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PLAN OF THIS THESIS

This thesis is presented in six chapters. Chapter 1 provides a comprehensive background of
colorectal carcinoma, including the molecular pathogenesis. This includes a state-of-the-art
literature review (paper 1) summarising the molecular classification of colorectal carcinoma,
with a particular focus on reviewing all the available literature pertinent to sub-Saharan Africa.
The aims and objectives are also presented here. Chapter 2 comprehensively details the

clinicopathological characteristics of the entire research cohort.

Chapters 3-5 represent the original research (papers 2, 3 and 4) and are linked to achieve the

objectives of this degree.

Chapter 3 (paper 2) investigates somatic mutations and pathways with panel sequencing, in a
selected group of 32 dAMMR CRC where no germline variants were detected diagnostically. In
Chapter 4 (paper 3) whole slide scanned digital images of the entire research cohort were
subjected to a machine learning platform to assess its effectiveness in predicting dIMMR CRC in
an ethnically heterogeneous South African cohort. Chapter 5 (paper 4) describes the somatic

mutational landscape of the pMMR CRC subset utilising whole-exome sequencing technology.

The last chapter provides a general discussion of the most important findings, a review of the
various studies’ strengths and weaknesses, and a brief overview of perspectives for future

research.
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ABSTRACT

The incidence of colorectal carcinoma (CRC) in young patients is rising in sub-Saharan Africa
and is set to become a major public health problem within the next decade. Despite this, there is
a paucity of large-scale genomic studies in the subregion. To investigate driver genes, oncogenic
signalling pathways and the spectrum of pathogenic variants, we retrospectively identified 197

CRC cases over a 5-year period.

Thirty-two mismatch repair-deficient (IMMR) cases, without known germline variants, were
investigated with amplicon-based panel next-generation sequencing (NGS). Pathogenic or likely
pathogenic variants were detected in the corresponding MMR gene in 14 of 18 (78%)
MLH1/PMS2-deficient tumours, 5 of 8 (63%) MSH2/MSH6-deficient tumours, 1 of 4 (25%)
tumours with isolated MSH®6 loss, and 0 of 2 tumours with isolated PMS2 loss. Cases with a
variant allele frequency suggesting a germline mutation were identified in MLH1 (eight), MSH?2
(two) and MSH6 (one). NGS-based strategies for Lynch syndrome screening are advised to

detect the broad spectrum of disease-causing MMR gene variants in our population.

Resource constraints prohibit the rollout of universal MMR screening in sub-Saharan Africa. We
sought to determine the performance of a deep learning model in our ethnically heterogeneous
cohort. Our model yielded an AUROC of 0.91 (£0.02). Calibrating the classification threshold
to 0.15, the overall sensitivity achieved in our cohort was optimised to 96% (95% CI 90-100)
with a specificity of 60% (95% CI 52-82). This model could therefore be employed to accurately
pre-screen for AIMMR cases, thereby reducing the burden of downstream immunohistochemical

and molecular testing in our resource-limited setting.

Whole-exome sequencing was performed on a subset of the research cohort. Eighty-three cases
were included in the analysis (77 MSS, 4 MSI, 2 POL). APC, TP53 and KRAS were among the
most frequently mutated driver genes, although at a lower frequency than described in the
literature. BRAF V600E mutations were absent. Although there were differences in the
frequencies of mutations in the major driver genes, the frequencies of oncogenic pathway
alterations were similar. FAT4 (26%) and TET?2 (15%) have emerged as important novel driver

genes in left-sided tumours and are potential therapeutic targets for further investigation.
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1. CHAPTER ONE - INTRODUCTION

1.1. Colorectal Carcinoma

1.1.1. Definition

Colorectal carcinoma (CRC) is a malignant epithelial neoplasm of the large bowel that shows

glandular or mucinous differentiation.

1.1.2. Epidemiology

The worldwide incidence of CRC according to GLOBOCAN 2022 was 1 926 118 (third,
amongst all cancers), and the absolute mortality was 903 859 (second, amongst all cancers).[1]
Males are affected marginally more than females. Australia, Europe, North America and Asia
account for most new cases of CRC. There is a decline in the incidence of CRC in many high-
income countries (HIC) which likely reflects the trend of population level shifts to a healthier
lifestyle and improved access to screening programmes.[2, 3] However, the incidence of CRC is

rising in developing countries and is set to do so dramatically over the coming decade.[3]

1.1.3. Aetiology

Although most cases are sporadic, hereditary genetic predisposition is a significant risk factor for

CRC; the risk varies depending on the gene and type of mutation (Table 1.1).

Established modifiable risk factors include processed and red meat, alcohol, and excess body
fat.[4-6] Consuming a diet high in fibre and dairy products and increased physical activity
decrease the risk.[6, 7] Nonsteroidal anti-inflammatory drugs (NSAIDs) also lower the risk.[§]
Chronic inflammation of the large bowel, as occurs in inflammatory bowel disease (Crohn
disease and ulcerative colitis) is another risk factor. In the tropics, chronic infections with
various parasitic and bacterial organisms have been implicated in the development of CRC,

presumably related to chronic inflammation.[9, 10]



Table 1.1: Summary of Hereditary Cancer Syndromes in CRC[11]

Syndrome Genes Involved Inheritance pattern | CRC risk
Mismatch repair genes
Lynch syndrome (MLHI, MSH2, MSH6, PMS2, AD 10-50%*
others)
Familial adenomatous
) APC AD 100%"°
polyposis
MUTYH-associated
) MUTYH AR 60-70%"°
polyposis
NTHLI-associated
) NTHLI AR Unknown
polyposis
Polymerase proofreading—
) . POLDI, POLE AD 30-70%"¢
associated polyposis
Constitutional mismatch Mismatch repair genes
AR Unknown
repair deficiency syndrome | (MLHI, MSH2, MSH6, PMS?2)
Hereditary mixed polyposis
Y polvp GREM1 AD Unknown
syndrome
MSH3-associated polyposis | MSH3 AR Unknown
AXIN2-associated polyposis | AXIN2 AD Unknown
Immune deficiency—
) . Various Various Unknown
associated polyposis
Serrated polyposis Unknown Unknown Unknown
Juvenile polyposis
SMAD4 or BMPRIA AD 68%°
syndrome
Peutz—Jeghers syndrome STK11 (LKBI) AD 39%°¢
Cowden syndrome PTEN AD 9%®
Li—Fraumeni syndrome TP53 AD Unknown

AD, autosomal dominant; AR, autosomal recessive.

Risk at 75 years (varies by gene, age, and sex). ° Lifetime risk. ®Risk at 65-70 years.

dRisk at 60 years.




1.1.4. Pathogenesis

CRC is thought to develop via one of three pathways. The majority of tumours develop through
the adenoma-carcinoma sequence originally described by Vogelstein.[12] The remaining
tumours develop via the microsatellite instability (MSI) pathway (hypermutant) or as a result of
mutations in the proofreading domain of polymerase ¢ (POLE) (ultramutant). Hypermutant CRC

is defined as more than 12 mutations per 10° base pairs.[13]

1.1.4.1. Chromosomal Instability

Approximately 84% of CRCs develop from an adenomatous polyp via the chromosomal
instability (CIN) pathway (also referred to as microsatellite stable — MSS). Molecularly, these
tumours are characterised by high levels of deoxyribonucleic acid (DNA) somatic copy-number
alterations (SCNAs) with gains and losses affecting a small group of genes.[14] Biallelic
inactivation of the adenomatous polyposis coli (4PC) tumour suppressor gene is the hallmark of
this pathway, occurring as an early event in the formation of an adenomatous polyp (Figure 1.1),
and seen in up to 80% of CIN CRC.[12, 15] Somatic inactivation may either be due to a
mutation or an epigenetic event. Germline mutations in APC lead to a hereditary form of CRC,
familial adenomatous polyposis (FAP) which is an autosomal dominant condition. Inactivation
of APC leads to the dysregulation of the WNT signalling pathway and the cytoplasmic
accumulation of B-catenin, which then translocates to the nucleus and activates transcription
factors such as MYC and cyclin D1.[16] This leads to increased cellular proliferation. Additional
mutations in proto-oncogenes are required in the adenoma-carcinoma sequence. KRAS-
activating mutations are the most frequent, occurring in approximately 50% of adenomas larger
than 1cm in size.[17] Mutations in other tumour suppressor genes include SMAD?2 and SMAD4
(effectors of the TGF-P signalling pathway) and 7P53. Loss of function of 7P53 is a late event
in the adenoma-carcinoma sequence and is found in 70-80% of CRC. Loss of function of a
tumour suppressor gene is often caused by chromosomal deletions but may also occur due to

CpG island hypermethylation and epigenetic silencing.



MUCOSA AT RISK ADENOMA ADVANCED CARCINOMA
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Figure 1.1: Morphological and Molecular Changes in the adenoma-carcinoma Sequence[18]

1.1.4.2. Hypermutated

MSI accounts for 13-16% of CRC and is caused by the loss of function of an MMR gene. Most
cases are sporadic, caused by biallelic somatic inactivation, but in up to 20% of cases the patient
carries a germline MMR (or rarely EPCAM) gene mutation. There are at least 7 MMR genes in
humans. MLHI, MSH2, MSH6 and PMS?2 are the most important in cancer biology. MLH1 is
the most frequently affected MMR gene, and the typical mechanism of loss of function is
hypermethylation of the promoter region of the gene. This is frequently associated with BRAF'
V600E mutations. In patients with AIMMR, mutations accumulate in microsatellite repeat

regions of the DNA, leading to MSI.

1.1.4.2.1. Mismatch repair mechanisms

Microsatellites are areas of short tandem repeat sequences that typically (but not always) occur in

non-coding regions of a gene. DNA damage accumulates over time due to base-base



mismatches, indels and slippage. Where microsatellites are in coding regions, this has the
potential to generate mutations that are deleterious to cell function. DNA mismatch repair
(MMR) is a cellular mechanism that safeguards the genome from such errors during
replication.[19] There are several components involved in DNA MMR (Table 1.2). MMR has
been extensively studied in Escherichia coli where the proteins involved are MutS and MutL. In
humans, these complexes are heterodimers and are referred to as hMutS and hMutL. hMutSa
(MSH2-MSH6) and hMutSB (MSH2-MSH3) are responsible for detecting DNA base pair
mismatches.[20] The hMutSa complex recognises mismatched bases of 1-2 nucleotides,
whereas the hMutSPB complex recognises larger mismatched base sequences. These complexes
bind to the unravelled DNA strand and recruit hMutLo (MLH1-PMS2), hMutL (MLH1-PMS1)
or hMutLy (MLH1-MLH3) complexes which are responsible for nicking the DNA strand and
initiating DNA excision by EXO1. Once the segment of DNA containing the mismatched bases
has been excised, the hMutL complex is responsible for terminating excision. This is followed

by DNA resynthesis and nick ligation, which is mediated by Pol 6 and DNA ligase 1.

Table 1.2: Major Components in Human DNA Mismatch Repair

Component Function

hMutSa (MSH2-MSH6) DNA mismatch recognition

hMutSB (MSH2-MSH3)

hMutLo (MLH1-PMS2) Molecular matchmaker, endonuclease,
hMutLp (MLH1-PMS1) termination of mismatch-provoked excision
hMutLy (MLH1-MLH3)

Exol DNA excision

Pol & DNA re-synthesis

DNA ligase 1 Nick ligation




1.1.4.2.2. Microsatellite Instability Pathway to Colorectal Cancer

Most DNA mismatch mutations are silent as microsatellites typically occur in the non-coding
regions of genes. However, some microsatellites occur in the coding or promoter regions of
genes. In particular, TGF-BRII and the pro-apoptotic protein BAX are involved (Figure 1.2).[21]
Under normal conditions, 7GF-§ inhibits colonic epithelial cell proliferation. Mutations in 7GF-

PRI, therefore, may lead to increased cell proliferation.

NORMAL COLON SESSILE SERRATED CARCINOMA
ADENOMA
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mutations in MMR genes second allele » of mutations
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Figure 1.2: Morphological and Molecular Changes in the Mismatch Repair Pathway of CRC[18]

1.1.4.3. Ultramutated

The Cancer Genome Atlas (TCGA) identified a subset of ultramutated but MSS CRC in 2012 by
analysing exome sequencing data from 224 sporadic CRC cases.[13] These tumours harboured
recurrent inactivating somatic mutations within the exonuclease domain (ED) of POLE.

Ultramutated CRC accounts for 1-3% of CRC, and features a characteristic nucleotide base



change spectrum with increased C-to-A transversions and an extremely high tumour mutation

burden.[17] Most of these mutations are passenger mutations.

Both Pol € and Pol & comprise four subunits in humans. The largest subunit contains the
catalytic and proofreading exonuclease active sites encoded by POLE and POLD],
respectively.[22] The most frequent POLE mutations occur at codons 286, 411, and 459 (Figure
1.3).[13, 23] Nine somatic and six germline pathogenic POLE ED mutations have been
described in human cancer.[24] Although pathogenic POLDI mutations are described in other

cancer types, none have been identified in CRC to date.
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Figure 1.3: Lolliplot of the POLE gene, highlighting the position of the exonuclease domain at
codon 86-426(25, 26]

1.1.5. Pathology

1.1.5.1. Histological Features that Suggest Microsatellite Instability

Most CRCs are histologically classified as adenocarcinoma, not otherwise specified (NOS).
There are several well-defined histological subtypes that have strict diagnostic criteria and are
associated with MSI and Lynch syndrome.[11] Mucinous adenocarcinoma is the most common
subtype (5-20%) and is defined as having >50% pools of extracellular mucin, containing
malignant epithelium arranged in clumps or as single cells. Signet ring cell adenocarcinoma is
diagnosed when >50% of the tumour comprises cells with a globule of intracytoplasmic mucin,
which peripherally displaces the nucleus. Medullary carcinoma contains sheets of malignant
epithelial cells with abundant eosinophilic cytoplasm, prominent nucleoli, and a prominent

infiltrate of lymphocytes.

Tumour-infiltrating lymphocytes (TILs) and a Crohn-like response are independently associated

with MSI and a more favourable prognosis.[27] Several different methods for quantitatively



assessing TILs have been described. One such system is the Klintrup-Makinen Score, wherein

the immune infiltrate is scored from 0 to 3 (Table 1.3).[28]

Table 1.3: Klintrup-Makinen Score for Assessment of Tumour Infiltrating Lymphocytes

Score Description

0 no increase in inflammatory cells

1 patchy increase of inflammatory cells at the invasive margin

2 band-like infiltrate at the invasive margin with some destruction of
cancer cell islets

3 very prominent inflammatory reaction, and frequent destruction of
cancer cell islets

1.1.5.2. MMR Protein Immunohistochemistry

dMMR is assessed using IHC by staining for the four MMR proteins (MLH1, PMS2, MSH2,

MSHG6). This method is technically straightforward to perform and has a faster turnaround time

compared to PCR-based methods. Interpretation of the IHC results is performed by a

histopathologist and is relatively straightforward (Table 1.4). The tissue section should contain a

built-in positive control, such as native colonic epithelium or lymphocytes. Loss of staining in

tumour cells is interpreted as a significant finding, and the combination of staining loss can be

used to identify the MMR gene, which is likely harbouring a mutation. MSH2 (and MLH1) can

form heterodimers with MMR proteins other than MSH6 (and PMS2), and therefore, expression
of MSH2 (and MLH1) is usually not lost when an MSH6 (and PMS2) mutation is present.




Table 1.4: Common Patterns of MMR Protein Loss with Immunohistochemistry

Pattern Interpretation
MLHI1 and PMS2 MLH mutation (or inactivation)
MSH2 and MSH6 MSH?2 mutation

EPCAM mutation (less common)
Isolated MSH6 MSH6 mutation
Isolated PMS2 PMS?2 mutation

1.1.5.3. Molecular Tests for Microsatellite Instability

PCR has been widely used historically to detect MSI and remains the gold standard. This test,
however, is more costly than IHC, has a longer turnaround time, and does not indicate which
MMR gene is likely to be affected. The original National Cancer Institute Bethesda panel
assessed five microsatellite repeats: two mononucleotide repeats (BAT25 and BAT26) and three
dinucleotide repeats (D2S123, D5S346, and D17S250). Newer panels, however, assess
mononucleotide repeats only (BAT25, BAT26, NR21, NR24 and NR27) as they are more
sensitive and specific. Loss of 2 or more loci 1s considered MSI-H, loss of 1 locus MSI-L, and

no shifted microsatellites is considered MSS.

