMin/+/Macrod2-/+ mice identified an 

increase in segregation errors as compared to ApcMin/+/Macrod2+/+ mice (p<0.001 for 

both comparisons, z proportion test, Figure 5.32). The percentages of both lagging 

chromosomes and anaphase bridges was significantly increased (p < 0.0001 for both 

comparisons, z proportion test). 
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Figure 5.31-MACROD2 deficiency causes segregation errors in human CRC cell lines 
Representative immunofluorescent images of normal cells in anaphase, lagging 

chromosomes, anaphase bridges and micronuclei from HCT116 isogenic cell lines 

(MACROD2+/+, -/+ and -/-). HCT116 cells are stained with DAPI (blue), CENP-A (green) and 

b tubulin (red). Scale bar is 10 µm. Quantification of segregation errors are presented as 

percentages of errors displayed per genotype and per segregation error. Data is 

representative of quadruplicate experiments with 150 mitotic events scored. **** p < 

0.0001, *** p <0.001, ** p < 0.01, *p<0.05, z proportion test.  
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Figure 5.32-MACROD2 deficiency cause segregation errors in vivo 
Representative H&E images of normal cells in anaphase, lagging chromosomes, anaphase bridges and micronuclei from tumours of 130 day old 

ApcMin/+/Macrod2+/+, ApcMin/+/Macrod2-/+ and ApcMin/+/Macrod2-/-mice. Scale bar is 10 µm. Quantification of segregation errors are presented 

as percentages of errors displayed per genotype and per segregation error. Data is representative of triplicate experiments with 150 mitotic 

events scored. **** p < 0.0001, *** p <0.001, ** p < 0.01, 0.01*p<0.05, z proportion test. 
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Homeostasis of centromeres is crucial for the accurate transmission of chromosomes to 

daughter cells. (Kanai et al., 2003).   PARP1 has been identified to play an important role 

in centromere regulation through localisation to centromeres to catalyse poly(ADP) 

ribosylation of centrosomal proteins (Kanai et al., 2003; Kanai, Tong, Wang, & Miwa, 

2007).  Moreover, inhibition of PARP1 has been identified to result in centromere hyper 

amplification (Kanai et al., 2007).  To investigate if the chromosomal instability 

phenotype overserved in MACROD2 deficient   cells   can be attributed to centromere 

dysfunction, we analysed centromere number by immunostaining for centromeres, 

mitotic spindles and DNA (Figure 5.33).  The percentage of cells showing abnormal 

centromere numbers (2+) was approximately 10% in HCT116 MACROD2-/- and HCT116 

MACROD2-/+ compared to 0% in the HCT116 MACROD2+/+ (p<0.001, fisher exact test) 

(Figure 5.33). 
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Figure 5.33 The effect of MACROD2 haploinsufficency on centromere regulation 
Representative immunofluorescent images of cells with 1,2 or 3 centromeres from HCT116 isogenic cell lines (MACROD2+/+, -/+ and -/-). HCT116 

cells are stained with DAPI (blue), y-tubulin (yellow) and b tubulin (red). Scale bar is 10 µm. Quantification of segregation errors are presented 

as percentages of centromeres displayed per genotype. Data is representative of duplicate experiments with a minimum of 200 cells scored/ 

genotype. **** p < 0.0001, fisher exact test. 
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PARP1 is required for the maintenance of spindle assemble checkpoint. In addition to 

centromere regulation, PARP1 knock-out/ inhibition results in perturbations in mitosis 

including deficient sister chromatid cohesion during metaphase (Kukolj et al., 2017). To 

investigate if MACROD2 loss results in premature sister chromatid cohesion, we 

analysed chromosome spreads from HCT116 isogenics (MACROD2+/+, -/+ and -/-) for 

chromosomal abnormalities including single or parallel sister chromatids. HCT116 

MACROD2-/- and HCT116 MACROD2-/+ cells displayed an increase in total chromosome 

abnormalities (single or parallel chromatids) as compared to HCT116 MACROD2+/+ cells 

at passage 8 and 50 (p<0.001, mixed effects logistic regression model) (Figure 5.34).  

