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SYNOPSIS 

 

Introduction: 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in males and 

the second in females worldwide, with 1.8 million new cases and almost 861,000 

deaths in 2018 according to the World Health Organization GLOBOCAN 2018 update. 

The incidence rate of colorectal cancer is more in developed countries as compared to 

developing countries. Globally, the incidence rates vary 10-fold with highest rate in 

Australia, New Zealand, Northern/Western Europe and North America. The incidence 

rate is intermediate in Eastern and Southern Europe while it is lowest in Africa and 

South Central Asia. 
(1, 2)

 Despite its low incidence rate, the mortality rate is quite high 

in India. Late stage presentation due to poor awareness, low socio-economic status 

and, and geo-ethnic differences may account for the same. While the overall age-

adjusted incidence rate of CRC is quite low in India, the incidence of early onset 

recto-sigmoid cancers is disproportionately higher in India. 
(3, 4, 5)

 
 

CRC results from the progressive accumulation of genetic and epigenetic alterations, 

which lead to the transformation of normal colonic epithelia into benign adenomas, 

and finally malignant adenocarcinomas. The central dogma concerning the molecular 
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pathogenesis of colorectal cancer is: 1) Genetic and epigenetic alterations promotes 

cancer formation process, 2) Cancer develops via a multistep progression both at 

molecular and morphologic levels, 3) Loss of genomic instability is the key molecular 

step in cancer formation and, 4) Hereditary cancer syndromes frequently correspond 

to germ line forms of key genetic defects whose somatic occurrences drive the 

emergence of sporadic colon cancers. 
(6)  

Based on increasing hereditary influence and cancer risk, colorectal cancer can be 

classified into three categories: Sporadic CRC, accounting for 70% of cases, where 

there is no family history of cancer and no deleterious germline mutation in any gene 

implicated in hereditary colorectal cancer. Approximately 20% cases are Familial 

CRC comprising of patients with at least one blood relative with CRC or an adenoma, 

but with no specific germline mutation or clear pattern of inheritance. The remaining 

10% are Hereditary CRC cases which result from inheritance of germline mutation in 

cancer susceptibility genes or the families showing autosomal dominant pattern of 

inheritance or other related cancers.  

Based on the phenotype and underlying molecular mechanisms, Hereditary 

Colorectal Cancer (HCRC) syndromes can be divided mainly into Nonpolyposis and 

Polyposis syndromes. Lynch syndrome (also known as Hereditary Nonpolyposis 

Colorectal Cancer) is the major form of Nonpolyposis syndrome and Polyposis 

syndromes are further classified into adenomatous (e.g. Familial Adenomatous 

Polyposis) and hamartomatous polyposis syndromes (e.g. Peutz Jeghers Syndrome) 
(7, 

8, 9)
.
 

 

Peutz-Jeghers syndrome (PJS; OMIM #175200) is an autosomal dominant 

hereditary cancer predisposition syndrome with characteristic phenotypic features of 

mucocutaneous pigmentation and multiple hamartomatous polyps in the 

gastrointestinal (GI) tract 
(10, 11)

. It is a rare disorder with an estimated prevalence of 

1/50 000 to 1/200 000 
(12, 13)

. The most prominent features of PJS patients are 

mucocutaneous pigmentation and/or small bowel intussusception due to GI polyps 

that occur in the first decade of life 
(14)

. 

PJS is caused by germline mutations in the tumour suppressor gene, STK11 (OMIM 

602216), a serine/threonine kinase localized on chromosome 19p13.3. Around 400 
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distinct pathogenic or likely pathogenic mutations in STK11 gene in PJS patients have 

been recorded in Human Gene Mutation database (HGMD, http://www.hgmd.cf.ac.uk) 

and majority are in the catalytic kinase domain (amino acids 49–309). The reported 

STK11 mutation detection rate ranges from as low as 10% to as high as 90% 

depending upon the criteria used for defining the PJS cases and the genetic screening 

method employed 
(15,16) 

Most of the genotype and phenotype data in PJS families is from the Caucasian 

population. The genotype–phenotype correlation in PJS has not been examined in 

detail in the Asian population, particularly the South Asians. So far only a single PJS 

family with pathogenic mutation in STK11 has been reported from India 
(17)

. 

 

Lynch Syndrome (LS, OMIM #120435), also known as hereditary non-polyposis 

colon cancer syndrome (HNPCC), is an autosomal dominant, highly penetrant (80-

85%) syndrome which accounts for 2-5% of all CRC cases. HNPCC is clinically 

characterized by a family history of colorectal cancer at early age, predominance of 

tumours in the proximal colon, a high frequency of synchronous and metachronous 

colorectal cancers, and an association with extracolonic cancers. The tumour spectrum 

of LS is thus highly heterogeneous and is continuously evolving as more and more 

studies are coming up. HNPCC is a genetically heterogeneous disease and is caused 

due to germline mutations in one of the DNA-mismatch-repair (MMR) genes, 

predominantly in MLH1, MSH2, and MSH6 and rarely in PMS1 and PMS2 
(18)

. 

Mutations in MMR genes are found throughout these genes, without any obvious hot 

spots. The genetic and phenotypic heterogeneity associated with this syndrome poses 

a challenge for identification of the individuals at risk. Various clinical criteria like 

Amsterdam criteria and Bethesda guidelines were developed and subsequently revised 

to facilitate syndromic diagnosis of LS 
(19)

. Also, various screening methodologies like 

immunohistochemistry (IHC) and microsatellite instability (MSI) testing have been 

employed to aid in the process of genetic testing. Most of the molecular and 

phenotypic data on LS comes from Western and some Asian populations 
(20)

. It is now 

being increasingly recognized that the frequency and the types of mutations differ in 

different geographical areas, and therefore, the frequency of extra-colonic cancer 

associated with LS is also likely to differ in different populations 
(21)

. Therefore an 
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understanding of LS mutation and tumour spectrum and genotype-phenotype 

correlation is critical to the development of efficient strategies for LS diagnosis and 

genetic testing in each population. A mutation of LS caused by biallelic MMR gene 

mutation has been recognized in the recent past. 

 

Constitutional Mismatch Repair Deficiency (CMMRD; OMIM #276300) 

syndrome is a rare autosomal recessive distinct childhood cancer predisposition 

syndrome with less than 200 cases reported worldwide 
(22)

. A constitutively defective 

MMR system in CMMRD syndrome results in a wide variety of malignant tumours in 

early childhood, mainly haematological malignancies, brain tumours, early-onset 

CRCs, and HNPCC-associated tumours 
(23)

. CMMRD syndrome is caused by biallelic 

germline mutations in any one of the four MMR genes, MLH1 (OMIM #120436), 

MSH2 (OMIM #609309), MSH6 (OMIM #600678) and PMS2 (OMIM #600259). 

CMMRD is also characterized by several non-neoplastic features like that of NF-1, 

particularly café-au-lait macules (CALMs), hyper- or hypopigmentation, axillary 

freckling and Lisch nodules 
(24, 25)

. Due to its rarity and an unusual tumour spectrum 

which overlaps with several other syndromes, CMMRD is an under diagnosed 

syndrome for which the genotype-phenotype data are still emerging. Only about 200 

CMMRD cases with confirmed biallelic MMR gene mutations have been reported 

globally with very few reports from South-Asia and no report from India. 

 

Sporadic colorectal cancer (SCRC) is thought to be influenced by diet, lifestyle, 

environmental factors, and acquired somatic mutations in genes involved in hereditary 

CRC. However, early onset sporadic colorectal cancer (EOSCRC) is quite different 

from sporadic CRC. The three major genetic mechanisms responsible for sporadic 

CRC, namely chromosomal instability (CIN); microsatellite instability (MSI) and the 

CpG island methylator phenotype (CIMP) pathways are not commonly identified in 

EOSCRC 
(26)

. Recent reports suggest that the incidence rate of early onset sporadic 

CRC has increased in India. The etio-pathogenesis of early onset CRC, in the absence 

of family history or polyposis, is not known. And the major drawback of the few 

studies done on the molecular pathogenesis of this subset of CRC is the age cut off 

which is variable and not properly defined. However, increase in the incidence of 
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sporadic CRC, especially Sporadic Recto-sigmoid cancer in very young age group 

(<40 yrs) has been reported from India. The established pathways of CRC 

carcinogenesis, such as chromosomal instability/aneuploidy, microsatellite instability, 

APC-mutation, KRAS-mutation accounts only for very small subset of early onset 

sporadic Recto-sigmoid cancer patients, thereby suggesting the existence of an 

alternative genetic pathway 
(27)

. Our understanding of sporadic early-onset Recto-

sigmoid cancer is meagre and their survival rate remains poor. It is imperative 

therefore to identify molecular pathways that drive tumourigenesis in this poorly 

studied CRC subtype in order to improve patient management and treatment strategies. 

 

Colorectal cancer: Indian Scenario 

Molecular studies on CRC from developing nations have been sparse with most of the 

clinical and genetic data on the hereditary CRCs from Western and East Asian 

populations. There is a lack of knowledge in the South Asian patients with only 28 

MMR families from India from 3 studies and no cohort studies on FAP other than 

from our group. There is only one report of STK11 mutation carrier PJS family and no 

report of PMS2 or any other MMR gene biallelic mutation carrier CMMRD family 

from India.  

In the past decade increased incidence of sporadic rectal cancers in early age group 

has been observed from the Indian context and elsewhere however a suggestive cause 

has not been identified yet. The established pathways of CRC carcinogenesis- CIN, 

MIN, CIMP accounts only for very small subset of EOS sporadic Recto-sigmoid 

cancer patients, thereby suggesting the existence of an entirely distinct genetic 

pathway. 

 

Hypothesis: 

In the multi-ethnic Indian population, the genetic landscape and phenotypic 

manifestations of genes underlying major colorectal cancer predisposition syndromes 

may be distinct from the Caucasian population and this may have clinical relevance. 

In early onset sporadic recto-sigmoid cancers, there may be completely different and 

yet unknown genetic factors responsible which needs to be elucidated for establishing 

novel diagnostic/prognostic/therapeutic regime for young onset patients 
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Aim of the study: We propose to study the key genetic alterations in various forms of 

Hereditary Colorectal Cancers in an Indian cohort and to elucidate the somatic 

landscape of early onset recto-sigmoid tumours from patients below 40 yrs of age with 

no family history of CRC associated cancers 

 

Objectives: 

1) To define the mutation spectrum of key genes- MMR and STK11 in different 

types of Hereditary Colorectal Cancers in the Indian cohort and study genotype-

phenotype correlation 

1.1) To identify novel/recurrent germline mutations in Peutz-Jeghers syndrome- 

STK11/LKB1 and study the genotype-phenotype correlation 

1.2) To identify novel/recurrent germline mutations in Lynch Syndrome/Hereditary 

Non-Polyposis Colorectal Cancer (HNPCC) – MMR study known and novel 

genotype-phenotype correlation 

1.3) To identify novel/recurrent germline mutations in CMMRD syndrome- PMS2 

and other MMR genes  

2) To identify the somatic mutational spectrum of early onset Sporadic Rectal 

cancer in tumour and matched paired normal tissue samples using NGS technology 

(whole exome sequencing) 

 

Patients and Methods 

Patients were registered at Cancer Genetics Clinic in TMH after syndromic diagnosis 

of PJS, LS and CMMRD based on the evaluation of family and medical history of 

patients. Detailed clinical characterization was done for each patient to understand the 

phenotypes and genotype-phenotype correlations. Blood or Mouthwash samples were 

collected after taking written informed consent. DNA was extracted from the 

lymphocytes or buccal cells isolated from these samples using QiaAmp Blood Mini 

kit or by Phenol Chloroform method. 

 

Mutation analysis of STK11 and MMR genes 

PCR amplification of the coding region of STK11 gene for PJS cases and MMR genes 

(MLH1, MSH2 and MSH6) in case of Lynch syndrome was carried out using specific 
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primers designed for each exon of the genes. PMS2 analysis is quite difficult largely 

due to the presence of multiple pseudo-genes, the majority of which share homology 

with the 5‘ region of PMS2, covering exons 1-5. Another pseudo-gene, PMS2CL, has 

strong homology to exons 9 and 11–15. For amplification of PMS2 gene, we adopted 

the established long range PCR technique to avoid PMS2 pseudogene coamplifiaction 

(28, 29)
. Amplification of long-range PCR products was confirmed by gel 

electrophoresis prior to exon-specific amplification. Exon-specific amplification of 

PMS2 gene was carried out using long range amplified product as template and exon 

specific primers. 1% agarose gel electrophoresis was performed to check if the 

amplification was successful. Sanger sequencing of the amplified products was done 

after purification of PCR products with EXO-SAP IT. Chromatograms were analysed 

using Chromas Lite software and matched with reference sequences to identify the 

germline mutations in these genes. MLPA analysis was carried out using SALSA 

MLPA kits from MRC-Holland; P101 (STK11) and P003 (MLH1 and MSH2) and to 

detect the large genomic rearrangements (LGRs) in STK11 and MMR genes in the 

cases where no point mutation and small indels could be identified through Sanger 

sequencing. Data was analysed using Coffalyser.Net software from MRC-Holland. 

 

To understand the somatic landscape of early onset sporadic rectal cancer (EOS-

RC) 

To understand the somatic landscape, tumour and adjacent normal mucosa tissue 

samples were collected from 30 EOS-CRC patients below the age of 40 years, with no 

family history and fitting our criteria i.e. with poorly differentiated tumour with 

mucinous type / signet ring cell type, mostly aggressive /advanced stage. We adopted 

a 2 step approach for genetic analysis of EOS-RC. The first step was to screen 10 such 

samples to evaluate the status of the three known canonical pathways to rule out their 

role in Indian EOS-RC cohort: The Mismatch repair pathway (Microsatellite 

Instability pathway), the Wnt mediated pathway (Chromosomal Instability pathway) 

and the CpG island methylator pathway (Serrated pathway). 

We collected FFPE blocks, blood and frozen tissue samples from all these patients 

after their informed consent. FFPE blocks were collected after reviewing the slides for 

the same to choose tumour rich blocks with the help of the collaborating pathologist. 
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DNA was isolated from FFPE blocks, tumour and normal tissues. The isolated DNA 

was quantified using spectrophotometric assays. The quantity and quality of the 

isolated DNA was determined using A260 /280and A260 /230 values and by 

analysing on a 0.8% agarose gel. In order to evaluate the MSI and CIMP pathway, 

IHC was performed for MMR proteins using standard protocol. STR markers (BAT25, 

BAT26, D2S123 and D17S250) were used to study genetic instability. The approach 

was to PCR amplify these 5 STR markers from the tumour DNA as well as the paired 

normal DNA followed by fragment analysis using automated sequencer. As BRAF 

mutation usually occurs in concordance with hypermethylation of MLH1 promoter, 

we also screened Exon 15 of BRAF, where the most common and only mutation 

found in CRC occurs i.e. in codon 600. Next, to evaluate the status of CIN pathway, 

we carried out IHC for β-catenin to look for nuclear stability under background of 

APC mutation. In addition, we also screened for the commonly occurring somatic 

mutations in CIN pathway- the mutation cluster region of APC (Exon 15), exon 3 of 

CTNNB1, exon 2 of KRAS and exon 15 of BRAF gene. 

 

For Whole exome sequencing, we selected 15 EOS-RC patients for whom treatment-

naïve tumour samples were available. DNA was extracted from the 15 paired 

tumour/normal samples using the PAXgene tissue DNA kit (Qiagen). Quality check 

and quantification was done by Nanodrop Spectrophotometer and by Agarose gel 

Electrophoresis. Exome capture was carried out using SureSelectXT Human All Exon 

V5 (Agilent) which covers 50Mb target region and sequencing was done using 

Illumina Hiseq 150. Both exome capture and sequencing was done at MedGenome, 

Bangalore. Sequencing was carried out at 100X coverage for both tumour and normal 

mucosa tissue. The FASTQ files were demultiplexed and analysed using FASTQC 

software to check for the quality of reads generated. The fastq files were then aligned 

against the reference human genome hg19 using BWA mem which generates sam files. 

After conversion of sam to bam files using samtools, sequence PCR duplicates were 

removed using Picard tools. Mpileup files were generated using Samtools, which is 

the acceptable format for Varscan2 that was used for mutation calling. The mutations 

were then annotated using ANNOVAR. Mutation prioritization was carried out by 
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filtering in all the known and novel exonic mutations which includes frameshift 

mutations, splice site mutations and nonsynonymous mutations. 

 

Results & Discussion 

I. Objective 1:  

1.1 To identify novel/recurrent germline mutations in Peutz-Jeghers syndrome- 

STK11/LKB1 

A total of 19 unrelated South Asian PJS families were included in this study. 11/19 

patients had family history of PJS associated cancers or polyps. 17/19 probands had 

PJS-associated cancers characterized by mucocutaneous pigmentation or 

hamartomatous polyps or both. The median age of onset of the disease in the probands 

was 39 years (range, 22–56 years). The primary cancer site was breast in eight cases, 

GI tract in five cases (small bowel in two and colorectal in three cases), ovary in two 

cases, uterus and nasopharynx in one case each. Pathogenic or likely pathogenic 

germline heterozygous mutations in the STK11 gene were identified in 7/19 probands. 