Recently, bioinformatics tools have emerged that can be applied to data generated from large
panel NGS or WES to infer MSI status. The most widely used tools are MSIsensor, MANTIS,
and mSINGS. Most recently, MSIsensor-pro was developed, and it does not require a matched
normal sample.[29] These tests are currently predominantly utilised in the research environment,
although once diagnostic NGS becomes more widespread, this may become a more attractive

option.
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1.2.1. Abstract

Our understanding of the molecular classification of colorectal carcinoma (CRC) has evolved
significantly over the past two decades. Tumours can be broadly categorised as microsatellite
stable (MSS), microsatellite instability (MSI) or CpG island methylator phenotype (CIMP).
Prognostic and predictive information is provided by these categories. The overwhelming
majority of the data on which these categories are based have originated from Europe and North
America. There is a dearth of information represented from Africa and indigenous African
patients. However, some small studies and preliminary data have shown significant differences
in all of these groups. The prevalence of MSI in Africa is consistently reported as almost double
that of European and North American data. Interestingly, BRAF V600E mutations and MLH1
promotor hypermethylation seem to be uncommon in Africa. The high proportion of MSI
tumours is only partly accounted for by germline mutations in mismatch repair genes (Lynch
syndrome) suggesting that there are likely to be other mechanisms at play. Within the MSS
group, preliminary data suggest that the typical molecular pathways (WNT pathway activation)
may not be as dominant in Africa. The purpose of this review it to summarize the current state of
the molecular genetic landscape of CRC in Africa and provide insights into areas for further

study.

Introduction

Colorectal carcinoma (CRC) is the third most common cancer worldwide (10%), and is the
second leading cause of cancer-related deaths, accounting for 935 173 deaths in 2020.[1] The
incidence of CRC is set to rise dramatically over the coming decade, and most of this growth is
predicted to occur in low- and middle- income countries.[2] The International Agency for
Research on Cancer (IARC), through the GLOBOCAN estimates, provides up to date statistics
on CRC incidence and mortality rates.[3] In Africa, age-standardised incidence rates (ASR) are
highest in the Indian Ocean islands of Mauritius (17.8) and Le Reunion (24.5), South Africa
(14.6) and North Africa (11.3-15.7) (Figure 1.4). The rest of the continent shows a relatively
low burden of disease, although this may be confounded by the lack of well-utilised centralised
cancer registries. These figures are in stark contrast to the relatively high age-standardised

incidence rates from Eastern Europe (45.3), Japan (38.5) and North America (31.2).
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Figure 1.4: Estimated Age-Standardised Incidence Rates (ASR) of Colorectal Carcinoma in
Africa in 2020. Data from GLOBOCAN 2020.[3]

Several authors have noted differences in the epidemiology and clinicopathological features of

CRC in cohorts from countries in Africa, as compared to high-income countries (HIC).[4-11]

These include a younger age of onset, more advanced disease at presentation, increased

mucinous differentiation and increased frequency of microsatellite instability (MSI). More

recently, larger studies have shown an increased frequency of left-sided tumours amongst young

indigenous Africans.[12, 13] This is in contrast to data from Europe, Japan and the USA which

shows decreasing frequency of left-sided disease.[14-16]

Despite significant advances in molecular pathology and increasingly sophisticated molecular-

based cancer classification systems, very little data has been contributed by African studies. This

review attempts to comprehensively summarise the available molecular data from all of the

relevant studies originating from sub-Saharan Africa.
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1.2.3. Current Concepts in the Molecular Classification of Colorectal Carcinoma

Traditionally, two molecular pathways have been recognised in CRC, namely, MSI and
chromosomal instability (CIN).[17, 18] The majority of cases in both categories are sporadic

(70-80%), while the remaining have a hereditary component.

CIN (also referred to as microsatellite stable — MSS) CRC develops via the classic adenoma-
carcinoma sequence and is characterised by high frequency somatic copy number alterations
(SCNA).[19] This pathway accounts for the majority (65-75%) of CRC cases. Loss of the
adenomatous polyposis coli (APC) tumour suppressor gene is an early event.[17, 20] These

tumours are also associated with KRAS activation and 7P53 inactivation.[21]

MSI CRC occurs in the setting of mutations (which may be somatic or germline) in the DNA
mismatch repair (MMR) system. This pathway accounts for 13-16% of CRC globally. There are
at least seven MMR genes in humans, the most significant of which, in cancer biology, include
MLHI, MSH2, MSH6 and PMS2. Other MMR genes which are less frequently mutated in CRC
are PMS1, MLH3 and MSH3.[22-24] Somatic-type variation and modification of DNA accounts
for the majority of MSI CRC cases and results from epigenetic silencing (methylation) of the
promotor sequence of MLHI and are associated with BRAF V600E point mutations.[25]
Germline mutations (Lynch syndrome) occur as a result of mutations mostly in one of the four
MMR genes or, less commonly, the epithelial cell adhesion molecule (EPCAM) gene. Germline-
EPCAM contiguous deletions lead to transcriptional silencing of MSH2 and manifestation of
Lynch syndrome.[26] CpG island-methylator phenotype (CIMP) CRC shows hypermethylation
of several key promotor CpG islands leading to epigenetic inactivation of tumour-suppressor and
tumour-related genes.[27] CIMP CRC and sporadic MSI CRC show significant overlap in

clinicopathological features and both develop via the serrated neoplasia pathway.

The molecular classification of CRC has evolved over the past decade to include novel molecular

and transcriptomic data, with proposed classification systems provided by The Cancer Genome
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Atlas (TCGA) project and Colorectal Cancer Subtyping Consortium (CRCSC), dominating

recent literature.[28, 29]

The TCGA project investigated 276 cases of CRC by studying exome sequence, DNA copy
number, promoter methylation and messenger RNA (mRNA) and microRNA expression. Based
on this data, 13% of cases could be classified as hypermutated (MSI), 3% as ultramutated (MSI
coupled with POLE or POLD1 mutations) and the majority (84%) as CIN. TCGA also identified
potentially therapeutic targets in ERBB2 and /GF2 amplifications.

CRCSC aggregated transcriptomic data on RNA expression from several studies and identified
four major consensus molecular subtype (CMS) groups, namely CMS1 (MSI-immune), CMS2
(canonical), CMS3 (metabolic) and CMS4 (mesenchymal) (Figure 1.5). Almost all of the
hypermutated MSI cancers fell into the CMS1 group (MSI-immune, 14%). These were
associated with MLH1 silencing, CIMP, BRAF mutations and a low number of SCNAs. In
addition, these tumours were found to show evidence of immune activation with prominent
CD8+ tumour-infiltrating lymphocytes. The significance of recognising this group is their
potential response to immune checkpoint inhibitors.[21] The remaining MSS cases were
categorised as CMS2 (canonical, 37%), CMS3 (metabolic, 13%) or CMS4 (mesenchymal, 23%).
There was a residual group showing mixed features which represented 13% of cases. CMS2 was
associated with a high number of SCNAs, and WNT and MYC activation. CMS3 showed a low
number of SCNAs, CIMP-low, frequent KRAS mutations, metabolic dysregulation, and an
epithelial signature. CMS4 showed a high number of SCNAs, stromal infiltration, TGF-f

activation, epithelial-to-mesenchymal (EMT) transition, angiogenesis, and matrix remodelling.
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Figure 1.5: Molecular Classification of Colorectal Carcinoma Incorporating the Cancer Genome
Atlas (TCGA) and Colorectal Cancer Subtyping Consortium (CRCSC) Schemas. CMS
consensus molecular subtype; dMMR deficient mismatch repair; MSI microsatellite instability;
CIMP CpG island methylator phenotype, SCNA somatic copy number alteration, EMT

epithelial-mesenchymal transition.

Liu et al. further analysed TCGA data in 2018, which included 459 colorectal adenocarcinoma
cases, and identified a group of genomically stable tumours which lacked hypermethylation and
aneuploidy.[30] This molecular subgroup comprised 12.6% (58/459) of the cohort and enriched

for earlier stage disease, later mean age at diagnosis, and SOX9 and PCBP1 mutations.

1.2.4. Colorectal Carcinoma in Africa

Although our understanding of the underlying genomics and pathogenesis of CRC has evolved
significantly over the past two decades, most data have originated from groups in North America
and Europe. Studies have suggested a unique molecular profile and disproportionate tendency

for early age of onset among African Americans.[31-33] Several centres in Sub-Saharan Africa
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have published work on CRC. Most of these studies are descriptive and have focused on the
clinicopathological characteristics, and to a lesser extent the prevalence of MSI tumours. To our
knowledge, there has only been one study in sub-Saharan Africa that has extensively interrogated
the genetic basis of CRC in a cohort of unselected Nigerian patients.[13] This represents an

obvious knowledge gap.

1.2.4.1. Interrogating the MSI Pathway

Studies from Southern, West and East Africa have consistently demonstrated an increased
frequency of MSI CRC in their respective populations. There have been a variety of techniques
used to demonstrate MSI, and these are not necessarily comprehensive or comparable between
studies. Most work appears to have originated from South Africa, with studies in Gauteng,
Mpumalanga, North-West, Western Cape and Northern Cape provinces.[4, 34, 35] These studies
provide the clearest overview of the MMR protein expression status as determined by
immunohistochemistry (IHC) in sub-Saharan Africa (Table 1.5). The findings of the Northern
Cape study, however, are likely attributed to a unique founder mutation prevalent in the
region.[36] Holla ef al. recently examined a cohort of 27 indigenous African patients with CRC
and found that MMR-proficient tumours occurred at a significantly younger age (44 vs. 35 years)
and showed a predominance for the distal colon (73%).[37] Other studies with larger sample
sizes have, however, found an older age of onset for MMR-proficient tumours.[13, 34] McCabe
et al. described a greater proportion of AMSH2/6 (49%) in black patients compared to other
ethnic groups who predominantly showed a AMLH1/PMS?2 pattern.[34] Cronje ef al. published
data in 2009 on a cohort from Gauteng, Mpumalanga and North-West provinces, and found the
rate of MSI to be 67% in that population group.[4] This study showed a very high proportion of
tumours with isolated loss of expression of MSH6 (75/192) which has not been demonstrated in
other studies in the same region and should probably be interpreted cautiously. These authors

also did not perform PMS2 immunohistochemistry on their cohort.
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Table 1.5: Distribution of Loss of Mismatch Repair Protein Immunohistochemistry Expression

in All Available Sub-Saharan African Studies with Complete Data.

Province (South n MLH1 | MSH2 & | Isolated Isolated | dMMR
Africa) & PMS2 | MSH6 MSH6 PMS2
Cronje et al. | Gauteng, 192 37 17 75 ND 129
(2009) Mpumalanga, (67%)
North West
Vergouwe et | Northern Cape 78 11 6 ND ND 17
al. (2013) (22%)
McCabe et Gauteng 439 31 22 1 2 56
al. (2019) (13%)
Katsidzira et | Zimbabwe 89 4 2 0 0 6
al. (2019) (7%)
Holla et al. Western Cape 27 6 3 0 1 10
(2022) (37%)
825 | 89 (11%) | 50 (6%) | 76 (9%) | 3 (0.4%) 218
(26%)

PMMR proficient mismatch repair; AMMR deficient mismatch repair; ND not done

Data from a histopathological study in Uganda showed that 27.3% of tumours met the Revised
Bethesda guidelines for MSI testing.[10] These tumours were, unfortunately, not subjected to
MSI testing.

Interestingly, recent data from a small Zimbabwean cohort showed a prevalence of MSI tumours
(7%) similar to that described in the international literature.[38] These authors proceeded to
germline testing with a multigene next generation sequencing (NGS) panel and found the
frequency of Lynch syndrome in their cohort to be 3.3-5.6%. This is within the global
prevalence range of Lynch syndrome (2-4%).[39] Some authors have suggested that the

prevalence of germline variants in young patients with CRC is underestimated.[40, 41]
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Studies using IHC and polymerase chain reaction (PCR)-based methods to detect MSI in Nigeria
reported the frequency of MSI to be 23-43%.[7, 42, 43] Alatise ef al. recently published work on
a Nigerian cohort which likely represents the most sophisticated study to date in sub-Saharan
Africa.[13] They used a hybrid approach to determine MSI status including MSIsensor (NGS
data) and mismatch repair (MMR) IHC and found the rate of MSI to be 28.1% (18/64) and
21.3% (20/94), respectively. In Ghana, Raskin et al. showed a frequency of MSI-H in 29/71
(41%) of sequenced tumours.[44] Limited MMR IHC data is available from this study, but loss
of MLH1/PMS2 was found in 3 tumours and isolated loss of MLH1 and PMS2 in one tumour

each.

The 5 studies identified in sub-Saharan Africa which utilised PCR-based strategies, have shown
the frequency of MSI-H tumours to be 11-43% (Table 1.6).[7, 34, 38, 44, 45] Irabor et al.,
Raskin ef al. and Cronje et al. used the National Cancer Institute (NCI) 5 marker panel (BAT25,
BAT26, D5S346 (APC), D17S8250 (Mfd15CA) and D2S123) and McCabe used the pentaplex
mononucleotide panel (BAT-25, BAT-26, NR-21, NR-24, and NR-27). Polymorphisms in the
mononucleotide repeats BAT25 and BAT26 are well known to occur at increased frequency
(18.4% and 12.6% of these alleles respectively) in the African American population.[46, 47] The
use of a 5 marker panel and inclusion of sampled non-tumour tissue as a control should prevent

overcalling MSI-H in this population group.
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Table 1.6: Comparison of Molecular and Immunohistochemical Methods for Determining MSI

in All Available Studies in Sub-Saharan Africa with Molecular Data

MSI
MSI-H dMMR
n Country
(PCR) (IHC)

Alatise et al. o 28% 21%

157 | Nigeria
(2021) (18/64)* (20/94)
McCabe et al. ' 12% 13%

439 | South Africa (Gauteng)

(2019) (31/267) (56/439)
Katsidzira et al. _ 11% 7%

89 | Zimbabwe
(2019) (6/53) (6/89)
Raskin et al. 41%

71 | Ghana ox
(2013) (29/70)
Irabor et al. o 43%

83 | Nigeria ND
(2017) (15/35)
Cronje et al. 24 South Africa (Gauteng, Mpumalanga, 25% 34%
(2009) North West) (11/44) (15/44)

MSI microsatellite instability; PCR polymerase chain reaction; AMMR deficient mismatch

repair; [HC immunohistochemistry; ND not done; *NGS data using MSIsensor; **cannot be

extracted accurately

Only the more recent studies have demonstrated comprehensive interrogation of MSI status with

a full panel of MMR protein immunohistochemical stains or NGS-based methods (MSlsensor).

The picture on MSI in Africa is still incomplete and requires more comprehensive studies

comprising larger cohorts and utilising consistent standardised techniques.
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1.2.4.2. Further Dissecting the MSI group — MLHI hypermethylation, CIMP and BRAF V600E

Only three studies in sub-Saharan Africa have attempted to further differentiate between
subgroups within the overarching category of MSI tumours. Alatise et al. found the rate of MSI
in their Nigerian cohort to be more than double that reported in HIC.[13] However, germline
testing on a subset of the cases found pathogenic mutations to be present in only 17% of the
MSI-H cases which is similar to internationally reported rates (11-18.5%).[39, 48] In addition,
less than a third of selected MSI-H cases showed MLH1 promotor hypermethylation, only 8%
were CIMP-H and BRAF V600OE mutations were absent. These findings suggest an alternative
molecular pathway leading to MSI-H in African patients.

