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ABSTRACT

Colorectal cancer (CRC) is the second most common tumour in Malaysia. Universal
screening for the identification of microsatellite instability/mismatch repair
(MSI/MMR) status in CRC patients is recommended by several guidelines. The
detection of MSI/MMR status in CRC patients is not only essential to identify Lynch
Syndrome (LS), but it also has predictive and prognostic values. The study aimed to
investigate the MMR and MSI status among CRC patients in Kuantan, Pahang as well
as to assess the consistency between immunohistochemistry (IHC) and MSI analysis.
Formalin-fixed paraffin-embedded (FFPE) tissue blocks of 123 CRC patients were
retrieved for the years 2017-2018. For IHC and MSI analysis, EnVision™ FLEX, Mini
Kit, High PH, and MSI Analysis System 1.2 (Promega) were utilized, respectively. MSI
analysis was performed on selected deficient mismatch repair (IMMR) and proficient
mismatch repair ((MMR) cases. IHC detected 11.4% (14 out of 123) patients as AMMR
and 88.6% (109 out of 123) as pMMR. MSI analysis identified 26% (13 out of 50)
patients as MSI-H, 6% (3 out of 50) patients as MSI-L, and 64% (32 out of 50) patients
as MSS. Both the IHC and MSI analysis showed perfect agreement (0.896, Kappa
value) for the recognition of dIMMR or MSI-H CRC patients while demonstrating only
4% (2 out of 50) discordant results. Almost all dAMMR patients detected by IHC were
recognized by MSI analysis as MSI-H except one. The significant prevalence of AIMMR
in current cohort support the recommendation that the assessment of MSI/MMR status
should be addressed in CRC patients. The selection of the choice method may be based
on the availability of the expertise and equipment. Since IHC is an affordable, a
reproducible and readily available in most histopathological laboratories, it can be used
as a primary screening test to detect MSI/MMR status in CRC patients.



Saand .\2\4.4%

el pas Lol 8 e sl bl s S S0 el s sl Gla e ing
O s (o 30 8 (MSI/MMR) Gl axe #=Sbal/ ) il axe alla paail il laay)
astivsall 5 (5 5l 8l GUa ju (oa ye (8 (MSI/MMR) s e i€ () asiiiadll 5 o o1 58l
ald Lo Loyl 5 5iny 4S5 (Lynch Syndrome) siid 4e jdlie saail s |y 5 pia (gl
OHa s (2 e o (MMR and MSH )8 Gasaill ()4l jall sa Cdan 4y judas g 4y 5
(IHC) 4o liall elaassll 18 yha (0 BlusiW) anfil Gl 5 iy ()35 5S (8 afisall 5 ) o1 531
Oda a4 pe Al VY TV20m] Glle ) gallh Amanal) 4ni¥) Slie aag &3 (MSI) S,
plaiul &3 (IHC and MSI Analysis )ddsid Y+ YA 5 Yo VY <l siall aiiiall 5 ¢y 51 8l
EnVisionTM FLEX, Mini Kit, High PH, and MSI Analysis System 1.2 )
sadaa e (gl ade F3lal WYl Je(MSI)ddad o) ol &8, Jsill Ao ((Promega))
(IHC) 4elial sl 4ish (PMMR) G8) G4l o <¥ls 5 (MMR)
Oe V0 ) 1AM 5 (AMMR) &) e Loay e (VY¥dial (00 Y E) V), chai)
MSI-) aedl e (04 daal 30 V1) 7Y 1 (MS]) dilsi aaa (pPMMR) Wl e (VY Y dal
Liay je (00 Jaal (0 YY) 218 5 (MSI-L) aedl e bas j (00 dial (0 ¥) 775 (H
(0.896, kappa value) Wt Bl (IHC and MSI) Jilad (e S el (MSS) aed e
Aualliia w5 (00 Jual (eY) L 78 lelal ae (AMMR OF MSI-H) (o2 e il jie U
e (MS]) dilai B e (IHC) pai€) 5l (AMMR) (oo e gen e oaill o
b dna sl ailall ad 5ol 3 (AMMR)J el LGN acay aal 5 eliinly (MS]-H) 43
Dia) aaing 3B aiisall g ()5l sl Gla s (oaim e A llay () 22 (MSI/MMR) Al s
Ay algian jlauly 8 (IHC) oY LB Glaedlly opdll jis8 e LAY 43,k
9 pand HLialS dshadin) (S 4awV) ale Gl it alire (8 Al e gl ) Sl
il 5 0 sl 8l GUa jus (aim 3 (A (MSI/MMR) s (e cadsll



