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Abstract

Introduction: The mismatch repair system plays an important role in maintaining the genome
integrity as it functions to correct mismatches during DNA replication. Heterozygous mutations
in one of the mismatch repair (MMR) genes e.g. MLHI1, MSH2, MSH6 and PMSZ2 cause the
dominant adult cancer syndrome termed Lynch syndrome (or hereditary non-polyposis
colorectal cancer). In our South African cohort, the MLH1 exon 13 ¢.1528C>T mutation is the
most common Lynch syndrome-causing variant in the Mixed Ancestry population. Recently, a
patient homozygous for this mutation, diagnosed with Constitutional mismatch repair deficiency
(CMMR-D) syndrome was described within this extended cohort. CMMRD syndrome results in an
increased predisposition to a range of cancers, most commonly brain and hematological tumours
in early childhood. The aims of this thesis were: (i) to determine the rate of extra-colonic cancers
in the cohort of Lynch syndrome families in our colorectal cancer registry, (ii) to determine if
MLH1 ¢.1528C>T is a founder mutation, and (iii) to focus on the CMMR-D syndrome as a branch
of Lynch syndrome and to potentially use the hypermutability-status in CMMR-D to understand
the diverse carcinogenesis in Lynch syndrome.

Methods: The registry consisting of Lynch syndrome families was interrogated and analysed to
address the aim (i). Haplotype analysis was performed using microsatellite markers around the
MHL1 c.1528C>T mutation to determine founder effect for aim (ii). For aim (iii) whole exome
sequencing was also performed in a Lynch/ CMMR-D syndrome family in order to investigate the
extent of hypermutability in CMMR-D syndrome, and to develop a working hypothesis for
carcinogenesis in CMMR- D and Lynch syndromes.

Results: From the analysis of the registry it was noted that 396 individuals carried a disease-
causing mutation in either MLH1 or MSHZ; females have a relatively later age of onset (for
cancer) than males and MLH1 mutation carriers develop cancers relatively earlier in life than in
individuals with MSH2 mutations. The most common extra-colonic cancers were endometrial
and breast in females; in males small bowel cancer was most common, after CRC. The cohort
study revealed a large founder effect with the MLH1 ¢.1528C>T mutation, with the most common
inferred (disease-associated) haplotype found in 25 of the 30 subjects tested; the disease-
associated haplotype was not present in controls. The mutation aging analysis traced the
mutation to be ~225 years old. The WES investigation of the nuclear family within which the
CMMR-D patient, including acquired and germline mutations in tissues from the child with
CMMR-D, revealed a range of pathways including the extracellular matrix, WNT signaling, TGFf3
and p53 as acquiring significant numbers of variants as a result of the MMR deficiency.
Discussion and Conclusion: The results which are indicative of the need to improve the Lynch
syndrome mutation testing and management for all patients, also suggests the need to develop
surveillance programs for extra-colonic cancers, which will improve compliance and disease-free
survival. WES investigation of the nuclear family containing a child with CMMR-D point to the
potential involvement of a range of pathways associated with cancer development which may be
indirectly invoked in the process of tumorigenesis by the wide range of variants acquired as a
result of mismatch repair deficiency. It is likely that some of these processes are also involved in
the emergence of extracolonic cancers in individuals affected with Lynch syndrome (i.e.
heterozygous for mutations in MMR genes).



Plagiarism declaration

Plagiarism Declaration

“This thesis/dissertation has been submitted to the Turnitin module
(or equivalent similarity and originality checking software) and I
confirm that my supervisor has seen my report and any concerns
revealed by such have been resolved with my supervisor.”

Name of student:

Student number: LMLLIN0O1

Signed by candidate

Signature: Signature Removed

Date: 18 July 2017



Dedication

“Ke habile lehodimong
Tseleng ha kena bodutu
Ha ke tsamaye ke le mong
Ke na le Morena Jesu
Lefelleng moo ke tsamayang
Ho lahleha ba bangata
Empa nna ya ntsamaisang
Ke Jeso, ke monga tsela
Ntate ke mang ya kang ka wena
O tshwanatswe ke thoriso
O morena wa marena
0 kgosi ya dikgosi
Molefatsheng le Mahodimong
Hao ya tshwanang le wena
Hao ya tshwanang le wena”

This thesis is dedicated to:

Elizabeth Mamankoane Lamola
Teboho Phillip Lamola
Marriam Monyane
Nonhlanhla Neano Lamola



Acknowledgments

To my supervisor, Prof. R. Ramesar, thank you for allowing me to be part of this
project, thank you for all the support and confidence you had in me to take on
this project.

To Alvera Anna Vorster, thank you for the smoke breaks and coffee moments
that have, to date, shaped and defined projects I've worked on. God knows some
of the most brilliant ideas and results were discussed during those moments.

To Emilson Chimusa, thank you for all the academic support and knowledge you
have provided during this journey.

To HumGen, thank you so much for the support, the answers, the questions, the
laughter and food. Every single one of you made so much difference during my
PhD journey.

To Ursula Algar, thank you very much for all the work you put in for this project.
To the patients, nurses, doctors and many more individuals who made this
project what it is, I thank you.

To Violet Lamola and Gilbert Matanhire (Mantwi le Guy) my number one fans
and supporters, the pillars of strength, my reason to remain sane and the
sidekick to the “starring” in this journey- Thank you.

To Vangile Lamola (Mami), there are many versions, which this story could have
turned out. I am glad o kgethile nna.

To my best friend, the voice of reason and the person who put more fuel to my
love of science, my inspiration, Dr. Shareefa Dalvie, thank you so much. The
words will never be enough to express how thankful I am for everything you
have done for me.

To my best friend Macy Kotola, thank you for your continued support through
my journey.

To my journey mate, Horacia Naidoo, we made it!

To Lemogang Seale, this journey would have been twice as hard if I didn’t have
you by my side, thank you for always putting a smile on my face.

To Thulani Lamola and Nonhlanhla Lamola, you brought laugher and for giving
me reasons to become a better person and added to my reasons to get up every
morning, thank you.

Thank you to the National Research Foundation (NRF) for the funding.



Table of Contents

ABSTRACT ..cotrrrcssssmsssmsssssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssases 2
PLAGIARISM DECLARATION ....ccooummmnmmsmmssesessasis 3
1912100 (072 1 (0] [ 4
ACKNOWLEDGMENTS ....coostvcmmmmsssmsmsssssssssssssssssssssssssssssssssases 5
TABLE OF CONTENTS ....ovcnmnmnmmmmsmssssssssssssssssssssssssssssssassssans 6
LIST OF FIGURES: ......cccontsrnmnsssmsmssssssssssssssssssssssssssssssssssases 8
LIST OF TABLES:......ccocinmssssnsssssssssssssssssssssssssens 9
ABBREVIATIONS .....oocinesmsmsmssssssssssssssssssssssssssssssssssssssans 10
1. CHAPTER 1: INTRODUCTION TO CANCER .....ccosmmmrmsnsnssssenns 12
1.1 CANCER IN GENERAL woevurtrersureressreresssseesssressssssessssssessssssssssssesssssssssssssessssssesssssnssssssssssssensassrenssnssenssnes 12
1.2 HALLMARKS OF CANCER ..ccsururestrereassresesssessssssessasssesssssessssssessssssessssssssssesesssssssssssessssssesssssressssssssssnes 12
1.3 GENOMIC INSTABILITY AND CANCER DEVELOPMENT ..cucvtresurrrenssrenessssesessssessssssessssssessssssesssssesssnes 13
1.4 MMR DEFICIENCY — INTRODUCTION TO LYNCH SYNDROME ...ccoovumusrreressrensssssesssssesssssessssssessses 14
1.4.1 Pathways involved in the development of CRC 15
1.4.2 Molecular basis of Lynch syndrome 17
1.4.3 MMR genes 19
1.5 CANCER RISK IN LYNCH SYNDROME ...cueceutnireeesresessssssesssssssssssssssssssssssssssssessssssssssssssesssssssessssssesasses 20
1.5.1 Lynch syndrome spectrum of cancers 21
1.6 DIAGNOSIS OF LYNCH SYNDROME ....cueuiestrenessssessssressssssessssssessssssssssssssssssssesssssssssssessssssessssssessssssssssees 21
1.7 TREATMENT OF CANCERS ASSOCIATED WITH LYNCH SYNDROME ....couvesrrenessssessssressssesesssesesssnes 23
1.7.1 Surveillance and management of Lynch syndrome 24
1.8 LYNCH SYNDROME IN SOUTH AFRICA (S.A.) cceererreemreesreerseenseesesseessessesssesssessssssssssssssssesssssssessens 25
1.9 MOTIVATION FOR STUDY woeucureressreresssreresssessssssessssssesssssssssssssesssssssssssssssssessessssssssssessssssessssssessssssssssees 26
CHAPTER 2: LYNCH SYNDROME - THE COHORT STUDY 28
2.1 BRIEF BACKGROUND....cceesustrtrererereresssssssssssssssseresesesessssssssssssssersssssnesssssssssssssssssssesensnssssssssnsnssssenssnsssasas 28
2.1.1 Cancer risk 28
2.1.2 The MLH1 c.1528C>T mutation 31
2.1.3 Objectives of this section: 35
2.2 METHOD wuvetuneuuseeesseessseessssessssessssessssessssessssssssssessssessssessssessssessssesssssessssessssessssessssessssssssssessssassssessssessssness 36
2.2.1 Study cohort. 36
2.2.2 Statistical analysis (R) 36
2.2.3 Microsatellite genotyping and haplotype testing 37
2.2.4 Estimating the time of origin or age of ¢.1528C>T mutation 39
2.3 RESULTS eetrteeustrecuseresssssesssesessssssessssesesseessssssesssseessssssesssesssasssssesssnsssssssssesssnssssssssssssesssssssenssssesssssens 40
2.3.1 Cohort demographics 40
2.3.2 Survival Analysis 45
2.3.3 Founder mutation phase analysis 46
2.3.4 Estimating the time of origin or age of c.1528C>T mutation 48
2.4 DISCUSSION cucccvuritsssssssssssssssssssssssssssssssssssssssssssss s ssss s sss s b bbb bbb bbb 50
CHAPTER 3: CONSTITUTIONAL MISMATCH REPAIR- DEFICIENCY (CMMR-D)
SYNDROME ......cconmmmsmmsmsmssssssssssssssssssssssssssssssssssases 56
3.1 INTRODUCTION TO CMMR-D SYNDROME .....ccereeurerensursresssreresasesesssesessssesessssessasssesasssessssssessssenens 56
3.1.1 Epidemiology of CMMR-D syndrome 58
3.1.2 Clinical features associated with CMMR-D 59
3.1.3 Spectrum of tumours in CMMR-D 61
3.1.4 Family history and CMMR-D 63
3.1.5 Genetics of CMMR-D syndrome 64



3.1.6 Genotype/Phenotype correlation
3.1.7 Diagnosis of CMMR-D

3.1.8 Recommended surveillance and treatment

3.1.9 Chapter synopsis
BN/ 0 24 W 5 (0] 0 1T
3.2.1 Ethics and consent

3.2.2 Biological material

3.2.3 Microsatellite genotyping

3.2.4 Next Generation sequencing
3.2.5 Data analysis

3.2.6 WES Analysis workflow: Mutations in different tissues

3.2.7 NGS panel for Lynch syndrome susceptibility genes
3.3 RESULTS uuetreeurereucureressssesesssesessssessasssessssssessasesessssssessssesessseessssssensssssesssnssenssnssesssnsesssnesessssenssssresssnsens
3.3.1 DNA quantification and quality control

3.3.2 MSI genotype testing

3.3.3 WES results of the family study

3.4 DISCUSSION euteuresseressesssressessssessessssesssssssesssssssesssssssesssssssesssssssesssssssessssssessssssesssssssssssssssessssssssssnsnssnes

CHAPTER 4. GENERAL DISCUSSION AND CONCLUSIONS
4.1 SUMMARY OF MAIN FINDINGS weuvuurtreusesseressesssressssssesssssssesssssssesssssssesssssssssssssssesssssssssssssssssssssssssssssens
4.2 LIMITATIONS OF THE STUDY weevuseuresessressssssessssssesssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssesssses
4.3 FUTURE DIRECTIONS wuvvturuuresssressesssresssssssesssssssesssssssesssssssessssssssssssssssssssssssssssssssssssssssssessssssssssssssessssns

APPENDICES ...
APPENDIX A: EXAMPLE OF THE CONSENT FORM ..ccuvtvvtreuresssessessssessessssessessssessssssessessssessessssssssssssessenns
APPENDIX B: NUCLEIC ACID EXTRACTION METHODS....cvuseresseseressesseressessssessessssessessssessessssessessssessenns
APPENDIX C: GEL-ELECTROPHORESIS ...ctureseresreseressesesessessssessessssessessssessessssessssssessessssessessssessssssssssesns
APPENDIX D: PROMEGA MSI ANALYSIS PROTOCOL c.evvreussreeseresessssesesssssssssssessssssessssssessasssessssssessssssens



List of Figures:

Figure 1.1 Hallmarks of Cancer

Figure 1.2 Molecular pathways of CRC

Figure 1.3 Schematic representation of MMR model in
repairing DNA damage

Figure 1.4 Illustration of the strategy and workflow of the
research described in this dissertation