In South Africa, Cronje et al. showed a high frequency of MSI-H and a low frequency of
promotor methylation and BRAF V600E point mutations in their young indigenous African
cohort.[45] McCabe et al. performed BRAF PCR on the 34 MSI cases in their study and found
mutations in only 4/34 (12%).[34] All of these mutations were found in the “other ethnic group”
category and all indigenous Africans with MSI were found to be BRAF V600E wildtype. Other
groups have also shown a low frequency of BRAF V600OE mutations in sporadic CRC in sub-

Saharan Africa.[38, 44]

Interestingly, McCabe et al. found that 5/31 (16%) of patients with MSI-H on PCR were MMR
proficient on IHC suggesting that aberrant (missense) staining patterns or other mismatch repair
genes (MSH3, MLH1, PMS1) may be in play.[31] Discrepancies in the results from molecular-
based techniques (PCR and NGS) and IHC have been highlighted by 4 studies in sub-Saharan
Africa (Table 2).[13, 34, 38, 45] Interpretation of MMR protein immunohistochemistry is
limited by several factors including tissue fixation, intratumoural heterogeneity, tumour
infiltrating lymphocytes, and the presence of MMR gene missense mutations which may result in
retained protein expression.[49] Hechtman et al. have recently shown that MMR protein
expression may be retained in as many as 6% of MSI-H tumours with missense mutations in

MMR genes.[50]
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1.2.4.3. Preliminary Data on MSS tumours in Africa

The molecular pathogenesis of MSS CRC is dominated by activation of the WNT pathway in
HIC.[28] This is typically characterised by inactivation mutations in APC and/or gain-of-
function mutations in CTNNBI. Alatise et al. recently published the only study to
comprehensively investigate somatic alterations in the molecular pathways associated with MSS
CRC in sub-Saharan Africa.[13] As part of this study, the authors subjected 46 tumours from
their cohort of 380 indigenous African patients to NGS using the 341 gene Memorial Sloan
Kettering-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT)
assay.[S1] The findings were compared to a cohort of 1040 MSK patients with available
genomic data. Significant differences were found in the frequency of 4PC mutations (39.1%
Nigeria vs. 76.0% MSKCC, P <0.01) and WNT pathway alterations (47.8% Nigeria vs. 81.9%
MSKCC, P<0.001). CTNNBI gene alterations were similar between the two groups (4.4 vs.
3.7%, P =0.68). RAS pathway alterations were also more frequent in the Nigerian cohort (76.1
vs. 59.6% MSKCC, P=0.03). TP53 (71.7% Nigeria vs. 77.5% MSKCC, P = 0.370) and KRAS
(56.5% Nigeria vs. 44.1% MSKCC, P = 0.13) somatic mutation frequencies were not different
between the cohorts. Raskin ef al. used Sanger sequencing to investigate KRAS exons 2 and 3 in

76 tumours from a Ghanaian cohort, and found activating mutations in 23/76 (30%) cases.[44]

Although sample numbers were limited in these studies, these findings represent a significant

departure from the traditional molecular pathways in MSS in HIE.

1.2.5. Bridging the Genomic Rift

There 1s a somewhat fragmented, but significant and growing body of literature demonstrating an
increased prevalence of MSI CRC in sub-Saharan Africa. The isolated studies which have
examined paired germline material have not shown there to be a significantly increased
prevalence of Lynch syndrome amongst these cases.[13, 38] Investigators attempting to tease
out the group of sporadic MSI tumours with BRAF V600E and MLH 1 promotor methylation
studies have failed to demonstrate that any significant proportion of these tumours falls into the

CIMP-H category.[13, 34, 45] This has led authors to conclude that other mechanisms of MLH1
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silencing may be at play. This remains uninvestigated. Interestingly, no studies in Africa have
utilised BRAF V60OE THC to investigate their AIMLH1/PMS2 tumours. This is an easily

accessible, reliable, and relatively inexpensive alternative to PCR-based strategies.

In addition, the discordance between MSI status assigned by PCR (and more recently in some
instances by NGS-based models) and by the routinely used MMR protein IHC markers, MLHI,
MSH2, MSH6 and PMS2 have led some to suggest that other, largely uninvestigated, MMR
genes (MSH3, MLH3, PMS1) may be at play. Larger studies based on well collected and
preserved samples, well-populated databases and utilising modern high-throughput technologies

are required from different centres to gain a clear picture of the MSI tumour landscape in Africa.

The MSS CRC group remains even more poorly characterised in Africa. Preliminary data
suggests that there may be vast differences between the activated molecular pathways in this

group of tumours in Africa compared to Europe and North America.

Gaining a clear understanding of the molecular pathways underpinning and driving the
development of CRC is critical in a resource limited setting like Africa. This will result in better
allocation of available resources for screening hereditary and sporadic CRC and precursor
lesions, as well as inform which treatment options are likely to be most effective in the local

context.
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1.3.  Specific Aims and Objectives

1.3.1. Primary Aim

To characterise the somatic molecular landscape of colorectal carcinoma in a cohort of relatively

young patients (<60 years of age) in Cape Town, South Africa.

1.3.2. Specific Objectives

(1) To investigate and characterise the cohort of AMMR tumours with amplicon-based panel
next-generation sequencing (NGS) to identify the spectrum of somatic variants in MMR
genes and associated driver genes.

(i1)) To evaluate the performance of a deep learning (DL) artificial intelligence (AI) model as a
pre-screening test to identify dAMMR tumours in our unique cohort of whole-slide scanned
images from sub-Saharan Africa.

(ii1)) To comprehensively characterise the somatic molecular genetics of the cohort of pMMR
cases by whole exome sequencing, with a particular focus on driver genes and oncogenic

pathway activation.

1.4. Rationale

CRC is one of the most common cancers globally, in both men and women, and contributes
significantly to cancer-associated deaths.[1] Currently, most of this burden of disease is reported
in developed countries. However, over the course of the next decade, the incidence of CRC is

set to rise drastically in developing regions, such as sub-Saharan Africa.[30]

As described in detail in the introductory section above, CRC can be partitioned into dMMR and
pPMMR categories. Historically, the purpose of recognising dMMR tumours was to identify
patients who might have Lynch syndrome for further testing. Recently however, it has become
important to identify these patients as they may be candidates for immune checkpoint inhibitor
therapy.[17] Universal screening of all CRC cases for dAMMR by immunohistochemistry (IHC)

or PCR is currently recommended by several international advisory groups.[31] However, this
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has added cost implications and is neither standardised nor practiced routinely in South Africa.
As a result, patients who would benefit from referral to a genetic counselling and testing service,
are either not identified in the first instance, or are lost to follow up. This is a major barrier to

providing a comprehensive Lynch syndrome screening program.

Recently, it has been shown that pre-screening whole slide scanned images of CRC resection
samples with deep-learning (DL) models can significantly reduce the burden of downstream IHC
or PCR testing.[32-34] These models have been trained and validated on large international
cohorts. However, there has been little representation of tumours from diverse populations, and
notably, sub-Saharan Africa. This is a potential shortcoming of these studies, and further
validation is required before these models can be applied diagnostically in sub-Saharan Africa.
The cost saving potential of this pre-screening test (by reducing the overall number of cases
which require wet bench testing) would allow more patients to have access to the more costly

confirmatory IHC or PCR tests.

pMMR CRC represents the majority of tumours encountered in clinical practice requiring
therapy. These tumours develop via the well described adenoma-carcinoma sequence and are
characterised by alterations in the WNT signalling pathway, KRAS mutations and 7P53
inactivation. Few studies have investigated the tumour biology of pMMR CRC in sub-Saharan
Africa. The preliminary work which has been done shows that alterations in these classical
pathways are not as frequent as described in developed or high-income countries.[35] This is an
intriguing observation and warrants further investigation. Understanding if there are alternative
driver genes or altered oncogenic signalling pathways is essential to developing modern

treatment strategies for these tumours.

Three main experiments were conducted to achieve the study objectives. The dIMMR cohort,
without known germline pathogenic variants, was subjected to amplicon-based panel sequencing
in the Ramesar laboratory (Chapter 3). The main purpose of this was to identify and characterise

the spectrum of MMR gene variants which led to loss of MMR protein expression in this cohort.
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Secondary aims were to identify any MMR genes with a variant allele frequency (VAF)
suggestive of a germline variant, and to identify any POLE variants, as well as describe the
frequency of established driver variants in this cohort. The second experiment (Chapter 4)
sought to determine the performance of a DL model on detecting dMMR in our novel cohort. As
universal MMR protein immunohistochemistry is not performed in South Africa uniformly, the
goal of this study was to investigate whether this AI model could be used as a pre-screening test
to decrease the burden (and associated cost) of downstream diagnostic IHC or PCR testing. In
the final experiment (Chapter 5) we sought to comprehensively characterise and profile the
molecular landscape of the pMMR cohort with whole exome sequencing (WES) in the Dave
laboratory (Duke University).
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2. CHAPTER TWO

2.1. Overview of Sample Collection and Methodology

CRC resection specimens reported in the Division of Anatomical Pathology at the University of
Cape Town / Groote Schuur Hospital were identified by searching the laboratory information
system, Trakcare. The study period included cases received over 5 years, between 1 January
2016 and 31 December 2020. Patients under the age of 60 years at the time of resection were
included in this study. Early-onset CRC is defined as diagnosis before 50 years of age. The
reason for choosing an age cutoff of 60 for this study was twofold. In the first instance, local
cost-saving protocols mandated that only patients younger than 60 were screened for dIMMR
with [HC. Therefore, this was the cohort with complete IHC results. Second, it is being
increasingly recognised that hereditary CRC (including Lynch syndrome) may present over the
age of 50 years, and so we wanted to include as many of these patients as possible.[36]
Demographic and clinicopathological data were collected from the pathology reports which were
accessed on Trackcare. In cases where there was incomplete pathological data, the glass slides

were reviewed, and the missing variables were recorded.

Glass slides and formalin fixed paraffin embedded (FFPE) tissue wax blocks were retrieved from
the Division of Anatomical Pathology archives. Glass slides were reviewed by a consultant
histopathologist to select appropriate representative tumour blocks. Criteria of at least 1000
viable tumour cells in a section, and more than 50% tumour volume were used to guide block
selection. If there was insufficient residual tumour tissue (i.e. rectal adenocarcinoma which was
resected post neoadjuvant therapy), these cases were excluded. Once the FFPE tissue wax
blocks were retrieved, they were assessed for adequacy. The amount of residual tissue and the
tissue preservation were visually assessed by a consultant histopathologist. In cases where the
selected block was deemed inadequate, we attempted to retrieve and assess an alternate block.
The results of the MMR protein IHC (MLH1, MSH2, MSH6, PMS2) were reviewed by two

histopathologists. Only cases with complete IHC results were included in the study.
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dMMR cases were cross referenced against the Division of Human Genetics CRC database to
identify patients who were appropriately referred for further germline testing. In cases where
germline testing was performed, these results were recorded. Where a known germline
pathogenic variant was detected, these cases were excluded from further sequencing studies.
Cases with no germline pathogenic variant detected (in the limited panel tested) were retained for
further downstream sequencing. Cases which were not referred for testing, but where a family
member was known with a germline pathogenic variant were also retained for sequencing

studies.

2.2. Summary of Overall Clinicopathological Data and Samples

Two hundred and twenty-two (222) CRC resection samples were retrieved from the Division of
Anatomical Pathology archives. Overall, 197 samples with sufficient material for further

molecular experiments were identified. The sample workflow is summarised below (Figure 2.1).
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222 CRC
resection cases

retrieved

25 excluded

49 dAMMR 148 pMMR

m 8 known germline* 125 for WES

am 32 for panel NGS

Figure 2.1: Workflow of Samples Collected

* 8 cases had known germline pathogenic variants (these were all MLHI 1528C>T)

dMMR mismatch repair deficient; pMMR mismatch repair proficient, WES whole-exome

sequencing, NGS next-generation sequencing

Forty-nine dMMR (20.2%) and 148 pMMR (79.8%) cases were included in the overall cohort.
The clinicopathological characteristics of the entire cohort are shown in Table 2.1. The
frequency of loss of IHC staining patterns in dIMMR cases is shown below (Figure 2.2). The
group of 6 AMMR cases with “other”” unconventional loss of staining patterns included isolated
loss of MLH1 (1), isolated loss of MSH2 (2), loss of MSH6 and PMS2 (1), loss of MLH1 and
MSHG6 (2) and loss of MLH1, PMS2 and MSH6 (1).
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Table 2.1 Demographic and Clinicopathological Characteristics of the Overall Cohort (n=197)

dMMR (%) pMMR (%)

Total Number 49 (24.9) 148 (75.1)
Age (years) 48 (40.5,54)* 52 (47,56)*
Gender

Female 19 (38.8) 71 (48.0)
Male 30 (61.2) 77 (52.0)
Tumour Side

Right 30(61.2) 42 (28.4)
Left 19 (38.8) 106 (71.6)
Tumour Site

Caecum 14 (28.6) 12 (8.1)
Ascending 8(16.3) 15 (10.1)
Hepatic flexure 3(6.1) 4(2.7)
Transverse 5(10.2) 11(7.4)
Splenic flexure 5(10.2) 5(3.4)
Descending 1(2.0) 11 (7.4)
Sigmoid 9(18.4) 42 (28.4)
Rectum 4(8.2) 48 (32.4)
Histological Type

Adenocarcinoma, NOS 37 (75.5) 138 (91.9)
Mucinous 12 (24.5) 12 (8.1)
Histological Grade

1 4(8.2) 9(6.1)

2 32 (65.3) 134 (90.5)
3 13 (26.5) 5(3.4)
Pathological Tumour Stage

1 0(0) 3(2.0)
2 3(6.1) 9(6.1)

3 25 (51.0) 99 (66.9)
4a 13 (26.5) 28 (18.9)
4b 8 (16.3) 9(6.1)
Tumour infiltrating lymphocytes

0 14 (28.6) 97 (65.5)
1 17 (34,7) 40 (27.0)
2 8 (16.3) 7(4.7)

3 10 (20.4) 4(2.7)
Peritumoral (Crohn-like) lymphocytic response
0 21 (42.9) 88 (59.5)
1 19 (38.8) 43 (29.1)
2 3(6.1) 9 (6.1)
3 6(12.2) 8

* median (Q1,Q3); NOS not otherwise specified
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MLH1/PMS2; 26; 53%

Other, 6,12%
Isolated PMS2; 5; 10%

Isolated MSHE6; 4; 8%/

MSH2/MSHS6; 8; 170/:-/

Figure 2.2: Loss of MMR Protein Expression Patterns in CRC Study Cohort by

Immunohistochemistry

Of the 49 dMMR cases, 20 were referred and had already undergone germline testing in the
Division of Human Genetics, University of Cape Town (Table 2.2). Of these, 8 were found to
have an MLH1 1528C>T pathogenic variant. Four patients tested negative for the “common 5”
panel. This is an inhouse PCR panel which detects the 5 most frequent germline variants in the
local mixed ancestry population (MLH1 ¢.1528C>T, MSH?2 ¢.387 388delTC, MSH?2

c.1221 1222delCT, MSH?2 ¢.1340 1341insGG and MSH?2 c.1046C>G). Two patients belonged
to families known to the Division of Human Genetics to harbour a germline pathogenic variant,
but do not seem to have undergone testing themselves. Six were registered but did not have a

test result recorded in the database.

36



Table 2.2 Results of Patients Referred to the Division of Human Genetics for Germline Testing

Number Germline Test Result

8 (40%) MLH] ¢.1528C>T

1 (5%) MSH?2 ¢.731_734del (family)

1 (5%) MSH?2 c.731_733del (family)

4 (20%) Negative for “common 5” panel
6 (30%) No test results found

Thirty-two dMMR cases, without a known germline mutation and with adequate DNA quantity
and quality, were selected randomly with an even split between MLH1/PMS2 loss and other
patterns of MMR loss for NGS. We were limited to 125 cases for WES and prioritized the

youngest patients for this experiment.
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3.1. Abstract

Background: Colorectal carcinoma (CRC) is a common cause of morbidity and mortality
worldwide, and an emerging public health problem in sub-Saharan Africa. Several authors have
described an increased frequency of mismatch repair deficient (AIMMR) CRC in sub-Saharan
Africa, but these tumours remain poorly characterised molecularly. We sought to interrogate the
somatic molecular genetic landscape of AIMMR CRC in a cohort of young patients to better
inform Lynch syndrome (LS) screening strategies and personalized medicine approaches in our

setting.

Methods: Thirty-two patients (age < 60 years) were identified with AIMMR CRC. Known Lynch
syndrome patients were excluded. DNA was extracted from selected formalin fixed paraffin

embedded (FFPE) tissue resection samples and subjected to amplicon-based Next Generation

Sequencing (NGS).

Results: Pathogenic or likely pathogenic variants were detected in the corresponding MMR gene
in 14/18 (78%) MLH1/PMS?2 deficient tumours, 5/8 (63%) MSH2/MSH®6 deficient tumours, 1/4
(25%) tumours with isolated MSHG6 loss, and 0/2 tumours with isolated PMS2 loss. Previously
unreported variants were identified in MLH1 (3), and MSH?2 (1). Cases with a variant allele
frequency suggesting a germline mutation were identified in MLHI (8), MSH?2 (2) and MSH6
(1). Only one MMR gene variant was detected in more than one patient (MLHI p.Q510*). Four
POLE/POLDI exonuclease domain variants were identified, one of which was previously

unreported.