Screening of relatives in these seven families with pathogenic mutations identified 

three additional individuals harbouring the family-specific STK11 pathogenic 

mutation. All three carriers had mucocutaneous pigmentation and GI polyps were seen 

in two carriers who have undergone GI endoscopy till date. 

 

Interestingly, the breast cancer histology and IHC in all the three carriers of STK11 

pathogenic mutations (PJ1, PJ6, PJ7) and one STK11 obligate carrier (PJ2a) was 

nearly identical—infiltrating duct carcinoma grade III in three cases and grade II in 

one case and positive for oestrogen receptor (ER) in all four cases, progesterone 

receptor (PR)-positive in three of four cases and Her2-negative in all three cases in 
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whom this information was available. Despite breast being one of the most common 

PJS-associated cancer sites, the immunohistochemical (IHC) and molecular features 

of these tumours in carriers of STK11 mutation is not known. In a large cohort of over 

10 000 women with triple-negative breast cancer evaluated for germline pathogenic 

mutations with multigene Next Generation Sequencing (NGS) panels, which included 

STK11, pathogenic mutations were identified in 22 genes but not in the STK11 gene 

(30)
. This inverse association between TNBC and STK11 germline pathogenic 

mutations derived from a very large TNBC cohort supports the finding of our study 

where all the four cases were ER-positive. 

Status of objective 1.1: Finished and published- Lipsa A., Kowtal P. and Sarin R. 

Novel germline STK11 mutations and breast cancer phenotype identified in an Indian 

cohort of Peutz-Jeghers syndrome. Human Molecular Genetics, 2019, Vol. 28, No. 

11 

 

1.2 To identify novel/recurrent germline mutations in Hereditary Colorectal Cancers – 

MMR study known and novel genotype-phenotype correlation  

Germline mutation analysis of the MMR genes was undertaken for 85 Lynch 

syndrome cases. Deleterious germline mutations in MMR genes identified in 82 

HNPCC families. This high mutation detection rate of 96.47% in our cohort can be 

attributed to the use of comprehensive syndromic diagnostic criteria, genetic screening 

approach and the use of IHC as pre-screening technique. MLH1 and MSH2 mutations 

accounted for 90% of all the mutations identified in LS families. 62/82 was distinct 

deleterious germline mutations, of which 34 are novel. Of the 62 MMR mutations, 34 

were in MLH1 gene (48 families), 26 were in MSH2 gene (32 families) and 2 were in 

MSH6 gene (2 families). 90% MMR mutations were in MLH1 or MSH2 genes, with 

MLH1 mutations scattered throughout the gene while MSH2 mutation clustered in 

proximal part of the gene encoding the DNA binding domain and MSH6/MSH3 

interaction domain. Different types of mutation were prevalent in the two 

predominantly mutated genes, MLH1 and MSH2. Truncating mutations were the most 

common in both MLH1 and MSH2 gene followed by splice site (26% of all mutations) 

mutations  in the MLH1 gene, while LGRs in the MSH2 gene (16% of all mutations).  
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Phenotyping was carried out in 215 affected members from 82 mutation carrier 

families. The phenotype and genotype-phenotype correlations in the MLH1 and 

MSH2 mutation carriers are largely in accordance with the known literature. The 

mean number of cancers per family was same in both groups. No difference in the 

mean age at diagnosis between males and females among MLH1 and MSH2 mutation 

carriers.                                                                                                              

CRC was the most common cancer in both MLH1 and MSH2 while extracolonic 

cancers were more common in MSH2 carriers. As breast cancer was second most 

common extracolonic malignancy in our cohort (identified in 12 cases) we advocate 

the inclusion of breast cancer in the LS tumour spectrum. 

Status of Objective 1.2: Finished and manuscript in preparation 

 

 

1.3  To identify novel/recurrent germline mutations in PMS2 associated syndromes 

(CMMRD syndrome)  

In this study of comprehensive genomic study to identify novel and recurrent germline 

mutations in CMMRD syndrome, a total of 5 unrelated South Asian CMMRD 

suspected families were included: 4 from North Indian states of UP, Bihar and 

Rajasthan and 1 from South Indian state of Tamil Nadu. 19 tumours  in 13 patients 

from 5 PMS2 mutations carrier and 1 MLH3 mutation carrier families : 5 high grade 

gliomas, 6 haematological malignancies, 6 Lynch-syndrome associated tumours and 2 

mediastinal tumour. Family history of CMMRD associated cancers was noted in 4/5 

families, parental consanguinity in 2/5 families while 2 families belonged to same 

community and Café-au-lait spots: 2/3 probands for which data was available. We 

identified 6 individuals with confirmed biallelic pathogenic PMS2 mutations and 3 

obligate PMS2 mutation carriers from 5 families screened for PMS2 mutations. We 

also report a rare case of a 30y old female with endometrial cancer and a family 

history of colon cancer suggestive of LS was analysed for the four MMR genes, 

MLH1, MSH2, MSH6 and PMS2 however when no pathogenic or likely pathogenic 

mutation was identified in these genes. It was then taken up for hereditary panel 

testing which revealed a novel homozygous likely pathogenic mutation (c.320delT, 

p.Val107GlyfsTer11) in exon 2 of MLH3 gene. Our data is supported by another 

report of a biallelic MLH3 mutation in a distinct polyposis syndrome, where a 
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germline nonsense mutation was identified in 4 patients with polyposis syndrome and 

a distinct clinical and molecular phenotype 
(31)

.  

Status of Objective 1.3: Finished and manuscript in preparation 

 

II. Objective 2:  

 

I] To identify the somatic mutational spectrum of early onset Sporadic Rectal cancer 

in tumour and matched paired normal tissue samples using NGS technology (whole 

exome sequencing) 

We adopted a 2 step approach: I] Screening of 10 EOS-RC cancers below 40yrs of 

age for the known canonical pathways to rule out their role in EOS-RC -a) MSI 

pathway: All 10 tumours exhibited nuclear positivity for the 4 MMR proteins on IHC: 

MLH1, MSH2, MSH6 and PMS2 suggestive that all these 10 tumours are MMR-

proficient. STR markers (BAT25, BAT26, D2S123 and D17S250) were used to study 

genetic instability. The approach was to PCR amplify these 5 STR markers from the 

tumour DNA as well as the paired normal DNA followed by fragment analysis using 

automated sequencer. In one of the case, instability was seen at two markers (D5S346 

and D17250). In another case, genetic instability was seen at D2S123. No instability 

was observed at any marker in the remaining cases. b) CIN pathway: We screened for 

the canonical gene mutations- the mutation cluster region of APC (Exon 15), exon 3 

of CTNNB1 and exon 2 of KRAS. No mutation was found in any of these genes in any 

of the 10 tumours. However, in order to further validate the results and get a clear 

picture of what percentage of EOS-CRC is driven by Wnt, we carried out IHC for β-

catenin to look for nuclear stability under background of APC mutation. All 10 

tumours exhibited membranous positivity for β-catenin protein indicating that these 

tumours are not driven by the Wnt pathway. Comparative analysis of all these results 

suggests that almost all (> 80%) of the EOS-RC are not driven by the known 

canonical pathways and indicate towards the possibility of an alternative pathway 

driving their pathogenesis. 

 

II] To define the somatic mutational landscape of early onset (<40years) sporadic 

rectal cancer in the Indian population, we performed exome capture DNA sequencing 

on 15 tumour/normal pairs. Quality of the raw sequence data was analysed using 
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FastQC. Mean and median base Phred quality score for all bases was above 30. All 

exomes were sequenced at >100X average depth of coverage in both tumour and 

normal tissue except for 1 samples which was sequenced at 53X coverage for tumour 

and 85X for normal tissue. More than 95% of the targeted exome region was covered 

at least 10X and more than 80% of the targeted exome was covered at least 30X in 

each sample except for 2 samples covered at 64.76X and 73.66X. In total we detected 

5311 high confidence somatic mutations in the 15 EOS-RC paired samples. After 

removing intergenic, intronic, unknown and synonymous mutations, there were 2581 

exonic mutations (which includes truncating, splicing and nonsynonymous mutations). 

Mutation burden per sample- 0.28-1.88 per Mb for 14 samples (median no. of somatic 

mutations= 68, non-hypermutated tumour) and 32.8/Mb for 1 sample (total no. of 

mutations= 1640, hypermutated tumour). This hypermutator phenotype in 1 sample is 

accounted to presence of POLE somatic mutation as it has been reported that tumours 

with POLE or POLD1 mutations are characterized by an extremely high mutation 

frequency (>1 million per genome). C/G>T/A  transitions  were  the  most  common 

type of substitution in 13/15 all cases as opposed to G/C to T/A transversions being 

most frequent in the TCGA Rectal Adenocarcinoma (RC)-US data. A second more 

stringent mutation filtering including only truncating mutations, splice sites and 

nonsynonymous missense mutations predicted to be pathogenic by ≥5/11 in-silico 

tools revealed 15 recurrently mutated genes identified in more than 1 sample. 

Interestingly, this somatic mutation distribution differs greatly from the ones reported 

in TCGA RC. The mutation detection rate in the canonical genes also known as ―hill‖ 

genes were either significantly lower, except TP53 and SMAD4 or mostly absent in 

our cohort of early onset RC. The mutation rate of TP53 was similar to the TCGA RC 

data; however the rate of SMAD4 mutation was significantly higher (40%) when 

compared to US late onset RC (12%) from TCGA data. There are few reports where 

loss of SMAD4 was shown to be a feature of early onset CRC 
(32, 33)

. One report also 

showed that SMAD4 mutation was higher in younger age group than older age group 

(34)
.These results suggest that the absence of SMAD4 could be a marker of the worse 

behaviour of early onset CRC, particularly in the microsatellite stable (MSS) group. 

Notably one of the recurring genes was a E3 ubiquitin ligase RNF43 which negatively 

regulates Wnt by ubiquitination and subsequent degradation of the Frizzled receptor. 
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Somatic mutations of RNF43 are reported in only 0.7% of US late onset rectal cancers 

TCGA. These 3 cases do not have APC mutation which is in concordance with 

literature that RNF43 and other RNF family members may serve as potential 

alternative to APC mutation as a mechanism for altering the Wnt signaling pathway in 

EOS-RC. Altogether, the data points towards a possibility that tumourigenesis in 

sporadic early onset rectal tumours proceeds via an alternate pathway other than the 

known canonical pathways of CRC. However, no definite conclusions can be made 

owing to the relatively low discovery set which merits further studies on more such 

samples and validation on an independent cohort. 

 

Summary and Conclusion 

In summary, we report the first comprehensive study on an Indian PJS cohort 

including 12 carriers/obligate carriers of STK11 mutations. This is the first study to 

investigate and identify the association between germline STK11 pathogenic mutation 

and ER and Her2 status of PJS-associated breast cancer. In Lynch syndrome cohort, 

we have achieved a high mutation detection rate for MMR gene mutations in our 

Lynch Syndrome cohort which showed that MLH1 and MSH2 gene mutations 

account for majority of the mutations in LS families. A high frequency of novel 

mutations MMR genes has been identified in our study. The genotype and phenotype 

and the genotype-phenotype associations in our LS cohort largely concurs with the 

known spectra with few notable exceptions. Ours is the first report of first 

comprehensive study on 5 PMS2 mutation carrier CMMRD families from India which 

added to the existing knowledge of CMMRD genotype and phenotype with an 

emphasis on the importance of syndromic differential diagnosis. In addition, we also 

report a possible association of MLH3 biallelic mutation with CMMRD which needs 

to be explored further on additional cohorts to establish the significance of MLH3 as a 

possible cause of cancer predisposition in CMMRD patients. In the early onset rectal 

cancers, there was significantly high frequency of SMAD4 as compared to late onset 

US RC TCGA cohort which indicates towards a possibility of SMAD4 being a 

biomarker for the worse behavior of these subset of rectal cancers. Identification of 

RNF43 mutation occurring mutually exclusive with APC in 3 cases points towards a 

possibility of an alternative mechanism of WNT deregulation in early onset rectal 
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cancers. Study on early onset rectal cancer points towards a possibility of distinct 

somatic events in these tumours due to very low frequency of the known canonical 

gens and identification of several other less known genes. However, this needs to be 

confirmed and validated on a larger cohort which may help in delineating the alternate 

pathway that explains CRC tumourigenesis in early onset sporadic rectal cancer. 
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1.1 Introduction to Cancer 

Cancer has existed through all of human history. Edwin Smith Papyrus which was 

written in 3000 BC is the first documented proof of cancer with description of breast 

cancer. Hippocrates (460-375 BC) described cancer by a Greek word καρκίνος which 

means crab or crayfish due to the appearance of the cut surface of a solid malignant 

tumour which resembles a moving crab [1]. Cancer can be described as a large group 

of disease that results from abnormal and uncontrolled cell division due to failure of 

mechanisms that control growth and proliferation. The human body is made of 37.2 

trillion cells which are strictly regulated by signals for growth, apoptosis, 

differentiation, cell–cell interactions and cell–extracellular matrix interactions. Cancer 

cells, on the other hand disregard these signals in order to survive thereby resulting in 

uncontrolled growth and proliferation [2]. Unlike normal cells, cancer cells lack 

contact inhibition therefor have the potential to invade, disseminate from their primary 

site to surrounding tissue or distant organs through blood or lymphatic system [3]. 

1.1.1 Classification of cancer 

Cancer can arise in most of the cell types and organs of the human body and is 

classified based on the type of cell where the tumour originated: 

 Carcinoma: tumour that arise from the epithelial tissue lining of internal organs. 

This category includes the most common cancer like breast, prostate, lung and 

colon 

 Sarcoma: tumour that arise from connective tissue. These include bone, muscle, fat, 

cartilage, tendon, ligament etc. 

https://en.wiktionary.org/wiki/%CE%BA%CE%B1%CF%81%CE%BA%CE%AF%CE%BD%CE%BF%CF%82#Ancient_Greek
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 Leukaemia: type of cancer that arise from the blood and bone marrow. These 

include Acute myeloid leukaemia (AML), Chronic myeloid leukaemia (CML), 

Acute lymphocytic leukaemia (ALL) and Chronic lymphocytic leukaemia (CLL) 

 Lymphoma: malignancies of the lymphatic system. Lymphomas are broadly 

classified into Hodgkin‘s lymphoma and Non-Hodgkin‘s lymphoma (NHL) 

 Myeloma: cancer of the plasma cells of bone marrow 

 Blastoma: tumour that arise in embryonic tissue 

 Central nervous system cancer: cancers that arise in the tissue of brain and spinal 

cord 

Cancer can also be classified based on increasing hereditary influence and cancer risk 

into following groups: 

 Hereditary cancer: Account for 5% of all cancers. It is caused due to germline 

mutations in cancer susceptibility gene that are inherited from parents. It is 

characterized by higher cancer risk and early age of onset than the general 

population, risk of multiple cancers in the same individual and blood relatives with 

same type or related type of cancer 

 Familial cancer: Usually account for 20% of all cancers. It is likely caused by a 

combination of genetic and environmental risk factors. Individuals with familial 

cancer may have one or more relatives with the similar cancer; however, there is no 

specific pattern of inheritance. It is characterized by variable age of onset and 

classical features of hereditary cancer syndromes are usually not present 

 Sporadic cancer: Almost 75% of all cancers are sporadic. It is caused due to 

nonhereditary factors which include environmental exposures, lifestyle factors such 
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as diet, smoking, natural factors like hormones, aging and other influences that may 

cause DNA damage. Usually there is no family history and late age of disease onset. 

1.1.2 Causes of cancer 

Cancer is caused by accumulation of defects in the DNA of a transformed cell. These 

defects may be caused either due to known environmental and lifestyle risk factors or 

some unknown causes. It may also be influenced by a person‘s genetic makeup. All 

these causes either independently or in combination may result in cancer development. 

Cancer risk factors can be broadly classified into four groups: 

 Biological agents such as bacteria, viruses and parasites which are responsible for 

up to 20% of human cancers worldwide. These include Human Immunodeficiency 

Virus type-1 (HIV) causing Kaposi's sarcoma and Non-Hodgkin's lymphoma. 

Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) cause hepatocellular 

carcinoma (liver cancer). Human Papilloma Virus (HPV) may cause cervical, 

vaginal, vulvar, oropharyngeal and penile cancers. Epstein-Barr virus (EBV) 

causes Burkitt lymphoma, non-Hodgkin lymphoma, Hodgkin lymphoma and 

nasopharyngeal carcinoma. Helicobacter pylori which causes gastric carcinoma. 

Schistosomes (Schistosoma hematobium), a parasite fluke is associated with 

bladder cancer and liver flukes (Opisthorchis viverrin) parasite cause liver cancer 

[4]. 