APPROVAL PAGE

| certify that | have supervised and read this study and that in my opinion, it conforms
to acceptable standards of scholarly presentation and is fully adequate, in scope and
quality, as a thesis for the degree of Master of Medical Sciences

Asmah Hanim Hamdan
Supervisor

Norlelawati A. Talib
Co-Supervisor

| certify that | have read this study and that in my opinion it conforms to acceptable
standards of scholarly presentation and is fully adequate, in scope and quality, as a
thesis for the degree of Master of Medical Sciences

External Examiner

This thesis was submitted to the Department of Pathology and Laboratory Medicine
and is accepted as a fulfilment of the requirement for the degree of Master of Medical
Sciences

Norlelawati A. Talib
Head, Department of Pathology
and Laboratory Medicine

This thesis was submitted to the Kulliyyah of Medicine and is accepted as a fulfilment
of the requirement for the degree of Master of Medical Sciences

Azmi Md Nor
Dean, Kulliyyah of Medicine



DECLARATION

| hereby declare that this thesis is the result of my own investigation, except where
otherwise stated. | also declare that it has not been previously or concurrently submitted

as a whole for any other degrees at IIUM or other institutions.

Muhammad Ishaque Faizee

Signature...................... Date .....cccoveenneen.



INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA

DECLARATION OF COPYRIGHT AND AFFIRMATION OF
FAIR USE OF UNPUBLISHED RESEARCH

EVALUATION OF MISMATCH REPAIR AND
MICROSATELLITE INSTABILITY IN COLORECTAL
CANCER PATIENTS IN KUANTAN

I declare that the copyright holders of this thesis are jointly owned by the student
and IHUM.

Copyright © 2020 by Muhammad Ishaque Faizee and International Islamic University Malaysia. All
rights reserved.

No part of this unpublished research may be reproduced, stored in a retrieval system,
or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise without prior written permission of the copyright holder
except as provided below

1. Any material contained in or derived from this unpublished research may
be used by others in their writing with due acknowledgement.

2. 1IUM or its library will have the right to make and transmit copies (print
or electronic) for institutional and academic purposes.

3. The UM library will have the right to make, store in a retrieved system
and supply copies of this unpublished research if requested by other
universities and research libraries.

By signing this form, | acknowledge that | have read and understand the 1HUM
Intellectual Property Right and Commercialization policy.

Affirmed by Muhammad Ishaque Faizee

Signature Date

Vi




DEDICATION

TO MY PARENTS
TO MY TEACHERS AND
TO MY BELOVED WIFE AND KIDS

vii



ACKNOWLEDGEMENTS

All praises belong to Allah the most merciful, whose guidance and help provided me
the strength to accomplish this thesis.

I would like to express my sincere gratitude to my supervisor Asst. Prof. Dr.
Asmah Hanim Binti Hamdan, who has facilitated every aspect of this hard work and
supervised my study whole period by remarkable assistance, continuous persuasion,
strong patience, and valuable suggestions.

It is an honour to state that my co-supervisors Assoc Prof. Dr. Norlelawati A.
Talib and Assoc Prof. Dr. Nor Zamzila Binti Abdullah with their exceptional
capabilities, kindness, and motivation made easy accomplishing the tasks throughout
my study.

| would like to thank the Dean of Kulliyyah of Medicine, IIUM Prof. Dr. Azmi
Bin Md Nor, and the Deputy Dean of Research & postgraduate affairs, Prof. Dr.
Jamalludin Ab Rahman, for providing and managing the opportunity to fulfill my
master’s degree in the prestigious International Islamic University Malaysia.

| also express my gratitude to Muhammad Hanif, for his advice and technical
assistance in immunohistochemistry, Muhammad Amir, for his help and collaboration
with the extraction of DNA and discussion on PCR.

Finally, 1 would like to express my gratitude to the Higher Education

Development Project (HEDP), to Ministry of Higher Education, Afghanistan (MOHE),
and to Kandahar University for granting me the scholarship for my master’s degree.

viii



TABLE OF CONTENTS

AADSEIACT ... et b et aeenre s i
ADSITACE TN ATADIC uvvvvviiiiieiiiiiisiteirsiesssssssbrseereeessssssssbbaesesessssssssbbbssessasessssssrtrresesesssssssnes i
APPIOVAL PAGE ...ttt e e ras \Y
[ =Tod - T =1 o] o OSSR v
(=T [ Tor= 11 o] o TP PRI vii
ACKNOWIEAGEMENTS ... e viii
TaDIE OF CONLENTS ...t 1iX
TS 0 N 1= o] [ SRR Xii
LISE OF FIQUIES ..ottt e e sbe e be e nreesrne e xiiiii
LiSt OF ADDIEVIALIONS ......ocveeieiee e nns XV
CHAPTER ONE: INTRODUCTION ....cooiiiiiiiiieieie et 1
1.1 BACKGIOUNG. ...ueiiiiiiiiiiiie ettt 1