	
 
 
Figure 5.34 The effect of MACROD2 on premature sister chromatid separation 
Karyotype analyses for isogenic HCT116-MACROD2-/-, HCT116-MACROD2-/+ and 

HCT116-MACROD2+/+ cells showing representative normal, single and parallel sister 

chromatids. Quantification of normal, single and parallel chromatids are presented as 

percentages of chromosome spreads. **** p < 0.001, mixed effects logistic regression 

model for the odds ratios of chromosomal abnormalities. 
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5.5	 Modulation	 of	 PARP1	 activity	 by	 MACROD2	 loss	
promotes	CIN	
MACROD2 loss in CRC promotes CIN, increased sensitivity to DNA induced damage and 

impaired DNA strand break repair. MACROD2 regulates PARP1 activity through the 

removal of the terminal mono-ADP-ribose moiety (Jankevicius et al., 2013). To further 

elucidate the mechanism underlying the CIN phenotype observed in MACROD2 deficient 

cells, we investigated if the promotion of CIN in MACROD2 deficient cells could be 

caused by the modulation of PARP1 activity by MACROD2. We conducted comet assays 

and immunofluorescence microscopy to quantify segregation errors with 

pharmacological inhibition of PARP1 with three independent PARP1 inhibitors: PJ34 

(Skelechem, USA), a pan PARP inhibitor and Olaparib and Veliparib (Selleckhem, USA), 

clinically relevant PARP1/2 catalytic inhibitors. Olaparib is an effective PARP trapper 

while Veliparib is a poor PARP trapper which influences the potency of the inhibitor 

(Murai, Huang, et al., 2014; Murai, Zhang, et al., 2014).  

 

Repair of SSB in MACROD2 wildtype cells (HCT116 MACROD2+/+) and rescue of SSB repair 

in MACROD2 homozygous deleted cell lines reconstituted with wild-type MACROD2 

(LIM2405 GFP-MACROD2 and SW480 GFP-MACROD2) was blocked by pharmacological 

inhibition of PARP as measured by comet assays (PJ34, Olaparib or Veliparib) (ns, 

student’s t test, Figure 5.35, 5.36). This was observed when challenged with either IR or 

doxorubicin (ns, student’s t test, Figure 5.35,5.36). Moreover, inhibitor treatment of 

MACROD2 homozygous deleted cell lines did not significantly exacerbate the SSB repair 

deficiency upon IR or doxorubicin challenge, consistent with the notion that MACROD2 

deletion impacts on DNA break repair is mediated by suppression of PARP activity.  
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Figure 5.35 Pharmoacological inhibition of PARP1 overrides rescue of MACROD2 
deficiency in HCT116 isogenics 
HCT116 isogenic cell lines (MACROD +/+, -/+, -/-) as measured by the alkaline comet assay 

(detects DNA-SSBs) when treated with PARP inhibitors Olaparib or veliparib and 

challenged with IR or doxorubicin. Data is presented as the mean ± SEM for >100 comets 

representative of duplicate experiments. Ns = not significant **** p < 0.0001, Student’s 

t test.  

 



170 
 

 
 
Figure 5.36-Pharmoacological inhibition of PARP1 overrides rescue of MACROD2 
deficiency in LIM2405-MACROD2-/- cells.  
Homozygous deleted cell lines LIM2405 or SW80-GFP-MACROD2 and GFP controls, as 

measured by the alkaline comet assay (detects DNA-SSBs) when treated with PARP 

inhibitors PJ34, Olaparib or veliparib and challenged with IR or doxorubicin. Data is 

presented as the mean ± SEM for >100 comets representative of duplicate experiments. 