 Occupational risk factors include chemicals, radioactive materials and asbestos. As 

per the International Labour Organization (ILO) around 2 million deaths per year 

worldwide, among 2.7 billion workers, are attributed to workplace exposure. 

 Environmental factors such as chemicals like asbestos and benzene are known to 

cause cancer. Prolonged exposure to asbestos fibres is associated with 
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mesothelioma. Various sources of radiation such gamma and X-rays may also 

cause cancer such as bone cancer, leukaemia, and central nervous system cancers. 

Prolonged exposure to UV radiation can cause melanoma and other skin cancers. 

Lifestyle related factors such as tobacco smoking and chewing which is associated 

with many forms of cancers such as mouth, larynx, oesophagus, head, neck, lung, 

stomach, bladder, kidney and pancreas; particularly 90% of lung cancer is caused 

due to tobacco smoking. Excessive consumption of alcoholic beverages may also 

cause cancer. Chemicals such as nitrites and poly aromatic hydrocarbons generated 

by barbecuing food may also cause cancer. Among other lifestyle factors such as 

red meat, processed meats, salted fish, low fibre diets and obesity are also 

associated with susceptibility to cancer [5, 6]. 

 Genetic risk factors that act through accumulation of genetic alterations during cell 

division may result in cancer development. These genetic alterations can either be 

inherited from parents, known as germline mutations or can be acquired during 

one‘s lifetime as a result of error during cell division or from exposure to DNA 

damaging carcinogens, known as somatic or acquired changes. 

1.1.3 Cancer: Global and Indian Scenario 

Cancer is the major cause of mortality and morbidity worldwide. It is the second 

leading cause of death globally after cardiovascular diseases. Cancer is one of the 

major public health burdens in both developed and developing countries. The burden 

is expected to continue rising due to ageing and population growth [7]. Globally, 

around 1 in 6 deaths occur due to cancer. An estimated 18.1 million new cases and 9.6 

million cancer associated deaths occurred in 2018 as per GLOBOCAN update [8]. 

Lung cancer is found to be the most commonly diagnosed cancer and leading cause of 
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cancer related death in both sexes combined, followed by breast, prostate and 

colorectal [8]. As per World Health Organization (WHO), there will be 27.5 million 

new cases of cancer each year by 2040 and an estimated 12 million yearly deaths by 

2030 worldwide (WHO 2011). In India over 1.1 million new cancer patients 

registration and 0.78 million people cancer death were recorded in 2018.
 
The most 

common cancers in both sexes combined were stomach cancer (9·0%), breast cancer 

(8·2%), lung cancer (7·5%), lip and oral cavity cancer (7·2%), pharynx cancer other 

than nasopharynx (6·8%), colon and rectum cancer (5·8%), leukaemia (5·2%), and 

cervical cancer (5·2%) as per Global Burden of Diseases (GBD), injuries and risk 

factors study 2016 [7]. In India more than 80% of cancers present in advanced stages 

which makes their management difficult [9]. Approximately 70% of cancer associated 

deaths occur in low- and middle-income countries like India due to lack of cancer 

awareness, late diagnosis and lesser access to affordable curative services [7].  

1.1.4 Hallmarks of cancer 

Cancer is an immensely complex and diverse disease which is generally classified 

based on the cell or organ type from which they originate resulting in 100 different 

types of cancers. However, a set of characteristics are shared among almost all these 

different types of cancers. These characteristics, known as hallmarks of cancer, was 

first presented by Hanahan and Weinberg in the year 2000 as general rules that govern 

the transformation of normal cells into malignant cancers. The originally proposed 

hallmarks of cancer include self-sufficient growth promoting signals, insensitivity to 

growth-inhibitory signals, resisting programmed cell death, unlimited replicative 

potential, inducing angiogenesis, and activating tissue invasion and metastasis [10]. 

The list was further extended after decades of research thereby including emerging 
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hallmarks such as deregulating cellular energetics and avoiding immune response. 

Additionally, enabling characteristics were proposed, which include tumour 

promoting inflammation, and genome instability and mutation [11]. The hallmarks 

and enabling characteristics are schematically represented in Fig 1.1 

 

 

Figure 1.1 Hallmarks of Cancer: Upper Panel-First set of Hallmarks [10]  

           Bottom Panel: Emerging Hallmarks and Enabling Characteristics [11] 
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1.1.5 Cancer: a genetic disease 

Cancers arise as a result of numerous alterations that have occurred in the DNA of a 

cancerous cell. These alterations commonly known as mutations can either be 

transmitted through the germline of an individual and result in cancer susceptibility or 

can be somatically acquired. It has been suggested that the great majority of cancers 

arise when two to eight sequential alterations have occurred, during several decades, 

in genes with functions relevant to cancer [12]. There are about 22,000 genes in each 

human cell however random mutation within any gene cannot cause cancer. Only 

when mutations occur in certain key genes that play important role in tumour growth 

and suppression will lead to cancer development. These key genes can be grouped into 

two classes depending on their mutation patterns and the effect of the mutations on 

gene function and cellular processes: 

 Proto-Oncogenes: Also known as growth promoting genes, these are dominant 

genes that play a role in regulation of gene expression, signal transduction and have 

a role in cell proliferation or inhibition of programmed cell death. Activation of a 

proto-oncogene into an oncogene usually occurs via gain-of-function mutation. The 

patterns of mutations tend to be highly non-random, with most of the mutations 

enriched in certain regions of the protein. Oncogenic activation occurs via point 

mutation, gene amplification and chromosomal translocation. Oncogenes are 

altered in such a way in cancer that they become constitutively active thereby 

resulting in excessive stimulation of cell proliferation or inhibition of apoptosis and 

both contribute to the initiation and progression of cancer [13]. On cellular level 

these alterations act in a dominant manner which means that one allele is usually 

sufficient to confer a selective growth advantage to the cell. Since the identification 



P a g e  | 36 

 

of the first human oncogene HRAS, with a glycine to valine substitutions at codon 

12, several human oncogenes have been discovered like MYC, EGFR, SRC etc. 

[14]. 

 Tumour Suppressor genes: In normal cells, tumour-suppressor genes inhibit cell 

proliferation and stimulate cell death. In cancer, these genes are frequently altered 

leading to loss of function or reduction in protein activity. Tumour suppressor 

genes are inactivated in three ways, from missense mutations that alter the amino 

acid residues essential for its activity, frameshift or nonsense mutations that result 

in a truncated protein, from large deletions or insertions and from epigenetic 

silencing [13]. Tumour-suppressor genes are recessive in nature therefore 

mutations in both alleles are generally required to confer a selective growth 

advantage to the cell. This principle is known as the ―two-hit‖ hypothesis and was 

first proposed by Alfred Knudson [15]. According to this hypothesis, hereditary 

cancers may arise by two inactivating alterations of which the first is inherited 

germline mutation and the other is acquired somatically. Conversely, sporadic 

cancers require two somatically acquired hits and thus such cancers usually 

develop at a later age  [15]. The inherited inactivated allele tends to show small 

intragenic mutations, whereas the remaining allele is usually inactivated by similar 

mutations or by loss of heterozygosity (LOH), caused by for instance mitotic 

recombination [16]. Several classical tumour suppressor genes include RB1, TP53 

and APC. There are exceptions to the classical two-hit hypothesis like in some 

occasions; a single-copy event may be preferentially selected for in tumour 

evolution, instead of biallelic inactivation that might lead to cell death or 

senescence. The term haploinsufficiency refers to the scenario when inactivation of 
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a single allele is enough for aberrant protein function and promotion of cancer [17]. 

Another exception to the classical two-hit hypothesis is when a single-copy 

mutation functions in a dominant negative manner, interfering with the normal 

protein produced by the remaining wild-type allele [18]. 

Several tumour suppressor genes have been identified till date however it is 

difficult to clearly classify the role of these genes in tumour development. Broadly 

tumour suppressor genes can be classified into three types: 'gatekeeper', 'caretaker' 

and 'landscaper' tumour suppressor genes [19]. The concept of gatekeeper genes 

was first introduced to explain the role of a tumour suppressor gene, adenomatous 

polyposis coli (APC) gene in colorectal carcinogenesis. Gatekeepers are the subset 

of tumour suppressor genes that act as guards by preventing cancer cell growth and 

by inducing apoptosis. Alterations in the genome that inactivate these genes will 

result in abnormal growth and subsequent restoration of the gene function shows 

marked suppression of cancer cell growth [19, 20]. Caretaker genes are the stability 

genes that ensure effective DNA repair or prevent genomic stability thereby 

suppressing tumourigenesis [21]. Normally these genes function to keep the 

number of genetic alterations low but upon their inactivation the mutation burden is 

significantly increased. The resultant increased mutation rate affects all genes 

however only mutations targeting oncogenes or tumour suppressor genes will be 

preferentially selected for and have a tumour promoting effect. Similar to classical 

tumour suppressor genes, both alleles are generally inactivated in the tumour [20]. 

A large number of mismatch repair genes along with nucleotide-excision repair and 

base-excision repair genes are caretaker genes. Also genes involved in mitotic 

recombination and chromosomal segregation belong to this class, for example 
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BRCA1 and ATM [13, 22]. The 'landscaper' hypothesis was first postulated 

following the study of inherited mutations in Juvenile polyposis syndrome (JPS) 

which seems to be a result of an altered terrain of stromal cells and appears to be a 

landscaper defect. The landscaper gene is predicted to control the 

microenvironment in which the tumour growth takes place. It occurs by 

direct/indirect regulation of extra cellular matrix proteins, adhesion proteins, 

secreted growth factors and cell surface markers. Loss of function of the 

'landscaper' gene will result in aberrant change in the microenvironment and 

subsequently promote abnormal growth of adjacent epithelial cells thereby 

increasing the risk of neoplastic transformation [19, 20]. 

1.1.6 Inherited Predisposition to Cancer 

Majority of cancers arise sporadically and are highly influenced by environment, diet 

and lifestyle. Some individuals are born with a genetic defect that results in an 

increased lifetime risk of developing specific types of cancer in them, often at younger 

ages than people in the general population. These individuals are said to have a 

hereditary cancer syndrome, and it is believed that about 5-10% of all cancers are 

inherited via this mechanism [23]. There are more than 100 genes reported to cause 

Mendelian inherited cancer syndromes and at least 45 identified syndromes with clear 

genetic causes that confer an increased lifetime risk of developing cancer [24]. These 

syndromes can differ on many dimensions including the types of cancer, the 

magnitude of the risks, the inheritance pattern, and whether individuals have other 

physical symptoms. Many types of cancer are associated with hereditary syndromes 

including breast, colon, ovarian, pancreatic, and kidney cancer. Some hereditary 



P a g e  | 39 

 

cancer syndromes have been well described and studied for many years, while others 

are poorly understood.  

 

1.2 Colorectal Cancer 

Colorectal cancer (CRC) is one of the most common malignancies worldwide. It is the 

third leading cause of cancer related death in males and second in females worldwide, 

with 1.8 million new cases and almost 861,000 deaths in 2018 according to the World 

Health Organization (WHO) GLOBOCAN 2018 updates [8]. The incidence of 

colorectal cancer is more in developed countries as compared to developing countries. 

The global distribution or the incidence rates of CRC vary 10-fold with highest rate in 

high-income countries like Australia, New Zealand, Northern/Western Europe and 

North America. The incidence rate is intermediate in Eastern and Southern Europe 

while it is lowest in low income countries like Africa and South Central Asia [25, 26]. 

These geographic differences may be attributed to the differences in dietary and 

environmental exposures coupled with genetic susceptibility [27]. Despite its low 

incidence rate, the mortality rate is quite high in India. Late stage presentation due to 

poor awareness, low socio-economic status and, and geo-ethnic differences may 

account for the same.  

The common symptoms of CRC include rectal bleeding, significant changes in the 

colour of stool (especially dark or black-coloured stools), irregular bowel habits, 

diarrhoea or constipation, pain or cramp in the lower abdomen, decreased appetite, 

unintended weight loss, weakness or fatigue, and certain types of anaemia. CRC is a 

complex disease that is influenced by genetic, lifestyle, environmental and/or other 

factors. The lifetime risk of CRC is around 5% in the general population [28].  
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The genetic factors include: 

 Family history: A personal or family history of colorectal cancer or GI polyps 

may increase risk of CRC. There is not always a clear reason for increased risk in a 

family however inherited genes, shared environmental factors or a combination of 

these may be responsible for cancers in such family. 

 Inherited syndromes: Around 5% of all CRC patients have an inherited gene 

mutation that is responsible for their cancer. The two most common inherited CRC 

syndromes are familial adenomatous polyposis (FAP) and Lynch Syndrome also 

known as hereditary non-polyposis colorectal cancer (HNPCC). Other syndromes 

that are linked with colorectal cancer include Turcot Syndrome, Peutz-Jeghers 

Syndrome (PJS) and Juvenile Polyposis Syndrome (JPS). 

 Racial and ethnic background: Clear difference in the incidence of colorectal 

cancer, stage at diagnosis, and mortality has been observed worldwide. Age-

adjusted incidence and mortality are highest for African Americans
 
and lowest for 

Hispanics and Asians/Pacific Islanders. 

The lifestyle risk factors include [29]: 

 Diet: Increased intake of red and processed meats (e.g., beef, lamb, hot dogs) is 

associated with high colorectal cancer risks. Meat when cooked by frying, grilling, 

boiling at very high temperatures release carcinogenic chemicals such as polycyclic 

aromatic hydrocarbons, heterocyclic amines and dietary N-nitroso compounds may 

also contribute to CRC. A high-fibre diet, increased intake of fruits and vegetables 

may help reduce risk of developing colorectal cancer  

 Inactive lifestyle: Individuals who do not indulge in physical activity and live a 

sedentary life have an increased chance of developing colorectal cancer. 
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 Smoking: Smoking has been associated with increased risk of colorectal cancer 

with a prolonged latency period. 

 Alcohol use: Heavy alcohol consumption has been associated with an increased 

risk of colorectal cancer. 

Other inherent factors associated with an increased risk of CRC are [30]: 

 Age: Age is one of the major risk factor in CRC and the chances of developing the 

disease increases with advancing age. Nearly 95% of all CRCs occur in patients 50 

years or older. The median age of CRC onset is 68, according to the National 

Cancer Institute. 

 History of inflammatory bowel disease (IBD): Patient with personal history of 

IBD, including ulcerative colitis and Crohn's disease, are at an increased risk of 

developing colorectal cancer than the general population [31, 32].  

 Obesity: Abdominal obesity may increase the risk of developing colorectal cancer 

in both sexes, with stronger association seen between colon cancer and obesity. 

 Type II diabetes: Individuals with type II diabetes is associated with a higher risk 

of colorectal cancer and the shared risk factors between these two conditions 

include obesity, sedentary lifestyle and high caloric diet. It may also affect 

prognosis. 

Staging for CRC: Accurate cancer staging is important not only for appropriate 

evaluation of therapies, prediction of survival and prognosis, but also for cancer 

research in general. There are two widely used staging systems when diagnosing 

CRC; the Union for International Cancer Control (UICC) TNM (tumour, node, 

metastasize) staging system and the Dukes Classification [33] (Table 1.1). The TNM 

staging is based on the following three information: 
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 The extent (size) of the tumour (T): How far has the cancer spread into the wall of 

the colon or rectum? These layers, from the inner to the outer, include: 

 The inner lining (mucosa), which is the layer in which nearly all colorectal cancers 

start. This includes a thin muscle layer (muscularis mucosa) 

 The fibrous tissue beneath this muscle layer (submucosa) 

 A thick muscle layer (muscularis propria) 

 The thin, outermost layers of connective tissue (subserosa and serosa) that cover 

most of the colon but not the rectum 

 The spread of cancer to nearby lymph nodes (N) 

 The spread (metastasis) to distant lymph nodes or distant organs (M) 

Table 1.1 TNM staging and Dukes Classification for Colorectal cancer 

Stage Definition 

T0 No evidence of primary tumour 

Tis Carcinoma in situ: intraepithelial or intermucosal 

T1 Tumour invasion into submucosa 

T2 Tumour invasion into muscularis propria 

T3 Tumour invasion through muscularis propria 

T4 Tumour invasion into other organs or through visceral peritoneum 

N0 No evidence of regional lymph node metastasis 

N1 Metastasis into 1-3 regional lymph nodes 

N2 Metastasis into ≥4 regional lymph nodes 

M0 No evidence of distant metastasis 

M1 Distant metastasis 

Stage Grouping Dukes stage 5-year survival (%) 

Stage I: T1-2, N0, M0 Dukes A 80-95 

Stage II: T3-4, N0, M0 Dukes B 65-75 

Stage III: Any T, N1-2, M0 Dukes C 25-60 

Stage IV: Any T, Any N, M1 Dukes D 0-7 
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1.3 Colorectal tumourigenesis 

CRC develops from rapidly dividing epithelial cells lining the colon or rectum of the 

gastrointestinal tract. It is now widely accepted that CRC results from the 

accumulation of genetic and epigenetic alterations, which results in the transformation 

of normal colonic epithelium to colorectal adenocarcinoma. The development of 

colorectal adenocarcinoma is characterized by a series of genetic and epigenetic 

events in tumour suppressor genes and oncogenes which when acquired by a normal 

epithelium results in stepwise transformation to hyperproliferative mucosa which later 

gives rise to a benign adenoma that eventually becomes a carcinoma and metastasizes 

over an average of 10 years [34-36]. A normal epithelial cell progresses in a clonal 

fashion to carcinoma by acquiring at least five to seven major deleterious molecular 

alterations. CRC cells can acquire increased mutability of their genomes through 

several different molecular pathways that result in loss of genomic stability. Genomic 

instability in CRC can occur via chromosomal instability (CIN), microsatellite 

instability (MSI), CpG Island Methylation (CIMP) [37, 38]. More recently, tumours 

have been subcategorized based on their mutation rate. The TCGA study recently 

described CRCs to be either nonhypermutated or hypermutated based on the number 

of mutations on nucleotide level. Hypermutated tumours have mutation rates of 10-

100 per 10
6
 bases, whereas nonhypermutated tumours show mutation rates of less than 

10 per 10
6
 bases. Non-hypermutated cancers, which represent the large majority of 

CRCs (84%), are usually microsatellite stable (MSS) and show CIN [39]. 