1.2 Justification of the STUAY ........ccocviiiiiii e 8

1.3 RESEAIrCH QUESTIONS. ... .eiiiieiiiieiec ettt 10

1.4 HYPOTNESIS ...t 10

1.5 ODJECHIVES ...t et 10

1.5.1 General ODJECTIVES .......ccviiiiiiiie e 10

1.5.2 SPECIfiC ODJECLIVES ....ovieiiiiiiieeee e 10
CHAPTER TWO: LITERATURE REVIEW........cc. oo 11
2.1 Colorectal CarCiNOGENESIS ........cvrieieieieeiiesie st 11

2.1.1 Chromosomal Instability Pathway ...........cccoocoiniiiiiiiiiiieeee 11

2.1.2 Microsatellite Instability Pathway ...........ccccoovvinininiiiiicn, 13

2.1.3 CpG Island Methylation Pathway ...........ccccooeieniiiiiiecceeee 16

2.2 MaCIOSCOPIC VANTELIES .......eiveiiiiiiiiiiieie et 17

2.3 Epidemiology of Colorectal CanCer ..........ccceveiiiiieiiiie e 17

2.4 Risk Factors of Colorectal CanCer...........ccooveiviieiiieninee e 19

2.5 Signs and Symptoms of Colorectal Cancer ...........cccocvevivieieiienieicee 20

2.6 Diagnosis of Colorectal CanCer ..........cccuevevieereeiiesieene e see e 22

2.7 Staging Colorectal CaNCEr .........ccoveiieiieie e 25

2.7.1 Dukes’ Staging for Colorectal Cancer ...........cccevveeinveeiiieeeiiieeennnnn. 25

2.7.2 TNM Clinical ClassifiCation ............ccccovvieiiiinnienieie e 26

2.7.3 TNM Pathological Classification...........c.ccccoeevivereiierirene e 27

2.8 Treatment of Colorectal CanCer..........ccovviieieiiiiiereee s 28

2.9 MSI-High/MMR Deficient Colorectal Cancer ...........cccccvvevivevesivesvenenne 29

2.10 Etiology of MSI-H/MMR Deficient Colorectal Cancer ...........c.cccceeeue.ne. 31

2.10.1 LYNCh SYNUIOME ......oivieiieiecie e 31

2.10.2 Lynch Like SYNdrome.........ccccoveeieieenieie e 33

2.10.3 Familial Colorectal Cancer Type X .....cccccvveiieereiiiesnenie e 35

2.10.4 Constitutional MMR Deficiency Syndrome ..........cccoccevereeneennene 35

2.10.5 Sporadic MSI-H/dMMR Colorectal Cancer ..........cccocvevveverivennnnn. 36

2.11 Assessment of MMR/MSI Status in CRC ........ccooeiiiinienene e 37



2.11.1 Microsatellite Instability TEStING .....cccccvevvvierieeieie e 38
2.11.2 Immunohistochemistry TeStiNg........cccocuervririieieiie e 41
2.11.3 Next-Generation SEQUENCING .....cccveivereerieeiesieesie e e esee e e 43
2.12 Prognostic significance of MSI-H/dMMR Status in Colorectal Cancer .. 45
2.13 Predictive Significance of MSI-H/dMMR Status for Chemotherapy in

(Of0] (0] 1=Tox r=| I @F: 1y o] SRR 47
2.14 Predictive Significance of MSI-H/dMMR Status for Immunotherapy in
(O00] (0] 1=Tox ro| I OF: 1y o] RS 51
CHAPTER THREE: METHODOLOGY ....ccoiiiiie st 56
3.1 Ethical Approval and Consideration of the Study ...........ccceecvvevviveieiinnnnnn 56
3.2 Study Design and Sample ColleCtion ..........cccoveiieiiiiniiiicce e 56
3.3 Sample Size Calculation .........c.coeiviiiiiii 57
3.4 INCIUSION CHITEIIA ..vveveiieiie et 58
3.5 EXCIUSION CFITEIIA ....eivveieiiecieeiie et sie s see et sne e snee e 58
B3O FIOW CRArT ... 59
3.7 Hematoxylin and E0SIN STaINING .........cccoviiiiiniiiiicie e 60
3.7.1 Equipment and Materials Used for H&E Staining and Microscope
EVAIUALION ...t 60
3.7.2 Slide Preparation .........ccoceeveiieiiiie e s 61
3.7.2. 1 Procedures ........oouuiriiiiiiii e 61