Figure 2.1 Site of cancers associated with the mutations in
the MSH2 gene

Figure 2.2 Site if cancers associated with the mutations in the
MLH1 gene

Figure 2.3 Bar graph showing of the range of extra-colonic
cancers in males with mutations in MLH1 gene

Figure 2.4 Bar graph showing the range of extra-colonic
cancers in females with mutations in MLH1 gene

Figure 2.5 Distribution of age at onset for CRC in Lynch
syndrome patients in cohort 2

Figure 2.6 Kaplan Meier Survival analysis males vs. females
Figure 2.7 Kaplan Meier Survival analysis by cancer type
Figure 2.8 Age estimation of MLH1 ¢.1528C>T mutation
Figure 3.1 Pedigree indicating clinical features in the family
Figure 3.2 NGS workflow

Figure 3.3 Library construction lon Torrent sequencing
platform

Figure3.4: Analysis workflow for the NGS analysis

Figure 3.5: Analysis workflow for sub-network analysis
Figure 3.6: Agarose gel electrophoresis image showing
integrity gel of DNA from members of Family NPC569
Figure 3.7: Integrity gel of electrophoresis image for DNA
isolated from frozen tissues of subject NPC569.3

Figure 3.8: Microsatellite instability analysis results

Figure 3.9 Distribution of variants per chromosome

Figure 3.10 Distribution of new variants between NPC569.3
and NPC569.4

Figure 3.11 Types of new variants in NPC 569.3

Figure 3.12 Illustration of the mutational signatures in
NPC569.3 and NPC569.4

Figure 3.13 Extracted sub-network of interactions for NPC
569.3

Figure 3.14 Extracted sub-network of interactions for NPC
569.4

Figure 3.15 Number of variants observed per chromosome
(WES analysis) in five tissues for NPC569.3

Figure 3.16 The number of mutations identified in the cancer
panel of genes across eight tissues of NPC596.3

Page no.
13
17
19
27
40
41
43

43

44
45
46
49
70
78

79
81
85

87

88
89
91

92
92

94
100
101
106

107



List of Tables:

Table 1.1 Amsterdam [, Amsterdam II, and Bethesda Guidelines
for diagnosis of Lynch syndrome

Table 1.2 Lynch Syndrome cancer surveillance
recommendations

Table 2.1 Microsatellite Markers with marker positions
relative to the mutation relative to the mutation

Table 2.2 Thermo-cycler conditions for standard PCR

Table 2.3 Cohort demographics for Lynch syndrome registry
Table 2.4 Average ages at onset for cancer in mutation positive
cases

Table 2.5 Microsatellite marker output relative to the
c.1528C>T mutation for the 30 probands

Table 2.6 Carrier frequency estimations for c.1528C>T in the
Northern Cape population

Table 3.1 Spectrum of cancers reported in CMMR-D syndrome
Table 3.2 List of mutations associated with CMMR-D syndrome
Table 3.3 List of microsatellite Markers for MSI testing
(Promega)

Table 3.4 DNA Sample quality analysis output

Table 3.5 WES Variant call summary

Table 3.6 List of shared COSMIC variants in NPC569.3 and
NPC569.4

Table3.7 Pathway Based analysis output for unique variants in
subject NPC569.3

Table 3.8 Gene-Ontology Enriched based set for NPC 569.3
unique variants

Table 3.9 Disease association analysis for variants in subject
NPC569.3

Table 3.10 Disease association analysis of variants in the
sibling, NPC569.4

Table 3.11 List of filtered variants with most damaging
prediction scores

Table3.12 Results of EnrichR Analysis for Biological Pathways
in NPC569.3

Table3.13 Results of EnrichR Analysis for Biological Processes
NPC 569.3

Table 3.14 Results of EnrichR Analysis for Biological Pathways
NPC 569.4

Table 3.15 Results of EnrichR Analysis Biological Processes
NPC569.4

Page no
22
24

37
38
42

44
47

48
63
65

76
87
90

93
94
95
26
926
98
102
103
104

105



Abbreviations

A

ALL
AML
APC
ARID1A
bMMRD
BRCA1
BRAF
C

CAL
CHEK?2
cM
CML
CMMRD
COSMIC
COX
CpG
CRC
dbSNP
DNA
ECM
EDTA
emPCR
EPCAM
EXO01
FANC
G

GBM
gDNA
GO
GWAS
H&E
HREC
[HC

ILS
Indel
Kb

KO
KRAS
LOH

LS
MAF
MLH1
MLH3
MMR
MSH?2
MSH3
MSH6
ng

uL

MSI
MSI-H

Adenine

Acute Lymphoblastic Leukemia
Acute Myeloid Leukemia
Adenomatous Polyposis Coli
AT-rich interaction domain 1a
Biallelic mismatch repair deficiency
Breast cancer 1

B-raf proto-oncogene

Cytosine

Café au lait

Checkpoint kinase 2

Centimorgan

Chronic Myeloid Leukemia
Constitutional Mismatch Repair Deficiency
Catalogue of Somatic Mutations In Cancer
Cyclooxygenase

CpG island is a short stretch of DNA in which the frequency of the C-G sequence
Colorectal cancer

Database of Single nucleotide polymorphisms
Deoxyribonucleic acid

Extracellular matrix
Ethylenediaminetetraacetic acid
Emulsion-based clonal amplification
Epithelial cell adhesion molecule
Exonuclease 1

Fanconi Anemia Complementation Group
Guanine

Glioblastoma

Genomic DNA

Gene ontology

Genome-wide association study
Hematoxylin and Eosin stain
Human research ethics committee
Immunohistochemistry

Internal lane standard
Insertion-deletion

Kilo-bases

Knock out

K-Ras proto-oncogene

Loss of heterozygosity

Lynch syndrome

Minor allele frequency

Mutl homolog 1

Mutl homolog 3

Mismatch repair

Muts alpha 2

Muts alpha 3

Muts alpha 6

Microgram

Microlitre

Microsatellite instability
Microsatellite instability high

10



MSI-L
MSS
MWM
NAT10
NF1
ng
NGS
NHL
nM
NPC
OMIM
P53
PCR
PIK3CA
PKA
PKC
PLEC
PPI
PTEN
QC
RBC
RNA
S.A.
SHH
SIRT1
SNP
SPNET
T

Ta
TBE
TE

Tm
UBC
U.S.A.
UTR
VCF
VEGF
WES
WGS
WHO
WT

Microsatellite instability low
Microsatellite stable

Molecular weight marker
N-acetyltransferase 10
Neurofibromatosis type i

Nano gram

Next generation sequencing
Non-hodgkin's lymphoma

Nano mole

Sample code =nonpolyposis cancer
Online mendelian inheritance in man
Tp53 or tumor protein
Polymerase chain reaction
Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha
Protein kinase a

Protein kinase c

Plectin

Protein -protein interactions
Phosphatase and tension homolog
Quality check

Red blood cell

Ribonucleic acid

South Africa

The hedgehog signaling pathway
Sirtuin 1

Single nucleotide polymorphisms
Supratentorial primitive neuroectodermal tumor
Thymine

Annealing temperature
Tris/borate/edta buffer

Tris-edta

Melting temperature

Ubiquitin c

United States of America
Untranslated region

Variant call format

Vascular endothelial growth factor
Whole exome sequencing

Whole genome sequencing

World health organisation

Wild type

11



1. Chapter 1: Introduction to Cancer

1.1 Cancer in general
Cancer is the most common death-causing disease in the world, with more

people dying of cancer than Acquired Immune Deficiency Syndrome (AIDS),
tuberculosis and malaria combined. In 2012, 14.1 million new cases were
diagnosed and an estimated 8.2 million people died of cancer

(http://canceratlas.cancer.org/ the-burden/). Cancer occurs as a result of the

accumulation of multiple mutations that promote clonal selection of cells with
increased aggressive growth (Fearon 1997). However, over the years it has been
established that both biology and the environment play an important role in the
process of carcinogenesis (Fearon 1997). Biologically, the development of cancer
has been described as a series of steps, known as hallmarks of cancer (discussed
in the section below), which involve genetic alterations that transform a cell
from normal to cancerous. This process has made an enormous contribution to
the understanding of cancer. Additionally, technological developments in
molecular genetics have not only allowed for the identification of the genetic
factors associated with disease initiation, but have also led to the discovery of

markers of disease progression and prognosis.

1.2 Hallmarks of cancer
Over a decade ago, Hanahan and Weinberg (2001) first described the process

which became known as the ‘hallmarks of cancer’ (Figure 1.1). The process
starts with the acquisition of an initiating mutation (either germ-line or somatic)
and the subsequent accumulation of further mutations. These mutations lead to
changes in gene activity which in turn, provide the growing population of cells
the ability to: disregard the normal control of proliferation, evade growth
suppressors, activate invasion/metastasis, enable replicative immortality, induce
angiogenesis and resist cell death (Hanahan and Weinberg, 2011). As cancer
progresses, the surrounding microenvironment also changes allowing the cells
to proliferate (Pietras and Ostman, 2010), evading the typical control of territory
and proliferation (Ponder, 2001). In 2011, Hanahan and Weinberg added
‘emerging hallmarks’, such as deregulating cellular energetics and avoiding
immune destruction, as well as ‘enabling characteristics’; which included

tumour-promoting inflammation and genome instability. Of interest is the role
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of the enabling characteristics in tumorigenesis, particularly genome instability.
Genomic instability has been described previously as being able to both initiate
the development and facilitate the progression of tumours (Negrini et al., 2010).
This process leads to the accumulation of mutations, which often compromise
the important repair systems. These mutations often occur in the caretaker
genes that function as: 1) damage/alteration detectors, 2) employers of
mechanisms of correction, and 3) inactivating mutagenic molecules before the
damage occurs. This characteristic is important in inherited cancers and will be

discussed further in the next section.

enabling characteristics
evading growth
SUpPressors
genome stability S —
and mutation

enabling replicative
immortality

sustaing proliferative

signaling

( deregulating cellular )
—>
energetics

resisting cell
death

tumour-promoting
momoec it
mflammation

avosding immune activating mnvaston
destruction

and metastasis

inducing

emerging hallmarks iz

Figure 1.1: Hallmarks of Cancer [described by Hanahan and Weinberg (2011)]. The figure depicts
the six original hallmarks of cancers as well as the four, later described, enabling characteristics and
emerging hallmarks. https://commons.wikimedia.org/wiki/File:Hallmarks of cancer.sv:

1.3 Genomic instability and cancer development
Chromosomal instability (CIN) (which is a component of genomic instability) is

described as the high rate of change in chromosomal structure over time in
neoplastic cells, compared to normal cells (Arends, 2013). The other form of
genomic instability is microsatellite instability (MSI/ MIN) characterised by the

changes in the number of nucleotide repeats per microsatellite sequence
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(Arends, 2013). In inherited cancers, genomic instability has been associated
with the accumulation of germline mutations in the DNA repair genes (Negrini et
al, 2010). DNA repair genes encode for proteins that form part of the mismatch
repair system, whose function is to correct mistakes or alterations, which occur
during the DNA replication process (Corcos, 2012; Martin-Lépez and Fishel,
2013).

Negrini et al., (2010) suggested that in inherited cancers, genomic instability is
probably the initiating event, which then facilitates the establishment of all of the
other hallmarks. In accordance with the mutator phenotype, the presence of
genomic instability precedes acquisition of mutations in oncogenes and tumour
suppressor genes. For instance, the deactivation of the mismatch repair (MMR)
system can lead to the genome-wide accumulation of DNA replication errors
generally, or at specific runs of nucleotide sequences resulting in microsatellite
instability (MSI) (Corcos, 2012; Martin-Lépez and Fishel, 2013). One of the most
commonly inherited cancer syndromes associated with this phenomenon is

Lynch syndrome.

1.4 MMR deficiency - Introduction to Lynch Syndrome
Lynch syndrome (OMIM: 120435) is the most common form of inherited cancer

(Loeb, 2001). Warthin first described this syndrome about a century ago, after
observing a large family with several cases of colorectal cancers (CRC) which
manifest without the premonitory polyps characteristic of familial polyposis
(Warthin, 1925; Lynch et al,, 2009; Boland and Lynch, 2013). This syndrome is
characterized by an increased risk of cancer, most commonly CRC. While
individuals diagnosed with Lynch syndrome have about 70% - 85% lifetime risk
of developing CRC, they also have an increased risk of developing other cancers
(Lynch et al., 2003; Barrow et al., 2013; Lynch et al., 2015). Since CRC is the most
common type of cancer in Lynch syndrome, much research has been conducted
in understanding the factors including pathways, involved in disease
development. A subset of these pathways will be discussed further in the next

section.

14



1.4.1 Pathways involved in the development of CRC
Several pathways involved in colorectal carcinogenesis have been identified over

the years (Arends, 2013). Three main contributors to the disease progression
are: 1) chromosomal instability (CIN), 2) microsatellite instability (MSI), and 3)
CpG island methylation-mutator phenotype (CIMP) (resulting in gene silencing).
The chromosomal instability or CIN, often associated with mutations in the
Adenomatous Polyposis Coli (APC) gene, is the major pathway. The gene product,
APC, is an authentic gatekeeper of cell proliferation in the colonic epithelium.
Microsatellite instability or MSI is often associated with a defective or altered
DNA repair pathway. The CIMP, which involves the hyper-methylation of the
promoters of genes leads to the transcriptional silencing of potentially a number
of genes, representing the key epigenetic mechanism of inactivation of tumour

Suppressor genes.