 Chromosomal Instability Pathway (CIN): CIN, defined as the presence of 

structural aberrations or abnormal chromosome numbers, arises in about 70-80% of 

CRCs. It reflects the classical adenoma-carcinoma model proposed by Fearon and 
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Vogelstein [40] which suggests that CRC develops through step-wise 

carcinogenesis. Step-wise carcinogenesis occurs by progressive accumulation of 

point mutations in key genes such as APC, KRAS and TP53, frequent chromosomal 

losses and gains, especially losses on chromosome arms 5q, 17p and 18q [36, 

40](Fig 1.2). The three key principles of this model are: 1) multiple genetic hits are 

required, 2) discreet intermediates in the progression to cancer, and 3) aberrant 

crypt foci (ACFs) develop before colorectal polyps and are the earliest detectable 

change of the adenoma-carcinoma sequence [41]. It is estimated that the entire 

process from ACFs to invasive carcinomas takes between 20-40 years during 

which there is a constant increase in CIN [42]. CIN results in an imbalance in 

chromosomal number (aneuploidy), subchromosomal genomic amplifications, and 

a high frequency of loss of heterozygosity (LOH) [41]. CIN tumours are non-

hypermutated tumours. Majority of sporadic CRCs and Familial Adenomatous 

Polyposis (FAP), a hereditary form of CRC follows this pathway. 

 Microsatellite Instability pathway (MSI): A subset of CRC cancers have 

hypermutated genomes and exhibit a so called ―mutator phenotype‖, which occurs 

due to defects in DNA mismatch repair (MMR) genes that function in the 

maintenance of genomic stability. Approximately 15% of CRCs develop through 

the microsatellite instability (MSI) pathway, which is driven by defects in the 

mismatch repair system. These defects when inherited causes a type of hereditary 

CRC, Lynch syndrome and when acquired result in sporadic MSI tumours. The 

mechanism of tumourigenesis in MSI tumours involves either germline mutations 

in DNA mismatch repair (MMR) or through somatic mutation or aberrant promoter 

methylation as in sporadic CRC. (Fig 1.2) 
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 CpG Island Methylator phenotype (CIMP): CIMP arises due to 

hypermethylation in the promoter region of genes that have tumour suppressive 

roles or are involved in the cell cycle resulting in their transcriptional inactivation 

[43]. Hypermethylated promoters are associated with BRAF V600E mutation. 

Hypermethylation of MLH1, one of the MMR genes is the major cause of MSI in 

sporadic CRC [44] (Fig 1.2). Many other genes have also been identified to be 

affected in CIMP that may have important functions in the cell. Several studies 

have classified CIMP tumours into three group based on the degree of methylation- 

CIMP-High, CIMP-Low and CIMP-No. Majority of studies have commonly 

contained the classic panel: hMLH1, p16, MINT1, MINT2, and MINT31, however 

many more methylation markers are emerging with increasing research [45]. 

 

Figure 1.2 Stepwise progression of CRC (Taken from Ref. [46]) 
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Recent studies have identified a small novel class of hypermutated CRCs that result 

from exonuclease domain mutation (EDM) in POLE and POLD1 [39]. Germline 

mutation in these genes result in a rare condition termed polymerase proofreading-

associated polyposis (PPAP). Somatic mutations in POLE have been reported in 

CRCs as well as endometrial cancer, however no somatic pathogenic POLD1 

mutation have been reported. Both germline and somatic mutations in these genes 

result in an ―ultramutated‖ phenotype, with mutation rates of over 50 per 10
6
 bases. 

Alteration in several molecular signalling pathways such as the Wnt, TGF-β, PI3K, 

RAS/MAPK, and NF-κB pathways or a defective DNA MMR pathway result in CRC 

(Fig 1.3) [47, 48]. These alterations may result in resistance to antitumor agents, and 

they can confer individual susceptibility to cancers upon inheritance. 

 

Figure 1.3 Different signalling pathways involved in colorectal cancer (Taken 

from Ref. [49]) 
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1.4 Classification of colorectal cancer 

Based on different risk factors, CRC can be presented in three forms: Sporadic, 

Familial and Hereditary. Sporadic CRC, in which there is no family history, occurs 

due to gene mutations in colorectal cells but not as germline mutations. It usually 

occurs in the later stages of life and dietary and environmental factors have been 

associated with increased risk [50]. Less than 5% of patients have an inherited 

predisposition to CRC due to germline mutations in highly penetrant cancer genes 

with specific pattern of inheritance. 

1.4.1 Hereditary Colorectal cancer: It occurs in a well-defined hereditary setting 

with well characterized clinical features and germline mutations in highly penetrant 

genes conferring high lifetime risk of CRC. Hereditary CRC syndromes have 

classically been divided into two groups based on the presence or absence of 

gastrointestinal polyps: Polyposis and Nonpolyposis syndrome. Polyposis syndromes, 

usually identified clinically, are defined by the presence of multiple polyps in the 

colon and are further classified into adenomatous (e.g. Familial Adenomatous 

Polyposis) and hamartomatous polyposis syndromes (e.g. Peutz-Jeghers Syndrome). 

The most common type of nonpolyposis syndrome is Lynch syndrome (also known as 

Hereditary Nonpolyposis Colorectal Cancer, HNPCC) inherited in an autosomal 

dominant fashion and a rare mutation of Lynch syndrome is Constitutional Mismatch 

Repair Deficiency syndrome (CMMRD) which is an autosomal recessive childhood 

cancer predisposition syndrome. The broad classification of hereditary colorectal 

cancers is represented in Figure 1.4. The clinical and genetic features of major 

hereditary CRC are described in Table 1.2 
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Figure 1.4 Classification of Hereditary Colorectal cancers 

Abbreviations: FAP- Familial Adenomatous Polyposis; MAP- MUTYH 

associated Polyposis; PJS- Peutz-Jeghers Syndrome; JPS- Juvenile Polyposis 

Syndrome; HNPCC- Hereditary Nonpolyposis Colorectal Cancer; CMMRD- 

Constitutional Mismatch Repair Deficiency 
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Table 1.2 Clinical and genetic features of hereditary colorectal cancers 

Polyposis syndrome Clinical features Genes 

involved 

Adenomatous Polyposis Syndrome 

Familial Adenomatous 

Polyposis (FAP) 

 Autosomal dominant inheritance 

 0.5-1% of all CRC 

 100-1000 colorectal polyps 

 Early age of onset 

 General disorders of FAP includes: Gardner‘s 

syndrome (soft tissue tumours like fibromas, 

desmoid tumours) and Turcot syndrome (Brain 

tumours) 

 Extracolonic manifestations include congenital 

hypertrophy of the retinal pigment epithelium 

(CHRPE), supernumerary teeth, osteomas, 

cutaneous lipomas and cysts, thyroid tumours, 

desmoid tumours, adrenal cortical adenomas, and 

hepatoblastomas 

APC  

Attenuated FAP  Lower polyp number (1-50) 

 Later age at diagnosis 

 Less or no extracolonic manifestations 

APC 

MUTYH associated polyposis 

(MAP) 

 Autosomal recessive inheritance 

 Fewer than 100 polyps 

MYH 

Hamartomatous Polyposis 

Peutz-Jeghers syndrome (PJS)  Autosomal dominant condition 

 Characterized by mucocutaneous pigmentation 

and hamartomatous polyps 

 Usually presented with small bowel 

intussusception and gastrointestinal haemorrhage 

 High risk of GI, breast, ovary, uterus, pancreas, 

testis, oesophagus cancers 

STK11 
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Juvenile Polyposis syndrome 

(JPS) 

 Autosomal dominant inheritance 

 Multiple hamartomatous (juvenile) polyps in the 

digestive tract 

 Increased risk of cancer of stomach, colorectum, 

small intestine and breast 

PTEN, 

SMAD4 

(DPC4) or 

BMPR1A 

gene 

Cowden syndrome  Hamartomatous lesions of skin and mucous 

membrane of mouth and nose 

 Increased risk of early onset breast cancer, thyroid 

cancer, ovarian cancer and endometrial cancer 

PTEN 

Non-Polyposis syndrome Clinical features Genes 

involved 

Lynch syndrome (Hereditary 

Nonpolyposis Colorectal 

Cancer, HNPCC) 

 Autosomal dominant inheritance 

 Very few or no polyps 

 Adult age of onset 

 Right sided and microsatellite unstable tumour 

 High lifetime risk of colorectal cancer and 

significant risk of endometrial, ovarian, 

urological, central nervous system cancers 

MLH1, 

MSH2, 

MSH6, PMS2 

(90% mutation 

in 

MLH1/MSH2) 

Constitutional Mismatch 

Repair Deficiency (CMMRD) 

syndrome 

 Autosomal recessive inheritance 

 Early age of onset (0-30 yrs) 

 Characterized by skin manifestations like café-au-

lait spots, freckles, hypopigmentation 

 Broad tumour spectrum with brain tumours and 

digestive tract tumours being most common 

followed by haematological malignancies 

MLH1, 

MSH2, 

MSH6, PMS2 

(60% mutation 

in PMS2 and 

40% in rest of 

the MMR 

genes) 

 

There is very limited information on molecular characterization of CRC from the 

developing nations with most of the data from Caucasian population. Among the 

polyposis syndrome, PJS is a rare condition with no clear genotype-phenotype 
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correlation and has not been examined in detail in the Asian population, particularly 

the South Asians. Lynch syndrome, hereditary nonpolyposis colorectal cancer is the 

most common form of hereditary CRC and has been studied extensively in the 

Western population with lack of knowledge in the South Asian population. Only 28 

MMR mutation carrier Lynch syndrome families reported from India. There is lack of 

knowledge about the rare hereditary forms of CRC like FAP, PJS and CMMRD also. 

The only South-Asian report on FAP is from our group [51]. Single  report of STK11 

mutation carrier PJS family and biallelic PMS2 CMMRD family is published from 

India. Therefore, we have carried out a comprehensive genotype and phenotype 

characterization of these syndromes in this study. PJS, Lynch syndrome and CMMRD 

syndrome are described in detail in Chapter 3, 4 and 5 along with the results from this 

study. 

1.4.2 Sporadic colorectal cancer: It comprises the largest group of CRC accounting 

for 75%. It occurs at the median age of 70-75 years with lack of relevant family 

history and inherited gene mutation that may accelerate cancer development. It is 

caused by a series of genetic events involving loss of tumour suppressor genes and 

activation of oncogenes which provides an evolutionary growth advantage to cells 

resulting in tumour development. Sporadic CRC is influenced by diet, lifestyle and 

environmental factors [52]. Though the age adjusted incidence rate of CRC is low in 

India, there has been a disproportionate increase in the incidence of early onset CRC 

(EOS-CRC), especially rectal cancers without any evident family history [53]. EOS-

CRC is an aggressive disease with poor differentiation, mucinous signet ring cell 

histology and is classically located in the left side of the colon. This subset of early 

onset sporadic rectal cancer exhibit distinct clinical and genetic features as compared 
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to late onset CRC and majority of them do not show involvement of the three 

canonical pathways of CRC tumourigenesis- CIN, MSI and CIMP. Our understanding 

of EOSCRC is meagre with no clear understanding of its clinical and genetic features. 

It is therefore imperative to carry out a comprehensive characterization of EOSCRC to 

identify the genomic mutational landscape involved in its tumourigenesis. 

In the light of the discussed literature, the present study was undertaken with the aim 

to study the key genetic alterations in various forms of Hereditary Colorectal Cancers 

in an Indian cohort, to carry out genotype-phenotype correlation and to elucidate the 

somatic landscape of early onset recto-sigmoid tumours from patients below 40 years 

of age with no family history of CRC associated cancers.  

With this aim, the objectives were framed as follows: 

1) To define the mutation spectrum of key genes- MMR and STK11 in different types 

of Hereditary Colorectal Cancers in the Indian cohort and study genotype-

phenotype correlation 

1.1) To identify novel/recurrent germline mutations in Peutz-Jeghers syndrome- 

STK11/LKB1 and study the genotype-phenotype correlation 

1.2) To identify novel/recurrent germline mutations in Lynch Syndrome/Hereditary 

Non-Polyposis Colorectal Cancer (HNPCC) – MMR study known and novel 

genotype-phenotype correlation 

1.3) To identify novel/recurrent germline mutations in CMMRD syndrome- PMS2 

and other MMR genes  

2) To identify the somatic mutational spectrum of early onset Sporadic Rectal cancer 

in tumour and matched paired normal tissue samples using NGS technology (whole 

exome sequencing) 
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CHAPTER 2 

 

MATERIALS AND METHODS 
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2.1 Patients and Samples 

Patients of all the hereditary colorectal cancer syndromes included in this study were 

enrolled at the Cancer Genetics Clinic of Tata Memorial Hospital, Parel after approval 

from Institutional Review Board (IRB) of Tata Memorial Centre from 2008-2019. 

Patients were diagnosed on the basis of family history and clinico-pathological 

characteristics and were referred by their treating oncologists to the Cancer Genetics 

Clinic of Tata Memorial Hospital. After genetic counselling and written informed 

consent, blood sample was collected for genetic testing. All experiments were carried 

out in accordance with the approved guidelines and regulations. This study included 

three forms of hereditary colorectal cancer syndromes: 

1) PJS- 20 families (registered from 2009-2019) 

2) Lynch syndrome- 91 families (registered from 2014-2019) 

3) CMMRD- 5 families (registered from 2014-2019) 

Details of patients with sporadic CRC are discussed in section 2.3 

2.1.1 Overview of the patient enrolment process 

Pre-test counselling: Genetic counselling is a communication process that deals with 

the occurrence or risk of occurrence of a possible genetic disorder in the family. 

Patients referred to the Cancer Genetics Clinic (CGC) undergo a pre-test counselling 

session which was conducted between the patients, their accompanying family 

members and the genetic counsellor at CGC. During this session, the patients and their 

family members were educated on basic cancer genetics and what cancer risk means. 

They were explained about the risk, benefits, limitations and possible outcome, 

medical, reproductive, and psychosocial implications of genetic testing including 

potential role of testing for other family members. Clinical features, personal details, 
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medical history of patients and other family members were obtained from the patients 

based on which a pedigree chart was drawn. Based on these features, cases with a 

suspected syndromic diagnosis of PJS, Lynch syndrome or CMMRD were enrolled 

and 3 ml of blood was collected in EDTA tubes after taking written informed consents 

from patients or their parents if they were minors. 

Post-test counselling: In this session, the results of the genetic test were disclosed to 

the patient by providing a printed genetic test report and explained about the 

significance of the test. Patients found to have a mutation associated with an increased 

risk of malignancy were counselled regarding their age-related and lifetime risks of 

particular types of cancer associated with the syndrome and the surveillance and 

management strategies available for risk reduction and health maintenance. Screening 

of the first and second degree relatives of mutation carrier patients were also offered 

during this session. 

2.2 Methodology to study mutation spectrum of STK11 and MMR genes in 

different hereditary cancer syndromes 

 DNA extraction from blood samples using Qiagen DNA extraction kit and 

quantification by Nanodrop 

 Exon wise PCR amplification of individual genes followed by agarose gel 

electrophoresis of amplified PCR products 

 Enzymatic clean-up of PCR products and Sanger sequencing to detect point 

mutations and small indels 

 MLPA analysis to detect large genomic rearrangements (LGRs) and data analysis 

by Coffalyser.Net software from MRC-Holland 



P a g e  | 56 

 

2.2.1 DNA extraction 

Genomic DNA was extracted from 200µl of blood sample using QIAamp Blood DNA 

Mini kit as per manufacturer‘s protocol using the following steps: 

1. 20µl QIAGEN protease or Proteinase K was added into to a 1.5ml microcentrifuge 

tube to which 200µl whole blood was added.  

2. 200µl Buffer AL was added to the sample. It was mixed by pulse-vortexing for 15 

seconds and then incubated at 56
◦
C for 10 minutes. 