Conclusion: The spectrum of disease-causing MMR gene variants in our population necessitates
NGS testing for LS screening. This study also highlights the role of somatic testing on readily
available FFPE samples to generate data on the epidemiology of CRC in different settings.

3.2. Key Messages

* Colorectal carcinoma (CRC) is an emerging public health epidemic in sub-Saharan
Africa, and preliminary work has shown an increased frequency of mismatch repair

deficient (AMMR) cases in this population.
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» This study demonstrates mixed correlation between MMR immunohistochemistry (IHC)
results and MMR gene mutations, detected by panel-based next generation sequencing
(NGS), with a wide range of different MMR gene variants identified. Many of these
mutations harboured variant allele frequencies which would suggest a germline variant
(i.e. Lynch syndrome).

* Further high throughput genomic work (exomes and RNA-Seq) is required to better
characterise the cases with discordant IHC and NGS findings. Given the spectrum of
variants encountered in our population, screening for Lynch syndrome in clinical practice

should be done with panel-based NGS.

3.3. Introduction

Colorectal carcinoma (CRC) is the third most common cancer worldwide, and contributes
significantly to cancer-associated morbidity and mortality.[1] The incidence of CRC in sub-
Saharan Africa is set to rise dramatically over the next decade.[2] Despite this, the molecular
genetics and tumour biology of CRC in sub-Saharan Africa remains poorly characterised.[3] In
an effort to disentangle its molecular heterogeneity, CRC may be broadly classified into
mismatch repair proficient ()MMR) and mismatch repair deficient (AIMMR) groups based on the
expression of MMR proteins by immunohistochemistry (IHC). The majority of dIMMR tumours
are sporadic and associated with MLH promotor hypermethylation, but a proportion (3-4% of
CRC overall) are associated with a germline loss-of-function mutation in one of the MMR genes
(Lynch syndrome; LS).[4] DNA mismatch repair is a highly conserved mechanism which
improves fidelity during DNA replication (S phase) by identifying mismatched nucleotide base
pairs. Four major MMR proteins function as heterodimers. MSH2 pairs with MSH6 (hMutL),
recognises the mismatched nucleotide base pairs and initiates repair, while MLH1
heterodimerises with PMS2 (hMutS) and functions as a molecular matchmaker, acts as an
endonuclease and terminates mismatch provoked excision.[5] These proteins are encoded by
their corresponding genes MLH1, PMS2, MSH2 and MSH6. Downstream from this, EXO1
excises the mismatched segment and polymerase epsilon (POLE) is recruited to resynthesise the
correct nucleotide sequence. Structural abnormalities in EPCAM, which encodes a cell adhesion

molecule, may also cause LS because it is adjacent to MSH2.[6]
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Over the past two decades, several authors have noted an increased proportion of dAMMR CRC in
sub-Saharan Africa (mean 26%; range 7-67%) [7-11] compared to the reported global average of
12%. The few studies examining paired germline material have however, not shown an
increased prevalence of LS.[11, 12] Recognising dMMR CRC in pathology specimens has
prognostic and predictive importance and is used to triage patients to LS screening programmes,
for whom universal screening and management has shown significant reduction in morbidity and
mortality. To our knowledge, no published sub-Saharan African studies have sought to
characterise the spectrum of somatic mutations in the MMR genes in dMMR CRC. This is of
importance to correlate the MMR gene protein expression with somatic mutations, identify any
frequently occurring possible founder mutations, and provide real world locally relevant data for

designing germline screening panels and algorithms.

The aim of this study is to describe the somatic mutations occurring in the MMR genes in a

cohort of young South African patients with AIMMR CRC.

3.4. Methods

3.4.1. Study Design and Data Collection

Archived dJMMR CRC resection samples, reported in the Division of Anatomical Pathology at
Groote Schuur Hospital (Cape Town, South Africa) between 2016-2020, were identified by
searching the National Health Laboratory Services (NHLS) laboratory information system. THC
was performed to determine MMR status during routine clinical practice, and for this study these
slides were reviewed by a consultant histopathologist. Four stains (MLH1, PMS2, MSH2,
MSHG6) were assessed on whole slide resection specimens. In the presence of adequate internal
and external controls, staining in any proportion of tumour cell nuclei of any intensity was
regarded as retained expression. Slides and formalin fixed paraffin embedded (FFPE) tissue wax
blocks were reviewed by a histopathologist for representativeness and adequacy. Patients known
to the University of Cape Town Division of Human Genetics with an established MMR gene

pathogenic variant were excluded from this study. Samples from 32 patients were randomly
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selected with an even split between cases showing immunohistochemical loss of MLH1/PMS2

and those showing other combinations of loss of MMR gene protein expression.

3.4.2. Molecular Profiling

Three 10um scrolls were taken from each representative FFPE tissue wax block. DNA was
extracted using the QIAamp DNA FFPE Advanced UNG Kit (Qiagen, Maryland, USA)
according to the manufacturer’s protocol. Assessment of the extracted DNA quantity, integrity
and purity, was performed utilising microfluidic capillary electrophoresis, spectrophotometry,
and fluorometry. The NGS panel used consisted of the 24 genes in the commercially available
Oncomine™ Colorectal and Pancreatic panel (Thermo Fisher Scientific, Massachusetts, USA)
APC, ARIDIA, BRAF, CDKN2A, CTNNBI, ERBB2, ERBB3, FBXW7, GNAS, KRAS, MLH],
MSH2, MSH6, MYC, PIK3CA, PMS2, POLE, PTEN, RNF43, SMAD4, SOX9, TCF7L2, TP53,
NRAS, and an additional three spiked genes EPCAM, POLD1I and MUTYH. Libraries were
constructed using the lon AmpliSeq™ Kit for Chef DL8 (Thermo Fisher Scientific,
Massachusetts, USA) on the Ion Chef™ System (Thermo Fisher Scientific, Massachusetts,
USA). The amplified libraries were quantified using the Ion Library TagMan Quantitation Kit
(QuantStudioTM 3 Real-Time PCR System). Diluted libraries were pooled and templated using
the Ton 540™ Chip Kit (Thermo Fisher Scientific, Massachusetts, USA), and sequenced on the
Ion GeneStudio™ S5 Prime (Thermo Fisher Scientific, Massachusetts, USA).

3.4.3. Variant Calling and Annotation

The Oncomine™ Colorectal and Pancreatic 540 w4.3 workflow
(https://ionreporter.thermofisher.com/ir) was used to align reads to the human genome (hg19)
and to generate variant call files (VCF), which were uploaded to Franklin by Genoox
(https://franklin.genoox.com/clinical-db/home). Somatic alterations including single-nucleotide
variants and small insertions/deletions with variant allele frequency (VAF) > 5% and depth of
coverage > 500 were filtered and manually inspected. OncoKB knowledgebase, ClinVar

(https://www.ncbi.nlm.nih.gov/clinvar) and American College of Medical Genetics and
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Genomics (ACMG) guidelines were used to assign variant pathogenicity.[13] Identified

pathogenic variants were visually inspected on Integrative Genomics Viewer.[14]

3.4.4. Statistics

Descriptive statistics, median and range, were used for continuous variables. Count and
percentage were used for categorical variables, with comparisons made using Fisher’s exact test.
IBM SPSS Statistics version 29 (IBM, Armonk, NY) was used for all analyses. All tests were

two-sided, with P < 0.05 considered significant.

3.4.5. Ethical Approval

Approval for access to patient demographic data, pathology reports and the use of archival FFPE
tissue samples for IHC and molecular studies was granted by the University of Cape Town

Human Research Ethics Committee (HREC 202/2002 ).

3.5. Results

3.5.1. Clinicopathological Findings

Thirty-two dMMR cases were selected for NGS (Table 3.1). There were 18 males (56%) and 14
females (44%). The median age at diagnosis was 46 years (range 27-59). The majority of
tumours were located in the right colon (n=21; 66%), while 11 occurred in the left colon (n=11;
34%). One patient (T19) was found to have synchronous tumours in the right colon (hepatic
flexure and transverse colon). MLH1-deficient tumours were more likely to occur in the right
colon compared to non-MLHI1 deficient tumours (p=0.027). By IHC, 18 tumours (56%) showed
loss of MLH1 and PMS2 expression, two (6%) showed isolated PMS2 loss, eight (25%) showed
loss of MSH2 and MSH6 expression, and four (13%) showed isolated loss of MSH6 expression
(Figure 3.1). One tumour showed a combination pattern with loss of MLH1, PMS2 and MSH6
staining (T6). No BRAF V600E mutation was detected by IHC or PCR in any of the 18 tumours
showing MLH1 and PMS2 loss of staining. The majority of tumours were classified

histologically as adenocarcinoma not otherwise specified (NOS), with only 25% of tumours
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meeting the criteria for mucinous adenocarcinoma. Overall, most tumours were locally

advanced (pT3 or pT4) and presented with involvement of 0 (pNO) or 1-3 (pN1) regional lymph

nodes.

Table 3.1: Descriptive Analysis of Clinicopathological Variables, Stratified by MLH1 versus

non-MLHI1 Immunohistochemistry Protein Loss.

Overall (N=32) | MLH1 (N=18) non-MLH1 P value

(N=14)

Age at diagnosis, years

Median (range) 46,5 (27-59) 46 (27-59) 48,5 (30-58)

Sex

Female 14 43,8% 10  55,6% 4 28,6% 0.165

Male 18  56,3% 8 44.4% 10 71,4%

Anatomical Site

Caecum 11 34,4% 8 44.,4% 3 21,4%

Ascending 5 15,6% 3 16,7% 2 143%

Hepatic Flexure 2 6,3% 1 5,6% 1 71%

Transverse 3 9,4% 3 16,7% 0 0,0%

Splenic Flexure 2 6,3% 1 5,6% 1 71%

Descending 0 0,0% 0 0,0% 0 0,0%

Sigmoid 8  250% 2 111% 6 42,9%

Rectum 1 3,1% 0 0,0% 1 71%

L/R

Right 21  65,6% 15 83,3% 42,9% 0.027

Left 11 34,4% 3 16,7% 8 57,1%

Histological Type

Adenocarcinoma NOS 24 75,0% 12 66,7% 12 85,7% 0.412

Mucinous adenocarcinoma 8 25,0% 6 33,3% 2 143%
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Primary Tumour

pT1l 1 3,1% 0 0,0% 1 71% 0.867
pT2 1 3,1% 1 5,6% 0 0,0%

pT3 17 53,1% 11 61,1% 6 42,9%

pT4a 10 31,3% 5 27,8% 5 357%

pT4b 3 9,4% 1 5,6% 2 14,3%

Regional Lymph Nodes

pNO 14 43,8% 8 44,4% 6 42,9% 0,763
pN1la 9 28,1% 5 27,8% 4 28,6%

pN1b 3 9,4% 2 11,1% 1 71%

pN1ic 2 6,3% 0 0,0% 2 143%

pNZ2a 3 9,4% 2 11,1% 1 71%

pN2b 1 3,1% 1 5,6% 0 0,0%
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32 dMMR

MLH1/PMS2 MSH2/MSH6

n=18 n=8

BRAF V60OE
n=0

Figure 3.1: Summary of Immunohistochemical Staining Results. The second tier indicates the

IHC loss of staining pattern in these mismatch repair deficient (AIMMR) tumours.

3.5.2. Mismatch Repair Gene Mutations

Fourteen of the 18 MLH1/PMS?2 deficient tumours (78%) harboured pathogenic or likely
pathogenic MLH] variants (Table 3.2). In the residual four cases, one showed a previously
unreported variant of uncertain significance (VUS) in a splice region of MLHI (c.1761+5G>T;
AF=36,36%), two showed previously reported VUS in MSHG6, and one harboured no detectable
pathogenic MMR gene variants. Eight of the 14 (57%) MLH1 pathogenic or likely pathogenic
variants had an allele frequency suggestive of a germline variant. One of these cases without a
MLH] variant (T6) was the case showing loss of MLH1, PMS2 and MSH6 on IHC. This case
was found to have a likely germline VUS in MSH6. Three previously unreported MLH1 variants
were discovered in our cohort. The ¢.1731+5G>T splice variant already described above, a
missense mutation ¢.83C>G (pP28R) and a frameshift mutation ¢.2017_2038del
(p.F673Afs*103). The previously described c1528C>T (p.Q510%*) truncating mutation, which
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represents a large founder effect in the northwest region of South Africa, was the only variant to

be present in more than one sample (n=2).

Table 3.2: Identified Mismatch Repair Gene Variants and their Likely Significance

Reported
Gene | Coding DNA* |Protein Change| VAF Clinvar ACMG before
T1 | MLH1 c.1731G>A p.Ser577= 77,33% | Pathogenic Pathogenic Yes
T2 | MLH1 | c.1731+5G>T | Splice region | 36,36% | Not reported VUS No
T3 | MLH1 c.1975C>T p.R659* 9,10% Pathogenic Pathogenic Yes
T4 | MLH1 €.1029C>A p.Y343* 73,04% | Pathogenic Pathogenic Yes
T5 | MLH1 €.117-1G>A | Splice acceptor | 53,18% | Pathogenic Pathogenic Yes
T6 MSH6 |c.3936_3951del p.K1315R 49,10% VUS VUS Yes
T8 | MLH1 |c.1852 1854del p.K618del 86,45% | Pathogenic Pathogenic Yes
Likely
T9 | MLH1 | c¢.1410-2A>G | Splice acceptor | 32,16% | Pathogenic Pathogenic Yes
T10| MLH1 €.2084C>A p.S695* 22,94% | Pathogenic Pathogenic Yes
Likely
T11| MLH1 €.83C>G p.P28R 47,07% | Notreported | Pathogenic No
T12| MLH1 €.1528C>T p.Q510* 51,91% | Pathogenic Pathogenic Yes
Likely
T13| MLH1 |c.2017_2038del | p.F673Afs*103 | 10,64% | Not reported | Pathogenic No
T14| MLH1 ¢.350C>T p.T117M 8,90% Pathogenic Pathogenic Yes
T15| MLH1 €.1528C>T p.Q510* 64,38% | Pathogenic Pathogenic Yes
T16| MLH1 C.790+1G>A Splice donor | 25,94% | Pathogenic Pathogenic Yes
Likely
T17| MLH1 €.2048T>C p.F683S 68,10% | Pathogenic Pathogenic Yes
Likely
T18| MSH6 €.1292A>C p.K431T 16,85% VUS Pathogenic Yes
T19| MUTYH €.452A>G p.Y151C 99,60% | Pathogenic Pathogenic Yes
T20| MSH2 c.1165C>T p.R389* 5,16% Pathogenic Pathogenic Yes
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T22| PMS2 €.556C>T p.Q186* 29,45% | Pathogenic Pathogenic Yes
T23| MSH6 |c.2062 2063del | p.V688Lfs*9 | 48,81% | Pathogenic Pathogenic Yes
Likely
T25| MSH2 €.1906dup p.A636Gfs*8 | 31,62% | Notreported | Pathogenic No
T26| PMS2 €.1882C>T p.R628* 16,57% | Pathogenic Pathogenic Yes
T27| MSH2 c.2131C>T p.R711* 55,56% | Pathogenic Pathogenic Yes
T28| MSH6 €.2722G>T p.E908* 7,76% Pathogenic Pathogenic Yes
T29| MSH2 |c.1221 1222del| p.Y408Sfs*8 | 48,29% | Pathogenic Pathogenic Yes
Likely
T30| MSH2 c2132G>A R711Q 10,25% VUS Pathogenic Yes
T31| MSH2 c.2377C>T p.Q793* 78,43% | Pathogenic Pathogenic Yes
T32| MSH6 c.1691C>A p.S564* 49,17% | Pathogenic Pathogenic Yes

* Variants in red indicate likely germline, based on VAF.

Variant Allele Frequency (VAF), American College of Medical Genetics and Genomics (ACMG)

Five of the eight MSH2/MSH®6 deficient tumours (63%) harboured pathogenic or likely
pathogenic variants in MSH2, with two of these (40%) showing an allele frequency suggesting a
germline variant. One of these variants (MSH2 ¢.1906dup; p.A636Gfs*8) was a previously
unreported frameshift mutation. Of the three MSH2/MSH6 cases where no MSH?2 variant was
called, one harboured a pathogenic truncating variant in PMS2 (c1882C>T; p.R628*), one
showed a pathogenic variant in MSH6 (c.2722G>T; p.E908*) and one had no detectable MMR

gene variants.