1.4.1.1 Chromosomal instability (CIN)

CIN is often associated with mutation of the APC gene. The most commonly
identified mutations lead to a truncated inactive APC protein. APC inactivation
represents a major pathway of adenoma formation in CRC. The APC protein
regulates WNT signalling by interacting with B-Catenin. As a result of the
defective APC protein, B-Catenin is not degraded, resulting in the accumulation
of this latter molecule. The accumulation of (-Catenin leads to activation of the
WNT/APC/B-Catenin signalling pathway. The WNT signalling pathway has
many targets - it is involved in many processes (including cell proliferation),
which are affected by these changes, and which may result in cancer

development (Fearon, 1997; Chung, 2010; Arends, 2013).

1.4.1.2 Microsatellite instability (MSI)

As mentioned previously, the presence of MSI is a result of mutations in any one
of the DNA MMR genes. Mutations in any of the DNA MMR genes (DNA MMR
pathway), result in the mutator phenotype, which renders the genome ‘error
prone’. Repetitive regions, such as microsatellite sequences, have been shown to
preferentially accumulate these alterations, resulting in expansions or

contractions of the sequences, hence the appellation ‘microsatellite instability’
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(Dietmaier et al., 1997; Imai and Yamamoto, 2008; Jiricny and Pen, 2015). This

phenomenon is often observed in inherited CRC or MMR-deficient cancers.

1.4.1.3 The CpG island methylator phenotype

In sporadic CRC, MSI is often a result of the hyper-methylation of the MLH1
promoter, which affects gene expression, and which is an example of the CIMP
(Hitchins et al,, 2005; Hitchins, 2013; Lynch et al,, 2015). However, methylation
of other promoters have been identified for genes such as MGMT, PTEN, and
DNMT3B involved in the WNT/APC/B-Catenin signalling pathway - and known
to be involved in colorectal carcinogenesis (Fearon, 1997; Felsberg et al., 2011;

Arends, 2013).

1.4.1.4 Other CRC-associated pathways

Other associated pathways include the sessile neoplasia pathway, which involves
the transition of hyperplastic polyps to serrated adenomas then to
adenocarcinomas, with most lesions appearing in the right or proximal bowel
(often also associated with Lynch syndrome) due to mutations or promoter
hyper-methylation (Bansidhar and Silinsky, 2012). The serrated neoplasia
pathway referred to as the ‘traditional serrated neoplasia pathway’ is associated

with the CIN/KRAS mutations (Arends, 2013) (Figure 1.2).

KRAS-activation mutations occur early on in the adenoma progression. These
mutations affect the enzymatic function of this protein, reducing the cleavage of
termination of the phosphate group. Failure to dephosphorylate this compound
leads to locking of the KRAS protein into the active state, mediating the excessive
signalling through the RAS/RAF/MEK/ERK signalling pathway, which then
drives cell proliferation (Arends, 2013). However, KRAS also feeds into the PI3K
pathway with activation of serine/threonine kinase (AKT) signalling which
supresses apoptosis. This pathway can also be activated by PIK3CA-activating
mutations or it may be inactivated by deletions, mutations or promoter

methylation of PTEN (Arends, 2013).

Another important role player in colorectal carcinogenesis is the p53 and TGF-f3

signalling pathway. Both p53 and TGF-f3 are key tumour suppressors, which
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regulate a number of cellular responses (Pardali and Moustakas, 2007). TGF-
signals via the SMAD signal-transduction pathway, while p53 and SMAD
physically interact and work together to induce transcription of a number of key
tumour suppressor genes. Ultimately, mutant p53 generally subverts tumour
suppressive TGF- responses, diminishing transcriptional activation of key TGF-
B target genes. Mutant p53 can also interact with SMAD and this enables complex
formation and blocks p53-mediated activation of metastasis-suppressing genes
to promote tumour progression (Baker et al., 2006; Arends, 2013). All of these
pathways play important roles in colorectal carcinogenesis; however, they are
also involved in the development of cancers in other organs and tissues, some of

which form part of the Lynch syndrome spectrum (of cancers).

Normal colon mucosa
I [ 1 ]

APC BRAF
| [~catenin | | KRAS | ‘ BRAF | | CpG methylation

Conventional Traditional Traditional Sessile
adenoma serrated adenoma serrated adenoma serrated adenoma
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KRAS \ +CpG methylation\ /

LOH
Conventional Serrated Promoter
dysplasia dysplasia methylation of MLH1

High grade High grade High grade Cytologic
dysplasia dysplasia dysplasia dysplasia

p53 P53 | P53 | | Hypermutation |

Chr KRAS BRAF BRAF
Microsatellite-stable Micr table/ Microsatellite-stable/ CpG methylation

colorectal cancer
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Figure 1.2 Molecular pathways to CRC: The figure depicts the four most common pathways associated
with the development of CRC. Firstly, the APC pathway, which involves KRAS (loss of heterozygosity) and,
lastly, p53 resulting in chromosomal instability but microsatellite stable CRC. The KRAS and BRAF
pathways, which both involve promoter methylation and p53 inactivation, result in conventional and
serrated dysplasia pathways, respectively. The final pathway involves BRAF CpG methylation, which also
involves the MLH1 promoter methylation causing a Lynch syndrome-like phenotype which is often
microsatellite (high) unstable (MSI-H) CRC.

1.4.2 Molecular basis of Lynch syndrome
Lynch syndrome occurs as a result of a deficient MMR system. The MMR system

has proof reading functionality, recognizes and repairs errors which occur
during DNA replication. Mutations of the genes coding for components of the

MMR system can lead to suboptimal post-replication error detection and repair
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(Kosinski et al., 2010), resulting in the embedding of a higher than normal rate of

errors into the genome (Fearon, 2011).

Many types of mutations in MMR genes have been identified and implicated in
predisposition to Lynch syndrome (Tang et al., 2009; Borras et al., 2010; Barrow
et al, 2013; Lynch et al, 2015). These mutations include the frame-shift,
nonsense and splicing mutations, which result in truncated proteins. The
International Society of Gastrointestinal and Hereditary Tumours (InSIGHT)
have created a database which catalogues most reported mutations (Peltomaki

2003; http://insight-group.org ). Alterations in five genes within the MMR

system have been associated with Lynch syndrome, including the MutS homolog2
(MSHZ2), MutS homolog6 (MSH6), MutL homolog1 (MLH1), MutL homolog3 (MLH3)
and Post-meiotic Segregation increased2 (PMS2) (Cheah 2009; Peltomaki 2001;
Peltomaki 2003). However, mutations in just MLH1 and MSHZ2 account for over
90% of disease-causing mutations in Lynch syndrome (Peltomaki 2003; Clarens,

2004).

In the MMR system, to initiate the repair process, the MutS proteins, namely
MSH2 and MSH6, or MSH2 and MSH3, form a heterodimer (MutS-a), which
recognizes (DNA) single base-pair mismatches (insertions and deletions)
(Figure 1.3). Two to four base pair mismatches (insertions and deletions) are
recognized by a heterodimer of MSH2 and MSH3 (Rustgi, 2007). Following the
recognition of the mismatch, the MSH2/MSH6 complex binds to the DNA base-
pair mismatch, the heterodimer recruits other complexes, such as the MLH1 and
PMS2, which in turn trigger a series of events which lead to the excision of the
mutated strand (Rustgi, 2007). Exonuclease 1 (EXO1) is involved in binding the
heterodimers together during this process (Rustgi, 2007). A defective MMR
system would result in the accumulation of somatic mutations in the rest of the
genome during replication; such a mutation within either a tumour suppressor
or oncogene leads to the subsequent development of Lynch syndrome-

associated cancers (Calvert and Frucht, 2002; Martin-Lépez et al., 2012).
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Figure 1.3 Schematic representation of the MMR model in repairing DNA damage. A) Depicts the key
MMR proteins involved in correcting single base-pair errors; while B) Depicts those involved in the
correction of 2-4 bp insertions and deletions (together with single base-pair mismatches).

1.4.3 MMR genes
The DNA MMR system is conserved in bacteria and humans, indicative of its

evolutionary importance in the functioning of most life forms. There are a
number of eukaryotic homologs of bacterial MutS and MutL. In prokaryotes
MutS-homologs include; MSH1, 2, 3, 4, 5 and 6. The MutL-homologs include:
MLH1, PMS1, MLH2 and MLH3. The human homologs for these proteins include
MSH2, MSH6, MSH3, MLH1 and PMS2 for MutS and MutL, respectively (Iyer et al.,
2006). The difference between the prokaryotes and eukaryotes is in how these
proteins perform their functions. In prokaryotes, the MutL and MutS systems
seem to function as homo-dimers, whereas in eukaryotes they function as
heterodimers. For instance, MutS a consists of the heterodimer formed between
MSH2 and MSH6. The MutS 8 is made up of MSH2 and MSH3. A similar
functional need has been reported for the MutL a, where a heterodimer between
MLH1 and PMS2 is formed in order for the protein to perform its function. The
MutS «, binds to the DNA mismatches and short insertion/deletion loops (IDLs),
and MutS B binds to the larger IDLs. The MutL o is a mismatch-specific
endonuclease, and is the intermediary for activation of the down-stream

mismatch gap repair (Iyer et al., 2006).
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1.4.3.1 MutL a (PMS2 and MLH1)

Post-meiotic segregation increased-2 (PMS2) is a post replicative DNA
mismatch-repair protein. The primary function of PMS2 involves its heterodimer
formation (MutL a) with the MLH1 protein, and this complex then interacts with
other complexes bound to the mismatched bases. The process of repair for these
proteins is initiated by the MutS a or MutS 3, binding to the double-stranded
DNA. MutL a is recruited to the hetero-duplex. The assembly of the MutL-MutS
hetero-duplex ternary complex in the presence of Replication Factor C Subunit 1
(RFC1), a five subunit DNA polymerase accessory protein, and Proliferating Cell
Nuclear Antigen (PCNA), a cofactor of DNA polymerase delta, is sufficient to
activate the exonuclease activity of PMS2, which introduces single-strand breaks
near the mismatch, thereby facilitating new entry points for EXO1 for the strand
containing the mismatch. PMS2 and MLH1 interact physically with other
subunits of DNA polymerase III suggesting that they may play a role recruiting

the polymerase to the site of the mismatch (http://www.genecards.org/).

1.4.3.2 MutS a (MSH6 and MSH2)

Both MSH6 and MSH2 proteins help with the recognition of mismatched
nucleotides prior to their repair. These proteins contain a conserved region of
about 150 amino acids called a “Walker-A-adenine” nucleotide-binding motif.
The encoded proteins hetero-dimerize with each other to form a MMR-
recognition complex (MutS a). This heterodimer functions as a bidirectional
molecular switch, exchanging the ADP and ATPase; resulting in a conformational
transition that converts MutS o into a sliding clamp capable of hydrolysis-
independent diffusion. This transition is crucial for MMR. MutS a may also play a

role in DNA homologous-recombination repair (http://www.genecards.org/ ).

1.5 Cancer risk in Lynch syndrome
Lynch syndrome-related CRC accounts for about 1-5% of all CRC, worldwide

(Barrow et al., 2013). Characteristically, these cancers develop on the ascending

or right side of the colon. In addition, Lynch syndrome-related CRC may be
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synchronous, meaning two or more histologically distinct primary cancers
developing at the same time, or metachronous, i.e. separate multiple primary
cancers developing over time. Histologically, these tumours are mucinous with
signet ring cells; they have poorly differentiated cell types and have infiltrating
lymphocytes; these characteristics possibly influence the survival advantage of
MMR-related CRC patients compared to those that are sporadic, or non MMR-
related (Novelli, 2014; Lynch et al., 2015; Walsh, 2015). Although cancers of the
colorectum and endometrium are the most common in Lynch syndrome, the risk
of developing other (extra-colonic) cancers is significantly higher than in the

background population (Win et al., 2012).

1.5.1 Lynch syndrome spectrum of cancers
Individuals diagnosed with Lynch syndrome have about a 70 to 85% chance of

developing CRC throughout their lives. Endometrial cancers, which are the most
common extra-colonic cancers in the Lynch syndrome spectrum (females have a
30-40% lifetime risk) occur at a higher rate than in the background population
(Kamat, 2013). Other cancers such as small bowel cancer are considered rare (1-
4% lifetime risk) in Lynch syndrome, but are significant when compared to an
almost 0.01% lifetime risk in the background population (Win et al., 2012; Win
et al, 2013). Other cancers suggested to be part of the Lynch syndrome
spectrum include pancreatic, breast, prostate and rare adrenocortical tumours,
as these have been reported to occur at a higher frequency in MMR-mutation
positive individuals compared to the background population (Win et al., 2012;
Win et al,, 2013).