3. The sample was briefly centrifuged and 200µl of ethanol (96-100%) was added to 

the sample and mixed by pulse-vortexing for 15 seconds. After mixing, the 1.5ml 

microcentrifuge tube was briefly centrifuged to remove drops from inside the lid. 

4. The mixture from step 3 was carefully applied to the QIAamp Mini spin column. 

The cap was closed and centrifuged at 6000 x g (8000 rpm) for 1 minute.  

5. The QIAamp Mini spin column was placed in a 2 ml collection tube and the tube 

containing the filtrate was discarded. 

6. 500µl Buffer AW1 was added and centrifuged at 6000 x g (8000 rpm) for 1 minute. 

The QIAamp Mini spin column was placed in a 2ml collection tube and the collection 

tube containing the filtrate was discarded. 

7. 500µl Buffer AW2 was added and centrifuged at full speed (20,000 x g; 14000 rpm) 

for 3 minutes. 

8. Recommended: Place the QIAamp Mini spin column in a new 2ml collection tube 

and discard the old collection tube with the filtrate. Centrifuge at full speed for 1 min. 

9. The QIAamp Mini spin column was placed in a 1.5ml microcentrifuge tube and the 

collection tube containing the filtrate was discarded. 200µl Buffer AE or distilled 

water was added to the column.  
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10. The elution buffer (AE) was incubated at room temperature (15-20
◦
C) for 1 min, 

and then centrifuged at 6000 x g (8000 rpm) for 1 minute to collect the DNA. 

11. DNA was quantified using Nanodrop spectrophotometer or by loading the DNA 

samples on 0.5% agarose gels. 

12. After estimation of the purity and concentration of the DNA samples, the DNA 

samples were diluted to a working concentration of 20ng/μl. 

2.2.2 Polymerase Chain Reaction (PCR) 

Exon wise PCR amplification of the entire coding region and flanking intronic region 

was carried out using specific primers designed for respective genes. PCR 

amplification was carried out in a 25μl reaction with 10pmol of primers (Sigma), 

100ng of DNA and using 0.5 units of Taq polymerase (Axygen). The components of 

the mastermix are given in Table 2.1 and the cycling conditions are summarized in 

Table 2.2. The primer sequences and their respective annealing temperatures for all 

the genes studied in this thesis are given in Table 2.3-2.7 

 

Table 2.1 PCR mastermix composition 

Components Volume (µl)/reaction 

10X PCR buffer 2.5 

2.5 mM dNTP 1 

5 U/µl Taq Polymerase 0.1 

20 ng/ml Template DNA 5 

10pmole/µl Forward primer (FP) 1 

10pmole/µl Reverse primer (RP) 1 

MilliQ 14.4 

Total reaction volume 25 
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Table 2.2 PCR cycling condition 

Steps Temperature Time 

1. Initial denaturation 95
◦
C 5 minutes 

2. Denaturation 95
◦
C 45 seconds 

3. Primer annealing, Ta* X 45 seconds 

4. Extension 72
◦
C 45 seconds 

5. Go to steps 2-4: 34 cycles - - 

6. Final Extension 72
◦
C 5 minutes 

*Ta: Annealing temperatures variable for different primer pairs 

 

Table 2.3 Primer sequences and annealing temperature for STK11 

Exon Forward Primer Reverse Primer Ta 

1 CACAAGGAAGGACCGCTCAC CCGCTGCGACAACTGGCCTT 62
◦
C 

2 GGCCCTTTCCCACAGCACT AGGCCCCGCGGTCCCAACA 58
◦
C 

3 GAGGAGGGGCAAGGTGGGT GTGTGGCCTCACGGAAAGGAG 61.5
◦
C 

4+5 GCTGGGCCTGTGGTGTTTGG GACGGGCCAGGCTGCACTTC 60
◦
C 

6 TCAACCACCTTGACTGACCA ACACCCCCAACCCTACATTT 60
◦
C 

7 CAGCTGACAGGCTCCTCGC CTCAACCAGCTGCCCACAT 61
◦
C 

8 CCCTTGCACGGCCTGGTCC TGGGACATCCTGGCCGAGT 60
◦
C 

9 TGGATACACCTGGGCCTGAC GGGCTATGCTCACGGCTGGC 66.3
◦
C 

 

Table 2.4 Primer sequences and annealing temperature for MLH1 

Exon Forward Primer Reverse Primer Ta 

1 CTGTCCAATCAATAGCTGCC TGCGGAAAAGGAGAAGGCCTG 62
◦
C 

2 GTATGAGCCTGTAAGACAAAGG GCCCAGCAAATAATAGGTAC 60
◦
C 

3 CAAGAAATGGAATTCAAAGAGATTTG TTTGAAAGTTAAGTTCATTAAGTTTG 60
◦
C 

4 AAAGTGCTCATCGTTGCC CACCTAATAATCATCCTTGAG 60
◦
C 

5 GATATGATTTTCTCTTTTCCC GCCAATAGTCATTTATCTTGC 55.5
◦
C 

6 AATGCTGTCTTATCCCTGGCC ACCTTGACCAGAAACTATCTG 60
◦
C 
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7+8 TAAAAGTAGAGAGGAGTCTGTG CCTAGAAAGTGTTGATTACGTG 57.2
◦
C 

9 CTGAGTAGGGTAGGTGGGTG CAACCAGCAATGAGCACATGTG 63-56
◦
C 

TD 

10 CGATAGTAAGATAGTGGGCTGG AGGCTCTTAGTGAGGTTCTGC 62
◦
C 

11 CAAATGAAGAGACTGAGGC CTAAGCCTAGGAACAACAGC 58.5
◦
C 

12 CGGGCAGAATTGCTTCTAT GGTCAAAGGCAGACAGTGG 63-56
◦
C 

TD 

13 GGGTTGTCAGATAAGCAGTC GCTGATGCTATTGTGGGTTA 62
◦
C 

14 GTTCGTTTTCACCAGGAGG CTGACTCCAAAGCCTGTGCC 63-56
◦
C 

TD 

15 CCCTGGTTGAAGACGTTG GATACCTCCATATGCAAATC 54.3
◦
C 

16 TGACAAGAGGAGGAAAGGG TTTCATCATGTTGGCCAGC 63-56
◦
C 

TD 

17 GTTCTGCCGTGCTGTTTGTC TGGGACTGCTGAATATTGCTGG 62
◦
C 

18 CCAGCAATATTCAGCAGTCC CAACCTCCCATTTCTCACTGTG 62
◦
C 

19 CTTGTGTTCAGGCCTGTGGGATC GGTCAGTGCCATCAGAGCC 62
◦
C 

TD: Touch Down temperature 

 

Table 2.5 Primer sequences and annealing temperature for MSH2 

Exon Forward Primer Reverse Primer Ta  

1 GCTGAT TGGGTGTGGTCGC CGCACAAGCACCAACGTTC 60.3°C  

2 GAAGTCCAGCTAATACAGTGC GTGTCTCAAACCATTCTAC 56.2°C 

3 GGTTCATAGAGTTTGGATTTTTCC GGGGAGAAAAGATCTGAGGT 62.4°C 

4 CAGTACATCATATCAGTGTC CATTGATACACAGTTTAGG 53.3°C  

5 GGATTGGGAAGGAACACC GGGAGAGAAAAATACAGCCA 55.5°C 

6 GGAAGAGGAACTTTTTGTGG CATGTTCGATACCATACCATC 62.4°C 

7 GCCCAGCAGATTCAAGCT TGAGTCACCACCACCAAC 60.3°C 

8 ACTTTGGAGACCTGCTGTAC CCACTGTCCACAAAGGTGCT 62.4°C 

9 CTCTAAAGTCCTAATGAACAG TCATCTTGGGGACAGGGAAC 57.9°C  

10 CATTCATAAGGGAGTTAAGG GTTGCGACAGCTGACTGCTCTATG 57.9°C  

11 TGTCCCTAAGGAGTTGTTCG TCAGAATGTAATGGCTTGCG 55.5°C 
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12 CTATGTTGAGTTTTAGGTGG CTTCCCTCTAAACCAAATGTG 57.9°C 

13 GCTGTGGTTCTGCCTTTATATGC AGTCCACAGGAAAACAACT 62.4°C 

14 GTTTGTGGCATATCCTTCCC GTGGTCCTACTATGAGATACAG 57°C 

15 CTAATGACAAGGTGAGAAGG GCACTAGAAACACAGAGG 57.9°C 

16 GGGTGGGCTAATGTGGGAGGAG GATAGCCCATGGGCACTGA 67°C 

 

Table 2.6 Primer sequences and annealing temperature for MSH6 

Exon Forward Primer Reverse Primer Ta  

1 TGTTGATTGGCCACTGGG CAACCCCCTGTGCGAGCCTC 58-51°C TD 

2 TGCCAGAAGACTTGGAATTC TTACTGGGGTAAAATACACTTAATTTC 58-51°C TD 

3 CTGGTCTTGAACTGCTGGGAT CCCCTTTCTTCCCCCATC 58-51°C TD 

4.1 TGCACGGGTACCATTATAAAGT

CA 

GTATTCTTGGTTTCTGATGAAATGCTAG 58-51°C TD 

4.2 GAAGGAAACGCCCTCAGC CAGTTGCCTTTCATGAATACCAG 58-51°C TD 

4.3 CCACATGGATGCTCTTATTGGA TCATCTGAAAACTGACCTATGAAAAACT 58-51°C TD 

4.4 TTTGTTGATACTTCAGTGGGAA

AGTT 

CTCCTGATCAATAAGGCATTTTTTG 55-48°C TD 

4.5 CTCTAGGTGGTTGTGTCTTCTA

CCTC 

TGAGTAGCCTCTCAACATCTGGAA 58-51°C TD 

4.6 CGAAGTTGTAGAGCTTCTAAA

GAAGCT 

GTCCTACAGCCAATTCTGTTGC 58-51°C TD 

4.7 AGCCTCCTGGAATACCTAGAG

AAAC 

ACTTATTTTTAGGGATAATATACAGCTG

GC 

58-51°C TD 

5 CACTTAGGCTGATAAAACCCCC GTATGTTATTCCTAATGTCACAAATGAC

TTT 

58-51°C TD 

6 AAGACAAAAGTTTATGAAACT

GTTACTACCA 

AGAAGCAAATATCTTTTATCACATCTAA

ATG 

58-51°C TD 

7 TAACCTAGAAGATGAATTTATG

TAATATGATTT 

TTCAGATAATCTTCTATAAAAATAGTTA

TTTGT 

55-48°C TD 

8 TGAGTTACTTCCTTATGCATAT

TTTACT 

AATATTAGCGATACATGTGCTAGCA 55-48°C TD 
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9 TGCTAGCACATGTATCGCTAAT

ATT 

GCATCATCCCTTCCCCTTTTA 58-51°C TD 

10 GAAGGGATGATGCACTATGAA

AAA 

GTAGAAGGTAGATAAGAATTAAAAGGG

TTTAA 

58-51°C TD 

TD: Touch Down temperature 

 

Table 2.7 Primer sequences and annealing temperature for MLH3 

Exon Forward Primer Reverse Primer Annealing 

temperature  

2A TGAGCTGTGCCTAGAGATC GAAATGGAAGGGTGCATGAG 60.4°C 

2B GCCCTGAAAGCTTGTGAA GACCATTCTTTGGCTTGCAT 60.4°C 

2C GGTTCCATGGTTCTTCAGCTCC GGTAGCTTCTGAATCCCTAG 60.4°C 

2D GTGACTTCCGATGAGAGGAGC CTGTCTGAGCACTATGTACTCC 60.4°C 

2E ATGCTACTGAAGTGGGATGC AAAGATCCTAGCTGTGAACTC 60.4°C 

2F GGTATAGACACGTTTCCAATG CGGAACCCTTCAGTCTGG 60.4°C 

2G CCTTTGGACCTTGAGAAGTC ACCTGTGGCATCTTCTACCGG 60.4°C 

2H TCCCAACATCAGATTCTGCC TCAAAAGCATCTCATGCACA 60.4°C 

 

2.2.3 Long Range Polymerase Chain Reaction (PCR) 

Mutations within PMS2 are considerably more difficult to identify because of the 

presence of a large family of pseudogenes, which are located on the same 

chromosome as the true PMS2 gene. We have used previously described and 

established long range PCR method which selectively amplifies the PMS2 genomic 

region, while avoiding the amplification of sequences from the pseudogene loci. Long 

range primers are designed in such a way that either the forward or the reverse primers 

are positioned at regions of divergence between the real gene and the pseudogenes. 

Amplicons spanning exons 1–5, 7-9 and 11-15 are amplified by long range primer 1 

(LR1), LR2 and LR3 respectively. Using each of the long-range primer sets, 100ng of 
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DNA was amplified in 25μl reaction using 0.2mM each primer, 1.25U Takara LA Taq 

(Cat#), 10X LA PCR Buffer II (Mg2+free), 25mM MgCl2 (final 2.5mM) and 400mM 

each dNTP. The components of PCR mastermix are given in Table 2.8 and cycling 

conditions are summarized in Table 2.9. The appropriate long-range PCR product was 

diluted 1:10, and 2mL of this dilution was used as the template for exon-specific 

amplification using the previously described PCR method in section 2.2.2. The primer 

sequences and their respective annealing temperatures for PMS2 gene studied are 

given in Table 2.10. 

 

Table 2.8 Long Range PCR mastermix composition 

Components Volume (µl)/reaction 

10X LA PCR buffer II 2.5 

25mM MgCl2 2.5 

2.5 mM dNTP 4 

1.25 U/µl Taq Polymerase 0.3 

20 ng/ml Template DNA 5 

10pmole/µl Forward primer (FP) 1 

10pmole/µl Reverse primer (RP) 1 

MilliQ 8.7 

Total reaction volume 25 

 

Table 2.9 Long Range PCR cycling condition 

Steps Temperature Time 

1. Initial denaturation 94
◦
C 1 minute 

2. Denaturation 94
◦
C 15 seconds 

3. Primer annealing 65
◦
C (0.5↓/cycle) 30 seconds 

4. Extension 68
◦
C 15 minutes 
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5. Go to steps 2-4: 13 cycles - - 

6. Denaturation 94
◦
C 15 seconds 

7. Primer annealing 58
◦
C  30 seconds 

8. Extension 68
◦
C 15 minutes 

9. Go to steps 6-8: 25 cycles - - 

10. Final Extension 72
◦
C 10 minutes 

 

Table 2.10 Primer sequences and annealing temperature for PMS2 

Exon Forward Primer Reverse Primer Annealing 

temperature  

LR1 ACGTCGAAAGCAGCCAATGGGAGTT CTTCCACCTGTGCATACCACAGGCT 65-58°C TD 

LR2 GGTCCAGGTCTTACATGCATACTGT CTGACTGACATTTAGCTTGTTGACA 65-58°C TD 

LR3 GCGTTGATATCAATGTTACTCCAGA CCTTCCATCTCCAAAACCAGCAAGA 65-58°C TD 

1 ACGTCGAAAGCAGCCAATGGGAGTT CAGGTAGAAAGGAAATGCATTCAGT 65-58°C TD 

2 GTAAGGATCTGTTGAATTTGAAG TTCTTAGCATAACACCTGCCTGGCA 58-51°C TD 

3+4 CTGGGCTAGTAAATAGCCAGAAAG TATGACTTAGATTGGCAGCGAGACA 58-51°C TD 

5 CTTGATTATCTCAGAGGGATCGTCA TCTCACTGTGTTGCCCAGTCCTAAT 58-51°C TD 

6 TGCTTCCCTTGATTTGTGCGATGAT CTACTGGAAGGGACAATGGAAACC 60
◦
C 

7 ATTGTACTCCAGCCTGGGCAATAG ATTGTAGTTCTCTTGCCAGCAATC 63-56°C TD 

8 AGATTTGGAGCACAGATACCCGTGA TGCGGTAGACTTCTGTAAATGCACA 63-56°C TD 

9 CCTTCTAAGAACATGCTGGTTGGTT ATCTCATTCCAGTCATAGCAGAGCT 63-56°C TD 

10 AATTAGCCAGTGTGGTGGCACTTG AGCTTTAGAAGCTGTTTGTACAC 60
◦
C 

11a TCACATAAGCACGTCCTCTCACCAT CTGGTTTGAATGGCAGTCCACATC 63-56°C TD 

11b TCGCAGGAACATGTGGACTCTCAG GCGCAACAGA GCAAGACTCT 63-56°C TD 

12 TTACAGTGTTCTATAACATAATCAG AGTAGATACAAGGTCTTGCTGTGTT 63-56°C TD 

13 GTGACACTTAGCTGAGTAGTGTTGT ATGTTAGCCAGGCTGGTCTCAAACT 63-56°C TD 

14 GGTCTGTATCTCCTGACCTCATGAT GCACGTAGCTCTCTGTGTAAAATGA 63-56°C TD 

15 GCTGAGATCTAGAACCTAGGCTTCT ACACACGAGCGCATGCAAACATAGA 63-56°C TD 

TD: Touch Down temperature 
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2.2.4 Agarose Gel Electrophoresis 

1. The required amount of agarose was weighed to make a 1% solution (1% is 0.5 gm 

in 50 ml TBE or 2gm in 200 ml TBE) and dissolved in 1X TBE. 