Only one of the four cases (25%) with isolated MSH6 loss showed a pathogenic variant in
MSH6, with a likely germline allele frequency. Two of the residual three cases showed variants
in other MMR genes; namely PMS2 (¢.556C>T; p.Q186*) and MSH?2 (c.2377C>T; p.Q793%).
The latter being a likely germline variant. The remaining case showed a likely germline

pathogenic variant in MUTYH.
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No PMS?2 variants were called in the two cases showing isolated loss of PMS2 on IHC. One of

these cases demonstrated a likely germline pathogenic variant in MSH6 (¢.2062 2063del;

p-V688Lfs*9). The other case had no detectable pathogenic MMR gene variants.

3.5.3. POLE and POLDI1 Mutational Status

Variants in the exonuclease domains of POLE (268-471) and POLD1 (304-517) were detected in

four of the 32 cases (13%). One of these variants had previously been reported as pathogenic
(Table 3.3). Two of the other three variants (POLD1I c.1511C>T and ¢.1055G>A) were
previously reported on ClinVar as VUS and one (POLE ¢.1588G>A) was unreported.

Table 3.3: POLE and POLD1 Exonuclease Domain Variants with Corresponding Case Data

Coding Protein

IHC NGS DNA Change Clinvar ACMG
T1 | MLH1/PMS2 | MLH1 | POLD1 | ¢.1511C>T | p.T504I VUS VUS
T3 €.1055G>
1 MSH6 MSH6 | POLD1 | A p.R352H VUS VUS
T1 Likely Likely
8 MLH1/PMS2 | None POLE | c.857C>G | p.P286R Pathogenic Pathogenic
T2 | MSH2/MSH €.1588G> p.D530
8 6 MSH6 | POLE A N Not reported VUS

Polymerase epsilon (POLE), polymerase D1 (POLD1), immunohistochemistry (IHC), next

generation sequencing (NGS), American College of Genetics and Genomics (ACMQG), variant of

uncertain significance (VUS).

3.5.4. Pathway Activation

Commonly mutated genes in four oncogenic pathways were assessed utilising this NGS panel
(Table 3.4). The genes in these pathways were mapped against the MMR gene and POLE/D1
gene status of each case (Figure 3.2).[15, 16] PIK3K (PTEN, PIK3CA, ARIDIA) and WNT
(APC, CTNNBI) pathway activation was the most frequent, followed by RTK-RAS (KRAS,
NRAS, BRAF) activation and alteration in the cell cycle (TP53, FBXW?7).

49



Table 3.4: Pathway Activation Summary Data, Stratified by MLH1 versus non-MLH1

Immunohistochemistry Protein Loss.

non-
Overall n=28 MLH1 n=15 MLH1 n=13

WNT 18 64,29% 11 73,33% 7 53,85%
APC 14 50,00% 8 53,33% 6 46,15%
CTNNB1 6 21,43% 5 33,33% 1 7,69%
PI3K 18 64,29% 9 60,00% 9 69,23%
PTEN 8 28,57% 5 33,33% 3 23,08%
PIK3CA 12 42,86% 5 33,33% 7 53,85%
ARID1A 5 17,86% 1 6,67% 4 30,77%
RTK-

RAS 11 39,29% 5 33,33% 6 46,15%
KRAS 7 25,00% 4 26,67% 3 23,08%
NRAS 4 14,29% 1 6,67% 3 23,08%
BRAF 2 7,14% 1 6,67% 1 7,69%
Cell

Cycle 9 32,14% 6 40,00% 3 23,08%
TP53 5 17,86% 3 20,00% 2 15,38%
FBXW7 5 17,86% 3 20,00% 2 15,38%
TGF-b 3 10,71% 1 6,67% 2 15,38%
POLE/D1 4 14,29% 1 6,67% 3 23,08%

p=0.843

50



MLH1

MSH2

MSHé

PMS2

POLE

POLD1

APC

CTNNB1

PTEN

PIK3CA

ARID1A

KRAS

NRAS

BRAF

TP53

48% ==HE-ZHN -

19%

23%

6%

6%

6%

48%

19%

29%

45%

16%

32%

13%

6%

19%

Genetic Alteration

T B Inframe Mutation (putative driver)
Splice Mutation (unknown significance)
B Missense Mutation (putative driver)
Missense Mutation (unknown significance)
B Truncating Mutation (putative driver)

| I | | I D ] | AR R R N
No alterations

Figure 3.2: Summary of Pathogenic and Likely Pathogenic Variants by Case

Variants with likely germline VAF are denoted by a white bar in the oncoprint.

3.6. Discussion

Left-sided tumours were found in a significant proportion of cases (n=11; 32%) and these

tumours were more likely to show loss of MSH2/MSH6, MSH6 or PMS2 protein expression

(p=0.027). Conventionally, IMMR tumours are thought to be associated with a right-sided

tumour location.[17, 18] This may reflect a MLH1-deficient phenotype which is more common

overall, and, in larger studies with older patients, mostly as a result of MLHI promotor

hypermethylation. McCabe ef al. also found a high prevalence of left-sided microsatellite

instability (MSI) tumours (36%) in their cohort of indigenous African patients.[8] It should be
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noted, for the purposes of LS screening programs in South Africa, that up to a third of dIMMR

tumours occur in the left colon.

The absence of BRAF V600E in any of our samples is in keeping with a growing body of
evidence that this point mutation is not commonly found in CRC in indigenous Africans.[8, 12]
T6 showed an unusual combination of MLH1, PMS2 and MSH6 protein expression loss, and
was found to have a likely germline (VAF=49.10%) MSH6 VUS (c.3936_3951del). Secondary
mutations in MMR genes are described in the literature, resulting in unusual
immunohistochemical protein expression patterns.[19] Typically, these are found in MSH6. The
loss of MLH1/PMS2 in this case may be explained by MLHI promotor hypermethylation
occurring independently of the MSHG6 variant. Up to 50% of such MLH1 epigenetic events are
associated with BRAF V600OE mutations, but a minority of cases that are BRAF V600 wildtype
are associated with KRAS variants or NTRK fusion events.[20] T6 was shown to have a KRAS
pathogenic variant. Ultimately, MLH1 promotor methylation studies would be required to

resolve this case.

Concordance between immunohistochemical loss of MLH1/PMS2 and pathogenic variants in the
MLH] gene was high (n=14; 78%). Of the four discordant cases, one harboured a MLHI VUS,
two showed a MSH6 VUS, and one showed no detectable pathogenic variants in the MMR
genes. The latter harboured no BRAF or KRAS variants, but the possibility of MLH1 epigenetic
silencing cannot be excluded without promotor methylation studies. More than half (n=8; 57%)
of the 14 MLH1 pathogenic or likely pathogenic variants detected in this study demonstrated a
VAF approximating 50%, suggesting a possible germline mutation. Although this is not
recommended as the sole criterion for inferring a likely germline variant, pathogenic variants in
somatic genomic profiling with a VAF approximating 50% (accepted range 30-70%) are
commonly accepted as representative of a heterozygous germline variant.[21, 22] Tumour
heterogeneity and structural aberrations such as copy number variations may, however, introduce
uncertainty and these results should be interpreted cautiously.[23] Ultimately, sequencing of
paired germline samples would be required to confidently resolve this. We described 12 different
pathogenic / likely pathogenic MLH1 variants, with only one variant, c1528C>T (p.Q510%),

which is a well described founder (disease-causing truncation) mutation in our setting, occurring
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in more than one patient in the cohort.[24] There were two previously undescribed MLH1 likely

pathogenic variants and one VUS.

There was less agreement between the immunohistochemical staining results and the detected
pathogenic variants in cases showing loss of both MSH2/MSH®6, isolated loss of MSH6 and
isolated loss PMS2 protein expression. Only six (43%) of these cases showed a pathogenic or
likely pathogenic variant in the expected gene. Overall however, 11 of the 14 cases (79%)
showed a pathogenic or likely pathogenic variant in a non-MLH1 MMR gene. Interestingly,
there were no pathogenic MLH] variants in any of these cases. Five of these 11 cases (45%)
harboured a likely germline variant, and one novel MSH?2 frameshift variant was detected

(c.1906dup).

T19 showed isolated MSHG6 loss on IHC, but a likely germline pathogenic MUTYH variant (with
biallelic loss range frequency 99.6%). Aberrant immunohistochemical expression of MMR
proteins mimicking LS has been described in isolated patients with MUTYH-associated
polyposis.[25-28] To our knowledge, this is the index report of isolated loss of MSH6 protein
expression in this setting. This finding highlights the importance of including non-MMR genes
implicated in familial gastrointestinal cancer when screening for LS. The spectrum of variants

encountered in our study population supports the recommendation of other authors to advocate

for NGS screening for hereditary CRC and LS.[29]

The frequency of POLE and POLD1 exonuclease variants was 13% (n=4) in our cohort. This
proportion is significantly lower than that reported by Brim et al. in a small African American
cohort, although their cases were unselected for MSI status.[30] The POLE P286R variant is
well described in the literature. However, the POLE DS530N variant is previously unreported.
Leon-Castillo ef al. devised a POLE score calculator for endometrial carcinoma to address the
clinical difficulty in calling pathogenicity in these variants.[31] This schema included a score for
tumour mutational burden, nucleotide base change frequencies and MSI status. To our

knowledge, such a framework does not exist for calling POLE variants in CRC.
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WNT and RTK-RAS pathway alterations were less frequent in our dMMR cohort (64% and
39%) compared to those reported by Alatise ef al. in their Nigerian MSI-H cohort (93% and
82%) and MSKCC African American cohort (100% and 85%).[12] This is likely due to the
limited panel of genes included in our panel, as the Alatise study included whole exome

sequencing data.

This study has several limitations. Whole exome sequencing would have provided more
comprehensive coverage of the MMR genes and would also have more thoroughly interrogated
the major pathways in CRC. Despite the negative BRAF IHC and PCR in the cases showing
MLH1/PMS?2 loss of staining, only up to 50% of cases with MLH1 epigenetic silencing harbour
BRAF V600E mutations. MLHI promotor hypermethylation studies would more definitively
classify this mechanism of MLHI inactivation. Comparing our tumour genomic sequencing
results with paired germline samples (either peripheral blood or non-tumour FFPE tissue) would
definitively resolve cases where a germline variant is suspected. This should be the focus of
future work. The small sample size also limited the power of this study. Further research
involving a larger cohort with more comprehensive molecular profiling is recommended to better

characterize this disease in our setting.

3.7. Conclusion

This study has provided preliminary data on the somatic genetic landscape of AIMMR CRC in
sub-Saharan African with protein expression correlates. In addition, this study highlights the
value of utilising readily available archived FFPE samples to generate data regarding the
epidemiology of CRC, and tailor downstream diagnostic genetic tests in the local population.
The spectrum of mutations encountered in this population and the high frequency of likely
germline MMR gene variants supports more widespread screening for hereditary CRC and LS
with panel based NGS.
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4.1. Abstract

Background: Deep learning (DL) models are effective pre-screening tools for detecting mismatch
repair deficiency (AMMR) in colorectal carcinoma (CRC). These models have been trained and
validated on large cohorts from the Northern Hemisphere, without representation of African
samples. We sought to determine the performance of a DL model in an ethnically heterogeneous

cohort of patients from South Africa.

Methods: Our cohort comprised 197 CRC resection specimens, with scanned whole slide images
(WSI) tessellated and inputted into a transformer-based DL model trained on large international
cohorts. Model performance was evaluated using AUROC, sensitivity and specificity. The
maximal Youden’s J index was calculated to determine the optimal cutoff threshold for model

prediction score.

Results: Our model yielded an AUROC of 0.91 (+0.02). Using a prediction score threshold of
0.324 produced an overall sensitivity of 84% (95% CI 71-91) and specificity of 82% (95% CI
76-88). The false negative cases were predominantly left-sided (75%) and did not show the
typical AIMMR/MSI-H histological phenotype. Sensitivity was lower (50-75%) in cases showing
isolated PMS2 or MSH6 loss of staining. Calibrating the classification threshold to 0.15, the
sensitivity was optimised to 96% (95% CI 90-100) with a specificity of 60% (95% CI 52-82).
This would have resulted in excluding 89 cases (45%) from downstream immunohistochemical

(IHC) or molecular testing.

Conclusions: Following appropriate region-specific calibration, we have shown that this model
could be employed to accurately pre-screen for AIMMR in CRC, thereby reducing the burden of

downstream IHC and molecular testing in a resource limited setting.

4.2. Key Messages

» Transformer-based deep learning models can be used to significantly reduce the burden
of downstream dMMR testing in CRC in an ethnically heterogeneous resource
constrained environment

* Model performance is not transferable between geographic regions and requires local

calibration of prediction score threshold
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* Reduced sensitivity was found in left-sided CRC, tumours without the typical AIMMR
histological phenotype, and those with isolated loss of PMS2 or MSH6 on

immunohistochemistry

4.3. Introduction

Colorectal carcinoma (CRC) is the third most common cancer worldwide, and contributes
significantly to cancer-associated morbidity and mortality.[1] Broadly, CRC is separated into
mismatch repair proficient ()MMR) and mismatch repair deficient (dAIMMR) groups based on the
expression of MMR proteins by immunohistochemistry (IHC). dMMR cases may also be
identified by testing for microsatellite instability (MSI) with polymerase chain reaction (PCR) or
by applying bioinformatics tools to data generated from next generation sequencing (NGS). The
accuracy of these techniques is comparable, but IHC is favoured in routine diagnostic practice as
it is relatively inexpensive, technically simpler to perform, and has a rapid turnaround time.
Identification of AIMMR/MSI-H tumours is important for Lynch syndrome (LS) screening
programs, has prognostic and predictive therapeutic value, and in the age of immunotherapy;, is

becoming increasingly relevant.[2, 3]

The incidence of CRC in sub-Saharan Africa is set to rise dramatically over the next decade.[4]
Over the past two decades, several authors have noted an increased proportion of AMMR CRC in
sub-Saharan Africa (mean 26%; range 7-67%) compared to the reported global average of
12%.[5-9] Despite this, the molecular genetics and tumour biology of CRC in sub-Saharan
Africa remains poorly characterised.[10] The ethnic heterogeneity of the South African
population, encompassing a diverse mix of African, European, Asian, and mixed ancestries, is
important in the context of MSI prediction. Unique genetic and molecular features arising from
this diversity may influence the performance of diagnostic models developed in more ethnically
homogeneous populations. Several international professional bodies recommend universal
screening of MMR/MSI status in all index CRC cases.[11] This recommendation has not been
adopted widely, if at all, in sub-Saharan Africa, due to prohibitive costs and lack of ready access

to testing facilities.
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Deep learning (DL) models, applied to histopathology whole slide images (WSI), have emerged
as a reliable and accurate tool to reduce the need for downstream IHC and molecular testing.[12-
17] However, these models have predominantly been trained on populations from North
America and Western Europe, raising concerns about their generalizability to other populations.
Applying models across different populations can be challenging due to potential genetic and
molecular differences that may affect model performance.[13] Known genetic variations, such
as differences in MMR gene mutations and MSI patterns specific to certain ethnic groups, could
impact the histopathological features that DL models rely on for accurate prediction. This
underscores the need to evaluate and possibly recalibrate these models for use in diverse

populations like that of South Africa.

The primary aim of this study was to determine whether a DL model can be effectively used as a
pre-screening tool in the ethnically heterogeneous population of South Africa, to decrease the
downstream burden of MMR/MSI testing. Secondary aims were to describe the

clinicopathological features of false negative (FN) cases which may reveal biological insights.

4.4. Methods

4.4.1. Study Design and Data Collection

This was a retrospective cross sectional study. Cases were identified from CRC resection
specimens received between 2016 and 2020 in the Division of Anatomical Pathology, University
of Cape Town and National Health Laboratory Services, Groote Schuur Hospital, Cape Town,
South Africa. Patients who were 60 years old or younger at the time of resection were included
in the study. This age restriction was chosen to focus on a population more likely to have
hereditary or early-onset CRC, which is often associated with different genetic and molecular
profiles compared to CRC in older patients. Resection specimens with insufficient residual
tumour or a complete response to neoadjuvant therapy were excluded. Clinicopathological data
were obtained from the histopathology reports. The MMR IHC slides (MLH1, MSH2, MSH6,
PMS2) for each case were reviewed by two pathologists to confirm the MMR status (AA, WIT).
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4.4.2. Slide Selection and Image Acquisition

Representative formalin fixed paraffin embedded (FFPE) tissue blocks, with adequate viable
tumour, were selected by a pathologist for each case. These blocks were recut at 4um, and the
tissue sections were stained with Haematoxylin and Eosin (H&E) to produce the slides. Slides
were scanned on an Aperio GT450 DX slide scanner (Leica Biosystems, Nussloch, Germany) at
40x magnification. The scanned slides were manually inspected for quality prior to downstream

analysis.