3.8 IMMUNONISTOCNEMISTIY ..o 65
3.8 L PIINCIPIE oo 65
3.8.2 Equipment and Materials ...........cooeiiiiiiienic e 66
3.8.3 PrOCEAUIES .....veiieireiectee sttt ettt te e nee e nne 66
3.8.3.1 Reagent Preparation ............ccoeviiiiiiniiiiiieeeeeeeens 66

3.8.3.2 Deparaffinization and Rehydration ............................... 66

3.8.3.3 Heat Induced Antigen Retrieval ...................cooiiiii, 67

3.8.3.4 Immunohistochemistry Staining ..................cccoevvennennnn .68

3.8.3.5 Counterstaining. .. .....ooueetentenreanteieaeaeeteainaeanenas 69

3.8.3. 0 MOUNTING. ...outiiit ittt a 69

3.9 The MST ANAIYSIS ...t e 72
3.9 L PHINCIPIE . 72
3.9.2 PrOCEUUIES ...ttt sttt 74
3.9.2.1 DNA EXtraction ........cc.eiiiiiiiiiiiiie it aiiee e e, 74

392 1.1Principle ..o 74

3.9.2.1.2 Equipment and Materials ................cooeeiiiiiiiiin.n 75

3.9.2.1.3 Processing of FFPE Sections ..................ccoooevinnen. 76

3.9.2.1.4 Cartridge Preparation ..............ccooevviiiiiiiininnnnnn... 77

3.9.2.1.5 Maxwell Instrument Setup and Run ........................ 78

3.9.2.2 DNA Quantification...........ccoeiiiiiiiiiiiii i, 79
3.92.2. 1 PrinCiple ...o.voniiniii i 79

3.9.2.2.2 Equipmentand Materials ...................ocooiia 79

3.9.2.2.3 ProCeAUIES ....uuinieet e 80

3.9.2.3 Preparation of DNA Dilution for PCR ........................... 82
3.9.2.3.1 Equipmentand MaterialS ..............cccooiiiiiiiiiiinn.. 82

3.9.2.3.2 Procedures .......c.ovuiiiniiiii i 82

3.9.3 DNA Amplification Using the MSI Analysis System ..................... 82



3.9.3.1 Equipment and Materials ................cooiiiiiiiiiiii i, 82

3.93.2Procedures .......c.ooiiiiii 83

3.9.4 Detection of Amplified Fragments ..........cccoocvveieieneninescsieseeen, 86

3.9.5 Data ANAIYSIS .....ocuviiiiiiieieieee e 86

3.9.6 Statistical ANAIYSIS.......cccieiiiiii i 87
CHAPTER FOUR: RESULTS AND FINDINGS........cccccoieieere s 88
O ST 1111 0] [ SRR 88

4.2 DEMOGIAPNY ..ooveeeieieieie st 88

4.3 Histopathological FEAtUreS ...........ccoiieiiiieiieece s 88

4.4 Mismatch RePaIr STAUS.......ccverieieiieiiee e 90

4.4.1 Profiles of MMR Status .........cccooviiiiiiiiee e 91

4.4.2 Association Between Clinicopathological Features and MMR Status
................................................................................................................... 91

A5 MST SEALUS ..ot 93

4.5.1 The electropherogram of the positive MSI markers ...............c........ 93

4.5.2 MSI Marker Specification of the MSI Positive Cases............c........ 97

4.5.3 Profiles and Distribution of the MSI Positive Markers.................... 98

4.5.4 Association of the Clinicopathological Features of CRC Cases with

tNe IMIST STALUS ... 99

4.5.5 Distribution of MSI Status and Its Corresponding MMR Proteins of

the MSIH POSITIVE CaSES .....cveeiiiiieiiiiiieeie s 100

4.6 Agreement between IHC and MSI aSSay.........ccooveiereiiinienenenineseseenens 101
CHAPTER FIVE: DISCUSSION.......ccoiiiiiiiieie ittt 103
5.1 DISCUSSION ...ttt ettt sttt sbe et nne e be e e 103