Ns = not significant **** p < 0.0001, Student’s t test.  
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To further demonstrate the causality of PARP suppression with respect to CIN, we 

quantified the presence of segregation errors (anaphase bridges, lagging chromosome 

and micronuclei) in HCT116 MACROD2-/- and MACROD2+/+ in the presence of PARP 

inhibitors PJ34, Olaparib, Veliparib or PARP1 siRNAs (Figure 5.37, 5.38). Consistent with 

the comet assays, MACROD2 haploinsufficency was phenocopied by treatment of 

HCT116 MACROD2+/+ cells with PARP1 inhibition (PJ34, Olaparib or Veliparib) (Figure 

5.37). The total rate of segregation errors observed in HCT116 MACROD2+/+ cells treated 

with a PARP1 inhibitor was not significantly different to HCT116 MACROD2-/- cells 

without PARP inhibition with the exception of Veliparib at 0.1 µM (ns, p < 0.0001 z 

proportion test, Figure 5.37). The total segregation errors in HCT116 MACROD2 +/+ cells 

with PARP1 inhibition and HCT116 MACROD2-/-  without PARP1 inhibition was 

significantly greater than HCT116 MACROD2+/+ treated with 0.05% DMSO   alone 

(p<0.0001 all comparisons, z proportion test, Figure 5.37). The total rate of segregation 

errors was not significantly increased in HCT116 MACROD2-/- cells  treated with a PARP 

inhibitor (0.5 µM PJ34, Olaparib or Veliparib) compared to untreated HCT116 MACROD2-

/- cells, suggesting there was no additive effect (ns, p < 0.0001, z proportion test, Figure 

5.37). 

 

To verify that PARP1 suppression phenocopied MACROD2 loss, chromosome 

segregation assays were performed using PARP1 siRNAs. Consistent with HCT116 

MACROD2 cells treated with PARP inhibitors, the MACROD2 haploinsufficency was 

phenocopied by knock down of PARP1 by treatment of HCT116 MACROD2+/+ cells with 

two PARP1 siRNAs (Figure 5.38). 
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Figure 5.37 Pharmacological inhibition of PARP1 (PJ34) overrides the rescue of MACROD2 deficiency in segregation errors in CRISPR cells  
Quantification of segregation errors of normal cells in anaphase, lagging chromosomes, anaphase bridges and micronuclei from HCT116 

isogenic cell lines (MACROD2+/+ and -/-) treated with PARP1 inhibitor PJ34, Olaparib, Veliparib or DMSO control. Quantification is presented 

as percentages of errors displayed per genotype and per segregation error. Data is representative of triplicate experiments with 150 mitotic 

events scored. **** p < 0.0001, *** p <0.001, ** p < 0.01, 0.01*p<0.05, z proportion test. 
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Figure 5.38 Knock down of PARP1 overrides the rescue of MACROD2 deficiency in 
segregation errors in CRISPR cells 
Quantification of segregation errors of normal cells in anaphase, lagging chromosomes, 

anaphase bridges and micronuclei from HCT116 isogenic cell lines (MACROD2+/+, -/+, -/- ) 

untreated or treated with PARP1 siRNAs or si genome control . Quantification is 

presented as percentages of errors displayed per genotype and per segregation error. 

Data is representative of triplicate experiments with 150 mitotic events scored. **** p 

< 0.0001, z proportion test.  

 

5.6	Discussion	
CIN, a hallmark of cancer, is important in the progression and development of CRC, 

including development of resistance to therapy and is associated with prognosis in 

multiple cancer types (Carter, Eklund, Kohane, Harris, & Szallasi, 2006; Hanahan & 

Weinberg, 2011). Despite the fundamental importance of CIN in cancer biology as well 

as being the most consistent characteristic among solid tumours, the exact molecular 

mechanisms underpinning the spontaneous acquisition of CIN are poorly understood 

(Draviam, Xie, & Sorger, 2004; Gollin, 2005; Lengauer, Kinzler, & Vogelstein, 1998). In 
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this study, we demonstrate that MACROD2 haploinsufficency alters DNA repair and 

increases sensitivity to DNA damage, ultimately promoting chromosomal instability and 

aneuploidy.  