1.6 Diagnosis of Lynch syndrome
A number of guidelines have evolved to ensure optimal diagnosis and

management of Lynch syndrome, mostly towards early detection of neoplasms in
those at highest risk. Initially, the Amsterdam criteria (Table 1.1) did not include
presence of extra-colonic cancers and MSI. Following the identification of the
molecular basis of Lynch syndrome in 1994, the criteria were reviewed and
revised (Lynch et al.,, 2009). In 1996, the Bethesda criteria was introduced and

included all clinical characteristics of Lynch syndrome; i.e. early age of onset,

21



MSI, extra-colonic tumours, trend of first- and/or second-degree relatives
diagnosed with Lynch syndrome-related cancer at an early age. Table 1.1 shows
the list of characteristics used to select patients for mutation analysis (Lynch et
al,, 2009). Currently, only when a mutation in one of the MMR genes is identified,
will the individual be diagnosed with Lynch syndrome, and blood relatives
considered to be at risk.

Table 1.1 Amsterdam I, Amsterdam II, and Bethesda Guidelines for diagnosis of Lynch syndrome
(Vasen et al., 1999; Rodrrguez-Bigas et al.,, 1997; Umar et al., 2004)

Amsterdam I Criteria

An affected individuals should be a first-degree relative of other two other affected relatives
At least two successive generations are affected
At least one of the relatives with CRC is diagnosed at <50 years of age

FAP has been excluded

= Y=

Amsterdam II Criteria

An affected individual should be a first-degree relative of two other affected relatives
At least two successive generations are affected
At least one of the Lynch syndrome-associated cancers should be diagnosed at <50 years of age

FAP should be excluded in any CRC cases

O

Tumours should be verified by pathology whenever possible

Bethesda Guidelines for testing of colorectal cancers

1 CRC diagnosed in a patient who is <50 years of age;

2. Presence of synchronous or metachronous colorectal or other LS-associated tumours, regardless of age;
3.  CRC with MSI-high (MSI-H) histology diagnosed in a patient who is <60 years of age;
4

CRC or Lynch syndrome-associated tumour diagnosed <50 years of age in at least one first-degree relative

The description of the molecular basis of Lynch syndrome has revolutionized the
understanding and diagnosis of this disorder. For instance, the role of
characteristics such as MSI associated with tumours and the use of
immunohistochemistry (IHC) to detect the (lack of) expression of MMR proteins
in tumour tissue have made the diagnosis more accurate and specific (Boland
and Lynch, 2013; Zhang and Li, 2013). Together, these molecular tests (i.e.
protein expression and MSI testing) provide an indication of the gene most likely
to harbor a pathogenic mutation. For IHC, the loss of expression of one of the
proteins implies the presence of a pathogenic mutation in that particular gene

(Stone, 2001). For instance, loss of expression of PMS2 and MSH6 is indicative of
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the possible pathogenic mutation in either gene, respectively. However, a dual
loss of expression of MLH1 and PMSZ2 would suggest a mutation in MLH1 as PMS2
is destabilized by the absence of the MLH1 protein (Mohd et al. 2006; Lynch et al.
2015). A similar principle applies to the dual loss of MSH2 and MSH6, where the
corresponding mutation will most likely be in MSHZ, because the absence of the

MSH2 protein destabilizes MSH6 (Lynch et al., 2015).

Although MSI is generally reflective of mutations in an MMR gene, a proportion
of sporadic cancers may also manifest this feature. These sporadic tumours are
sometimes the result of somatically acquired hyper-methylation of the
promoters of either MLH1 or MSHZ2 (Hitchins et al., 2005; Hitchins et al., 2011;
Hitchins, 2013); other sporadic cancers may also be associated with the
presence of somatically-acquired mutations within the proto-oncogene, Serine-
threonine kinase (BRAF) and Epithelial Adhesion Molecule (EPCAM) genes
(Rajagopalan et al., 2002; Hitchins et al.,, 2005; Hitchins, 2013). However, the
diagnosis of Lynch syndrome is normally confirmed by the presence of germline
mutations in the MMR genes and presence of significant familial clustering
(Boland and Lynch, 2013); in this instance, sporadically-acquired mutations

resulting in MSI tumours are excluded.

1.7 Treatment of cancers associated with Lynch syndrome
Patients with Lynch syndrome may be treated with radiation and/or

chemotherapy as an adjuvant to reduce the tumour mass before the surgery.
Opinions about the usefulness of 5 Flurouracil (5FU) as an adjuvant
chemotherapy have been contradictory (Zhang et al., 2015), with most reports
showing that microsatellite stable tumours respond better to the administration
of 5FU, compared to MSI tumours (Ribic et al, 2003; Sargent et al., 2010;
Sinicrope et al., 2011). A recent report suggested that the combination of 5FU
with one of the platinum-based drugs (e.g. Oxaliplatin) as an adjuvant, increased
cancer-free survival period in patients with MSI tumours (Lynch et al,, 2015).
However, more studies need to be done to assess the effectiveness of the various

drugs between the hereditary MMR-related and sporadic cancers.

23



From a preventative perspective, aspirin has been shown to significantly delay
the onset of neoplasms in patients with Lynch syndrome (Macrae et al. 2008;
Burn et al., 2010; Barrow et al., 2013; Boland, 2013). Regular use of aspirin in
combination was reported to reduce the risk of developing CRC and adenomas
(Barrow et al., 2013). Furthermore, aspirin has shown promising results with
regards to reducing development of metastatic CRC in individuals at risk of
developing CRC (Rothwell et al, 2010; 2011). Current trials are aimed at
determining the minimal and optimal doses particularly because of the major
side effect of high doses of aspirin resulting in gastrointestinal bleeding (Lynch
et al., 2014). Thus, for the moment, the recommendation of aspirin should be

taken with caution.

1.7.1 Surveillance and management of Lynch syndrome
A few measures are recommended for families with Lynch syndrome with the

aim of preventing or reducing tumour development. These measures have been
divided into longitudinal surveillance programs and surgical prophylaxis (Table
1.2). For monitoring purposes, a colonoscopic surveillance program for those
testing mutation positive has been the most successful, as reflected by a number
of studies that have shown early detection and an extended cancer-free survival
period (Stupart et al.,, 2009; Barrow et al., 2013; Zhang et al., 2015; Leenen et al,,
2016). For extra-colonic cancers, a range of surveillance programs have been
proposed (Lindor et al., 2006). For instance, for gynaecological tumours, which
are the most common in females, recommended examinations include trans-
vaginal ultrasound, hysteroscopy and endometrial biopsy, at two yearly intervals
(Dreyer et al., 2012). However, there is not enough evidence to support the

benefits of performing any of the latter procedures (Lindor et al., 2006).

Table 1.2 Lynch syndrome cancer surveillance recommendations (Adapted from a
systematic review by Zhang et al,, 2015 & Lynch and de la Chapelle 2003)

Cancer Recommendations From Age

Colon cancer Colonoscopy every 1-2 years 20-25 years

Prophylactic colectomy generally not recommended

Endometrium/ovary Consider prophylactic TAH/BSO After childbearing is complete
Upper urinary tract Annual urinalysis 30-35 years

Upper GI tract Other Consider EGD every1-2 years 30-35 years

Other Annual physical exam 21 years

ROS for related cancers

Skin exam

TAB= Total abdominal hysterectomy; BSO= Bilateral salpingo oophorectomy;
EGD= Esophogogastroduodenoscopy; ROS= Reactive oxygen species
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For gastric cancers, gastroscopy is recommended once every two years, from the
age of 30-35 years (Zhang et al, 2015). For surgical prophylaxis, subtotal
colectomy or segmental resection is advised for individuals diagnosed with
Lynch syndrome-associated CRC (Stupart et al., 2011; Vasen et al., 2014). Total
colectomy has been recommended as an option for individuals who find it hard
to bear the pain and discomfort of the colonoscopy. Total colectomy has been
advised for young individuals (less than 45 years) who have developed primary
CRC, to reduce the development of a secondary CRC (Barrow et al., 2013). For
other cancers, prophylactic hysterectomy is advised for individuals who have
passed childbearing age (Lindor et al., 2006). This is to reduce the risk of

developing both ovarian and endometrial tumours.

1.8 Lynch syndrome in South Africa (S.A.)
In S.A,, Lynch syndrome as a disease is not common. However, cancers that are

related to Lynch syndrome are common. For instance, CRC is among the top six
cancers leading to deaths in this country. The incidence of CRC for males,
according to the 2010 (S.A.) National Cancer Registry report, ranges from 8 to
more than 50 per 100 000, within the age range of 45-75 years, and from 4 to 25

per 100 000 for females in the same age range (http://www.nioh.ac.za

/assets/files/NCR Final 2010 tables(1).pdf: National Cancer registry 2010).

Although most of the reported cases of CRC may be of the sporadic (not
inherited) form, a recent study of MMR deficiency-associated CRC in the
Northern Cape Province of S.A. indicated that there was a significantly high
proportion (21.8%) of tumours with MMR deficiency (Vergouwe et al,, 2013).
This report is indicative of a possible increased rate of inherited/ MMR-deficient

CRC within the low incidence disease areas.

Other Lynch syndrome-related cancers, such as endometrial cancer, are yet to be
more fully investigated in S.A. Although, in general, the incidence of endometrial
cancer was estimated to be about 4/100 000, the cases diagnosed seem to
increase with age, from 10/ 100 000 at the age of 50 years to approximately 32/
100 000 by the age of 74 years. In Lynch syndrome, the cancers generally

develop at a much younger age than their sporadic counterparts. Thus,
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understanding what types of cancer and how they develop within Lynch
syndrome will not only benefit those who are at risk of inherited cancers, but
may also have an implication for sporadic forms of cancers within the Lynch
syndrome spectrum. It is thought that the research in this area is likely to
provide knowledge towards strategizing how resource-limited countries, such as

S.A., may reduce morbidity and mortality associated with cancers.

1.9 Motivation for study
The Division of Human Genetics at the University of Cape Town (UCT) in S.A.

together with Groote Schuur Hospital (GSH) have developed a registry of
patients with early-onset CRC (i.e. diagnosed at 50 years of age, or younger). This
project began in the 1980s with the aim of identifying the genetic factors
associated with early onset inherited cancer in the Northern and Western Cape
regions of S.A. The registry and its associated bio-repository capture clinical
information on these subjects relating to their medical history, population
demographics, pedigree (or family history), disease-causing or predisposing
mutation, colonoscopic surveillance, history of neoplasms and related pathology,
radiation or chemotherapeutic treatment and general follow-up history, together
with biological material (ideally venous blood and tumour tissue). To date
(January 2017), the registry has captured details and biological material from
more than 700 families who have been recruited. A number of disease-causing
mutations have been identified in some of these individuals, including a S.A.-
specific mutation (¢.1528C>T) in exon 13 of the MLH1 gene. In addition, this is
the mutation which has been identified in the homozygous state (c.1528C>T:
c.1528C>T) in a child, who was later diagnosed with Constitutional Mismatch
Repair Deficiency (CMMR-D) syndrome, and - described later in Chapter 3 of this
dissertation. The number of individuals who had developed the various kinds of
cancers, due primarily to the c¢.1528C>T mutation in MLHI, provided the
opportunity to interrogate potential pathways involved in disease and rate at

which mutations accumulate in the presence of this specific mutation.
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The aim of this research was to provide a better understanding of the genetic
factors associated with both Lynch and CMMR-D syndromes.
The objectives were:
1. To determine the rate of extra-colonic cancers in a cohort of Lynch
syndrome families
2. To provide evidence for the founder effect of the MLH1 c.1528C>T
mutation
3. To focus on the CMMR-D syndrome as a branch of Lynch syndrome and
determine the genomics surrounding this phenomenon
The objectives were carried out to address the aim using the workflow in Figure

1.4.
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Figure 1.4 Illustration of the strategy and workflow of the research described in this
dissertation.
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Chapter 2: Lynch Syndrome - The Cohort Study

2.1 Brief background
Previously, Lynch syndrome was thought to manifest as two clinical subtypes;

Lynch syndrome type I and type II (https://www.omim.org/entry/120435).
Lynch syndrome type I was characterised by autosomal dominantly inherited
nonpolypotic CRC with an early age of onset. The CRC was generally site specific
(mostly in the ascending/ or right-hand side of the colon) and was observed in
multiple generations. Lynch syndrome type Il was characterized by families in
which other types of malignancy (i.e. extracolonic), such as endometrial and
urinary tract cancers occurred, in addition to CRC. The most common types of
cancer following CRC in type II Lynch syndrome were those of the endometrium,
stomach, ovaries, small intestine, pancreas, urinary tract (i.e. kidney, ureter or
bladder), bile duct, skin (usually sebaceous adenomas), and brain. More
recently, however, and as data has accumulated longitudinally - it has been
recognised that extracolonic cancers are a general feature of Lynch syndrome
(Vasen et al., 1999), and that the type I classifier may have had to do with the
mode of ascertainment i.e. through a gastroenterologist or related specialist -
since CRCs are most common in Lynch syndrome, and due to limited pedigree

sizes.

2.1.1 Cancer risk
As previously described, mutations in the MMR genes increase the risk of

developing a range of cancers in carriers. Over the years there have been a
number of studies on genotype-phenotype correlations, where some mutations
have been shown to confer a much higher risk of specific cancers within the
Lynch syndrome spectrum. However, apart from a high risk for CRC, especially
in MLH1 and MSH2 mutation-carriers, there is no clear correlation between the
MMR gene, the nature/domain affected by the mutation and the range of cancers
-especially when one looks at the larger pedigrees or patient collections,

internatonally.