5.1.1 Demographic Characteristics of CRC Subjects .........c.cccevvvrvennene. 105

5.1.2 CRC and MMR Protein Status...........cccerveieieeienie e 106

5.1.3 CRC and MSI STatuS .......ccccvveieiiiiieriecie st 107

5.1.4 Analysis of Concordance Between MSI and MMR Protein........... 109

5.2 Limitation Of the STUAY........ccooviiiiiiiieei e 113

5.3 CONCIUSION ...ttt et 114

5.4 RECOMMENUALIONS. .....veeveeiieeiieiireieeie st e e seesiaesee e sraetesseesneeeesneesreenee e 115
REFERENCES ... e e 116
DN i 1 D10 101D ) 5. 146

Xi



Table 2.1

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

LIST OF TABLES

Various options of Colorectal Cancer therapies reviewed
Hematoxylin & Eosin staining protocol
Deparaffinization and rehydration of tissue slides
Counterstaining of immunohistochemistry slides

The MSI analysis system locus information

Master mix for FFPE preparation

Amplification mix for the MSI analysis system

Clinical characteristics of study samples

Details of immunohistochemistry profiles of the dAMMR
Colorectal cases

Association between clinicopathological characteristics
and MMR protein expression profile

Results of microsatellite status in the study samples

Details of the MSI marker specifications of the 16 cases
with MSI positive and their corresponding MMR status

Association between clinicopathological features and
microsatellite instability status in CRC

Agreement between MSI and IHC assays done on the
CRC cases

xii

29

63

67

69

73

76

84

89

91

92

93

97

99

102



Figure 2.1
Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

LIST OF FIGURES

The DNA MMR system functions step by step

The four common macroscopic varieties of carcinoma
of the colon

Amsterdam |1 and revised Bethesda guidelines

National Institute for Health and Care Excellence
(NICE) guidelines for Microsatellite Instability testing
strategy

National Institute for Health and Care Excellence
(NICE) guidelines for Immunohistochemistry testing
strategy

Immune Checkpoint Inhibitor mechanism

Examples of Formalin-fixed paraffin-embedded (FFPE)
blocks

A flow chart of laboratory procedure

Rotatory Microtome Machine (Leica, Model RM 2255
Germany)

Embedding Machine (Leica, Model EG1160, Germany)
Water Bath (Leica, Model H1 1210 Germany)

Leica Autostainer XL ST5010 model (Leica, Germany)

Light Microscope (Olympus BX51TF, Japan)

Mismatch repair protein expression (IHC, 200x
magnification)

Loss of Mismatch repair protein expression (IHC, 200x
magnification)

MSI Analysis system (Promega Corporation, USA)

Maxwell® RSC DNA FFPE Kit

Xiii

15
17

33

41

43

54

57

59

61

62

62

63

65
71

74

75



Figure 3.12
Figure 3.13
Figure 3.14

Figure 3.15

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Deck tray, Plungers, and Elution tubes
Maxwell® instrument with deck tray
Quantus™ Fluorometer

Thermal Cycle (Eppendorf, Germany)

Representative electropherograms of the positive MSI
Markers

Representative electropherograms of the positive MSI
Markers

Representative electropherograms of the positive MSI
markers

Individual distribution of unstable mononucleotide
markers found in MSI positive CRC case

MSI positive markers grouping distribution

MSI-positive cases with MSI-H/MSI-L and
pPMMR/dMMR status

Xiv

78
79
81
86

94

95

96

98

99

101



APC
APCCWG
ASCO
ASCP
ASRI
ASRm
bp

CAP
CE
CIMP
CIN
CMMRD
CRC

CT

CT
CTL
CTLA-4
CXR
DAB
DFS

LIST OF ABBREVIATIONS

Beta

Percentage

Lesser or equal to

Greater or equal to

Centigrade

Microgram

Microlitre

5-Fluorouracil

Adenomatous polyposis coli

Antigen presenting cell

Asian Pacific Colorectal Cancer Working Group
American Society of Clinical Oncology
American Society for Clinical Pathology
Age-standardized incidence rate
Age-standardized mortality rate

base pair

College of American Pathologists
Capillary Electrophoresis

CpG Island Methylator Phenotype
Chromosomal Instability

Constitutional Mismatch Repair deficiency
Colorectal cancer

Computer Tomography

Chemotherapy

Cytotoxic T-lymphocyte

Cytotoxic T-lymphocyte associated antigen 4
Carboxy-X-rhodamine
3.3’-diaminobenzidine tetrahydrochloride

Disease free survival

XV



dH20
dMMR
DPX
EGAPP

EpCAM
FAP
FCCTX
FDA
FFPE
FIT
FOLFIRI
FOLFOX
gDNA
gFOBT
GLOBOCAN
H&E

HR

HRP
HTAA
ICI

IFL
iIFOBT
IHC
IHUMMC
ILS 600
IMT
LAG-3
LLS

LOH
mAb
MANA
MAPK

Distilled Water

Deficient Mismatch Repair
Dibutylphthalate polystyrene xylene
Evaluation of genomic applications in practice and prevention
group