 
This study has demonstrated that haploinsufficent loss of MACROD2 is a potent driver 

of CIN characterized by an elevated number of chromosome breaks in human primary 

tumours and the spontaneous acquisition of aneuploidy in vitro as identified by 

increased karyotype variability. The spontaneous acquisition of CIN in gastrointestinal 

cancers has previously been associated with mutations in several other DNA break repair 

or mitotic spindle assembly check point genes including BUB1, ATM, ATR, BRCA1, BRCA2, 

MRE11 and MIIP (Cahill et al., 1998; de Voer et al., 2013; Lopez-Garcia et al., 2017; 

Rotman & Shiloh, 1998; Smith et al., 1998; Sun et al., 2017; Wang et al., 2004; Zhang, 

Tombline, & Weber, 1998; Zighelboim et al., 2015). Together, these observations 

highlight the importance of an intact DNA repair response to protect cells from 

chromosome mis-segregation events and subsequent aneuploidy. Importantly, 

aberrations in MACROD2 are prevalent not only in CRC (22.8% 181/628) but also in other 

gastrointestinal cancers including stomach (16.6% 77/477 TCGA) and esophageal (22% 

22/185 TCGA) and may thus play a major role in CIN in gastrointestinal malignancies in 

general.  

 

Our data suggests that MACROD2 deficiency in CRC promotes the acquisition of CIN 

through repression of PARP1 activity leading to impaired DNA repair and increased 

sensitivity to genotoxic stress-induced DNA damage in a gene-dosage dependent 

manner. Comets assays performed on HCT116 isogenic cell lines, MEFs, MACROD2 

wildtype cell lines (HCT116, LOVO) and MACROD2 heterozygous and homozygous cell 

lines (LIM1215, COLO320, LIM2405 and SW480) with knock down or reconstitution, 

highlighted the requirement of MACROD2 for efficient DNA repair of both SSB and DSBs 

when challenged with irradiation or doxorubicin. Accordingly, the quantification of 

gH2AX, pATM and pBRCA1 foci with measurement of caspase 3/7 activity demonstrated 

that loss of MACROD2 resulted in increased sensitivity to DNA damage, altered the use 

of the HR pathway, increased DNA damaged induced cell death. However, pATM 

staining could not be performed on MEFs as antibodies specific for pATM resulted in 
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non-specific and unquantifiable staining. Alternative approaches to quantify pATM such 

as pull down assays or more advanced 3D live cell imaging may be possible with 

improved antibody specificity.  H2AX phosphorylation is one of the earliest events in the 

DDR to genotoxic stresses and is released after re-joining of the strand break (Firsanov, 

Solovjeva, & Svetlova, 2011). The kinetics of gH2AX are correlated with the rate of DSB 

or SSB rejoining and is commonly used as a quantitative marker of SSB and DSBs 

(Rothkamm & Lobrich, 2003). The significantly higher levels of gH2AX and pATM in 

MACROD2 deficient cells suggests that in the absence of MACROD2, SSBs and DSBs 

induced by g-irradiation or doxorubicin are repaired at a slower rate. The significant 

reduction of pBRCA1 foci formation in CRC cell lines harboring MACROD2 knock out or 

deletion, indicates that loss of MACROD2 alters the use of the homologous 

recombination pathway for DSB repair. Our data is consistent with previous studies 

showing that PARP1 deficiency results in major DNA repair defects including delayed 

rates of DNA repair, hypersensitivity to DNA damaging agents including alkylating 

agents, g -irradiation and acquisition of CIN (Patel, Sarkaria, & Kaufmann, 2011; Shall & 

de Murcia, 2000; Trucco, Oliver, de Murcia, & Menissier-de Murcia, 1998).  

 

Immunofluorescent staining of DNA, kinetochores, microtubule spindles and 

centromeres revealed that the aneuploid karyotypes observed in MACROD2 deficient 

cells was a result of increased chromosome segregation errors and hyper amplification 

of centromeres. In addition, analysis of chromosomal abnormalities in metaphase 

spreads suggest loss of MACROD2 could promote premature loss of sister chromatid 

cohesion.  Our data is consistent with previous studies in multiple cancer subtypes 

showing that PARP1 deficiency results in centrosome amplification leading to 

chromosomal instability with abnormal chromosome segregation (Fukasawa, 2005; 

Kanai et al., 2007; Kukolj et al., 2017). In addition, our data is supported by PARP1 knock 

out mice and in vitro studies highlighting the inhibition of PARP1 results in perturbations 

in mitosis including premature loss of cohesion, failure to maintain metaphase arrest 

which can result in sister chromatin scattering (Kukolj et al., 2017; Yang, Baumann, & De 