In one such study (involving patients from Denmark, Holland, Finland and

U.S.A.) Watson et al.,, (2008) investigated the incidence of cancers in 6041
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individuals with MLH1 and MSHZ mutations. The most common type of
malignancy, after CRC and endometrial cancer, were urologic cancers with an
overall lifetime risk of 8.4% in males; and these were more likely to occur in

MLH1 mutation carriers (Watson et al., 2008).

In a separate study of 147 families (55 with mutations in MLH1, 81 with
mutations in MSH2 and 11 with mutations in MSH6), the cumulative risk for
cancer development was 66% in males and 42% in females (Stoffel et al.,, 2009).
CRC occurred more often in males (68.3%) than in females (56.6%) with MLH1
mutations, and 5.1% of the females had endometrial cancer (at a median age of
47.5 years). Lifetime-risk for CRC and endometrial cancer in MMR-mutation
carriers was high even after adjusting for an ascertainment bias (Stoffel et al,,
2009). In a more recent study of 2118 cases of MMR-mutation carriers, the seven
most common cancers observed in this cohort were those of the stomach, small

bowel, urinary tract, breast, ovary and prostate (Engel et al.,, 2012).

Risk of primary cancers in Lynch syndrome has been the focus of research for
many years. However, considering that individuals with this disorder are at risk
of developing multiple cancers throughout their lives, it is of value to determine
the risk of developing extracolonic cancers. As already mentioned, there is some
contention that the range of cancers may be dependent on the actual gene or
specific mutation, or a range of modifier factors (both environmental and

genetic) (Bansidhar and Silinsky, 2012).

In a cohort of 46 mutation-positive individuals from 22 different families with
Lynch syndrome the manifestation of the range of cancers (whether site specific
or affecting a wide range of organs) seemed to depend on the actual gene that
was mutated, rather than the type of mutation in the gene (Pérez-Cabornero et
al., 2013). Similarly, Geocke et al., (2006) observed that MSH2 mutations were
associated with multiple extra-colonic cancers whereas MLHI-mutation carriers,
and specifically males, had a relatively younger age at diagnosis, (Goecke et al.,
2006). In addition, and relatively speaking, there is an increased risk of CRC in

MLH1 and MSHZ mutation carriers when compared to the other MMR genes, for
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example MSH6 (Pérez-Cabornero et al., 2013). Lastly, individuals with mutations
in MSH6 generally have a later age of onset/diagnosis - almost 10 years later

than both MLH1 and MSHZ mutation carriers (Pérez-Cabornero et al., 2013).

In Africa, Lynch syndrome is one of the most understudied disorders, there is not
much literature regarding the spectrum of extra-colonic cancers in African
populations, which is why the selected background literature mostly focuses on
the reported North American and European cases. Work published on a
Congolese cohort of 89 individuals with early onset (median age of 35 years)
CRC found that 38.2% of the cases had abnormal immunohistochemistry staining
for both MLH1 and MSH2 (Poaty et al, 2017). No specific mutations were
reported in this study and most of the tested cases were that of CRC and no
extra-colonic cancers. In a Tunisian study conducted in 2014, it was reported
that of all the suspected Lynch syndrome cases, only 30% of the tested samples
were MSI while the 70% were MSS. The loss of expression in these cases was
seen in all the common MMR genes (MLH1, MSH2, MSH6 and PMS2) (Amira et
al, 2014). In another study from Tunisia, Sana et al. (2014), identified 10
germline mutations in CRC cases in 11 of the 31 HNPCC cases. Most of these
mutations were in MLH1 and MSHZ2, similar to what we have seen here in South
Africa and what has been reported internationally (Sana, et al., 2014).

Another recent study by Ziada-Bouchaar (2017), identified 3 novel variants in
the MLH1 gene, 4 variants MSH2, a large exonl deletion in MSH6; none of the
identified mutations have been seen in our population. Of interest in this cohort
was the fact that there was similar age of onset regardless of the gene that was
mutated. This is slightly different from what has been reported elsewhere, where
MLH1 and MSH2 have an earlier age of onset compared to other MMR genes,
such as MSH6 (Pérez-Cabornero et al., 2013). Often the HNPCC/Lynch Syndrome
studies in African cohorts have CRC as the most common cancer, however cases
of endometrial cancer have been reported as well, but little is known about other
Lynch syndrome-related extra-colonic cancers in African cohorts.

Although there are no absolute phenotypes for Lynch syndrome, family history
plays an important role in identifying cases for this disorder. It is true that the

set of Bethesda criteria (Chapter 1; Table 1.1) is an important tool for
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identifying these families; however, some of the extra-colonic cancers have only
relatively recently been seen in the very large cohorts, and had not previously
been included as part of the Lynch syndrome spectrum of cancers. Such cancers
include adrenocortical adenocarcinoma, thyroid carcinoma, peritoneal
mesothelioma, malignant fibrohistiocytoma, rhabdomyo-sarcoma,
dermatofibrosarcoma, leiomyosarcoma, liposarcoma, carcinoid tumour, non-
Hodgkin lymphoma, malignant melanoma, and those of the pancreas, prostate
and breast (Lynch, 2003; Lynch et al., 2009). The list that has been included in
the Lynch syndrome spectrum of tumours are often those which conceivably

have a significantly increased risk as a result of MMR deficiency.

2.1.2 The MLH1 ¢.1528C>T mutation
A founder mutation or variant is a genetic change that is observed at a higher

frequency in geographically or culturally isolated populations. The frequency of
Lynch syndrome in the Cape Mixed Ancestry population, specifically in the
Western and Northern Cape Provinces of S.A. is high compared to other parts of
the country or in other populations. In addition, the observation of a relatively
high frequency of the MLHI ¢.1528C>T mutation among the Cape Mixed
Ancestry population raises the issue of whether this particular site of the
genome is prone to mutagenesis or whether it may be the result of a founder
effect, which leads to questions about its origin and distribution in the southern

African population.

Hundreds of MLH1 mutations have been identified in patients with Lynch
syndrome in populations around the world, mostly, in Europe (Moisio et al,,
1996; Borras et al,, 2010; Pinheiro et al., 2011; Tomsic et al., 2012; Borelli et al.
2014). Many of these mutations have suggested a founder effect due to their
frequencies in specific populations. Borreli et al, (2014) investigated 11
unrelated Lynch syndrome families to evaluate the clinical consequence of the
MLH1 exonl19 c.2252 2253delAA terminal mutation and to determine if this was
a possible founder. The index and a further approximately 300 cases, identified
over a period of 12 years, were investigated with 7 SNP and 10 microsatellite

markers to determine whether they shared a common origin (or a founder
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mutation). The same mutation was previously observed to share founder status
in disparate geographic locations including Australia, Germany, the United
Kingdom and Denmark (Borreli et al, 2014). The analysis of all accessible
individuals with this particular mutation showed a shared haplotype of over

1.7Mb in at least eight of the 11 families and was deemed to be a founder.

Several other founder mutations in MLHI have been identified in a number of
global populations which explains the widespread geographic occurrence of
Lynch syndrome. However, these geographically widespread founder mutations
have been described as ‘heterogeneous’ in function and frequency. Most of the
mutations result in a truncated protein, which are almost always confirmed to be
pathogenic. However, with the introduction of the next generation sequencing
platforms, many more potential mutations have been identified with unknown
pathogenicity (i.e. variants of unknown significance), and will prove interesting
in understanding the extent of founder mutations and associated phenotypes in

future.

A separate study characterised two relatively frequent MLH1 mutations
(c.306+5G>A and c.1865T>A) among Spanish families with Lynch syndrome
(Borras et al.,, 2010). In some Lynch syndrome families around Europe, one of the
two mutations was reported to be responsible for 28% of all MLHI mutations
and represented 17% of all families with mutations in this gene in the Ebro Basin
region (which is geographically isolated). Borras et al., (2010), showed that
families with specific mutations clustered in specific regions because of
geographic isolation. One mutation, MLHI c.306+5G>A, was estimated to be
about 2000 years old while the other, MLH1 c.1865T>A, was found to have arisen
relatively recently (~384 years) (Borras et al., 2010).

In 2009, Tang et al.,, investigated 93 Taiwanese Lynch syndrome families. Among
the identified mutations was the MLH1 c.793C>T mutation, in 13 of the families.
Genetic analysis showed that the mutation occurred on two separate extended
haplotypes, with a shared region of about only 30kb, perhaps suggestive of a

distant common origin. The ancestry for this particular mutation was traced
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back to mainland China, and was further confirmed by the fact that this
particular mutation had been previously reported in mainland Chinese Lynch

syndrome patients (Tang et al., 2009).

Other MMR gene mutations, have been observed at relatively high frequencies in
specific populations such as Finland (Nystrom-Lahti et al., 1994), China (Chan et
al, 2004), US.A. (Wagner et al.,, 2003), Canada (Froggatt et al., 1999), Sweden
(Cederquist et al., 2005), Korea (Shin et al., 2004) and Italy (Caluseriu et al,,
2004). Interestingly, even if the mutations may be shared in these
geographically and ethnically diverse populations, the profile of Lynch
syndrome-related cancers in these patients may differ slightly. For instance,
gastric cancer was the most common extra-colonic cancer in the 93 Taiwanese
families, consistent with the reports from other Asian countries (such as Japan,
Korea and China), while in Europe the most common extra-colonic cancer is

endometrial cancer (Tang et al., 2009).

2.1.2.1 MutL-Homolog1 (MLH1)

The MLH1 gene was mapped to chromosome 3p21.3 in 1994 (Bronner et al,,
1994) followed by a description of the structure of the gene (Han et al., 1995).
The gene consists of 19 coding exons, spanning about 100kb. This gene codes for
a protein, which forms a heterodimer with PMS2 (Figure 1.3, Chapter 1) to
form a Mut-L o complex, a component of the post-replicative DNA MMR-system.
The MLH1 gene was identified as frequently mutated in HNPCC consistent with
the alterations detected in microsatellite sequences. Common conditions
associated with this gene also include Muir-Torre syndrome (OMIM: 158320),
Turcot syndrome (OMIM: 276300) and the more recently described, CMMR-D
syndrome (OMIM: 276300). MLH1 is involved in many biological pathways

including, the cell cycle, DNA repair, mismatch repair, meiosis and mitosis
(Ellison et al., 2004; Cohen et al., 2006). One of the listed functions of this
protein includes, ATP-, ATPase- and protein- binding; it also contributes to MutS
a complex binding (Plotz et al., 2002, 2006). In addition to the functions already
described, this protein is also involved with a number of processes such as

double stranded-break repair via non-homologous end joining and in the
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intrinsic apoptotic-signalling pathway in response to DNA damage (Schofield and

Hsieh, 2003).

Of particular interest is the exon 13 codon 510 mutation, also referred to as
rs63749923 (NM_0002493: c.1528C>T nonsense). The change in base (C>T)
results in a premature stop codon, leading to a truncated transcript. This
mutation is one of more than 1000 ClinVar

(https://www.ncbi.nlm.nih.gov/clinvar/?term=mlh1%5Bgene%5D) MLH1

mutations, also recognized by InSIGHT (https://www.insight-

group.org/variants/databases/), as a Lynch syndrome predisposing mutation

(Vasen, 2004).

2.1.2.2 MLH1 c.1528C>T Mutation

The history of the ascertainment of families with the MLHI exon 13 ¢.1528 C>T
mutation began in 1987, when a 30-year old male with a family history of CRC
was identified. The CRC seemed to be autosomal dominantly inherited but
affecting only males (Goldberg et al.,, 1998). However, this was largely due to an
ascertainment error, since the medical records ascertained from the hospital in
the diamond-mining village of Kleinzee in the Northern Cape Province, treated
only the workers on the mine - who were generally only men who were bussed
in to the mine from a village some 50 kilometres away. In due course with
tracking family lineages through to the place of residence of the miners, both
males and females were found to have manifest CRC in previous generations.
The family fitted the Amsterdam criteria for HNPCC. Molecular genetic studies
led to the identification of the pathogenic mutation in exon 13 of MLHI in 1994
(subsequently described by Goldberg et al, 1998). The discovery of this
mutation has led to the introduction of a programme of genetic counselling and
genetic testing for individuals closely related to those previously affected by
disease. This programme is aimed at early detection of neoplastic lesions
through colonoscopic surveillance of those carrying the disease-causing
mutation, and the exclusion from surveillance of those with no risk (mutation

negative) for this familial condition. For mutation carriers, colonoscopic
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surveillance has been offered with the objective of increasing the cancer-free

survival period.

2.1.3 Objectives of this section:
1. To analyse the registry with regards to the risk of MMR-mutation carriers

developing a range of Lynch syndrome associated cancers
2. To perform survival analysis on the data
3. To investigate whether the MLH1 exon 13 ¢.1528C>T mutation is due to a

founder mutation.
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2.2 Method

2.2.1 Study cohort
Although the main research focus was to be on the MLH1 exon13 ¢.1528C>T

mutation positive individuals/families, in the first instance, data on the whole
cohort of MMR-mutation positive individuals/families was accessed and
analysed. As with all other Lynch syndrome cases, the same mutation may have
a variable penetrance in individuals between and within families. However, this
c.1528C>T subset of the cohort was thought to be relatively homogenous, which

theoretically ought to put them at similar risk of developing disease.