Epithelial cell adhesion molecule
Familial Adenomatous Polyposis
Familial colorectal cancer type X
Food and drug administration
Formalin fixed paraffin embedded
Fecal immunohistochemical test
Folinic acid 5FU irinotecan

Folinic acid, 5FU, and Oxaliplatin
Genomic Deoxyribonucleic acid
Guaiac-based fecal occult blood test
Global Cancer Observatory
Hematoxylin and Eosin

Hazard ratio

Horseradish peroxidase

Hospital Tengku Ampuan Afzan
Immune Checkpoint Inhibitor
Irinotecan

Immunochemical fecal occult blood test
Immunohistochemistry
International Islamic University Malaysia Medical Center
Internal Lane Standard 600
Immunotherapy

Lymphocyte activation gene 3
Lynch-like syndrome

Loss of Heterozygosity

Monoclonal antibodies

Mutation associated neoantigens

Mitogen-activated protein Kinase

XVi



Mg

MHC
miRNA
Mi

Mm
MMR
mMSI
MOSAIC

MRNA
MSI
MSI-H
MSI-L
MSS
NCCN
NCI
NGS
NICE
NSAID
ORR
0S
PCNA
PCR
PD-1
PFS
PMMR
RFS
SUR
T
TACSTD1
TIL
TKI
TMB

Milligram

Major histocompatibility complex

MicroRNA

Millilitre

Millimeter

Mismatch Repair

Metastatic Microsatellite Instability
Multicenter International Study of Oxaliplatin, 5FU, and
Leucovorin (FOLFOX) in adjuvant treatment of colon cancer
Messenger RNA

Microsatellite Instability

Microsatellite Instability High

Microsatellite Instability Low

Microsatellite stable

National Comprehensive Cancer Network
National Cancer Institute

Next-generation sequencing

National Institute for Health and Care Excellence
Nonsteroidal anti-inflammatory drug

Objective response rate

Overall survival

Proliferating cell nuclear antigen

Polymerase Chain Reaction

Programmed death 1

Progress free survival

Proficient Mismatch Repair

Relapse free survival

Surgery

Temperature

Tumour-associated calcium signal transducer 1
Tumour infiltrating lymphocyte

Tyrosine kinase inhibitor

Tumour mutation burden

Xvii



CHAPTER ONE

Xviii



CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND
Cancer is a general term used for several diseases characterized by the abnormal cells
that have uncontrolled growth and cross their normal boundaries (American Cancer
Society, 2018). Globally, colorectal cancer (CRC) is the third most frequent cancer in
males (10.9%) and second in females (9.5%) (Bray et al., 2018). According to a Global
Cancer Observatory (GLOBOCAN) database, CRC ranked fourth in males (9%) and
third in females (9.5%) in mortality. The estimated incidence of new CRC cases and
related deaths in 2018 was more than 1.8 million and 881,000, respectively worldwide
(Bray et al., 2018). CRC is the third common cause of tumour-associated deaths in the
USA (Ashktorab et al., 2019). According to the American Cancer Society, 140250
estimated new cases, and nearly 50630 deaths were caused by CRC (American Cancer
Society, 2018).

The incidence of CRC is increasing in Asia and Southeastern Asian nations
(Bray et al., 2018). In 2018, the incidence and mortality of CRC cases were 51.8% and
52.4% per 100,000 persons (including both sexes and all ages), respectively in Asia
which was the highest in Asia among the others (Onyoh et al., 2019). A higher incidence
of CRC is reported in developed Asian nations like Singapore, Japan, South Korea than
developing Asian nations including Malaysia (Cancer & Organization, 2017; J. J. Y.
Sung et al., 2015). In Malaysia, CRC is the second most common tumour in both sexes
with an estimation of approximately 3342 (16.2%) and 2795 (12%) new cases in males

and females, respectively in 2018 (Bray et al., 2018). The incidence is reported to be the



highest in Chinese followed by Indians and Malays, respectively (Wendy & Radzi,
2008). Men are more likely to develop CRC compared to women (S.-E. Kim et al.,
2015).

Several factors are attributed to be involved in this trend. An unhealthy lifestyle,
consumption of westernized diet, aging population, smoking, and physical inactivity
could be contributing factors to the increasing incidence of CRC cases in Asians in the
last few decades (Onyoh et al., 2019; Pang et al., 2020). The percentage of aged
population is increasing in Malaysia (Ramely, Ahmad, & Harith, 2016), with growing
affluence and an enhanced incidence of risk factors such as obesity, smoking and
westernized diet for CRC (Center, Jemal, Smith, & Ward, 2009; J. J. Y. Sung et al.,
2015). People aged more than 50 years old constitute nearly 80% of CRC cases in
Malaysia (Wendy & Radzi, 2008).