La Fuente, 2009). 
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Further, PARP1 inhibitor treatment or PARP1 siRNA knock down in MACROD2 wild-type 

cells reciprocated the chromosome mis-segregation phenotype observed in MACROD2 

homozygous cells. In addition, PARP1 inhibitor treatment of MACROD2 wild-type cells 

in comets assays challenged with irradiation or doxorubicin also phenocopied the 

impaired DNA repair phenotype observed in MACROD2 homozygous cells. Comet assays 

on HCT116 isogenics treated PARP inhibitor PJ34 were performed, however, the results 

were inconclusive and requires additional optimization. PARP1 inhibitor use in HR 

deficient cells is a key example of synthetic lethality, the identification of MACROD2 

haploinsufficiency in CRC could provide a vulnerability in aneuploidy tumours which 

could be therapeutically exploited (Patel et al., 2011).  

 

 Together, this data suggests a model in which MACROD2 loss promotes aneuploidy 

through the impairment of PARP1 activity.  This model of CIN as a result of chromosome 

aberrations and impaired DNA break repair is supported by studies in PARP1 knock out 

cells and mice which show increased levels of genomic instability as a result of 

chromosome aberrations and major DNA repair defects, including stalled replication 

forks coupled to increased sensitivity to alkylating agents and irradiation (Patel et al., 

2011; Shall & de Murcia, 2000; Yang et al., 2004). Further, the impact of MACROD2 loss 

on DSB repair via HR or NHEJ pathways, drug sensitivity and regulation of PARP3 activity 

require further experimental follow-up.   
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6.	Summary	and	Conclusions	
 

Initiation, progression and therapeutic responses of CRC are driven by the genetic 

background and acquired molecular alterations. In personalised medicine, the selection 

of effective treatments is based on an understanding of the “omic” profile of an 

individual’s disease. Successful development of personalised medicine approaches 

requires the consideration of multiple important factors: these include an 

understanding of tumour molecular heterogeneity combined with a comprehensive 

understanding of the associated biology such as the signalling pathways determining 

disease progression and response to therapy. While multiple molecular markers have 

been identified that are “predictive” of prognosis and therapy response in CRC, the use 

of biomarkers in the clinical management of patients is not widespread. Prognostication 

and treatment delivery continue to be predominately reliant on traditional pathologic 

(TNM) staging and consideration of comorbidities.  

 
Chapter 3 of this thesis aimed to validate and identify novel prognostic biomarkers for 

patients with early stage (stage II/III) CRC utilising an Australian community based 

patient cohort with extensive clinico-pathological and molecular data. Findings were 

validated and further extended through combination with an independent dataset from 

the international QUASAR2 clinical trial. For Australian patients, targeted gene 

sequencing was performed using a custom designed amplicon panel to detect somatic 

mutations in 113 candidate CRC driver genes. This analysis confirmed the expected high 

mutation rates for known drivers of CRC development; APC, TP53, KRAS, PIK3CA and 

FBXW7, and further validated several novel candidates as recurrently mutated including 

BZRAP1, RNPC3, SAFB2 and ZFHX3.  

 

Evaluating the prognostic value of mutations in investigated genes, this study identified 

that a low mutation burden and mutations in KRAS, BRAF and TP53 were independently 

associated with poor RFS. Importantly, these findings were validated in the QUASAR2 

cohort. Furthermore, superior prognosis associated with a high mutation burden 

remained significant in non-hypermutated (MSS & POLE proficient) CRCs. 

Hypermutation caused by DNA mismatch repair or POLE deficiency is an established 
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marker of good prognosis CRC, but this is the first report to relate increased mutation 

burden in non-hypermutated cancers to better outcomes. 

 

 Notably, a high mutation burden has also been shown to be prognostic in other non-

hypermutated tumour types (Rizvi et al., 2015; Snyder et al., 2014a). The reason 

underlying the association between mutation burden and prognosis remains to be 

elucidated; a possible explanation may be a heightened anti-tumour response. Tumours 

harbouring a high mutational load are thought to produce more neo antigens, resulting 

in increased recruitment of immune cells countering tumour growth (Birkbak et al., 

2013; Gupta et al., 2015; Strickland et al., 2016). 