For this section of the study, research ethics approval was previously obtained
for the access to patient demographic data and clinical information, which
included, disease information, age at onset, and the type of cancer, as well as the
pathology reports (pertaining to diagnosed cancers or biopsies of neoplastic

tissue).

The third section of this study, investigated the possibility of the c.1528C>T
mutation as a founder in 30 probands, each of whom was from a distinct ‘family’
or ‘lineage’ with no obvious connection to any of the other pedigrees/families,
from the Northern and Western Cape provinces of S.A. segregating the
c.1528C>T mutation. Ethical clearance was obtained to genotype probands with
this mutation for five previously selected microsatellite markers flanking the
mutation in order to determine the haplotypes of these cases. In addition, 98
healthy controls were also genotyped for all the markers to determine their
haplotypes. The controls consisted of “unaffected” individuals of Mixed Ancestry

from the Western Cape, unrelated to the Lynch syndrome families.

2.2.2 Statistical analysis (R)
R version 3.1.3 is an open source statistical and graphic computing software

environment. This programme is available with a number of codes and scripts
written and ready to be used; these are stored in a number of packages on CRAN

(https://cran.r-project.org/web/packages/), which is easily accessible and can

be installed and used freely. Currently, the CRAN package repository consists of

more than 9000 packages available for use. The package “survival” was
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downloaded and installed for use for this part of the study. Survival analysis is a
non-parametric method used to estimate the survival function from data using
several analysis features where the outcome variable is the time until the
occurrence of the event of interest, which can, for example, be disease or death,
amongst other factors. The Cox proportional hazard model analysis allows for
the estimation of risk of an event (cancer development) for individuals given the

prognostic  variables (https://cran.r-project.org/web/packages/survival/

survival.pdf). For survival analysis, status was set as the “development of cancer”

and the gender as well as type of cancer were analysed as independent variables.

2.2.3 Microsatellite genotyping and haplotype testing
Microsatellite genotyping was performed to measure the potentially shared

region flanking the MLH1 c.1528C>T mutation. Five markers flanking the
c.1528C>T mutation (Table 2.1) were identified and selected for use based on
their distribution either 5’ or 3’ to the disease-causing mutation. Following
marker identification, the relevant marker-related primers were designed to
amplify the fragments of interest using standard PCR, and genotyped. For
subsequent resolution on a ABI3130xl Genetic Analyzer (Applied Biosystems;
Foster City, CA), one of the primers (per pair) was designed to incorporate a

fluorescent label

Table 2.1 Microsatellite Markers with marker positions relative to the mutation

NC_000003.12 GRCh38 accessed 2014-07-18

Marker name Position with respect to mutation
D3S3512 34594179
D3S1561 36484119

c.1528C>T* 37028881
D3S1611 37068501
D3S3623 37443531
D3S3527 39345373

*Mutation (MHL1 ¢.1528C>T)

2.2.3.1 Polymerase Chain Reaction (PCR)

The PCR is a method used to amplify regions of interest in the genome. The
locus-specific primers were used to initialize the synthesis of DNA using the
thermo-stable DNA (Taq) polymerase, derived from the organism, Thermus
aquaticus. The reagents required to perform PCR included: template DNA at a

concentration of 100ng/uL, 1x GoTaq buffer (Promega, Madison, WI, U.S.A.) at a
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pH of 85 and MgCl, (concentration of 1.5mM), 5Units/ul. GoTaq DNA
polymerase (Promega®, Madison, WI, U.S.A.), 200uM of each deoxynucleoside
triphosphate (dNTPs) (BIOLINE, London, UK), a final concentration of 0.4pM
primer per reaction and distilled water (Sabax, Adocock Ingram, JHB, S.A.), in a
total reaction volume of 25pL in a 0.2mL microfuge tube. The reaction was
conducted in a thermal-cycler (BioRad, Hercules, CA, U.S.A.), comprising of cycles
of denaturation, primer annealing and extension of the product under conditions
set out in Table 2.2 (Schochetman et al., 1988). All reactions were conducted in

multiplex format.

Table 2.2 Thermo-cycler conditions for standard PCR

Step Temp (°C) Duration
Initial step

Denaturation 95 5 min
25-30 cycles

Denaturation 94 30 sec

Primer annealing 50-60 30 sec

Extension 72 40 sec
Final Step

Final extension 72 7 min

2.2.3.2 Automated capillary electrophoresis

Subsequent to PCR, genotyping was performed on the 3130x]l Genetic Analyzer
(Applied Biosystems; Foster City, CA). In a standard capillary electrophoresis
reaction, a 1 in 10 dilution of the PCR product was made for all amplicons, 1 pL of
this was added to 8uL Hi-Di™ formamide (HiDi) (Applied Biosystems, Foster City,
CA), the formamide was used to keep the DNA as a single strand (Sambrook and
Russell, 2001a). Results were analysed using the GeneMapper® software

(Applied Biosystems, Foster City, CA).

2.2.3.3 Statistical analysis PHASE 11

PHASE is freely available statistical software that implements a Bayesian
statistical method for reconstruction of haplotypes using genotype data (Stephen
and Donelly, 2003). This software allows the user to input data generated from
SNPs, microsatellites and other multi-allelic loci. For the analysis, data is

generated and input files prepared; the analysis can be performed on case only
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or case-control data. This regression model could be estimated through Markov
Chain Monte Carlo (MCMC) methods. To implement an MCMC simulation, the
process starts at some value for the parameter of interest, which can be defined
by the user. In order to determine this starting point, a number of ‘burn-in’
iterations was specified, which is a grace period during which the Markov Chain
wanders to the most probable region of the sample space. The samples obtained
during the burn-in are discarded. After the burn-in, the simulation will continue
to generate samples from the distributions of the parameters of interest for the
specified number of iteration times. For example, an MCMC model was run with
300 iterations and a burn-in of 30, indicating 330 iterations; but the first 30 were
discarded. The challenge of using MCMC is specifying an appropriate number of
iterations and appropriate burn-in. For the analysis, the run was conducted for
five microsatellite markers and results were analysed for both cases (30
probands) and controls (98 controls). The run was set to have 1000 burn-in
iterations, followed by 1000 iterations and recorded after one hundred

iterations.

2.2.4 Estimating the time of origin or age of c.1528C>T mutation
To estimate the age of the South African (Cape Mixed ancestry) MLH1 c.1528C>T

mutation the DMLE+2.3 software program (www.dmle.org) was used. This
programme was designed for high resolution mapping of disease mutation and
estimation of its age. The method is based on the observed linkage
disequilibrium between the five markers (relative to the mutation) in both cases
and controls. The software uses the MCMC algorithm (Hamra et al.,, 2013) to
allow Bayesian estimation of the mutation age, based on parameters including;
the observed haplotypes, in samples of unrelated cases or controls, distances
between genotyped markers and position of the mutation, the estimated
population growth rate and an estimation of the proportion of disease-causing
mutation. Following the haplotypic phasing of all 30 probands using Phase
version 2.1, the chromosome map distances were obtained from the NCBI
(https://www.ncbi.nlm.nih.gov). The population growth rate was obtained from
the Statistics S.A. report
(https://www.statssa.gov.za/publications/P0302/P03022014.pdf). A 25-year

intergenerational interval was used to calculate number of years per generation.
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2.3 Results

2.3.1 Cohort demographics

The Division of Human Genetics at the UCT, with the Division of
Gastroenterology at GSH have maintained a registry, which consists of probands
and families with early onset (50 years of age or younger) CRC. These families,
predominantly from the Northern and Western Cape provinces of S.A., have been
enrolled in this research study. The on-going search of the individuals at risk in
the Northern and Western Cape provinces, has led to the identification of almost
400 individuals with more than 20 different disease-causing mutations in just
two of the MMR genes, namely MLHI and MSHZ2. This cohort is sub-divided into
those carrying mutations in either MSHZ (Figure 2.1) or MLH1 (Figure 2.2).
The MLH1/MSHZ2 schematic representations show the list of mutations, the
domains of the protein affected by the mutation, and types of cancers observed
in the cohort. As is evident from Figure 2.2, most individuals in this cohort have

a mutation in exon13 of the MHL1 gene.

N C
i| 2 3 4| 5| 6 7 8| 9| 11 iz 13 i4 is 16
DNA bindi 4 " MSH3/MSH& Mutlh homolog
inter d d interaction domain
Exon Exonl-6 Exon 7-12 Exon13-15
Mutation exon 1-6 del c.387-388del CT, c970C>T.exoné  c.1219delCT, 1340 1341insGG.exon c.2502_2508delTAATTTC exonl5
exon3 exon8
Result Truncated p.GInl30Wal p.Gln324 p.Tyr408Ser p.Phed447Leu pAsnB35Leu
rotein
No. With mutation 2 B 1 15 27 5
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Liver
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Figure 2.1 Site of cancers associated with the mutations in the MSHZ gene in the cohort 1.
Indicated are exons (in mauve), domains (orange, pink and yellow), specific genotype of
mutations and the type of cancers observed in this cohort. C=coding region, p. =amino acid, N=
the N-terminal, C=the N-terminal, Y= yes.
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Figure 2.2 Site of cancers associated with the mutations in the MLH1 gene in the cohort 1.
Indicated are exons (in mauve), domains (orange, pink and yellow), specific mutations and the
types of cancers observed in this cohort. C=coding region, p. =amino acid, N= the N-terminal,
C=the N-terminal, Y= yes.

In total, there were 396 mutation positive individuals identified in the UCT/GSH
cohort (cohort 1). Of those, 309 individuals were confirmed to have the MLH1
exon 13 (c.1528C>T) mutation (from here on referred to as cohort 2). To date,
this mutation has only been reported in the Mixed Ancestry population of S.A.,
specifically located in the Northern and Western Cape Provinces of S.A. The
mutation-carrying individuals form part of 30 different families. In the registry,
the MLH1 c.1528C>T sub-cohort (cohort 2) is comprised of 53% females and
47% males. Lynch syndrome has been described to cause early onset disease
(cancer), usually in individuals younger than 50 years of age. In cohort 2, the

majority of individuals (62%) are under the age of 50 years

Cohort 3 (carrying mutations other than the MLH1 exon 13 mutation) accounted
for 86 cases in 23 families diagnosed with Lynch syndrome (from hereon
referred to as cohort 3). The most common mutation after the MLH1 c. 1528C>T
is the MSHZ2- exon8 c.1340InsGG mutation, in two families with 27 mutation-
positive individuals. This is followed by the MSHZ ¢.1219delCT mutation (in

exon7), which has been identified in 15 individuals from five families (Table
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2.3). Cohort 3 was made up of 61 females and 25 males, of whom 37 (43%) have
developed cancers; these are made up of more than half of the mutation-carrying
males and 40% of the mutation-carrying females. As expected, the most common
malignancy is CRC accounting for about 60% of the individuals who have been
diagnosed with cancer. However, there are a significant number of cases with
multiple cancers, with extra-colonic cancers making up 24% of cancers
diagnosed in cohort 3. The most common of the extra-colonic cancers observed
in cohort 3 is that of the endometrium and breast. Other cancers observed,

included cancers of the small bowel, and the stomach, amongst others.

Table 2.3 Cohort demographics for Lynch syndrome registry

Cohort demographics

**Cohort 3 *Cohort 2
Gender
Males 25 147
Females 61 162
MMR gene mutation
MLH1 14 309
MSH?2 73 0
Age
Age range 17-88 years 4-96 years
Cancer 37 111
CRC/ CRC+other 28 95
CRC only 23 73
Extra-colonic cancers (only) 9 16

*cohort 2: individuals carrying the MLH1 c. 1528C>T;
** cohort 3: individuals carrying any of the other mutations in MLHI and MSH2

In cohort 2 consisting of 309 individuals, 104 have been diagnosed with
cancer(s). In most instances, probands had been treated, usually for CRC, before
the disease pre-disposing mutation was identified in their particular family.

Again, as expected, the most common cancer observed in cohort 2 was CRC.

In addition, about 30% of the individuals with CRC have had secondary extra-

colonic cancers, including cancers of the liver, small bowel, endometrium and
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breast (Figure 2.3 and 2.4). Overall, 43% of the individuals who are affected in
cohort 2 have developed extra-colonic cancers. Perhaps understandably, most
extra-colonic cancers in this cohort have been reported in females (62%).
Analysis of the cohort data shows more cases of small bowel cancer in males
(35% of the reported extra-colonics); the most common type of extra-colonic
cancer in females is that of the endometrium observed in 29% of all extra-colonic
cancers (12/41), with an age range of 50 to 64 years. This was followed by
breast cancer which was observed in 24% (10/41) of the affected individuals
with an age range of 35 to 72 years. These latter two types of cancers together

accounted for over 50% of the reported extra-colonic malignancies in females.
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Figure 2.2 Bar graph showing the range of extra-colonic cancers in males with mutations in MLH1 (in
red) and MSH2 (in green). The most common cancers observed were in small bowel for both MLHI and
MSH2 mutation carriers. No cases of prostate or liver cancer were observed in individuals with a mutation
in the MSH2 gene.
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Figure 2.3 Bar graph showing the range of extra-colonic cancers in females with mutations in MLH1
(red) and MSH2 (green). The most common cancers observed were those of the endometrium and breast.
Most of the other cancers were only seen in MLH1 mutation carriers.
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The average age at diagnosis for cohort 1 was approximately 48 years for males
and 49 years for females (all cancers) (Table 2.4). However, MLH1 c.1528C>T
mutation carriers, had a younger age at onset for CRC (Figure 2.5) compared to

the background population (66 years) as reported in the National Cancer

registry 2010 (http://www.nioh.ac.za
/assets/files/NCR Final 2010 tables(1).pdf;).