CRC initiates as a benign adenomatous polyp, then progresses into a developed
adenoma possessing high-grade dysplasia and finally advances to an invasive tumour
(Vogelstein & Kinzler, 2002). Most cases of the tumour that arise in the form of
adenomatous polyps stay asymptomatic for a long time. Thus, screening is helpful in
this period to detect adenomas or early tumors that are most treatable and highly
considered to prevent their transformation into last stage disorder with great fatality rates
(Winawer et al., 1993; Zauber et al., 2012). An organized national screening programme
is recommended by the Asian Pacific Colorectal Cancer Working Group (APCCWG)
in nations with maximum incidence (> 30 per 100,000) of CRC (J. Sung et al., 2015).
Most European, North American and developed Asian countries are practicing an
organized national screening programme while a majority of Southern and Central

American, African and developing Asian countries including Malaysia have not yet



implemented such-national programmes (Fuzi, Hassan, Sabirin, & Bakri, 2015;
Navarro, Nicolas, Ferrandez, & Lanas, 2017; Schreuders et al., 2015). Findings from
the studies in western countries have revealed that screening decreases CRC deaths by
up to 53% (Schoen et al., 2012). Generally, majority of CRC patients (65%) in Malaysia
are presented late and diagnosed with late-stage CRC, and most of them are left-sided
cancers (75%), whereas the prognosis of right-sided cancer is poorer than left-sided
tumor (GOH et al., 2005; G. Lee et al., 2015).

Three major pathways are involved in the pathogenesis of CRC. Chromosomal
instability (CIN) accounts for 75% of cases, CpG island methylator phenotype (CIMP)
for 20% of cases, and defective DNA mismatch repair (MMR) system or microsatellite
instability (MSI) is causing nearly 15% of CRC cases (Tarig & Ghias, 2016).

Microsatellite instability-high/deficient mismatch repair (MSI-H/dMMR)
tumours are a subtype of CRC which shows the inability of mismatch repair genes
(MLH1, MSH2, MSH6, and PMS2) to repair faults in microsatellites (R. Gupta, Sinha,
& Paul, 2018). The human genome has >100,000 regions of microsatellites (V. Lee,
Murphy, Le, & Diaz, 2016). Microsatellites are short DNA chains positioned throughout
the human genome (coding and non-coding regions) consisting of a single, di, tri, or
tetranucleotide repeat sequences. These repetitive sequences are susceptible to
replication defects if the MMR system is functionally deficient. The defects that
accumulate in these repetitive structures (microsatellites), known as MSI, reflects the
non-functional MMR system. Tumours with non-functional MMR systems are named
as MSI-H/dMMR tumours. In contrast, the Microsatellite stable/proficient mismatch

repair (MSS/pMMR) tumours highlight the functional MMR system.



The MMR system comprises of four main proteins known as MLH1, MSH2,
MSHS6, and PMS2. During the replication of DNA, these MMR proteins recognize and
repair DNA mismatches in the microsatellite regions that are triggered by DNA
polymerase. MMR proteins function in the form of heterodimers, MLH1/PMS2, and
MSH2/MSHBS6, structuring MutLa and MutSa, respectively. MutSa identifies single base
pair mismatch, generates a sliding clamp around DNA, and later attaches the second
compound, MutLa (Fishel, 2015). This grouping of complexes interact with several
enzymes, including DNA polymerase, to achieve excision of the single mismatch and
synthesize the DNA strand again (Kawasoe, Tsurimoto, Nakagawa, Masukata, &
Takahashi, 2016; Frank A Sinicrope & Sargent, 2012). Hence, a non-functional MMR
system is caused by the inactivation of one or more of the MMR proteins, leading to the
accumulation of mutations and subsequently resulting in MSI-H/dMMR CRC
phenotype (Hampel et al., 2008). The role of the MMR system to protect genetic fidelity
is well established (Tutlewska, Lubinski, & Kurzawski, 2013). The MMR system also
causes programmed cell death and/or cell cycle arrest when DNA damage occurs
(Stojic, Brun, & Jiricny, 2004). Thus, mutation accumulation and cancer progression
occur when non-functional MMR shows the inability to remove badly damaged cells
(T.-M. Kim, Laird, & Park, 2013). MSI is a molecular biomarker for a deficient DNA
MMR system (C. R. Boland et al., 1998) and reflects the deficiency of DNA MMR
system (Ryan, Sheahan, Creavin, Mohan, & Winter, 2017).