4.4.3. WSI Preprocessing and Feature Extraction Using the STAMP Protocol

To predict the MSI status from whole-slide images (WSIs) of CRC tissue samples, we employed
the Solid Tumor Associative Modeling in Pathology (STAMP) protocol, an open-source,
standardized workflow designed for end-to-end DL in computational pathology.[18] The
STAMP protocol facilitates the extraction of phenotypic features from routine histopathology
slides and their integration with molecular data to predict clinically relevant biomarkers.
Initially, each WSI was divided into non-overlapping image tiles to manage the high resolution
and large size of the slides. These tiles were then processed to remove background regions and
low-quality areas using an adaptive thresholding method, ensuring that only informative regions

of the tissue were retained for subsequent analysis.

4.4.4. Model Development and Deployment

A weakly-supervised DL approach was employed, wherein each WSI was labelled with the
corresponding MSI status. A state-of-the-art pre-trained self-supervised learning model was used
to extract features from each tile, which were then aggregated to generate a patient-level feature
vector. The extracted features were input into a transformer-based model, which was trained to
predict MSI status. The model was optimized using cross-entropy loss. We based our study on
the model trained by Wagner et al. previously and merely retrained it with our updated pipeline,
which was published separately as a STAMP.[16] For model validation we used our novel

CAPE cohort. All source codes for preprocessing are available at
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https://github.com/KatherLab/preProcessing and all source codes for DL are available as part of
the ‘Histology Image Analysis’ (HIA) package at https://github.com/KatherLab/HIA.

4.4.5. Statistics

The primary method of performance evaluation was based on the analysis of the receiver
operating characteristic (ROC) curve, with a focus on the area under the ROC curve (AUROC).
To determine the optimal screening threshold for the model, we employed Youden's J Index,
which balances sensitivity and specificity. The maximal Youden’s J index was calculated as 0.67
which corresponded to a prediction threshold of 0.324. Additionally, we conducted subgroup
analyses to assess the model's performance across various demographic and clinical subgroups,
including sex, age, tumour sidedness, histological grade, histological type, tumour infiltrating
lymphocytes, and immunohistochemical (IHC) staining for mismatch repair ({IMMR) genes.
This comprehensive analysis allowed us to explore the robustness and consistency of the model's

predictive capabilities across different patient subpopulations.

4.5. Results

197 scanned slides with corresponding complete clinicopathological data were included in the
analysis (Table 4.1). There were 49 (25%) dMMR cases and 148 (75%) pMMR cases in this
cohort. Of the AMMR cases, 26 (53%) showed MLH1/PMS2 loss, 8 (16%) showed
MSH2/MSHS6 loss, 4 (8%) showed isolated PMS2 loss, and 4 (8%) showed isolated MSH6 loss
of staining on IHC. Seven (14%) dMMR cases showed an unconventional combination of loss
of staining and were excluded from the subgroup analysis. Our model achieved an AUROC of
0.91 (£0.02) on the CAPE cohort (Figure 4.1). Youden’s J index was used to select the optimal
cutoff threshold of 0.324 (Table 4.2). This yielded an overall sensitivity of 84% (95% CI 71-91)
and specificity of 82% (95% CI 76-88) for predicting dIMMR (Table 4.3). Representative H&E
stained tissue sections are shown with their corresponding heatmaps at different model prediction

scores (Figure 4.2).
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Table 4.1: Clinicopathological Characteristics of the CAPE Cohort

n dMMR pMMR
Gender
Male 107 30 28% 77 72%
Female 90 19 21% 71 79%
Age
<40 27 8 30% 19 70%
40-49 54 22 41% 32 59%
50-60 116 19 16% 97 84%
Side
Right 72 30 42% 42 58%
Left 125 19 15% 106 85%
Anatomical Site
Caecum 26 14 54% 12 46%
Ascending 30 11 37% 19 63%
Transverse 16 5 31% 11 69%
Descending 22 6 27% 16 73%
Sigmoid 51 9 18% 42 82%
Rectum 52 4 8% 48 92%
Histological Grade
1 13 4 31% 9 69%
2 166 32 19% 134 81%
3 29 13 45% 16 55%
Histological Type
Adenocarcinoma,
NOS 173 37 21% 136 79%
Mucinous 24 12 50% 12 50%
TILs
0 111 11 10% 100 90%
1 57 17 30% 40 70%
2 15 8 53% 7 47%
3 14 10 71% 4 29%
Overall 197 49 25% 148 75%

dMMR mismatch repair deficient, pMMR mismatch repair proficient, NOS not otherwise
specified, TILs tumour infiltrating lymphocytes
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Figure 4.1: ROC Curve for South African CAPE Cohort (AUROC=0.91)

Table 4.2: Evaluation of Model Performance in the CAPE Cohort at Different Cut-off

Thresholds

Model Calibration Threshold

0,624 0,524 0,424 0,324 0,224 0,174 0,15
TP 33 35 40 43 44 46 47
TN 140 134 126 117 105 97 89
FP 8 14 22 31 43 51 59
FN 16 14 9 6 5 3 2
Sensitivity 0,67 0,71 0,82 0,88 0,9 0,94 0,96
Specificity | 0,95 0,91 0,85 0,79 0,71 0,66 0,6
Youden’s 0,62 0,62 0,67 0,67 0,61 0,6 0,56
J index

TR true positive, TN true negative, FP false positive, FN false negative
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Table 4.3: Sensitivity and Specificity Subgroup Analysis by Key Clinicopathological Variables

Yoden’s J Index Threshold (0.324)

Sensitivity Optimised Threshold (0.15)

Sensitivity %

Specificity

Sensitivity %

Specificity

(95% CI) % (95% CI) (95% CI) % (95% CI)
Overall 84  (71-91) 82  (76-88) | 959 (90.4-1015) | 60.1 (52.2-68.0)
Age
<40 88  (53-99) 63  (41-81) 100 (100-100) | 57.9 (35.7-80.1)
40-49 86  (67-95) 75  (58-87) | 955 (86.8-1046) | 50 (32.7-67.3)
50-60 79 (57-91) 80  (81-94) | 947 (84.7-104.8) | 639 (54.4-73.5)
Side
Right 93 (79-98) 76 (61-87) 100 (100-100) | 54.8  (39.7-69.8)
Left 68  (46-85) 85  (77-90) | 89.5 (75.7-1033) | 62.3 (53.0-715)
Histological Grade
1 100 (51-100) 78 (45-94) 100 (100-100) | 66.7 (35.9-97.5)
2 75 (58-87) 85  (78-90) | 938 (85.4-102.1) | 61.2 (52.9-69.4)
3 100 (77-100) 20 (4-62) 100 (100-100) | 200  (-.15-55)
Histological Type
ﬁdoesnocami”oma' 78 (63-89) 84  (77-89) | 946 (87.3-10L9) | 61 (52.8-69.2)
Mucinous 100 (76-100) 67  (39-86) 100 (100-100) 50 (21.7-78.3)
TILs
0 71 (45-88) 82  (74-89) | 929 (79.4-106.3) | 60.8 (51.1-70.5)
1 88  (66-97) 82 (68-91) 100 (100-100) | 625 (475-77.5)
2 75 (41-93) 86  (49-97) | 87.5 (64.6-1104) | 57.1 (20.5-93.8)
3 100 (72-100) 75 (30-95) 100 (100-100) | 250 (-17.4-67.4)

NOS not otherwise specified, TILs tumour infiltrating lymphocytes
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Figure 4.2: Representative Haematoxylin-and-Eosin (H&E) Stained Sections with
Corresponding Heatmaps Stratified by MMR Status and Model Prediction Scores

4.5.1. Performance Stratified by Key Clinicopathological Variables

Patient age at the time of resection was stratified into 3 tiers; <40 years of age showed 88%
sensitivity and 63% specificity, 40-49 years 86% sensitivity and 75% specificity, and 50-60 years
79% sensitivity and 89% specificity. The overall specificity in right-sided tumours (caecum,
ascending colon, hepatic flexure and transverse colon) was 76%, as compared to 85% in left-
sided tumours (splenic flexure, descending colon, sigmoid colon and rectum). The sensitivity
was lower for left-sided tumours (68%) compared to right-sided tumours (93%). Tumours which
were histologically classified as mucinous (>50% pools of extracellular mucin containing clumps
of malignant epithelium) showed a sensitivity of 100%, compared to 78% in conventional
adenocarcinoma not otherwise specified (NOS). The specificity in mucinous tumours was 67%,
and 84% in adenocarcinoma NOS. The sensitivity was 100% in grade 1 tumours, 75% in grade
2 tumours, and 100% in grade 3 tumours. The sensitivity at different TILs scores was 71%

(score 0), 88% (score 1), 75% (score 2) and 100% (score 3). The sensitivity in dIMMR tumours
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showing MLH1/PMS2 loss on IHC was 92%, MSH2/MSH6 loss 68%, isolated PMS2 loss 50%
and isolated MSH6 loss 75%.

4.5.2. Clinicopathological Characteristics of Misclassified Cases

The clinicopathological and molecular characteristics of the misclassified cases, specifically
those assigned MSS scores which were IMMR by THC (false negative; FN), were further
investigated (Table 4.4). Photomicrographs from representative H&E stained sections with
corresponding model prediction scores are shown (Figure 4.3). Four of the 49 dMMR cases
were assigned MSI probability scores of <0.324. Among these 4 cases, 3 (75%) occurred in the
left colon, 4 (100%) did not have a significant mucinous component, and 3 (75%) had a TILs
score of 0. Two (50%) cases showed IHC loss of MLH1/PMS2, 1 (25%) isolated PMS?2 loss,
and 1 (25%) isolated MSHG6 loss. One case had targeted germline sequencing, which
demonstrated a pathogenic MLHI C1528T variant (Lynch syndrome).
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Table 4.4: Analysis of Initial False Negative and False Positive Cases Using Yoden’s J Index
Determined Threshold (0.324) Stratified by Clinicopathological Variables

False Negative False Positive
Gender
Male 3 75% 20 65%
Female 1 25% 11 35%
Age
<40 1 25% 7 23%
40-49 1 25% 11 35%
50-60 2 50% 13 42%
Side
Right 1 25% 12 39%
Left 3 75% 19 61%
Histological Grade
1 0 0% 2 6%
2 4 100% 25 81%
3 0 0% 4 13%
Histological Type
Adenocarcinoma, NOS 4 100% 27 87%
Mucinous 0 0% 4 13%
TILs
0 3 75% 20 65%
1 1 25% 9 29%
2 0 0% 1 3%
3 0 0% 1 3%
Immunohistochemistry
MLH1/PMS2 2 50%
MSH2/MSH6 0 0%
PMS2 1 25%
MSH6 1 25%
Overall 4 31

NOS not otherwise specified, TILs tumour infiltrating lymphocytes



Figure 4.3: Haematoxylin-and-Eosin (H&E) Stained Sections of Selected Misclassified Cases
with Corresponding Model Prediction Scores. A&B pMMR Tumours with High MSI Prediction
Scores. C&D dMMR Tumours with Low MSI Prediction Scores.

4.5.3. Adjusting the Cutoff Threshold to Achieve Optimal Sensitivity

Using this model at a prediction score cutoff threshold of 0.324 with a sensitivity of 84% would
have resulted in 4 FN cases. This is not ideal for a screening test, which prompted us to examine

model performance at different cutoff thresholds and attempt to identify the optimal threshold to
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achieve clinical grade sensitivity of >95% (Table 2). Using a cutoff of 0.15, we showed a
sensitivity of 96% with a specificity of 60%. This would result in only 2 FN cases and reduce
the number of cases needing downstream diagnostic tests by 89 (45%). These 2 FN cases both
occurred in the left colon, were histologically classified as adenocarcinoma NOS, and both
showed a less common dMMR pattern of staining (one isolated PMS2 loss, and the other isolated

MSHG6 loss).

4.6. Discussion

In this study we investigated the efficacy of a transformer-based DL model for predicting
dMMR/MSI-H in CRC, in a novel ethnically heterogeneous study population from South Africa.
The overall performance (AUROC 0.91) in our cohort is lower than what has been shown in
previous studies.[12, 13, 15, 17] Using the prediction threshold of 0.324, we achieved an overall
sensitivity of 84% (95% CI 71-91) and specificity of 82% (95% CI 76-88). This sensitivity is
low for a screening test, and risks missing dAMMR cases. This might impact patient outcomes,
particularly in resource-limited settings where the adoption of such models is intended to
alleviate the burden of more expensive or less accessible diagnostic methods. The low
sensitivity may be due to selection bias, as our cohort was enriched for younger patients, and as a
result, the proportion of AMMR cases was 25%, which is more than twice that reported in the
general population. There was also a significant proportion of cases in our cohort which did not
demonstrate the typical AIMMR/MSI-H morphological phenotype (mucinous differentiation, high
TILs scores and a brisk peritumoral lymphocytic response), and this may have impacted the

ability of the DL model to accurately classify these cases.[14, 19, 20]

Stratifying the performance of the model by clinicopathological variables revealed several
interesting observations. Younger age at resection (<40 years) and poorly differentiated (grade
3) tumours were associated with a lower specificity. The performance for excluding
dMMR/MSH-H in poorly differentiated (grade 3) tumours was particularly poor (20%). Poorly
differentiated tumours are often associated with AMMR/MSI-H, and this may have led the model

to assign a higher score to these cases. The sensitivity was higher for detecting dIMMR in
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tumours showing loss of MSH2/MSH®6 (100%) or MLH1/PMS2 (96%), compared to those with
isolated PMS2 (50%) or isolated MSH6 (75%) loss. This finding could be related to the small
number of AMMR cases in this cohort with isolated PMS2 or MSH6 loss, as these are infrequent
patterns of AIMMR. However, this may be important to note in population groups where less
common mechanisms of AMMR are more frequent. Most of the original work done with DL
models and AMMR/MSI-H prediction in CRC used MSI PCR as the ground truth and so the

performance variation with different MMR protein expression patterns is not fully known.

Amongst the 4 IMMR cases which were initially missed by our model, the majority (75%) of
tumours were left-sided and did not exhibit the typical morphological phenotype associated with
dMMR/MSI-H. It is important to highlight that 1 of these cases had confirmed LS by germline
testing. Echle ef al. suggested a variety of technical factors (scanning artifacts and little viable
tumour tissue) as possible explanations for their FN cases.[13] After review of our FN slides, we
did not find such technical factors, and propose that the DL prediction model has a lower
accuracy in left-sided tumours and dAMMR tumours which do not exhibit the typical
morphological phenotype. This is of particular relevance in sub-Saharan Africa, where a larger

proportion of left-sided tumours are reported to occur.[21-23]

In order to identify the optimal cut-off threshold for maximizing sensitivity, we explored the
effect of incrementally reducing the threshold on sensitivity and specificity in the CAPE cohort.
To achieve clinical grade sensitivity of >95%, a threshold of 0.15 was required. With this
calibration, the specificity was reduced to 60%, which was still able to reduce the number of
cases which would need downstream diagnostic testing by 45%. Determining the optimal
sensitivity and specificity for a screening test likely requires at least matching the current gold
standard in terms of sensitivity, so as to minimize FN cases. The small sample size limits the
power of this study. Future work should be done on larger cohorts from sub-Saharan Africa,
with specific focus on developing region-specific cutoff thresholds to account for the unique
genetic characteristics of the population. Additionally, integrating other data types, such as
genomics or transcriptomics, could potentially enhance model accuracy and ensure better clinical

outcomes.
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In summary, we have shown good performance of this DL model in our ethnically heterogeneous
cohort (AUROC=0.91) and that sensitivity can be optimized to clinical grade by adjusting the
prediction score cutoff threshold in a systematic manner. Once calibrated to the regional
population, this model could be employed routinely as a pre-screening tool to reduce the need for

downstream diagnostic tests by at least 45%.
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5.1. Abstract

Colorectal cancer (CRC) is a frequent cause of morbidity and mortality in sub-Saharan Africa.
The incidence of early-onset, microsatellite stable (MSS) CRC is on the rise, and the tumour
biology of these lesions is poorly categorised. Preliminary data from one centre in Nigeria found
differences in the frequencies of mutations in driver genes and altered signalling pathways. We
sought to investigate potential alternative driver genes and signalling pathways by whole exome
sequencing (WES). Eighty-three cases passed quality control filters and were included in the
analysis (77 MSS, 4 MSI, 2 POL). APC, TP53 and KRAS were among the most frequently
mutated driver genes, although at a lower frequency than expected. BRAF V600E mutations
were absent in our cohort. Although there were differences in the frequencies of mutations in the
major driver genes, the frequencies of oncogenic pathway alterations were found to be similar.
FAT4 (26%) and TET?2 (15%) emerged as important mutated driver genes and potential
therapeutic targets for further investigation. We have highlighted distinct differences in driver
gene mutations in our cohort of young CRC from sub-Saharan Africa and identified FAT4 and

TET? as potential drivers that are more common and are potential therapeutic targets.