Table 2.4 Average ages at onset for cancer in mutation positive cases

Average age of onset (in years)

Type of cancers Males Females
CRC 44.19 46.5
Other cancers* 52.8 53.54
MLH1-CRC 43.13 45.2
MLH1-other cancers 53.15 45.6
MSH2-CRC 45.2 49.1
MSH2-other cancers 52.5 56.42

Mean = 44 years

#number of Observations
N

17.0 to 23.22 29.44 35.67 41.89 48.11 54.33 60.56 66.78

<= to<= to<= to<= to<= to<= to<= to<= to<=
23.22 29.44 35.67 41.89 48.11 54.33 60.56 66.78 73.0
Age

Figure 2.5 Distribution of age at onset/diagnosis for CRC in Lynch syndrome patients in
cohort 2. The mean age is 44 years. Indicated is the number of observations per age grouping.
The age range was from 17 to 69 years for (CRC cases only)
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2.3.2 Survival Analysis
Survival analysis was performed for cohort 2, consisting only of individuals with

the MLH1 c.1528C>T mutation. The cohort was also stratified by gender and type
of cancer to determine if there was a significant difference in the survival period
amongst those who had developed cancer and those who had not developed

cancer.

There was no significant difference in cumulative survival for the individuals
who have developed cancer versus those who had not (data not shown). When
the cohort was stratified by gender, there was no significant difference in overall
survival (p=0.15); neither was there a significant difference (p=0.209) in cancer-
free survival period between males and females (Figure 2.6). However, when
individuals were divided by cancer type (Figure 2.7), there was a trend towards
significance (p=0.0782), with individuals who had developed CRC having a

better survival compared to those with extra-colonic cancers.

Survival Distributions by Gender
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Figure 2.6 Kaplan Meier Survival analysis for cohort 2 showing males vs. females (Red:
males, Blue: Females)

X axis: Survival time in days, Y axis = cumulative survival
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Survival Distributions by CANCER TYPE
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Figure 2.7 Kaplan Meier Survival analysis of cohort 2 by cancer type (Red: CRC, Blue: Extra-
colonic)

X axis: Survival time in days, Y axis = cumulative survival

Even though not significantly different, there is a seemingly better survival
period recorded for males when compared to females (Figure 2.6). However it is
noteworthy that there are more cases of CRC in males (than in females), and
more extra-colonic cancers in females (than in males). That said, it is likely that,
historically, extra colonic cancers were not part of the routine surveillance - and
they may be diagnosed at a relatively advanced stage - with a drop in their
cancer-free survival period (Figure 2.7). This becomes clearer specifically when
observing survival comparing CRC and extra-colonic cancers; a better survival
margin was noted for individuals with CRC compared to those with extra-colonic

cancers.

2.3.3 Founder mutation phase analysis
A founder effect is expected to result in shared polymorphisms in cis closest to

the mutation of interest. To test whether the c.1528C>T mutation represented a
founder effect, five-microsatellite markers (listed in Table 2.5) around the

MLH1 gene were genotyped and analysed. Phase II

(http://stephenslab.uchicago.edu/phase/download.html ) was used to construct
the haplotypes. The haplotype analysis was performed in 30 probands and 98
controls. The most common inferred haplotype (1-6-c.1528C>T-8-1-6) (for
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markers: D3S3512, D3S1561, ¢.1528C>T, D3S1611, D3S3623, and D3S3527)
was observed in 25 of the 30 probands. The other five individuals shared the
alleles closest to the mutation (Table 2.5) but had a different extended
haplotype. To determine the prevalence of the haplotype (1-6-c.1528C>T-8-1-
6), 98 Cape Mixed Ancestry, unrelated controls were genotyped for the same

markers. The observed haplotype was not observed in the control population.

Table 2.5: Microsatellite marker results relative to the c.1528C>T mutation for the 30
probands. 25 of the 30 probands had the same haplotype, whilst the five remaining cases
(indicated in red) share only parts of the haplotype on either side of the mutation.

PROBAND |D353512[D351561 [c.1528C>T[D351611 | D353623 [ D353527
NC_000003.12{34594179(36484119| 37028881 [3706850137443531[39345373
nl 1 6 c.[1528C>T] 8 1 6
n10 1 6 |c[1s28c>T]| 8 1 6
n100 1 6 lc[1528c>T) 8 1 6
n101 1 6 lc[1528c>T] 8 1 6
n102 1 6 |c[1s28c>T)| 8 1 6
n103 1 6 |c[1s28c>T]| 8 1 6
n104 1 6 lc[1528c>T] 8 1 6
n105 1 6 |c[1s28c>T]| 8 1
n106 1 6 |c[1s28c>T)| 8 1 6
n106 1 6 |c[1s28c>T]| 8 1 6
n107 1 6 |e[is28csT)] 8
n108 1 6 |c[1s28c>T]| 8 1 6
n109 1 6 c.[1528C>T] 8 1 6
nil 1 6 |c[1s28c>T]| 8 1 6
niil 1 6 lc[1528c>T] 8 1 6
n44 1 6 |c[1s28c>T]| 8 1 6
n45 1 6 c.[1528C>T] 8 1 6
n62 1 6 |c[1s28c>T]| 8 1 6
n8 1 6 lc[1528c>T) 8 1 6
n87 1 6 |c[1s28c>T]| 8 1 6
n9 1 6 |c[1528c>T]| 8 1 6
n90 c[1528C>T]| 8 1 6
n91 1 6 lnszsestl s (GREE
n92 1 6 |c[1s28c>T)| 8 1 6
n93 1 6 c.[1528C>T] 8 1 6
n94 1 6 |c[1528c>T] 8 1 6
n95 1 6 c.[1528C>T] 8 1 6
n96 1 6 c.[1528C>T] 8 1 6
n97 c.[1528C>T] 8 1 6
n98 1 6 |c[1s28c>T]| 8 1 6
n99 1 6 |c[1s28c>T)| 8 1 6

47



In the present study the probable carrier frequency was calculated for the MLH1
¢.1528C>T mutation in the selected geographical areas in the Northern and
Western Cape provinces of S.A. To estimate the prevalence of mutation carriers
in a random sample, the carrier frequency of heterozygotes was estimated
(Table 2.6). The theoretical probability of a homozygous mutation carrier is
even lower. However, considering how small and how remote these
communities are, the probability of a homozygous case with CMMR-D-syndrome
may be less than 1 in 18000 of mutation positive in some of these communities
(Table 2.6).

Table 2.6: Carrier frequency estimations for ¢.1528C>T in the Northern Cape populations

Number of Frequency |Frequency
Location Population Carriers (het) (Hom) 1in:
Northern Cape [1166700 137/309 0.000011 ]0.000000000121 826 446 280
Hondeklipbaai [543 4 0.0073 0.000053 18867
Komaggas 3116 23 0.0073 0.000053 18867
Kleinzee 728 5 0.0068 0.000046 21739
Buffelsrivier 1123 7 0.0062 0.000038 26315
Steinkopf 7842 9 0.0011 0.0000012 83333
Garies 2105 6 0.0028 0.0000078 128205
Aggeneys 2262 6 0.0026 0.0000067 149253
Okiep 6304 11 0.0017 0.0000029 344827
Port Nolloth  |6092 9 0.00016  |0.000000025 4000000

2.3.4 Estimating the time of origin or age of c.1528C>T mutation
The founder mutation (c.1528C>T) age was estimated using the DMLE+2.3

program (Reeve and Rannala, 2002). A total of 10 000 000 real iterations were
performed with 1 000 000 burn-in iterations. The population growth was set at
1.1% in accordance with the current statistics in the Northern Cape province of
S.A. The age analysis of the founder mutation showed a range from minimum to
nine generations (95% credible set 8.14-9.5) when calculated using the
haplotype frequencies (Figure 2.8). The results were obtained by algorithmic
metric mean of two simultaneous runs shown in Figure 2.8. Therefore, if the
generation span is considered to be 25 years (Fenner, 2005) and that 2014 is the
year study/sampling, the mutation dates back to between 1789 and 1814.
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Figure 2.8: Age estimation of the MLH1 c.1528C>T mutation. The probability distribution
plots (obtained by two simultaneous runs) of the mutation (in generations), as estimated by the
software DMLE+2.3. The analyses were conducted with haplotype frequencies. The blue
rectangle shows the age values with the highest probability.
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2.4 Discussion

The objectives of this chapter involved a detailed analysis of all cases with Lynch
syndrome in the UCT Human Genetics registry, and to investigate whether the
MLH1 exon 13 ¢.1528C>T mutation is due to a founder effect. Mutations in both
MLH1 and MSHZ contribute to the entire cohort of Lynch syndrome cases (396)
in the registry. These families have been followed up for over three decades and
records of the oldest family in the registry spans several generations. As
mentioned previously, the most commonly occurring malignancies in Lynch
syndrome are CRC and endometrial cancers. Other malignancies which occur at a
higher frequency within Lynch syndrome compared to the general population;
include small bowel, gastric, urothelial/renal, brain, biliary, pancreatic and skin
cancers. Overall, of the total of 111 cancers in cohort 2, 95 (or 85%) were CRC
(range of age at disgnosis: 17-69 years). In cohort 3, CRC was observed in 28 of
37 (76%) individuals (range of age at diagnosis: 25-59 years). This observation
of an overwhelming number of CRCs is a feature of most larger collections of
Lynch syndrome (Lynch et al., 2009; Pérez-Cabornero et al.,, 2013; Boland and
Lynch, 2013). For males; extra-colonic sites for cancers included the small
bowel, stomach and prostate; while for females cancers of the endometrium,

ovary, small bowel, liver and cervix were observed, although in smaller numbers.

The most common extra-colonic cancer observed in males was that of the small
bowel. Cases of liver cancer were also observed, however reports on the
incidence of liver cancer in Lynch syndrome are inconsistent (Levine and Allen,
2014), with further clarification required with regards to whether liver cancer
was a primary or metastatic neoplasm. Small bowel cancers have an estimated
lifetime risk of 0.01% in the general population (Aarnio et al., 1995; Bansidhar,
2012) while individuals with Lynch syndrome have a lifetime risk of 1 to 4% (
Kate et al, 2007; Bansidhar, 2012). In cohort 1, small bowel cancer was
diagnosed in 7 of 21 (33%) (age range: 33- 69 years) cases of mutation positive

extra-colonic cancers in males.

For females, the most commonly observed extracolonic cancers in the entire

study cohort were those of the endometrium (29%) and breast (24%). A lifetime
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risk of endometrial cancer in women with MLH1 or MSHZ mutations has been
reported to be approximately 30~40 %, with a median age at diagnosis of 49
years (Barrow et al, 2013). In a study of women with Lynch syndrome who
developed both a colon and a gynaecologic cancer, Lu and Daniels (2013) found
that 50 % of cases first presented with a gynaecologic cancer. Bonai et al. (2013)
investigated 537 French families with Lynch syndrome or MMR gene mutations
and reported a lifetime risk of 35% for endometrial cancer with the highest risk
predicted for women with MLHI mutations. In the present study (cohort 2), 12
of 41 extra-colonic cancer cases in females were that of the endometrium, which

is similar to that reported in the literature.

Breast cancer was the second most common extracolonic cancer in females (24%
of the cases) in the overall study cohort (cohort 1). The incidence is relatively
high considering that this type of cancer had not previously been considered part
of the Lynch syndrome spectrum of cancers. The breast cancers in the present
cohort have been immunohistologically shown to have the loss of staining of the
relevant MMR gene product. There has been considerable debate as to whether
breast cancer should be added to the list of the Lynch syndrome spectrum. There
have also been several studies documenting MSI in breast tumors, as well as a
loss of MMR-gene product staining, histologically, thereby confirming their
status as an important feature of Lynch syndrome. Because of the evidence of

breast cancer being a feature in our Lynch syndrome cohort, over the past four

years, the non-profit organization, Pink Drive (www.pinkdrive.co.za), which
advocates screening for breast cancers, has been part of the annual clinical
surveillance trip to remote regions of the Western and Northern Cape provinces.
This clinical surveillance trip was previously wholly focused on colonoscopic

examination of MMR mutation carriers.