MSI-H/dMMR tumours which constitute 15% of the total CRC, out of which
12% are acquired due to methylation-related silencing of a gene which codes for DNA
MMR protein, in contrast only 3% of MSI-H/dMMR tumours are caused by germline

mutations in one of the MMR genes (Lynch syndrome) (R. Gupta et al., 2018). Lynch



syndrome (LS), previously known as hereditary nonpolyposis colorectal cancer
(HNPCC), is the most prevalent familial hereditary syndrome which results from
autosomal dominant germline mutations in any of the DNA MMR genes (MLHL1,
MSH2, MSH6, and PMS2) which cause MSI (Baretti & Le, 2018; Ryan et al., 2017).

In 1993, MSI was found to be present in CRC. Additionally, it was further
discovered in colon tumours from most of the LS patients (Aaltonen et al., 1998). The
identification of LS is essential as MSI-H/dMMR status is well known to be a genetic
marker for LS patients. Such patients profit from prophylactic aspirin (Burnetal., 2011),
enhanced surveillance (Jarvinen et al., 2000), and severe radical surgery (Heneghan,
Martin, & Winter, 2015), and may need various strategies to adjuvant therapy (Le et al.,
2015). Also, the risk of developing several extracolonic cancers is higher in the LS
patients which include endometrial cancer, ovary, small bowel, stomach, bladder, brain,
kidney, biliary tract, gallbladder cancers, and skin sebaceous tumors (Aarnio et al.,
1999; Bansidhar, 2012; Williams & Huang, 2013). Individuals affected with LS also
have a higher lifetime risk of developing CRC which ranges from 30% to 70% compared
to 5.5% in common population (Giardiello et al., 2014; Lynch, Snyder, Shaw, Heinen,
& Hitchins, 2015).

Previous studies have demonstrated that MSI-H/dMMR CRC has better overall
survival and an improved prognosis compared to MSS/pMMR CRC (Guastadisegni,
Colafranceschi, Ottini, & Dogliotti, 2010; Klingbiel et al., 2015; Popat, Hubner, &
Houlston, 2005; F. A. Sinicrope et al., 2015). Such cases are less susceptible to the
synchronous liver (Nordholm-Carstensen, Krarup, Morton, Harling, & Group, 2015)
and lymph node metastasis (Mohan et al., 2016). Furthermore, MSI-H/dMMR could be

a predictive marker of response to 5-Fluorouracil (5-FU) as studies have shown that



stage-11 MSI-H/dMMR CRC cases show resistance to 5-FU based chemotherapy (Ryan
et al., 2017). MSI-H/dMMR phenotype is observed in approximately 20% of stage Il
and 11 CRCs with comparatively improved prognosis (Yahagi, Okabayashi, Hasegawa,
Tsuruta, & Kitagawa, 2016). National Comprehensive Cancer Network (NCCN)
recommended the detection of MSI-H/dMMR status in all stage-1I CRC patients since
stage-1l MSI-H/dMMR CRC cases have shown to have a better prognosis and show
resistance to chemotherapy (A. B. Benson, 3rd et al., 2017).

A study had reported the upregulation of immunoregulatory genes in MSI-
H/dMMR CRCs, indicating the increased response of the immune system (Banerjea et
al., 2004). MSI leads to enhanced somatic mutations in cancer cells, causing biological
and molecular alterations, that include plenty of tumour-infiltrating lymphocytes,
increased tumour mutational load, and enhanced demonstration of neoantigens. Such
molecular and biological changes increase the sensitivity of MSI-H/dMMR tumours to
immune checkpoint inhibitors (ICIs) (Gargiulo et al., 2016; Gelsomino, Barbolini,
Spallanzani, Pugliese, & Cascinu, 2016; Llosa et al., 2015; Overman et al., 2017).
Recent findings have also demonstrated the success of immunotherapy in metastatic
MSI cancers (Gupta et al., 2018). American Society for Clinical Pathology (ASCP), the
College of American Pathologists (CAP), the American Society of Clinical Oncology
(ASCO), the National Institute for Health and Care Excellence (NICE) and National
Comprehensive Cancer Network (NCCN) have recommended universal screening for
all individuals with CRC (ASCO, 2017; S. Gupta et al., 2019; Health & Excellence,
2017).

Various methods are available to assess the MSI-H/dMMR status of CRC

patients with the consideration of the advantages, limitations, applicability, and