5.2. Introduction

Colorectal carcinoma (CRC) is the fourth most common cancer and the fifth leading cause of
cancer-associated mortality in sub-Saharan Africa.[1] The incidence is predicted to increase
significantly over the next decade, particularly in low- and middle-income countries.[2] Earlier
work has suggested that a significant proportion of CRC in sub-Saharan Africa has a
clinicopathological phenotype that differs from what is seen in developed countries.[3-9]
Specifically, there appears to be an increased incidence of early-onset left-sided CRC in the
indigenous African population.[8-11] Previous studies have investigated the reported increased
incidence of microsatellite instability high (MSI-H) CRC in the indigenous African and African
American population.[12] The molecular profile of microsatellite stable (MSS) tumours remains
poorly categorised in sub-Saharan Africa. Alatise et al. are the only authors to have performed
panel sequencing on a cohort of 64 CRC tumour specimens from Nigeria.[9] Their findings
highlighted distinct differences in the major CRC signalling pathways and driver genes,

particularly in MSS tumours.
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Recent large-scale high-throughput sequencing studies have confirmed that APC, TP53 and
KRAS are the dominant mutated driver genes in CRC.[13, 14] Several authors have shown a
higher frequency of tumours with wild-type BRAF and KRAS in sub-Saharan Africa.[4, 9]
Recently, Alatise et al. showed that the frequency of mutations in these driver genes was
significantly different in their Nigerian cohort, though they did not identify any novel potential
drivers.[9] Identifying the dominant molecular signalling pathways in these tumours is critical to
understanding the tumour biology and guiding screening and treatment strategies in sub-Saharan

Africa.

In this study, we sought to describe the driver gene mutations and dominant oncogenic signalling

pathways with somatic whole exome sequencing (WES).

5.3. Methods

5.3.1. Study Design and Data Collection

CRC resection samples, reported in the Division of Anatomical Pathology at Groote Schuur
Hospital (Cape Town, South Africa) between 2016-2020, were identified retrospectively by
searching the National Health Laboratory Service (NHLS) laboratory information system.
Representativeness and adequacy of archived Haematoxylin and Eosin (H&E) stained glass
slides and formalin-fixed paraffin-embedded (FFPE) tissue wax blocks were assessed by a
consultant histopathologist. One hundred and thirty-eight cases with complete
clinicopathological information and age under 60 years at the time of resection were selected.
Cases that were mismatch repair proficient (p)MMR) by immunohistochemistry were
preferentially selected for WES, although some young unexplained dMMR cases were included.
Rectal tumours with insufficient residual viable tumour cells post-neoadjuvant chemotherapy

were excluded.
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5.3.2. Sample collection and DNA Extraction

Ten 10um scrolls were taken from a representative FFPE tissue wax block for each case and sent
to Duke University for molecular analysis. Following the manufacturer's protocol, nucleic acid
extraction and sequencing library preparation were conducted using the Duoseq Research Kit

(EPXv3, Data Driven Bioscience, Durham, NC).

5.3.3. WES and Alignment

Sequencing was performed on the Illumina platform, adhering to the manufacturer’s guidelines
for data generation and analysis. Of the samples submitted, 137 were successfully extracted and
underwent WES. The median exonic coverage for these cases was 26.8X. FASTQ files
containing DNA sequencing reads were processed using Trimmomatic (v0.39) in paired-end
mode to remove adapter sequences and low-quality reads.[15, 16] DNA reads were then aligned
to the human reference genome (GRCh38.p12, with a PAR mask on chary) using Sentieon
BWAmem (v201911) with the default parameters.[17] PCR duplicate reads were identified and
marked using Picard (v2.8.1) (http://broadinstitute.github.io/picard). Quality control metrics
were generated using Picard, FASTQC (v0.11.8)

(www.bioinformatics.babraham.ac.uk/projects/fastqc), and samtools (v1.13).[18]

5.3.4. Single-nucleotide Variant Calling

Variant calling analysis was performed using DNA reads from the exome-sequenced samples,
leveraging a pipeline that uses the union of variants called by each of Strelka2 (v2.9.10),
DeepVariant (v1.1.0), and Sentieon Haplotyper (v201911) to call variants.[17, 19] Of the 137
analyzed samples, 83 met the quality criteria for variant calling. Synonymous single nucleotide
variants (SNVs), and variants with a population frequency of greater than 0.01 reported in the
gnomADS databases were excluded. CRC drivers were identified as outlined in a recent major
comprehensive CRC genomics profiling study.[13] All identified variants underwent manual

review using Integrative Genomics Viewer (IGV).[20]
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5.3.5. Copy Number Variant Calling

Copy number variants were identified using CNVkit and GISTIC.[21, 22] Fourteen samples
were excluded from the CNV analysis because they failed to pass the CNV quality metrics.
Recurrently mutated cytobands were plotted using the GenVisR R package.[23]

5.3.6. Ancestry Analysis

Global ancestry inference was conducted using LD-pruned variants (R? cutoff of 0.2) across all
chromosomes, analyzed with ADMIXTURE (v1.3).[24] We included reference populations from
the HapMap3 project, representing a diverse set of ancestries: Yoruba in Ibadan, Nigeria (YRI);
Maasai in Kinyawa, Kenya (MKK); Luhya in Webuye, Kenya (LWK); Toscani in Italia (TSI);
Utah residents with Northern and Western European ancestry (CEU); Han Chinese in Beijing,
China (CHB); Chinese in Denver, USA (CHD); and Japanese in Tokyo, Japan (JPT). Meta-
population ancestry proportions were calculated by summing proportions of related populations:
African ancestry (YRI, MKK, LWK), European ancestry (TSI, CEU), and Asian ancestry (CHB,
CHD, JPT). Individuals were categorized into ancestry groups based on heuristic thresholds,
previously developed, evaluated, and established using a large external dataset. These heuristic
thresholds are as follows: Black if the African meta-population proportion was >50%, White if
the European meta-population proportion was >50%, Asian if the Asian meta-population

proportion was >50%, and Mixed if no single meta-population proportion was >50%.

5.3.7. Microsatellite Instability ldentification

Microsatellite instability-high (MSI-H) tumors were identified using MSIsensor, a validated
computational algorithm for assessing microsatellite instability (MSI) and mismatch repair
(MMR) status.[25, 26] Tumors with an MSI sensor score >10 were classified as MSI-H, while
those with a score <10 were classified as microsatellite stable (MSS), based on thresholds

established in prior colorectal cancer studies.[25]
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5.3.8. Identification of Pathogenic POLE Variants

Tumours with pathogenic somatic variants in POLE exonuclease domain (ED) were identified
based on the 22 known pathogenic variants which were previously reported.[27, 28] High
mutational burden tumors were either classified as microsatellite instability-high (MSI-H) or
found to carry a known pathogenic POLE variant. Tumors with pathogenic POLE variants were
confirmed to have elevated activity of SBS10a and SBS10b mutational signatures, which are

well-established markers of POLE ED mutations.[29]

5.3.9. SBS Mutational Signatures

Single base substitution (SBS) signatures were extracted de novo using SigProfilerExtractor,
referencing known COSMIC mutational signatures (v3.4).[29] The analysis was performed
assuming 1 and 30 SBS signatures (minimum and maximum signature parameters, respectively),

while default settings were applied for all other parameters, as described in prior studies.

5.3.10. Statistical Analysis

Descriptive statistics were used to summarize data: median and range for continuous variables,
with comparisons conducted using the Wilcoxon rank-sum test, and count and percentage for
categorical variables, with comparisons made using two-sided Fisher’s exact tests. The
frequency of oncogenic alterations between groups was compared using two-sided Fisher’s exact
tests. Pathway analysis was performed using templates from Sanchez-Vega et al.[30] Genomic
results were considered hypothesis-generating and were not corrected for multiple testing due to
the limited sample size. All statistical analyses were conducted using R software, with a

significance threshold of p < 0.05 for two-sided tests.
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5.4. Results

Eighty-three (out of the original 138) cases passed quality control checks and were included for
whole exome sequencing (WES) analysis. Salient demographic and clinicopathological features
are summarised in Table 5.1. The majority of cases were left-sided (63.9%), locally advanced
tumours (pT3 or pT4), and histologically classified as moderately differentiated adenocarcinoma
NOS. Ancestry analysis was performed on these cases which confirmed that the majority were
of African (56.6%) or mixed (26.5%) ancestry descent (Figure 5.1). The majority of the cases
(n=77, 92.8%) were classified as MSS by MSlIsensor, while 4 MSI cases (4.8%) were included.
Two cases (2.4%) with pathogenic POLE ED variants were identified (P286R) which
represented the POLE ultramutated group. This classification correlated well with the mean

SNV count per sample (Figure 5.2).
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Table 5.1: Demographic and Clinicopathological Characteristics of a Cohort of Colorectal

Cancer Patients (n=83)

Age at Diagnosis

52 years (45, 56)*

Gender

Female 38 (45.8%)
Male 45 (54.2%)
Tumour Site

Caecum 9 (10.8%)
Ascending 8 (9.6%)
Hepatic flexure 3 (3.6%)
Transverse 10 (12.0%)
Splenic flexure 5 (6.0%)
Descending 8 (9.6%)
Sigmoid 19 (22.9%)
Rectum 21 (25.3%)
Tumour Side

Left 53 (63.9%)
Right 30 (36.1%)
Pathological Tumour Stage (pT)

1 1 (1.2%)

2 3 (3.6%)

3 52 (62.7%)
4a 18 (21.7%)
4b 9 (10.8%)
Histological Grade

1 3 (3.6%)

2 77 (92.8%)
3 3 (3.6%)
Histological Type:

Adenocarcinoma NOS 81 (97.6%)
Mucinous 2 (2.4%)
MSI Status

MSI 4 (4.8%)
MSS 77 (92.8%)
POLE ultramutated 2 (2.4%)
Calculated Ethnicity

African 47 (56.6%)
Mixed 22 (26.5%)
White 13 (15.7%)
Unknown 1 (1.2%)

* Median (Q1, Q3)

This cohort was enriched for pMMR cases with only select unexplained dAMMR cases included.
NOS not otherwise specified, MSI microsatellite instability, MSS microsatellite stable.
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Figure 5.1: Ethnicity Determination by Ancestry Analysis. The majority of samples are shown

to originate form African and mixed ethnic groups.
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Driver gene identification at a base-pair level was performed separately in MSS, MSI and POLE
ultramutated CRC (Figure 5.3). As expected, APC (49%) and TP53 (35%) were the most
frequently mutated genes in CRC. The frequency of KRAS (18%) and PIK3CA (7%) mutations
was lower than expected. Only one BRAF mutation (1.3%) was detected, this was a K253Q
variant occurring in an MSS tumour. FAT4, BIRC6, TET2, CSMD3, ATM and EPHA3 were
among the top 10 mutated genes across all molecular subtypes. Interestingly, an association

between co-occurring FAT4 and TET?2 driver mutations was found (p=0.0093).
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Figure 5.3: Oncoprint. The top 5% of mutated driver genes based on SNV analysis are shown
in this Oncoprint. MSS, MSI and POL ultramutated cases are shown in separate vertical panels.

SNV counts per sample are shown in the upper panel. Early-onset age at diagnosis <50.
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SNV counts per sample in MSS CRC were analysed by salient clinicopathological variables.
The mean SNV count was similar for early- and late-onset MSS CRC (Figure 5.4a). Left-sided
tumours, African ancestry and females showed a higher mean SNV count, though these

differences were not statistically significant (Figure 5.4b-d).
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Figure 5.4: SNV Counts in MSS CRC Stratified by Salient Clinicopathological Features. A, age
group in 10 year bands. B, anatomical location by tumour site. C, ethnicity determined by

ancestry analysis. D, gender.

Further analysis of the top five mutated driver genes was performed based on anatomical
location and age group. APC, TP53, FAT4 and TET2 driver mutations occurred at a higher
frequency in left-sided tumours, while KRAS mutations were enriched for in right-sided tumours
(Figure 5.5a-b). APC drivers were more frequent in early-onset CRC, while FAT4, KRAS, TET2,

and TP53 drivers occurred more often in later-onset CRC (Figure 5.5¢c-d). FAT4 driver mutations
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were only found in mixed and African ancestry groups (Figure 5.6¢). ARIDIB, BCL9, CHD?2

and PTEN drivers were found exclusively in tumours from African patients in out cohort.
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Figure 5.5: Top 5 Mutated Driver Genes in MSS CRC Stratified by Salient Clinicopathological
Features. A, anatomical location by tumour site. B, anatomical location classified as left vs.
right. C, age group in 10 year bands. D, age group classified as early-onset (<50 years) vs. late-

onset.
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Figure 5.6: Mutational Signatures, Oncogenic Signalling Pathways, and Top 5 Mutated Driver
Genes by Ethnicity. A, Single base substitution (SBS) mutational signatures focussing on the

most important signatures in CRC. B, Frequency of alterations in the major signalling pathways

Single base substitution (SBS) mutational signatures were calculated, and those relevant to CRC
are summarised in Figure 5.6a. SBS15, SBS87 and SBS5 were the most frequent in MSS
tumours (15.5%, 12.3% and 10.7% respectively). Typically SBS1 and SBS5 have been
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described as the most frequent SBS signatures in CRC.[13, 31, 32] The SBSI signature was
seen with a frequency of 9.7% in our cohort (Table 5.2). Interestingly, SBS15 has been
previously associated with defective DNA mismatch repair, however this was the most frequent
signature in the present MSS group. SBS87 is associated with thiopurine chemotherapy
treatment. SBS93 was uncommon (0.01%), in contrast to the findings of Cornish ef al. (who

found this to be present in 40% of MSS cases).[13]

Table 5.2: Established SBS Signatures, Arranged by Frequency

Signature Frequency (%)
SBS15: Defective DNA mismatch repair 15.5
SBS87: Thiopurine chemotherapy treatment 12.3
SBSS5: Unknown 10.7
SBS1: Deamination of 5-methylcytosine 9.7
SBS10b: POLE mutation 7.1
SBS32: Azathioprine treatment 5.6
SBS13: APOBEC activity 4.5
SBS97: Unknown 3.9
SBS33: Unknown 3.7
SBS21: Defective DNA mismatch repair 3.2
SBS7c: Ultraviolet light exposure 3.0
SBS7d: Ultraviolet light exposure 3.0
SBS10a: POLE mutation 2.4
SBS31: Platinum treatment 2.4

Alterations in key oncogenic signalling pathways were investigated (Figure 5.6b). WNT, RAS,
and PI3K pathway alterations were found with a similar frequency to that reported in the
literature in MSS CRC.[9, 14] Alatise ef al. described a much lower frequency of WNT pathway
alteration in their Nigerian MSS cohort.[9] APC and TCF7L2 are well described key genes in
the WNT pathway and were also the most frequently mutated in our study. However, we found a
significant number (>10% frequency) of mutations in the CHDS8, DKK2, AMERI, CHD4 and
LGRS genes. These genes were not included in the MSK-IMPACT assay panel that was used by
Alatise et al. and this may account for the discrepancy. NOTCH and RTK pathways were altered
at a higher frequency than previously reported, while 7P53 alteration was found less

frequently.[9, 14]
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Overall, 69 (83%) samples passed quality control filters for CNV analysis (Figure 5.7). Gains
were most significantly found in chromosomes 20q, 13q, and 20p. These findings are similar to
Cornish ef al.[13] Significant gains in chromosome 7q were not detected. Chromosome 6p
gains were significantly correlated with African ancestry (p=0.0028). 6p and 7p gains were

statistically more frequent in the rectum (p=0.04 & p=0.005).