A number of studies have shown conflicting results regarding the relative risk of
breast cancer among individuals with MMR deficiency (Walsh, 2010; Win et al,,
2012; Win et al, 2013). Most of the previously conducted studies were
retrospective, however, recently a prospective study (Win et al., 2012) showed

that women with MMR deficiency had a four fold increase (4-fold) in the risk of
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developing breast cancer compared to the background population. Since the
presence of an MMR gene mutation leads to deficiency in the functioning of the
protein in correcting all MMR-related errors, it is possible that the individuals
with MMR deficiency may have an accumulation of mutations in genes involved
in breast cancer (such as BRCA1, BRCA2, CHEKZ2 or ATM, amongst others). The
accumulation of these mutations may well accelerate tumour development. As
with the range of Lynch syndrome cancers, the development of the disease may
not necessarily be the primary result of MMR deficiency, but rather as a
secondary effect of the increase in the number of genome-wide mutations which
are not efficiently repaired. The suggested modest increase of breast cancers in
Lynch syndrome is important to confirm, given that breast cancer is a common
disease. In South Africa the age specific incidence of breast cancer in 2012 was
about 25/ 100 000 individuals between the ages of 35 and 40 years,
(http://www.nioh.ac.za/assets/files/NCR%202012%20results.pdf). This is

relatively high compared to other cancers. A lack of prospective studies, and
differences in population ethnicity, and a range of environmental and other risk
factors makes it difficult to estimate the role of genetic factors contributing

towards the disease development.

Win et al. (2012) calculated that as much as 50% of breast cancers in families
with MMR gene mutations showed evidence of MMR-deficiency. Some
histopathological features such as poor tumour differentiation and presence of
tumour-infiltrating lymphocytes, specifically in CRC and endometrial cancers
have been reported in the breast cancers in mutation-positive individuals in
families with Lynch syndrome (Win et al.,, 2012; 2013). In addition, some of the
breast cancers with MMR deficiency have an increased incidence of mucinous
differentiation, another characteristic of cancers with MMR-deficiency.
Interestingly, a separate study by Walsh et al. (2013),which investigated the MSI
status of MMR-deficient breast cancers, reported these cancers as predominantly
of higher nuclear grade, in situ, supporting the aberrations of MMR functioning
and that they may lead to a more aggressive type of breast cancer. The

indication that 50% of the cases of breast cancer in Lynch syndrome families did
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not have classic MMR deficiency was no surprise since they may be part of the

population burden of a reasonably common cancer (Win et al., 2012).

A study which investigated 90 families with occurrence of both CRC and breast
cancer cases, found that about 60% of the families had a mutation in an MMR
gene (Walsh et al,, 2010). In the observed breast cancer cases, 18/107 cases had
abnormal THC results for MMR gene products. Usually for Lynch syndrome
testing, the negative IHC result is indicative of the presence of a mutation in the
gene of interest. In this particular study, there was an over representation of the
MLH1 mutation positive cases who had developed breast cancer (Walsh et al,,
2010). This has been observed in other cohorts, where individuals with MLH1
mutations have an increased risk of developing breast cancer when compared to
individuals with mutations in other MMR genes. The Brazilian study found
breast cancer was one of the most common extra-colonic cancers, even

exceeding endometrial cancers in their cohort (Oliveira-Ferreira et al., 2004).

A higher lifetime risk of CRC for males was observed in the UCT/GSH cohort
(cohort 1)- this is similar to that reported in other MMR cohorts (Lynch et al.,
2009). However, what was evident in the UCT/GSH cohort was that males had a
relatively better survival compared to females; this is indicative of the need to
develop and employ improved methods of surveillance and /or management of
the extracolonic cancers, especially those affecting females. The results showed
that individuals with an MLHI mutation have a younger age of onset/diagnosis
for cancer (Table 2.6). This is in accordance with the literature - but may well
reflect that this cohort is under better surveillance, and the neoplastic lesions are
possibly being detected and treated earlier. Also noted is the age and gender
difference in the UCT/GSH cohort, where female MSHZ mutation carriers have a
later age at onset/diagnosis especially for extra-colonic cancers. Again, this may
be explained by a lack of adequate surveillance for the extracolonic cancers in
this cohort. Even though this is the case, there was no significant difference in

survival for MHL1 or MSH2 mutation carriers.
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A number of factors determine the frequency of Lynch syndrome related
cancers; these include: geography, ethnicity, gender, the underlying range of
somatic mutations and the specific germ-line mutation (Bansidhar and Silinsky,
2012). Many studies have been conducted with the aim of identifying some of
the modifier effects which may impact on Lynch syndrome-related cancers.
Talseth-Palmer et al. (2013a) identified candidate modifiers as follows: 1)
xenobiotic clearance and micronutrient metabolism, 2) cell cycle control, 3) DNA
repair, 4) immunological function, 5) growth factors, 6) other modifiers which
included the role of the MTHFR gene and the DNA (cytosine-5-)-
methyltransferase-3-beta (DNMT3B) gene.

The search for modifier genes that influence disease expression in Lynch
syndrome has revealed a number of potential candidates. By identifying and
including modifier genes/loci in risk algorithms it would be possible to tailor
individualized surveillance options for patients, allowing for better outcomes
and possibly reducing morbidity and mortality (Felix et al., 2006; Scott et al,,
2012; Bellido et al., 2013; Talseth-Palmer et al., 2013a).

The region around the c.1528C>T variant, spanning 4.8 Mb, was characterised by
genotyping the microsatellite markers; D353512, D351561, D3S1611, D353623
and D353527. Based on the allele frequencies for the five markers, one hundred
and eighty seven different haplotypes were inferred for 98 (apparently healthy)
‘control’ individuals from the Cape Mixed Ancestry population and 30 probands
harboring the c.1528C>T DNA variant. The most common inferred extended
haplotype was observed in 83% of the probands. This disease-associated
haplotype was not inferred for any of the persons tested from the background
Cape Mixed Ancestry population. Thus, it can be concluded that the disease-
associated haplotype is not on a common haplotype present in the relevant
population. The mutation age was estimated to be between 8 and 9 generations,
which is approximately between 200 and 225 years old (1789-1814). The South
African Mixed Ancestry population makes up about 9% of the entire South
African population. This population group has its origins in the late 1700s, with
the colonization of the Western Cape (De Wit et al., 2010). The mutation has not
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been identified anywhere else in the world, suggesting that it originated here in

S.A. perhaps more recently than the arrival of European immigrants.

The carrier frequency of this mutation (c.1528C>T) is not high in the Cape Mixed
Ancestry population, although it is very likely that the numbers are
underestimated. It is to be noted that only 98 persons (background control)
were genotyped to determine the carrier frequency of this mutation. In South
Africa, mixed ancestry individuals account for just over 8% of the population (~
5 million), thus to accurately determine the carrier frequency for this mutation,
more individuals will need to be genotyped. Future studies should address this
limitation. The ¢.1528C>T mutation has only ever been observed in the South
African Cape mixed Ancestry population. This is one of the most admixed
populations in South Africa. The population has genetic contributions from
indigenous Africans such as Khoesan (or Khoisan) and Xhosa (Bantu speaking
populations), Europeans (German, Dutch, French and British) and Asians (De Wit
et al, 2010). Thus determining the origin of this mutation will require the
haplotype analysis of the genetic markers flanking the ¢.1528C>T mutation in
other populations, perhaps indigenous communities in S.A. and abroad.
Nonetheless, since the mutation has not been reported in international disease-

specific databases, it is reasonable to presume a local African origin.

Lastly, admixture mapping is a valuable method that can be used to help study
the relationship of the admixture of disease risk and to control for admixture as a
confounder. McKeingue et al. (2000) described the method to analyse data from
an admixed population that allows the effects of linkage and population
structure to be distinguished. However, this analysis could not be performed in
the current study because of the limited number of individuals genotyped, in
addition, only one population was included in the current study. Thus, future
work should determine the genotypes for the selected markers (in other
populations that may have contributed to this admixed population) in order to
estimate the level of admixture in this population, but also to accurately

determine the markers associated with disease.
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Chapter 3: Constitutional Mismatch Repair- Deficiency (CMMR-
D) Syndrome

3.1 Introduction to CMMR-D syndrome

Heterozygous mutations within the DNA mismatch repair (MMR) genes cause
Lynch syndrome. In 1999, homozygous mutations in the DNA mismatch repair
genes were described in another cancer syndrome: “CMMR-D syndrome”
(OMIM: 276300) (Wimmer and Etzler, 2008; Wang et al., 1999; Ricciardone and
Tayfun, 1999). This disorder manifests as a result of constitutional
biallelic/homozygous or compound heterozygous mutations in the genes
encoding MMR proteins (Leung et al., 1998; Menko et al., 2004; Poley et al., 2007;
Amayiri et al., 2015; Amayiri et al.,, 2015; Elhasid et al., 2015; Lavoine et al.,
2015; Li et al, 2015). Unlike Lynch syndrome, this disorder presents

predominantly in paediatric patients, most of whom do not survive the disease.

CMMR-D syndrome was only recognised relatively recently as a ‘component’ of
Lynch syndrome - it is likely that earlier cases were classified as another disease,
since CMMR-D patients have similar characteristics to other paediatric cancer
syndromes. The original report by Ricciardone and Tayfun (1999) described
three affected children of consanguineous Turkish parents who, although
unaffected, both carried the same cancer-predisposing mutation in one of their
MMR genes, MLH1. The pedigree information revealed that both parents had a
family history of hereditary non-polyposis colorectal cancer (HNPCC -OMIM:
120435). Each of the three offspring had developed haematological cancers by
the age of three years and had characteristics of neurofibromatosis type 1
(NF1:0MIM; 162200) e.g. café-au-lait (CAL) spots. Results of mutation testing in
each of the children revealed an inherited homozygous mutation in MLHI.
Mutation testing to understand the presence of NF1 symptoms revealed somatic
and not germline mutations in the NFI or Neurofibromin gene on chromosome
17. The presence of the haematological malignancies also suggested that these
cases were not traditional NF1 patients. It was speculated that homozygous
mutations in MLH1 may have created a mutator phenotype, which resulted in

somatic mutations in the relatively large NF1 gene on chromosome 17 (374,244

56



base pairs in length) (Genecards: http://www.genecards.org/cgi-

bin/carddisp.pl?gene=NF1).

Soon after this report, Wang et al. (1999) also described paediatric patients with
similar phenotypes, where the parents were first cousins. The children had
constitutional homozygous mutations in the MLH1 gene and the extended family
was from North Africa, with a confirmed history of cancer. The family
characteristics were consistent with the Amsterdam criteria of HNPCC, wherein
eight family members developed cancer before the age of 50 years. In the family,
there were cases of both neoplastic (indicative of cancer growth in a tissue) and
non-neoplastic diseases. The first case of CMMR-D in this family was that of a
child, who developed malignant non-Hodgkin’s lymphoma (OMIM: 605027) at
the age of two years. Subsequently, her sister was diagnosed with acute myeloid
leukaemia (OMIM: 61626) at the age of six years, followed by medulloblastoma
(OMIM: 155255) at the age of seven years. Both sisters had developed CAL
dermatologic macules with no previous family history of NF1. Parents had
heterozygous mutations in MLH1 previously described as pathogenic and disease
causing. Genetic testing in one of the children confirmed the presence of the

homozygous mutation in MLHI (Wang et al., 1999).

One of the main characteristics of MMR deficiency is the presence of MSI in the
repeat (microsatellite) sequences of the genome. MSI testing of DNA from buccal
mucosal cells of one of the affected sisters showed evidence of MSI (Wang et al,,
1999). Although no DNA was available for testing for the other sibling - the
observation that the children had similar characteristics and disease
presentations led the authors to conclude that both children had inherited the
MLH1 mutation homozygously from their parents. Based on these cases, the
authors suggested that penetrance for CMMR-D was 100% by the age of five
years. It was speculated that signs of NF1 could be due to the accumulation of de
novo mutations in the neurofibromin gene during the cell/genome replication
process due to the mutator phenotype, and that this was simply a function of the
relatively large size of the NF1 gene. It was plausible that the absence of the
MLH1-associated post-replication DNA repair system resulted in the embedding
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of these non-repaired mutations in the NF1 gene, resulting in the ‘acquired’ NF1

features in these subjects.

The first two reported cases of CMMR-D had homozygous MLH1 mutations, and
their parents were related. In 2002, the first case of a homozygous mutation in
another MMR gene, MSHZ, was reported (Whiteside et al,, 2002). The mutation
was novel and resulted in exon skipping. The patient presented with acute
lymphoblastic leukaemia (OMIM: 613065) and signs of NF1 (OMIM: 162200).
Phenotypically, the subject described in this report did not meet the more
comprehensive criteria for an NF1 diagnosis. The parents were not related and,
interestingly, there was no family history of cancer, which added to the
complexity of understanding the aetiology of the disease. To date, this syndrome
has shown a variable phenotype and it is possible that some features and

phenotypes are yet to be described.

3.1.1 Epidemiology of CMMR-D syndrome
In 2008, a report of 78 cases of CMMR-D syndrome from 46 different families

was published (Wimmer and Etzler, 2008). Subsequently, a comprehensive
report by Wimmer et al. (2014), reviewed 146 cases from 91 different families.
Most of the cases reported to date are from North America and Europe, although
more recent reports from countries in the Middle East and Africa have emerged
(Leung et al., 1998; Kratz et al., 2009; Bruwer et al,, 2013; Bakry et al,, 2014;
Antelo et al., 2015;