 

While our study confirmed the reported poor prognosis of MSS CRCs harbouring 

mutations in KRAS or BRAF, we found that mutations in KRAS or BRAF may confer good 

prognosis in MSI cancers, a finding that has not previously been reported. In addition, 

this analysis identified TP53 mutation as a marker of poor prognosis, even when 

excluding hypermutated (MSI+ and POLE) tumours. Although the value of TP53 mutation 

as a prognostic marker has been heavily debated in the literature (Goh et al., 1995; 

Russo et al., 2005; Westra et al., 2005), this study confirms the potential use of TP53 

mutation as a prognostic marker. Finally, we assessed the use of multiple genetic 

markers combined as a single assay to provide prognostic information. Integrated 

analysis identified CRC tumours with wild-type KRAS and mutations in BRAF and TP53 as 

predictive of poor prognosis. Our results highlight the potential that CRC patients could 

be stratified into groups with different prognosis based on combinations of biomarkers 

as opposed to individual driver genes and TNM staging.  

 

In addition to “classic” mutations, large-scale DNA copy number changes are a major 

source of pathogenic alterations in cancer genes. Chapters 4 and 5 demonstrate the 

pathogenic nature of recurrent focal deletions in MACROD2 in CRC. While the MACROD2 

locus had previously been recognised as a fragile site with frequent deletion in a number 

of malignancies, its role in carcinogenesis had not been investigated. Existing studies 
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had focused on various aspects of MACROD2 function, principally its mono-ADP-ribosyl 

hydrolase activity and role in regulating PARP1 and GSK-3b. 

 

Our study is the first to identify the contribution of MACROD2 deficiency in promoting 

CRC development. In vivo studies using an ApcMin/+Macrod2 mouse model indicate a role 

for MACROD2 as a tumour suppressor acting in a haploinsufficient manner. Homozygous 

and heterozygous Macrod2 deficiency enhanced intestinal tumourigenesis in ApcMin/+ 

mice, as demonstrated by increased tumour multiplicity and burden. Importantly, 

MACROD2 suppression also increased growth of human CRC xenografts.  

 

MACROD2 had been reported to regulate GSK-3b, a key member of the WNT signalling 

pathway. Dysregulation of the WNT signalling pathway is central to CRC development, 

suggesting that MACROD2 deficiency might enhance colorectal tumourigenesis through 

alteration of GSK-3b function (Jankevicius et al., 2013). However, gene expression 

analysis of WNT target genes and b-catenin localisation in human CRC cell lines and 

mouse tumours did not identify any impact of MACROD2 loss in the context of APC or 

CTNNB1 mutations which are present in over 70% of CRCs (Christie et al., 2013). These 

results suggest the existence of an alternate tumour suppressor function of MACROD2 

which provides the oncogenic drive in MACROD2 deficient cells.  

 

Considering the previously identified role of MACROD2 in the regulation of the DNA 

damage sensor PARP1 through removal of the terminal autoinhibitory mono-ADP-

ribose, chapter 4 and 5 investigated the potential deleterious consequences of 

MACROD2 deficiency on DNA damage response and maintenance of genome integrity. 

Our data demonstrate that MACROD2 macrodomain deletions cause loss of PARP1 

dependent recruitment to sites of DNA damage and lead to a reduction in PARP1 

transferase activity. The consequence of this impaired capacity to repair DNA and 

increased sensitivity to genotoxic stress induced damage in a gene-dosage dependant 

manner. These findings are consistent with studies demonstrating that PARP1 deficiency 

in cells similarly results in major defects in DNA repair and hypersensitivity to DNA 

damaging agents (Patel et al., 2011; Shall & de Murcia, 2000; Trucco et al., 1998). The 
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implications of MACROD2 haploinsufficiency on DNA repair may present a vulnerability 

that can be therapeutically exploited, perhaps through use of DNA damaging agents or 

radiation and inhibitors of other DNA repair pathways. “Proof-of-concept” evidence to 

support this notion already exists in breast cancer, indicating the use of PARP1 inhibitors 

in tumours with HR gene mutations is synthetically lethal (Dedes et al., 2011; Farmer et 

al., 2005). 