Landscape of Copy Number Variation, N=69
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Figure 5.7: Copy Number Variant (CNV) Alterations in MSS CRC. Significant CNV
alterations are shown at a chromosome level in the left panel, with the arm location of the most

frequent gains and losses highlighted in the right panel.

5.5. Discussion

Although the burden of CRC is increasing in sub-Saharan Africa, there is a paucity of molecular
data from African studies. In particular, the rising incidence of left-sided MSS tumours remains
poorly categorised at a molecular level.[8] We present the first WES study on a cohort of
selected CRC samples from sub-Saharan Africa, as a critical step towards understanding their

tumour biology.

APC and TP53 are well-established as major driver genes in MSS CRC, and were also the two

most frequently mutated genes in our study. This finding is similar to that reported recently in a
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landmark paper investigating 2033 CRC whole genomes in the UK.[13] However, the frequency
of these mutations in our study is approximately half that reported recently by Cornish et al.
Interestingly, this reduced frequency of APC mutations (49%) is similar to that described in
Nigeria (37%) by Alatise et al.[9] Although factors such as small sample size and quality of
sequencing data from FFPE samples may have affected our results, this finding is still
noteworthy. The majority of APC variants are SNVs, so it is unlikely that other types of variants
or epigenetic events were overlooked.[33] Since APC mutations are frequent early events in the
adenoma-carcinoma sequence in MSS CRC, this finding raises the possibility of alternative early
events in CRC pathogenesis. Despite the lower frequency of 4PC mutations, we have shown
that the WNT signalling pathway was still altered in the vast majority of tumours. This is in
contrast to the findings of Alatise et al., and we have highlighted several mutated genes not
included in their MSK-IMPACT assay. KRAS, another major driver gene in MSS CRC, was also
found with less than half the frequency (18% in our study) reported in Nigeria by Alatise ef al.
(57%) and in the UK by Cornish et al. (45%).[9, 13] Additionally, BRAF V600E mutations were
absent in our study, a finding similar to Alatise ef al.[9] These findings highlight major
differences in the frequency of specific driver genes at a base-pair level, between CRC in sub-

Saharan Africa, North America, and Europe.

In our study, we identified a high frequency of 474 and TET2 driver mutations. FAT4 is a large
tumour suppressor gene (translating to a product of 4 983 amino acids) which is thought to
inhibit epithelial-to-mesenchymal transition (EMT) via the Wnt/B-catenin pathway, and
autophagy via the PI3K/AKT signalling pathway.[34-36] Cornish ef al. reported a frequency of
FAT4 mutations in 1.0% of MSS tumours.[13] FAT4 mutations were found in 24% of MSS CRC
in our cohort, and exclusively in African and Mixed ancestry groups. This finding may provide
an alternative explanation for aberrant Wnt/B-catenin signalling in indigenous African patients
where the frequency of APC mutations is reduced considerably. In our study, F474 mutations
were more frequent in late-onset CRC and tended to occur more frequently in left-sided tumours.
Up-regulation of FAT4 has recently been shown to enhance chemosensitivity of colorectal cancer
cells treated by 5-FU.[37] This may have significant therapeutic implications for treating CRC

in sub-Saharan Africa.
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The ten-eleven translocation (TET) protein acts as a substrate for AMPK and is involved in the
conversion of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), a key intermediate
product in the DNA demethylation reaction.[38] TET72 mutations are found commonly in
haematological malignancies and are also present in solid tumours, including breast cancer.[39]
This is a novel pathway in colorectal carcinogenesis and has been linked to obesity-related CRC
development.[40] In our study, TET2 mutations occurred at a frequency of 15%, and more often
in late-onset CRC, and in the left colon. TET2 was reported as a novel gene in CRC by Cornish
et al., but at a much lower frequency of 0.6% in MSS tumours. Downregulation of TE7?2 is an

independent poor prognostic factor in CRC.[41] This may be a promising therapeutic target.

Working with FFPE material is known to have limitations in terms of DNA yield and quality.
The selective nature of the cohort examined limits direct comparison to other studies. Future
work in sub-Saharan Africa should focus on collecting fresh frozen material with paired germline
samples. More complete oncology records with follow up data would also add an additional

element to this work.

In summary, we have shown differences in oncogenic signalling pathways and driver gene
frequencies in MSS CRC in our cohort which was enriched for in patients of African ancestry.
APC, TP53, KRAS, and PIK3CA appear to only account for drivers in a subset of cases. FAT4
and TET?2 have emerged as possible alternative driver genes, particularly in late-onset and left-
sided tumours. Further studies investigating larger cohorts with paired germline material are
required to further dissect these pathways and evaluate these genes as potential therapeutic

targets.
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6. CHAPTER SIX — General Discussion, Conclusions, and Future Perspectives

6.1. Routine Testing of MMR/MSI

Universal screening of all CRC tumours for dAMMR/MSI is recommended by the UK National
Institute for Health and Care Excellence (NICE) guidelines.[31] Screening performed by IHC or
PCR is not widely available in sub-Saharan Africa, and the associated additional costs of
universal screening are prohibitive. Even in South Africa, where histopathology services are
reasonably well developed, testing is performed by arbitrary age cutoffs that vary between
regions and facilities. To reduce costs, some authors have suggested IHC screening using only
MSH6 and PMS2, with a reflex to the partner stain if either is absent (two-stain method).[37]
This practice has limitations and may fail to detect some cases of Lynch syndrome. Although
some centres in South Africa have adopted it as a cost-saving measure, it is not widely accepted
as a standard of care. During the course of this current work, universal screening with IHC (four
gene products) for all CRC has been adopted at Groote Schuur Hospital. It is hoped that this will

be adopted nationally in the near future.

Digital pathology is becoming increasingly accessible globally, and several laboratories are
incorporating slide scanning into their routine workflow. There are several advantages to
digitising histology slides. Other than optimising workflow and turnaround times, there are
various Al applications that may further increase productivity, enhance accuracy, and reduce
turnaround times. Over the past 5 years, several groups have demonstrated high performance of
DL models in detecting IMMR/MSI from scanned whole slide images of CRC resection
specimens.[32-34, 38] This has the potential to reduce the burden of downstream testing,

thereby saving significant costs.

This could become a viable pre-screening strategy once more South African laboratories have
integrated a digital workflow. Most local laboratories have access to a slide scanner, so select
cases could be scanned for this purpose even without a completely digital workflow.
Commercially available AI models such as MSIntuit are currently available for in vitro

diagnostic (IVD) use in Europe.[32] Although these models could potentially be used on our

101



patient population, we have shown that additional calibration would be required. One of the
limitations of our study was the selection bias introduced by only including patients <60 years of
age at the time of surgery. This artificially increased the proportion of AMMR cases which likely
contributed to the reduced performance of the model. Further validation studies with larger
patient cohorts are required. However, due to ‘haphazard screening strategies’ there is a lack of
readily available data, and most of the MMR/MSI screening tests would need to be performed

and interpreted. This may be easier to accomplish prospectively.

Ultimately, the major challenge in South Africa is the lack of standardised practice for
dMMR/MSI screening. There is a need for engagement with the relevant stakeholders
(pathologists, clinicians, laboratory groups, patient advocacy groups and funders) to adopt a
uniform screening strategy at a national level. Since histopathology in the public sector is
facilitated through a single ‘National Health Laboratory Service’, adopting guidelines at a
national level should be attainable. It is hoped that research such as this will raise awareness of

current international trends and stimulate discussion between colleagues at a national level.

6.2. BRAF Testing in MLH1/PMS2 dMMR CRC

Reflex BRAF V60OE testing (IHC or PCR) is recommended in all AIMMR cases with loss of
MLH1/PMS?2 to triage patients for further germline testing for Lynch syndrome.[31] The BRAF
V600E point mutation is associated with MLH1 promotor hypermethylation in approximately
50% of cases, and suggests a somatic event. Through our work (paper 2), we detected BRAF
V600E mutations in none of the 18 dMMR cases which showed loss of MLHI1 protein
expression in any combination. Since only a fraction of these patients are likely to have Lynch
syndrome, and only 14/18 were found to have MLH pathogenic variants (implying that 4/18 had
epigenetic silencing of MLH]I), this suggests that BRAF V600E may not correlate with MLH]

promotor hypermethylation in our population.

Several other groups have made similar observations, and it appears that BRAF mutations are not

a reliable mechanism to differentiate somatic and germline causes of MLH1/PMS2 loss in sub-
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Saharan Africa.[35, 39] This would support the use of MLHI promotor hypermethylation testing
as a means to differentiate somatic from germline MLH1 inactivation in our local setting.
Further work is required to determine whether this finding is transferable to older patients with
MLH1/PMS2 loss. In addition, further work is required on our patient cohort on germline

(adjacent normal colon) material to clearly delineate germline from somatic cases.

6.3. Appropriate Referral of AMMR Cases for Germline Screening

Guidelines recommend that all cases with MSH2/MSHS6, isolated MSH6, and isolated PMS2 loss
of staining on IHC should be referred for genetic counselling and germline testing for Lynch
syndrome.[31] In addition, cases with MLH1/PMS2 loss and which are BRAF V600 wild type,
should also undergo germline testing. Only 20 of the 49 dMMR cases (41%) were recorded in
the Division of Humen Genetics registry as having been referred for germline testing. Of these,
17 (85%) had an MLH1/PMS?2 loss of staining pattern, or an unconventional pattern which
included MLH1 loss. We sequenced somatic tissue from 18 of the cases which were not
registered for germline testing and found that 9 of them (50%) had an MMR gene mutation with
a VAF which indicated a possible germline mutation. This highlights that a significant

proportion of likely Lynch syndrome cases are being missed in our system.

Some of these AMMR cases may not have been referred appropriately for genetic counselling
and testing. Although the histopathology of these cases was reported at the NHLS laboratory at
Groote Schuur Hospital, a significant number of the patients would have been operated at
surrounding secondary and district level hospitals (New Somerset Hospital, Victoria Hospital,
Mitchel’s Plain Hospital, George Hospital). Increasing clinician awareness of interpretation of
these results and appropriate referral should increase the number of referred AIMMR cases. It
would also be useful to include a standardised interpretation comment in the histopathology
reports of AMMR cases, advising for germline testing. Another possibility is that patients were
appropriately referred for germline testing, but were lost to follow up. Further studies would be

needed to investigate this referral pathway more thoroughly and identify gaps which are leading
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to less than half of patients in our setting receiving germline testing. An MSc study is currently

underway in our laboratory to identify such gaps, and propose means for filling these.

6.4. Adequacy of Current Testing Methods for Germline Screening

There is a focus on targeted testing, via PCR/Sanger sequencing for the founder MLHI 1528C>T
mutation in the Division of Human Genetics at the University of Cape Town. This founder
variant is the most prevalent in the region.[40] The “common 5” panel, which is currently in use,
also includes the four most common MLH? variants seen in our mixed ancestry population. Our
study shows that a wide range of pathogenic or likely pathogenic variants are found in our local
environment. Twenty-six different variants were found, and the only variant that occurred in
more than one sample was the MLHI 1528C>T founder. Thirteen of these 26 variants (48%)
occurred at a VAF that suggested a likely germline aetiology. Only 1/13 of these variants (MSH2
c.1221 1222del) would have been detected with the “common 5” panel currently in use. This
highlights the need for NGS, which can be panel-based and optimised to be cost-effective. This
is essential to identify such a wide range of possible variants correctly. Driver genes, which are
therapeutically relevant (KRAS, PIK3CA, BRAF), could also be included in the panel to provide
more clinically relevant information. As personalised medicine becomes more widely available
in the state sector, this additional somatic molecular information will become increasingly
important for therapeutic decision-making. Small panels that contain these genes relevant to
CRC are commercially available for IVD. Batching samples is a major cost-saving advantage of
NGS, and a large referral centre could easily receive sufficient requests to make this financially

viable.

We have shown that panel-based NGS is necessary to identify the entire spectrum of MMR gene
pathogenic and likely pathogenic variants in CRC in our population. Further work should focus

on a cost analysis and the feasibility of providing this test at a national level.
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6.5. Driver Genes and Oncogenic Signalling Pathways in pMMR CRC

Our study confirmed the findings of Alatise et al., (who worked on a Nigerian cohort of CRC
patients) of divergent major driver gene mutation frequencies from what has been reported in the
literature.[35] In particular, the APC, TP53, KRAS and PIK3CA genes were found to be less
commonly mutated in pMMR CRC. We performed WES which allowed us to evaluate more
potential alternative driver genes, and identified FAT4 and TET2 as two of the major driver genes
in our South African population. These genes are emerging drivers in CRC and their mechanism
of action is still being investigated.[41-47] They may provide a promising explanation for the
rising incidence of left-sided CRC in sub-Saharan Africa. Further work is required to understand

the functional consequences of mutations in these genes.

6.6.  Strengths and Weaknesses

In this study, we have retrospectively collected a significant number of CRC resection samples
with corresponding MMR protein IHC status and complete clinicopathological data. Our cohort
was selected for young (<60 years of age) cases of CRC which makes it unique. We have
performed several experiments, which were the first for CRC in sub-Saharan Africa. This
includes the panel-based NGS of AMMR cases, WES of pMMR cases, and the IMMR/MSI pre-
screening with an Al model. We have provided insights into the spectrum of mutations in MMR
genes in AMMR cases. Our cohort contained a significant proportion of African and mixed

ancestry cases, providing novelty for the Al and WES work.

This work had several weaknesses. Most notable was the lack of paired germline material which
would have provided definitive information on the hereditary CRC cases. This data would also
have made variant interpretation (particularly CNV) with the WES data more reliable. Doing
molecular work with FFPE tissue has known limitations. Although we had to exclude a few
samples from analysis due to poor DNA quality, those that were adequate did yield high-quality
data. Another shortcoming is the lack of clinical follow-up data. This could have provided an

additional prognostic element to this work.
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6.7. Future Perspectives

Several directions for future work have been highlighted in the discussion above. It would be
valuable to ascertain the germline status of the dAMMR cohort by targeted PCR or panel
sequencing. This can be performed on DNA extracted from representative FFPE tissue wax
blocks of normal colonic tissue from each case. This would allow us to definitively categorise
the IMMR cases as somatic or germline and further data analysis could be performed on these

subgroups.

Transcription studies can be performed on the pMMR cases that were subjected to WES.
Although due to the nature of the samples (FFPE), fewer cases would likely pass quality control

checks, this would represent the first study of its kind from sub-Saharan Africa.

The representative tumour slides, which were scanned, have been digitally archived and would
be amenable to several further studies. We would like to investigate the quantitation of TILs
with artificial intelligence and compare this to what was reported by pathologists. Once the
germline status of the AMMR cohort is known, further analysis could also be performed to
attempt to delineate germline from somatic dAMMR cases by Al TILs count. Key molecular data
variables generated from the WES study could also be investigated with AI. This could include

KRAS and POLE mutation status as well as identification of molecular subgroups.

The major findings from the WES study (FAT4 and TET2 mutations) require further
investigation. This could involve immunohistochemical evaluation of tumour tissue sections to

determine the functional status of their protein products.

Several other IHC-based studies could be performed on this cohort. Protein expression of the
less commonly mutated MMR genes (MLH3, MSH3, and PMS1) could be investigated. The
tumour immune cell microenvironment could also be delineated with inflammatory cell markers

(CD3, CD4, CDS, CD163, etc) and key receptors of tumour-immune cell interaction (PDL1,
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CTLAA4, etc). As a separate study, an attempt could be made to gather available clinical follow
up and outcome data. If this were to be successful, several further morphological and
immunohistochemical studies could be undertaken to study novel prognostic indicators in our

unique cohort.

Spatial transcriptomics experiments could study the interaction of the tumour cells and the host
inflammatory response. Ideally, a selection of AIMMR and pMMR cases should be studied, with
paired normal colon tissue acting as a control. This would be the first RNASeq study to evaluate

patients of African ancestry and with early-onset CRC.

Ultimately, the goal should be to prospectively collect a cohort of CRC resection samples with
paired germline material. Patients could be counselled and consented appropriately. Tissue
could be collected postoperatively and stored fresh frozen to better preserve genetic material for
large-scale sequencing or spatial transcriptomics studies. Follow-up data could also be more
actively collected. This would yield the ideal material on which to further explore this group of

tumours in our unique population.
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