2. The gel casting tray was prepared and the combs were adjusted to the required 

depth.  

3. The agarose solution was boiled in a microwave to digest the agarose powder. It 

was cooled to less than 40 °C. 

4. Ethidium bromide was added from 10mg/ml stock to a final concentration of 

0.5µg/µl. 

5. The solution was poured on the tray and allowed to solidify. 

6. The stipulated volume of samples to be loaded was mixed with 6X loading dye to 

obtain a final concentration of 1X. 

7. The samples were loaded and electrophoresis was started at the required voltage 

8. The electrophoresis was allowed to run until the dye traverses 3/4
th

 of the gel. 

9. The DNA/PCR products bands were visualized using a UV transilluminator and 

pictures were documented. 

2.2.5 Purification of PCR products 

1. The PCR products were diluted before sequencing such that 30-50ng of template 

was available for sequencing. 

2. 5μl of a diluted PCR product was mixed with 2μl of ExoSAP-IT reagent for a 

combined 7μl reaction volume. It was mixed thoroughly and tap spun. 

3. This mix was incubated at 37°C for 15 minutes for the enzymes to degrade 

unincorporated primers and dNTPs. 

4.  It was further incubated at 80°C for 15 minutes to inactivate ExoSAP-IT enzymes. 
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2.2.6 Sanger sequencing of cleaned up PCR products 

Step1: Cycle sequencing 

1. 2µl of template and 1µl of primer (both in the desired concentration) was added in 

the 96-well sequencing plate (or 0.2ml flat cap PCR tube). 

2. The cycle sequencing reaction mastermix was prepared as:  

 MilliQ water    - 4.75 µl 

 5X Sequencing Buffer - 1.75 µl 

 Ready Reaction mix - 0.50 µl  

3. 7µl of mastermix was added to each sample  

4. The cycle sequencing reaction was setup in the thermal cycler as: 

              STEP 1: 96ºC for 2 minutes 

              STEP 2: 96ºC for 10 seconds 

              STEP 3: 1ºC/second to 55ºC 

              STEP 4: 55 ºC for 0.05 minutes (5 seconds) 

              STEP 5: 1ºC/second to 60ºC  

              STEP 6: 60 ºC for 4 minutes 

             STEP 7: Go to steps 2-5 for 24 times 

             STEP 8: 4 ºC forever 

Step 2: Post cycle sequencing clean up 

In the BigDye Xterminator clean up, following steps were carried out: 

1. A mixture of the two BigDye Xterminator reagents (Premix) was prepared as: 

 Xterminator Solution- 10µl  

 SAM solution   - 45µl 

2. 55µl of the premix was added to each sample and the reaction plate was tap spun. 
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3. The reaction plate was vortexed for 30 minutes. 

4. The reaction plate was centrifuged at 2500 rpm for 2 minutes. 

5. The reaction plate was tap spun and loaded on the sequencer. 

2.2.7 Mutation analysis 

The chromatograms were analysed by using Chromas Lite software [Technelysium 

Pty Ltd]. The data was compared with the reference sequence of the respective genes 

taken from the NCBI (genomic DNA sequence), UCSC and HGVS (cDNA sequences) 

databases to identify mutations. All identified mutations were searched in PubMed 

and different databases including the InSiGHT database (https://www.insight-

group.org/mutations/databases/), HGMD, NCBI dbSNP, ClinVar and ExAC. All 

pathogenic germline mutations identified were confirmed by bi-directional sequencing.  

Also, the mutations were confirmed on a second independent sample, whenever 

available. The pathogenicity of the mutations was inferred based on the nature of 

mutations.  In case of splice site mutation outside the canonical splice donor and 

acceptor sites, transcripts analysis was carried out to infer the pathogenicity of 

mutations whenever RNA samples were available for analysis. 

2.2.8 MLPA analysis to detect LGRs 

In the absence of point mutations or small indels upon Sanger sequencing, MLPA 

analysis was carried out to detect large genomic rearrangements (LGRs) using 

SALSA MLPA kit following manufacturer‘s instructions. SALSA MLPA P003 

MLH1/MSH2 Probemix and SALSA MLPA P101 STK11 Probemix were used to 

detect LGRs in MLH1/MSH2 and STK11 respectively. 
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Protocol: 

Step 1: Denaturation of DNA sample  

1.  Add 5 µl of DNA sample to each tube. 

2.  Place the tubes in a thermocycler and start the MLPA thermocycler program (given 

at the end of protocol). 

3.  Denature sample DNA for 5 minutes at 98°C and cool to 25°C.  

Step 2: Hybridization of Probes to sample DNA  

1.  Prepare a hybridization master mix containing for each reaction: 1.5µl MLPA 

buffer + 1.5µl probemix. Mix the hybridization master mix well by pipetting or 

vortexing.  

2.  After DNA denaturation, add 3µl of the hybridization master mix to each sample 

tube. Mix well by pipetting up and down.  

3.  Continue the thermocycler program: incubate for 1 minute at 95°C, then for 16 – 

20 hours at 60°C. 

Step 3: Ligation of hybridized probes  

1.  Prepare a Ligase-65 master mix by adding for each reaction: 25µl H2O + 3µl 

Ligase buffer A + 3µl Ligase buffer B. Then add 1µl Ligase-65 enzyme. Mix well by 

pipetting gently up and down. (Do not vortex enzyme solutions).  

2.  Continue the thermocycler program: pause at 54°C.  

3.  When the samples are at 54°C, add 32 µl of the ligase master mix to each reaction 

tube. Mix by gently pipetting up and down.  

4.  Continue the thermocycler program: 15 minutes incubation at 54° (for ligation), 

followed by 5 minutes at 98°C for heat inactivation of the Ligase-65 enzyme and then 

pause at 20°C. 
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Step 4: PCR amplification of Ligated Probes  

1.  Prepare a polymerase master mix by adding for each reaction: 7.5µl dH2O + 2 µl 

SALSA PCR primer mix + 0.5 µl SALSA Polymerase. Mix well by pipetting up and 

down; do not vortex. Keep on ice until use.  

2.  At room temperature add 10µl polymerase to each tube. Mix by pipetting up and 

down. Continue the thermocycler program: 35 cycles: 30 seconds 95°C; 30 seconds 

60°C; 60 seconds 72°C. End with 20 minutes incubation at 72°C and then pause at 

15°C.  

Step 5: Fragment Separation by Capillary Electrophoresis  

1.  Add 1.0µl PCR products with 0.15µl LIZ size standard and 10µl of formamide 

2.  Denature the samples at 95°C for 5minutes and then place the plate on ice rapidly 

to avoid renaturation. 

3.  Load the plate on the sequencer. 

2.2.9 MLPA Data Analysis 

Data analysed using the Coffalyser.Net Software provided by MRC-Holland. This 

software calculates the Dosage quotient (representative of the copy number) for each 

probe in the kit by: 

 Intra-sample normalization: Peaks of probes specific for the gene of interest are 

compared with the peaks of reference probes in a sample which are expected to 

have a normal copy number. 

 Inter-sample normalization: Peaks pattern of the sample of interest is compared to 

that of the control DNA samples (derived from healthy volunteers) that were 

included in the same experiment. 
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 In this way, it is possible to detect abnormal probe signals that indicate deletions or 

duplications of sequences detected by MLPA probes. 

 

Table 2.11 Dosage Quotients values for copy number status in MLPA 

Copy Number Status Dosage Quotient 

Normal 0.85 < DQ < 1.15 

Heterozygous duplication 1.35 < DQ < 1.55 

Homozygous duplication 1.70 < DQ < 2.20 

Heterozygous deletion 0.35 < DQ < 0.65 

Homozygous deletion 0 

 

 

2.3 Screening methodology for early onset sporadic rectal cancer patients using 

IHC, MSI and PCR 

2.3.1 Patients and samples 

A total of 31 histologically confirmed rectal or recto-sigmoid cancer samples and their 

adjacent normal tissues were collected retrospectively along with archived formalin 

fixed paraffin embedded (FFPE) blocks from National Tumour Tissue Repository 

(NTTR), TMH Parel under the Hereditary Cancer Consortium Project and Founder 

mutation project approved by the IRB of Tata Memorial Centre (TMC). These 

patients were enrolled from 2007 to 2015 in TMH, Parel. Clinico-pathological data 

like age, gender, family history of CRC, location (low/high rectal tumours), stage, 

differentiation, and metastasis were collected prospectively from electronic medical 

record of patients from TMC website. Primary rectal cancer or recto-sigmoid cancer 

samples from patients below the age of 40 years, with no known family history and 
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with aggressive /advanced stage poorly differentiated tumour with mucinous type / 

signet ring cell type carcinoma were included in this study. 

2.3.2 DNA extraction 

Protocol for DNA extraction from tissue samples: Genomic DNA was extracted 

using the PAXgene Tissue DNA Kit (Qiagen) as per the manufacturer‘s protocol. 

1. 20mg of tissue were minced in 180μl of TD1 buffer and were transferred to a 2mL 

microcentrifuge tube.  

2. 20μl of proteinase K (25mg/mL) (Invitrogen Inc., Carlsbad, CA, USA) was added 

to the mix, vortexed and incubated at 56
◦
C overnight.  

3. The microcentrifuge tube was centrifuged to remove drops from inside the lid. 

4. 200μl of TD2 buffer was added to the mix, pulse-vortexed for 15s and were 

incubated at 70⁰C for 10 minutes.  

5. 200μl of absolute ethanol was added to the mix immediately followed by mixing 

thoroughly on by vortexing.  

6. The lysate was allowed to pass through PAXgene DNA spin column placed in a 2 

ml processing tube by centrifugation at 6000 X g for 1 minute. 

7. After discarding the flow-through, the mix was washed with 500μl of TD3 and 

TD4 buffers at 6000X for 1 minute in 2 steps.  

8. After washing, the column membrane is dried by centrifuging 20,000X for 3 

minutes. 

9. The DNA bound to the PAXgene DNA spin column was retrieved by eluting with 

50-200μl of TD5 buffer under centrifugation at 20,000X for 1 minute. 

10. Repeated elutions were performed to improve the total yield of DNA.  
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Protocol for DNA extraction from FFPE blocks: Genomic DNA was extracted 

from FFPE blocks using Qiagen FFPE DNA extraction kit as per the manufacturer‘s 

protocol. 

1. 10-15 sections of 5–10µm thickness were cut and immediately placed in a 1.5ml 

microcentrifuge tube and 1ml xylene was added to the sample. The lid was closed 

and vortexed vigorously for 10 seconds. 

2. The tube was centrifuged at full speed for 2 mins at room temperature (15–25°C). 

3. The supernatant was removed and 1ml ethanol (96–100%) was added to the pellet, 

and mixed by vortexing. 

4. The pellet is centrifuged at full speed for 2 minutes at room temperature and the 

supernatant was removed by pipetting. 

5. Any residual ethanol was removed using a fine pipet tip and incubated at room 

temperature till all residual ethanol was evaporated. 

6. The pellet was resuspended in 180µl of Buffer ATL to which 20µl proteinase K 

was added, and mixed by vortexing. 

7. The sample is incubated at 56°C overnight followed by 90°C incubation for 1 hour. 

8. 200µl Buffer AL was added to the sample, and mixed thoroughly by vortexing. 

Then 200µl of ethanol (96–100%) was added and mixed again thoroughly. 

9. The lysate was allowed to pass through QIAamp MinElute column placed in a 2 ml 

processing tube by centrifugation at 6000 x g for 1 minute. 

10. After discarding the flow-through, the mix was washed with 500μl of AW1 and 

AW2 buffers at 6000 x g for 1 minute in 2 steps. 

11. After washing, the column membrane is dried by centrifuging 20,000 x g for 3 

minutes. 
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12. The DNA bound to the QIAamp MinElute column was retrieved by eluting with 

50-200μl of ATE buffer under centrifugation at 20,000 x g for 1 minute. 

DNA quantification and quality analysis were performed using Nanodrop ND-1000 

and electrophoresis on 0.5% agarose gels respectively. 

2.3.3 Immunohistochemistry (IHC) 

IHC staining for MLH1, MSH2, MSH6, PMS2 and β-catenin was carried out to 

determine the status of MMR and Wnt pathway respectively using a two-step 

EnVision polymer based immunohistochemistry developed by DAKO (DAKO 

EnvisionPlus HRP kit, Dako Denmark A/S, Glostrup, Denmark) 

1. A 4μ thin section of FFPE tissue was cut using a microtome and spread on to a 

coated slide using 60°C tissue floatation bath. 

2. The sections were allowed to attach to the glass slide by incubating at 37°C 

incubator for 2 hours.  

3. The slides were heated with sections for 37°C overnight and then at one hour at 

60°C in a hot air oven. 

4. Deparaffinization was carried out in three changes of Xylene for 10 minutes each.  

5. The tissue sections were then rehydrated in graded alcohol of 100%, 70%, and 50% 

one change of 5 minutes in each. 

6. The slides were then rinsed in distilled water for 5 minutes. 

7. Antigen retrieval was done with 10mM Tris-1mM EDTA buffer (pH 9.0) using 

pressure cooker (2 whistles). 

8. After antigen retrieval the sections were brought to room temperature. 

9. The sections were washed twice in working wash buffer made from EnVision™ 

FLEX Wash Buffer (20x) for 5 minutes each. 
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10. 50μl-100μl of EnVision FLEX Peroxidase-Blocking Reagent was added to the 

sections & incubation was carried out at room temperature for 30 minutes in dark. 

11. The sections were washed twice in working wash for 5 minutes each. 

12. Excess of buffer was wiped and the slides were arranged in a humid chamber. 

13. The slides were then incubated overnight with appropriately diluted primary 

antibodies (50-100µl) at 4
o
C. (Antibody Diluent - Da Vinci Green pH 7.3; MLH1 

1: 25, MSH2 1:250, MSH6  1: 25, PMS2 1: 40, β-catenin1:150) 

         Note: Be sure that sections are completely covered. 

14. The sections were washed twice in working wash for 5 minutes each. 

15. Excess buffer was tapped, wiped and the slides were arranged in the humid 

chamber. 

16. The slides were incubated with EnVision FLEX/HRP detection reagent for 30 

minutes at room temperature. 

17. The sections were washed twice in freshly prepared working Tris buffer saline 

(TBS) (pH 7.4) for 5 minutes each. 

18. Excess of buffer was wiped and the slides were arranged in a humid chamber. 

19. Slides were incubated in EnVision FLEX Substrate Working Solution (prepared 

by mixing thoroughly 1drop EnVision FLEX DAB+ Chromogen per 1 mL 

EnVision FLEX Substrate Buffer) for 3-10 minutes at room temperature 

(Incubation time is monitored under the microscope). 

20. The slides were washed in TBS for one minute to stop the reaction.  

21. The tissue sections were counterstained lightly with Haematoxylin 

22. The slides were washed under running tap water. 
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23. The tissue sections were again dehydrated using two changes of 95% ethanol, 2 

changes of absolute ethanol for 5 minutes each.  

24. The slides were cleared in 4 changes of Xylene of 5 minutes in each. 

25. The slides were mounted in DPX and allowed to dry, following which they were 

examined using a microscope. 

2.3.4 Screening for Microsatellite Instability (MSI) 

Screening of MSI was conducted as per guidelines set by the National Cancer Institute 

(NCI, USA) reference panel. Genotyping was performed using the NCI panel of 5 

microsatellites (BAT25, BAT26, D5S346, D17S250, D2S123). The strategy was to 

PCR amplify the microsatellite markers using a pair of primers in which Forward 

primer is labelled with a fluorescent dye.  The primer sequences and annealing 

temperatures for all these markers is given in Table 2.12. The amplicons were then 

loaded on sequencers for fragment analysis in which PCR products of different sizes 

are separated by capillary electrophoresis. A fluorescently labelled size standard is 

added along with the sample to allow molecular size comparison of fragments. The 

data can be analysed using GeneMapper software from Thermo Fisher to determine 

the allele sizes of the PCR product.  

Table 2.12 Primer sequences and annealing temperature of MSI markers 

 

MSI 

marker 

Forward primer Reverse primer Annealing 

temperature 

BAT26 TCGCCTCCAAGAATGTAAGT TCTGGATTTTAACTATGGCTC 55-48°C TD 

BAT25 TGACTACTTTTGACTTCAGCC AACCATTCAACATTTTTAACC 55-48°C TD 

D2S123 AAACAGGATGCCTGCCTTTA GGACTTTCCACCTATGGGAC 55-48°C TD 

D5S346 ACTCACTCTAGTGATAAATCGGG AGCAGATAAGACAAGTATTACTAG 55-48°C TD 

D17S250 GGAAGAATCAAATAGACAAT GCTGGCCATATATATATTTAAACC 55-48°C TD 

TD: Touch Down temperature 
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2.3.5 Mutation screening of key genes involved in CRC carcinogenesis 

Screening for mutations were performed by PCR-DNA sequencing on DNA isolated 

either from frozen tissue samples or archived FFPE blocks following protocol 

described in section 2.2. Primer sequences of all the genes screened and their 

respective annealing temperature are listed in Table 2.13. 