 

Our karyotype analyses, ploidy FACS, mitotic segregation error analyses and centromere 

analysis all revealed that MACROD2 deficient cells displayed a gene-dosage dependant 

increase in chromosome mis-segregation resulting in an aneuploidy that was further 

validated in primary CRCs with MACROD2 deletions. Increased chromosomal 

abnormalities observed in metaphase spreads and hyper amplification of centromeres 

in MACROD2 deficient cells highlight an important mechanism that can lead to 

chromosomal instability. Our findings are supported by studies in PARP1 knockout or 

PARP1 inhibition showing perturbations in mitosis and centromere amplification leading 

to chromosomal instability (Kanai et al., 2007; Kukolj et al., 2017; Yang et al., 2009).  

Further, our study demonstrated PARP1 inhibitor treatment of MACROD2+/+ cells 

recapitulated the chromosome mis-segregation phenotype and impaired DNA repair 

phenotype observed in MACROD2 deficient cells. These findings are supported by 

studies in PARP1 knockout cells that similarly show development of high levels of 

aneuploidy (Patel et al., 2011; Shall & de Murcia, 2000). Together, our observations 

highlight MACROD2 as a potential caretaker tumour suppressor gene in CRC, promoting 

CIN through impairment of PARP1 transferase activity. Notably, it has been reported 

that homozygous PARP1 depletion in ApcMin/+ mice enhances tumourigenesis in one 

study (Tarhuni, 2016). However, inhibition of PARP1 is also reported to reduce 

tumourigenesis and suppress inflammation compared to wildtype PARP1 in APCmin/+ 

mice (Tarhuni, 2016). Additional experiments need to be conducted to determine the 

extent to which MACROD2 deficiency inhibits PARP1 and the specific conditions 

necessary for PARP1 inhibition to reduce or promote tumourigenesis. Addition studies 

could be expanded to further elucidate the effect of MACROD2 loss in vitro on the 

enzymatic kinetics of PARP1 through characterisation of DNA-damage induced 
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PARylation.  PAR formation in response to DNA damage in vitro could be quantified using 

a high content immunofluorescence microscopy assay (PAR-IF).  In addition, mass 

spectrometry and co-immunoprecipitation using HCT116 isogeneics and MEFS may 

provide additional targets altered in MACROD2 deficient cell lines which enhance or 

inhibit tumourigenesis. The conditions necessary for MACROD2 inhibition of PARP1 to 

promote or inhibit tumourigenesis could be explored by investigating additional models 

of CRC with different drivers of colon carcinogenesis,  such as inflammation as major 

drivers of disease, orthotopic mouse models or the use of organoid cultures. 

 

In conclusion, this thesis addressed three aims, first the identification of biomarkers for 

the treatment and management of CRC patients. Second and third, characterisation of 

MACROD2 deficiency in CRC tumourigenesis. The identification of biomarkers and 

patient subgroups with different prognoses suggests that in the future, genome wide 

profiling may lead to the stratification of patients for personalisation of treatment. In 

addition, the functional characterisation of MACROD2 deletions in CRC identified 

MACROD2 as a potential novel tumour suppressor. This study built on existing 

knowledge of the roles of MACROD2 in the regulation of PARP1 and GSK-3b, but defined 

the mechanisms and clinical significance of MACROD2 deficiency in CRC. Future studies 

will be required to further define the clinical utility of our identified biomarkers and to 

elucidate the molecular consequences and therapeutic opportunities associated with 

MACROD2 loss in patients with CRC.   
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7.	Appendices	
Appendix	1:	Mouse	genotyping	primers	
 

Primer Name   Primer Seq Product length 
(bp) 