Table 2.13 Primer sequences and annealing temperatures of key genes 

Gene Forward primer Reverse primer Ta 

APC (Mutation Cluster Region, MCR) 

APC 

MCR 1 

GCTCAAGCTTGCCATCTCTT TATGGGCAGCAGAGCTTCTT 62◦C 

APC 

MCR 2 

CCAGGAACTTCTTCAAAGCG GTGAAGGACTTTGCCTTCCA 62◦C 

APC 

MCR 3 

GTCAATACCCAGCCGACCTA AGGCTGATCCACATGACGTT 59◦C 

APC 

MCR 4 

AACGTCATGTGGATCAGCCT TGCTGGATTTGGTTCTAGGG 62◦C 

APC 

MCR 5 

CAGACGACACAGGAAGCAGA GCAGCTTGCTTAGGTCCACT 62◦C 

APC 

MCR 6 

GTGAACCATGCAGTGGAATG TGTTGGCATGGCAGAAATAA 59◦C 

APC 

MCR 7 

TTTGCCACGGAAAGTACTCC TATCATCCCCCGGTGTAAAA 59◦C 

KRAS Exon 2 

KRAS  AAGGTGAGTTTGTATTAAAAGGTACTGG TGGTCCTGCACCAGTAATATGC 63.2◦C 

BRAF Exon 15 

BRAF  TCATAATGCTTGCTCTGATAGGA GGCCAAAAATTTAATCAGTGGA 63◦C 

CTNBB1 Exon 3 

CTNBB1  GCTGATTTGATGGAGTTGGACATGGC CCAGCTACTTGTTCTTGAGTGAAGG 63.2◦C 

Ta: Annealing temperature 
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2.4 Statistical analysis 

Data for calculation of cumulative risk were submitted for statistical testing using the 

Statistical Package for the Social Sciences (SPSS Inc, Chicago, IL). The chi square 

test and log rank test were used to compare differences between MLH1 and MSH2 

mutation carriers. Penetrance for age was calculated using the Kaplan Meier survival 

analysis method and included the 106 mutation carriers. In case of multiple or 

recurrent colorectal carcinoma or endometrial adenocarcinoma, only the age at first 

cancer diagnosis was included in the analysis. The observation time for the different 

cancers was from birth until the date of first cancer diagnosis. A p value below .05 

was considered statistically significant. The results from SPSS were also compared 

with Kaplan Meier analysis using R statistical package. 

 

2.5 Exome sequencing pipeline 

Whole-Exome sequencing libraries of genomic DNA from the 28 EOS-RC samples 

(tumour and adjacent normal) were prepared using Agilent SureSelectXT Human All 

Exon V5 (which targets 50 Mb of genomic content). Both the library preparation and 

sequencing of captured library was carried out in MedGenome Labs Ltd, Bangalore, 

India using the Illumina HiSeq platform to generate 2X150bp sequence reads at 100X 

sequencing depth.  

Data analysis was carried out in ACTREC using the following pipeline: 

a. Quality Check of Fastq files: FastQC software was used to assess the quality of 

each base based on Phred score which predicts the probability of an error in base 

calling. 
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b. Alignment with reference genome: Raw paired end reads in FASTQ format 

were aligned to the hg19 reference genome using BWA-mem (Burrows Wheelers 

Aligner) (v.0.7.16a) software. Post-alignment Sequence Alignment Map (SAM) 

files were generated which were then compressed into Binary Alignment Map 

(BAM) files. 

c. Post-alignment processing: Unusual flag information from sample files were 

removed using SAMtools (v. 1.6-1) fixmate program [54]. Picard tools (v.2.10.0) 

(https://broadinstitute.github.io/picard/) were used for sorting and duplicate 

removal steps. Qualimap (http://qualimap.bioinfo.cipf.es/), a tool to evaluate 

BAM file metrics was used to carry out further Q.C. 

d. Variant calling: SAMtools mpileup (v. 1.6-1) was used to locate non-reference 

positions in tumour and germline samples using processed bam files as input. 

Resulting mpileup files were inputted directly to [55] somatic (version 2.4.3) 

program to identify somatic variants in tumour. Parameters used were --min-var-

frequency 0.02,--min-coverage-normal 8, --min-coverage-tumour 6, --min-

coverage 8, --somatic-p-value 0.05. VarScan2 [55] processSomatic was used to 

extract the high confidence somatic variants using parameters as maximum 

variant allele frequency in germline sample was 0.05 and minimum variant allele 

frequency for tumour was 0.02. Further, false positive SNVs were removed using 

fpfilter.pl from VarScan2, which takes input metrics of readcounts (generated 

using bam-readcount) of variants identified in previous step. 

e. Variant Annotation and filtering: These high confidence somatic variants 

were further processed with latest version of ANNOVAR software [56] to 

functionally annotate these. The variants which were present in non-coding 

https://broadinstitute.github.io/picard/
http://qualimap.bioinfo.cipf.es/
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region (intronic, intergenic, ncRNA, UTR etc.) were filtered out so as to enrich 

the exonic variants or flanking splice site variants.  Amongst the exonic 

variants, the synonymous variants that were predicted to be silent mutations 

and the ones which were present at a very high frequency in the dbSNP, 

ESP6500 or 1000Genome databases were also excluded. Further, only those 

non-synonymous (missense) variants were included that was predicted to be 

pathogenic by two or more in silico analysis tools out of 11 tools used to assess 

the pathogenicity of missense variants (SIFT, PolyPhen2_HDIV, 

Polyphen2_HVAR, LRT, Mutation Assessor, Mutation Taster, FATHMM, 

PROVEAN, VEST3, CADD, DANN). Truncating mutations like frameshift 

and non-sense variants were also included in the study. 
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CHAPTER 3 

 

PEUTZ-JEGHERS SYNDROME 
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3.1: Peutz–Jeghers syndrome 

Peutz–Jeghers syndrome (PJS; OMIM 175200) is an autosomal dominant hereditary 

cancer predisposition syndrome with characteristic phenotypic features of 

mucocutaneous pigmentation and multiple hamartomatous polyps in the 

gastrointestinal (GI) tract [57]. 

3.1.1 History of PJS 

PJS was first studied in identical twin sisters with spots on the lips and the buccal 

mucosa by Connor in 1895 and illustrated by Hutchinson in 1896. They described the 

phenotype of the sisters in their report however did not recognise the connection 

between polyps and these spots. J.L.A. Peutz made this link in 1921 and published the 

clinical description of PJS in one Dutch family (the Harrisburg family) by describing 

it as a gastrointestinal familial polyposis syndrome with pigmentations. The pedigree 

of this original Dutch family is shown in Fig 3.1. Later H. Jeghers provided more 

detailed description of the syndrome by studying 10 cases from different families in 

1949 [57] in whom approximately half of the affected members suffered from 

gastrointestinal malignancy. He defined the correlation between pigmented lesions, 

gastrointestinal polyposis and increased risk of carcinoma. The eponym Peutz-Jeghers 

Syndrome (PJS) was first used in 1954 by Andre Bruwer [58]. 
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Fig 3.1 Detailed pedigree of the Harrisburg family with a 49 year follow-up 

(Taken from Ref. [59]) 

 

Horrilleno and colleagues gave the first histological description of hamartomatous 

polyps in 1957 [60]. Since then, descriptions of several different syndromes with 

hamartomatous polyps in the gastrointestinal tracts have been reported. 

In 1997 PJS was linked to loci 19p13.3 with the combination of comparative genome 

hybridization, loss of heterozygosity (LOH) studies, and targeted linkage analysis [61]. 

A year later LKB1 gene germline mutations at that locus were identified in PJS 

patients by two independent groups [61, 62]. A 78 year follow-up study of the Peutz‘s 

original Dutch family led to the identification of an LKB1 mutation in affected family 

members [63]. The original gene designation is LKB1 which is still used. SKT11 is the 

official designation for LKB1 by the Human Genome Organization (HUGO)  

(http://www.genenames.org/data/hgnc_data.php?hgnc_id=11389). 

 

http://www.genenames.org/data/hgnc_data.php?hgnc_id=11389
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3.1.2 Clinical manifestations of PJS 

Peutz-Jeghers syndrome is characterised by clinical manifestations like mucosal 

melanin pigmented macules, multiple hamartomatous polyps of the gastrointestinal 

tract and an increased risk of cancer. 

 Hyperpigmentation: Mucocutaneous pigmented macules (melanin spots) are 

present in more than 95% of individuals with PJS and are caused by pigment-laden 

macrophages in the dermis. These macules appear as small, flat, brown or dark-

blue spots present primarily around the mouth crossing the vermilion border, eyes, 

and nostrils; and sparsely on the perianal area intestinal mucosa, digits, and the 

dorsal and volar aspects of hands and feet [64]. A photographic representation of 

these spots is given in Fig 3.2. Mucocutaneous pigmentation usually occurs during 

the first one to two years of life, increases in size and number over the ensuing 

years, and finally fades after puberty with the exception of those on the buccal 

mucosa. Hyper-pigmentation has not yet been shown to undergo malignant 

transformation. 

 Hamartomatous Polyposis: Gastrointestinal hamartomatous polyps are present in 

most patients with PJS. They occur mainly in the small bowel with the jejunum 

being the most common site followed by the ileum and duodenum. These polyps 

can become very large in size often causing intussusception [65]. Extraintestinal 

polyps are also reported and nasal polyposis is supposedly a rare complication. On 

histology, PJ polyps are hamartomas that characteristically contain a proliferation 

of smooth muscle extending into the lamina propria giving the characteristic frond-

like structure; the overlying epithelium is normal. (Fig 3.2) 
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 Cancer Risk: PJS is associated with an increased risk of gastrointestinal as well as 

extra-intestinal malignancies. In a systematic review of 1644 PJS patients, 349 

patients developed 384 malignancies at an average age of 42 years; the most 

common cancer was colorectal followed by breast, stomach, small bowel and 

pancreas with the risk for any cancer at the age of 60–70 years varying from 37 to 

93% [66]. The risk of extra-intestinal cancers is also increased in individuals with 

PJS. In a meta-analysis of six studies that included 210 individuals with PJS, 

extracolonic cancers accounted for 55 of the 66 malignancies (83%) between the 

ages of 15 and 64 years [67].  

Women with PJS have an increased lifetime risk for cancers of the breast (32%-

54%), ovary (21%), and cervix (10%). In addition, small, asymptomatic, benign 

ovarian tumours known as "sex-cord" tumours with annular tubules (SCTAT 

tumours) occur commonly in women with PJS. Men with PJS have an increased 

lifetime risk of Sertoli cell testicular tumours (9%) [68]. 

A                

B                  

Fig 3.2 A) Melanin pigmentation on the lips & buccal mucosa  

B) Hamartomatous polyps [64] 
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3.1.3 Diagnosis and Management of PJS 

 PJS Clinical and differential diagnosis: In an individual, a clinical diagnosis of 

PJS may be made when histologically verified hamartomatous polyps are present 

with atleast two of the following features:  

         a) characteristic mucocutaneous pigmentation 

         b) small bowel polyposis 

         c) PJS associated family history 

Careful physical examination should be done to identify melanin spots. Polyps can be 

detected by endoscopy, x-ray examination, or wireless capsule endoscopy and should 

be histologically verified as hamartomatous.  Genetic testing to identify germline 

mutation in the STK11 gene in an individual who meets clinical criteria for PJS is 

required to confirm the diagnosis of PJS and counsel at-risk family members. A study 

by Aretz et.al. showed a correlation between PJS diagnostic criteria and STK11 

mutation detection rates. 94% of the patients who met the criteria for PJS were found 

to harbour STK11 mutation (64% point mutation, 30% deletions) thereby highlighting 

the importance of syndromic diagnosis and genetic testing [69]. PJS can be 

differentiated from other disorders that may present with pigmented mucocutaneous 

macules or multiple hamartomatous gastrointestinal polyps or both based on the 

clinical presentation and/or genetic testing. 

 Hamartomatous polyps of the small intestine can be associated with hereditary 

mixed-polyposis syndrome (HMPS) and Cronkhite-Canada syndrome (CCS) 

Cowden syndrome (CS), Bannayan-Riley Ruvalcaba syndrome (BRRS), and 

juvenile polyposis syndrome (JPS) [70].  Although the polyps may appear 

histologically similar in these syndromes they also exhibit distinct morphological 
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features, which should be taken into consideration to avoid any misclassification. 

Pigmented spots in BRRS and CS characteristically occur on the glans penis in 

males and not on the lips as seen in PJS, however CCS closely mimic PJS due to 

the presence of both hamartomatous polyps and mucocutaneous pigmentation [71]. 

Unlike PJS, which is associated with germline mutations in the STK11 gene, CS 

and BRRS are associated with germline mutations in PTEN1. It has been reported 

that both mutation of BMPR1A or a duplication of 15q15.3q22.1 that leads to 

increased expression of GREM1 may cause HMPS. Some families with mixed 

hereditary polyposis syndrome that includes JPS are associated with germline 

mutations in SMAD4, BMPR1A, and ENG genes. The genetic basis of CCS has not 

been examined and as of now it is considered to be a non-hereditary condition 

 Mucocutaneous pigmentation may be associated with Laugier-Hunziker syndrome 

(LHS). LHS is an acquired, sporadic, benign disorder that is characterized by 

intraoral hyperpigmentation on the lips, hard and soft palate, and buccal mucosa 

[72]. Unlike pigmentation in PJS, which occurs in the first few years of life, LHS 

lesions are progressively acquired in young or middle-age adults. In addition, LHS 

is not associated with hamartomatous gastrointestinal polyps or a pathogenic 

mutation in the STK11 gene. 

 The tumour spectrum of PJS overlaps with several other syndromes like familial 

adenomatous polyposis (FAP), Lynch syndrome (LS), hereditary breast and 

ovarian cancer (HBOC) and Li–Fraumeni syndrome (LFS) however they can be 

distinguished based on the phenotypic features seen in PJS. 

https://www.ncbi.nlm.nih.gov/books/n/gene/glossary/def-item/duplication/
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 Management: Guidelines for cancer screening in individuals with Peutz-Jeghers 

syndrome (PJS) have been proposed by several groups and are largely based on 

expert opinion and limited observational data. 

 Patients should under upper colonoscopy and endoscopy along with small bowel 

examination (MR enterography or wireless capsule endoscopy) starting at the age 

of 8 years or when symptoms occur 

 Polyps that are causing obstruction or bleeding needs to be removed surgically 

 Small bowel resection should be as conservative as possible to avoid the risk of 

short bowel syndrome 

 In women, gynaecologic and breast examinations should be done annually 

starting from the age of 25 years 

 In men, testicular examination and testicular ultrasound examination should be 

done annually, if clinically indicated 

 Consultation with a clinical geneticist and/or genetic counsellor is recommended 

3.2 Genetic basis of PJS 

PJS is caused by germline mutations in the tumour suppressor gene, STK11(OMIM 

602216), a serine/threonine kinase. The reported STK11 mutation detection rate 

ranges from as low as 10% to as high as 90% depending upon the criteria used for 

defining the PJS cases and the genetic screening method employed. Germline 

pathogenic STK11 mutations are identified in 70–90% of patients fulfilling the 

diagnostic criteria of PJS—hamartomatous polyps, mucocutaneous pigmentation and 

PJS-associated cancers. 
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3.2.1 STK11 gene 

The STK11 gene, localized on chromosome 19p13.3 extends over 23 kb of genomic 

DNA and consists of 9 coding exons and 1 non-coding exon, which occurs within the 

3‘ Untranslated Region (UTR) region of the gene. The 3'-UTR extends over 1449 bp 

and the 5'-UTR is approximately 338 bp long. Gene transcription takes place in 

telomere to centromere direction. This gene is spliced in an unusual U12 snRNA 

dependant manner because intron 2 of this gene begins with ATATCCTT and ends 

with CCCAC thus deviating from the usual GT/AG splice junctions [61]. A graphical 

representation of the STK11 geen is given in Fig 3.3 

 

Fig 3.3 Schematic illustration of STK11 genomic structure 

Black boxes indicate the 5‘-UTR and 3‘-UTR and grey boxes represent exons 

 

3.2.2 STK11 Protein 

STK11 encodes a 48.6-kDa serine threonine kinase protein consisting of 434 amino 

acid residues [73]. In adult humans, STK11 is ubiquitously expressed with higher 

expression observed in testis and foetal liver [74]. Due to this widespread expression 

there is an increased risk of several cancer types associated with PJS. The STK11 

protein is comprised of three domains: an N-terminal domain (NTD) with the nuclear 

localization (NL) signal and cytoplasmic retention signal, a catalytic kinase domain 

which is essential for ATP binding, and a C-terminal non-catalytic regulatory domain 
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that contains a prenylation motif (CAAX-box) [75]. There are four 

autophosphorylation sites; threonine 185 (T185), T189, T336, T402, and additionally 

four phosphorylation sites; serine 31 (S31), S325, T363 and S428, in human 

STK11/LKB1 [76]. In the CAAX motif, C is the amino acid cysteine (C430), the two 

‗A‘ residues are any aliphatic amino acid except alanine and X which represents the 

C-terminal amino acid can be any amino acid. The CAAX motif mediates the 

prenylation of many proteins in three sequential steps [77], where prenylation is the 

addition of the 15 carbon farnesyl group or the 20 carbon geranylgeranyl group to 

acceptor proteins. Both farnesyl as well as geranylgeranyl are isopropenoid groups 

derived from the cholesterol biosynthetic pathway. Prenylation results in covalent 

attachment of either of these isoprenoid groups to the cysteine in the CAAX motif. 