Allele 

ApcMin forward 5'-GCCATCCCTTCACGTTAG-3'     
ApcMin reverse 1 5'-TTCCACTTTGGCATAAGGC-3' 600 WT 
ApcMin reverse 2 5'-TTCTGAGAAAGACAGAAGTTA-3' 340 Mut 
Macrod2_WT forward 5'-CCTGAAGGCAAACAGACAAGAAG-3'     
Macrod2_WT reverse 5'-TCTTTCAAGCTGACTGTGGG-3' 507 WT 
Macrod2_MUT forward 5'-TTCCTGAGCTCCGTGAATG-3'     
Macrod2_MUT reverse 5'-GTCTGTCCTAGCTTCCTCACTG-3' 552 Mut 

 

Appendix	2:	Gene	expression	primers	
 

Primer Name   Primer Seq           Product    
length (bp) 

MACROD2 exon 2-3 forward 5'- TGACCTTAGAAGAGAGACGCAAA -3'   
MACROD2 exon 2-3 reverse  5'- TCTTCACCTGGGATGTTTCC-3' 135  
MACROD2 exon 17-18 forward 5'- TTGAAACAGAATCGCAGAGC-3' 

 

MACROD2 exon 17-18 reverse 5'- TGGTCCTCTGTTAATGGAATCA-3' 109  
	
Appendix	3:	MACROD2	primers	for	DNA	sequencing		

MACROD2 target region   Primer Sequence 
Exon 1 forward 5’-GCGCGGGTGTTAGGTTAG-3’ 

  reverse 5’-ACTCGACGGGCCGGTTAC-3’ 
Exon 2 forward 5’-TGGAGATTCTGCTTTTATTTTGC-3’ 

  reverse 5’-CGCCAGTTATTCATTTCTGTCA-3’ 
Exon 3 forward 5’-CATGACACATATTGGGTCTTGTAG-3’ 

  reverse 5’-CAAACACATCACAGGAAAATCAA-3’ 
Exon 4 forward 5’-AATGTCTTTTGTTGTGTTTTGTTTT-3’ 

  reverse 5’-AAAATAACATTTAAGCAAACCAAGG-3’ 
Exon 5 forward 5’-TTTCCAAATGCCAAATATAAGC-3’ 

  reverse 5’-TGCCATTTCCTTTTCCAGTT-3’ 

Exon 6 forward 5’-TCCTCTTTTTCCTTCCTTTTGT-3’ 

  reverse 5’-TGGAAATGGTTTCCTACCTCTC-3’ 
Exon 7 forward 5’-GAGGGCATCCCATTATCAAA-3’ 

  reverse 5’-TTCACTGAATCTCTGCATTTAACA-3’ 
Exon 8 forward 5’-AGCGTGATTAGCCTCCCTTT-3’ 

  reverse 5’-GGGGGAACTGAGCATCAAAT-3’ 
Exon 9 forward 5’-TGAGGCCTTTCCATTTGTTT-3’ 

  reverse 5’-AGTGACGGCTCCACTTCTTC-3’ 
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Exon 10 forward 5’-TCCATCTGGAACATTCTTGTG-3’ 

  reverse 5’-AATCTTATTTTGTCTTTCGTTGAAAA-3’ 
Exon 11 forward 5’-GGGGAGTCATGCTACATTGG-3’ 

  reverse 5’-GCAGATGAGGCCTAGGTGAC-3’ 
Exon 12 forward 5’-CGGAAGGATGAACTCTGAGG-3’ 

  reverse 5’-CTTGCTGCTTCATTTTTCCA-3’ 
Exon 13 forward 5’-TCTATCATGTTAGTGCTGAAAGCTG-3’ 

  reverse 5’-TCCCAGCAGAAGAAAAGAAAA-3’ 
Exon 14 forward 5’-AAGCACGGTTTCTGAAGGTC-3’ 

  reverse 5’-CCACGCACACACACAGGTAT-3’ 
Exon 15 forward 5’-ACAACCCTGAGTGTCCATCTG-3’ 

  reverse 5’-ATGGTTGAATTCTAGGCAGGAA-3’ 
Exon 16 forward 5’-TGAATTTAAAAGGGCAATGGA-3’ 

  reverse 5’-GTAGTTTCCATGGGCTCCAA-3’ 
Exon 17 forward 5’-GCCTATGTGAGGGGTGAGAG-3’ 

  reverse 5’-CAGCGTGTGCTGCTATCTTC-3’ 
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