Prenylation is followed by proteolytic cleavage of the last three amino acids (AAX). 

The cysteine (C430) in STK11 is no exception to this rule and is prenylated by the 

addition of a farnesyl group. This prenyalation however was not found to be essential 

for STK11's ability to suppress cell growth, but it was suggested that it could play a 

role in cellular location, interaction with a regulatory substrate or perhaps the stability 

of the protein [77]. Fig 3.4 shows a schematic representation of STK11 protein. 

 

 

 

 

Fig 3.4 Domains of STK11 protein  

(NTD: N-terminal domain, NL: nuclear localization signal, CTD: C-terminal domain 

Catalytic kinase domain is encoded by amino acids 49-309) 
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STK11 is normally localized in the nucleus which is probably due to its nuclear 

localization signal [74, 78]. STK11 is translocated to the cytoplasm, on forming a 

heterotrimeric complex with STE20-related adaptor (STRAD) and scaffolding mouse 

protein 25 (MO25). The kinase domain and amino acids within the CTD of STK11 are 

important for binding STRAD. MO25 stabilizes the STK11-STRAD interaction [79, 

80]. In the cytoplasm, STK11 acts as a ―master kinase‖ and phosphorylates the 

―T‖/activation loop of up to 13 downstream proteins which are part of an AMPK (5‘ 

adenosine monophosphate-activated protein kinase) subfamily termed ARK (AMPK 

related kinases) [81, 82]. AMPK is a protein kinase cascade that plays an important 

role in regulating energy homeostasis. Fig 3.5 shows translocation and activation of 

STK11 by STK11-STRAD-MO25 complex. 

 

 

 

 

 

 

 

Fig 3.5 Translocation, activation and downstream signalling of STK11 
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3.2.3 STK11 downstream signalling 

STK11 has been reported to play a role in many processes including cell polarity, cell 

metabolism and cell growth through activation of ARKs. In addition, STK11 has been 

shown to be involved in cell cycle, cell death, anoikis and gene expression. 

 Cell Metabolism and Growth: STK11 acts upstream of AMPK, an important 

sensor and modulator of cellular energy homeostasis. AMPK is a heterotrimeric 

complex composed of α catalytic subunit and β and γ regulatory subunits.  When 

ATP levels are low, AMP or ADP bind the γ subunit causing a conformational 

change. This allows STK11 or calcium/calmodulin-dependent protein kinase kinase 

β (CaMKKβ) [83-85]to phosphorylate AMPK at T172 within the ―T‖ loop of the α 

subunit [86-88]. AMPK restores ATP levels by stimulating catabolism (glycolysis) 

and inhibiting anabolism (protein synthesis, lipogenesis) [89, 90]. 

 Cell cycle: STK11 is shown to play a role in cell cycle arrest by affecting 

expression of tumour protein 53 (TP53) and the cyclin dependent kinase (CDK) 

inhibitors; CDKN1A (p21), CDKN1B (p27) and CDKN2A (p16) [91]. A study 

showed that in the G361 cell line, ectopic LKB1 expression increased p21 

promoter activity in a TP53 dependent manner, to induce G1 cell cycle arrest [91]. 

In another study the Peutz-Jeghers gene product STK11 was shown to mediate 

p53-dependent apoptosis [92]. Other studies have shown that ectopic expression of 

STK11 stimulated p27 thereby inducing G1 cell cycle arrest and knock down of 

STK11 led to decrease in TP53 and p16 stimulated G1/S transition [93, 94]. 

 Cell Death and Survival: STK11 has been reported to play a role in apoptosis and 

anoikis. Studies have shown that kinase activity of STK11 is important in 

stimulating TP53-dependent apoptosis [92]. LKB1 also plays a role in anoikis, 
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which is apoptosis stimulated by anchorage independent growth.  LKB1 activates 

salt inducible kinase 1 (SIK1) by phosphorylating T182 which stimulates SIK1 

autophosphorylation at S186. SIK1 is required for TP53 dependent anoikis [95]. 

 Cell cytoskeleton, polarity and adhesion: STK11 phosphorylates MARK, BRSK 

and NUAK which play roles in cell cytoskeleton, cell polarity and cell adhesion. 

STK11 mediated phosphorylation and activation of Brain Selective kinases 

(BRSK), BRSK1 and BRSK2 is involved in cortical neuron polarization leading to 

axon initiation and specification [96]. The phosphorylation of other kinases like 

MARK (microtubule- affinity-regulating-kinase), NUAK family SNF1-like kinase 

1 (NUAK) by STK11 regulates cellular polarity by remodelling the actin 

cytoskeleton [97]. 

 

3.3 Mutation Spectrum of STK11 

Germline mutations in STK11 gene have been identified in 30%-80% of PJS patients 

depending upon the diagnostic criteria used and screening method employed. Around 

400 distinct pathogenic or likely pathogenic mutations in STK11 gene in PJS patients 

have been recorded in Human Gene Mutation database (HGMD, 

http://www.hgmd.cf.ac.uk) and most of these mutations are in the catalytic kinase 

domain (amino acids 49–309). These mutations can affect STK11 kinase activity or its 

ability to interact with STRAD or MO25 [98]. Most mutations are frameshift or 

nonsense, which result in an abnormal truncated protein and the consequent loss of 

kinase activity. Missense and splice site mutations are also reported in PJS however in 

lower frequency (http://www.hgmd.cf.ac.uk). A significant proportion of patients do 

not appear to have a family history of disease and possibly represent de novo 
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mutations. Large Genomic Rearrangements (LGRs) were reported to account for up to 

a third of all STK11 pathogenic mutations in a series of PJS cohorts [69, 99, 100]. 

Studies of Alu elements in the STK11 gene have highlighted the high rate of large 

genomic deletions. A case series by De Rosa et al. (2000) and later by Resta et al. 

shows that non-homologous recombination is a putative mechanism for deletions 

within STK11 [101, 102]. Out of 30 breakpoints 16 were located in Alu-elements in 

large deletions of STK11. High Alu density in STK11 (26% c.f. average density in 

human genome of 10%) confers instability to the region. The density and spread of 

Alu elements across the gene may explain distribution of mutations throughout [103, 

104]. Alu-elements have been shown to be associated with non-homologous 

recombination which is known to predispose to copy number variations [101]. Alu 

elements are present in all deletions of exons 2–3 and these deletions are the most 

recurrent large genomic rearrangements in PJS. 

 

3.4 Genotype-phenotype correlation in PJS 

Several studies have come to a consensus regarding the risk of developing PJS 

associated cancer, type of cancer developed and the age of onset, however no 

significant correlation could be established between the mutation type and site or 

effect of these on clinical and phenotypic manifestations [68]. A study suggested that 

cancer risk may be different in patients with and without STK11 mutation [105]. 

Several small studies have suggested association between the type and site of mutation 

with the onset and risk of malignancy [106]. Truncating mutations may result in early 

onset as compared to missense mutation or absence of mutation [105]. Truncating 

mutations were also shown to have a positive association with the polyp burden [107]. 
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Studies also assessed mutations affecting the 3′end of the kinase domain which 

negatively influence the action of STK11 by impairing its ability to bind the STRAD-

MO25 complex [108]. However, in a survey conducted on 419 PJS patients, cancer 

risks was found to be similar in patients with PJS and STK11 mutations and those 

without any mutation, suggesting that the type or site of STK11 mutation  may not 

have a significant influence on the risk of malignancy [109]. 

 

3.5 Hypothesis and Objective of the study 

Due to the rareness of PJS, correlation between the clinic-pathological features and 

the mutation spectrum is not well established. There is also wide variability in STK11 

mutation frequencies from as low as 10% to as high as 90% depending upon the 

criteria used for defining the PJS cases and the genetic screening method employed 

[109]. The current knowledge regarding the spectrum of STK11 gene mutation and the 

genotype phenotype correlations is derived mainly from studies in Caucasian cohort 

[66, 68, 100]. The genotype–phenotype correlation in PJS has not been examined in 

detail in the Asian population, particularly the South Asians. So far only a single PJS 

family with pathogenic mutation in STK11 has been reported from India [110]. 

Moreover, the symptoms of PJS show great variation among patients, even intra-

familiarly, highlighting the syndrome‘s extended phenotypic spectrum and the 

importance to study individual families in every population. STK11 genotype-

phenotype association studies in different geo-ethnic groups can enrich the existing 

knowledge about phenotypic consequences of distinct STK11 mutations and guide 

counselling and risk management in different populations.  
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We hypothesized that the Indian PJS patients may have some novel mutations and 

novel phenotypes or genotype-phenotype correlations that are distinct from the 

Caucasian population. One of the objectives of this study was therefore to characterize 

the mutation spectrum and delineate the phenotypic features in Indian cohort of 20 

PJS families. The methodology was to PCR amplify the entire coding and flanking 

intronic region of STK11 gene followed by Sanger sequencing to identify mutation. 

MLPA analysis was carried out to study LGRs in STK11 in cases where no point 

mutation or small insertion/deletion was identified in the STK11 gene. Detailed 

phenotypic characterization was carried out based on the pedigree and medical records. 

 

3.6 Results 

3.6.1 Clinical Characteristics of Patients 

The 20 unrelated South Asian PJS families reported here represent the diverse regions 

of the Indian subcontinent with 8 hailing from Eastern Indian states of Assam, Orissa, 

West Bengal or from Bangladesh; 5 from North Indian states of UP and Punjab; 3 

from Western Indian state of Maharashtra; and 4 from Central Indian states of MP and 

Chhattisgarh. Of the 20 probands, 14 were females and 6 were males. Mucocutaneous 

pigmentation was noted in 18/20 probands, while polyps were seen in 8/10 probands 

in whom upper GI endoscopy was done. Of the 8 probands with upper GI polyps, 6 

have histologically confirmed hamartomatous polyps, 1 proband with classical 

features of PJS was reported to have adenomatous polyps and for another case with 

classical PJS features the polyp histology was not available. Only 6/20 probands had 

documentation of both the characteristic features of PJS—hamartomatous polyps and 

mucocutaneous pigmentation (representative pedigree in Fig 3.6). In the remaining 14 
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probands, PJS was suspected due to the presence of only one feature—mucocutaneous 

pigmentation (n = 12) or hamartomatous polyps (n = 2) along with personal or family 

history of PJS-associated cancer (representative pedigree in Fig 3.7). All except two 

probands had PJS-associated cancer diagnosed at a median age of 39 years (range, 22–

56 years). The primary cancer site was breast in nine cases, GI tract in five cases 

(small bowel in two and colorectal in three cases), ovary in two cases, uterus and 

nasopharynx in one case each. In 8/20 families, PJS-associated cancers or polyps were 

noted in 2 or more first-degree relatives of the proband. 

 

 

 

Fig 3.6 Representative Pedigree of a classical PJS family (Proband had 

histologically confirmed hamartomatous polyps and mucocutaneous pigmentation) 
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Fig 3.7 Representative Pedigree of a suspected PJS case (Proband had 

histologically confirmed multiple hamartomatous polyps) 

 

3.6.2 Mutation spectrum of STK11 

Pathogenic or likely pathogenic germline heterozygous mutations in the STK11 gene 

were identified in 8/20 probands. A known exon 6 frameshift mutation 

(c.842c.843insC) was identified in two unrelated families. For one proband, both 

parents were negative for this mutation, implying it to be a de novo pathogenic 

mutation. This mutation occurred at the mononucleotide repeat (C6) mutational 

hotspot, resulting in a frameshift that leads to premature termination of the STK11 

protein 3 amino acids downstream to codon 282 (p.L282Afs∗3). Another known exon 

4 frameshift mutation (c.574dup) was identified in one patient. This mutation inserts a 

single-base (A) insertion between nucleotides 574 and 575 of exon 4 thereby 

introducing a frameshift at codon K191 and premature termination of the STK11 

protein. In two suspected PJS patients we identified an exon 4 missense mutation 
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(c.542A>T), which has not been reported in literature or mutation databases such as 

InSiGHT (LOVD), HGMD, NCBI-dbSNP, ClinVar and Exome Aggregation 

Consortium (ExAC). The substitution that replaces asparagine with isoleucine at 

codon 181 (p.N181I) has not been functionally characterized but was predicted to be 

disease associated by all three in-silico tools (Polyphen, Align GVGD and Mutation 

Taster). The asparagine residue is highly conserved and lies within the protein kinase 

domain of STK11 protein. Another substitution at the same position, c.542A>G is 

reported as a likely pathogenic mutation in 3 PJS patients in the ClinVar database. 

Hence, we considered this STK11 missense mutation as likely pathogenic. MLPA 

analysis was performed in all but the two cases with the frameshift mutation. Large 

genomic deletions were identified in three probands—deletion of exons 2 and 3 in two 

families and deletion of exon 7 in one family. 

3.6.3 Genotype-phenotype data of PJS families 

Of the eight probands in whom a pathogenic or likely pathogenic STK11 mutation was 

identified, six fulfilled all the established clinico-pathological criteria for PJS. Two 

probands (PJ6 and PJ7) with germline STK11 pathogenic mutation did not have any 

GI symptoms and there was no documentation of presence or absence of 

hamartomatous polyps as GI endoscopy had not been performed as yet. One proband 

(PJ5) carrying a STK11 pathogenic mutation with hamartomatous small bowel polyps 

and ovarian gonadoblastoma did not have any mucocutaneous pigmentation on 

examination. Screening of relatives in these eight families with pathogenic mutations 

identified three additional individuals harbouring the family-specific STK11 

pathogenic mutation. All three carriers had mucocutaneous pigmentation and GI 

polyps were seen in two carriers who have undergone GI endoscopy till date. The 
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genotype–phenotype data on the 11 carriers of germline STK11 pathogenic mutation is 

given in Table 3.1. In these eight families with an identified STK11 pathogenic 

mutation, a total of ten PJS-associated cancers were noted with seven cancers in six 

probands (bilateral breast cancer in PJ1) and two cancers in two obligate first-degree 

relatives of PJ2 (Table 3.1). The ten PJS-associated cancers were breast (6), small 

bowel (2), ascending colon (1) and ovarian gonadoblastoma (1). The family and 

phenotype details of these carriers of STK11 pathogenic mutations are shown in Table 

3.1. 
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Table 3.1 Phenotypic features and mutation spectrum of STK11 gene found in the Indian PJS cohort 

Family 

(Proband/ 

Relative) 

Gender / 

Age at 

last FU or 

death  

Upper 

GI 

Polyps 

OCP Cancer Site 

 (age at diagnosis) 

Syndrome (FH +/-) Known or 

*Novel STK11 

mutations   

STK11 polymorphisms  

[Polymorphisms co-

occurring in multiple 

cases] 

Other 

gene 

mutations 

PJ1 (Proband) F/46 Yes Yes 

IDC III Bilateral 

Breast (38, 46) 

ER+ve, PR/Her2–ve 

Classical PJS (FH -) 
*
Exon 7 deletion 

c.290+36 G>T; 

[c.375-49 G>A; 

c.464+40_464+46dup] 

NT 

PJ1a (Nephew) M/31 Yes Yes Nil Classical PJS  (FH -) Exon 7 deletion  NT 

PJ1b (Brother) M/61 Yes Yes Nil Classical PJS (FH -) Exon 7 deletion  NT 

PJ2 (Proband) F/45 Yes Yes 

PDA Ascending 

Colon (39) 

 

Classical PJS (FH+) 
Exon 2-3 

deletion 
 NT 

PJ2a (Mother) F/62 NK Yes 

IDC II Breast (60) 

ER/PR+ve,  

Her2 status-NK 

Suspected PJS Obligate carrier   

PJ2b (Sister) F/38 NK Yes Small Bowel (38) Suspected PJS Obligate carrier   

PJ3 (Proband) M/41 Yes Yes 

MDA Small Bowel 

(40) 

 

Classical PJS (FH -) 
c.842_843insC 

 
#
c.478 C>T (L160L)  NT 

PJ3a (Son) M/14 NK Yes Nil Classical PJS (FH -) c.842_843insC  NT 

PJ4 (Proband) M/21 Yes Yes Nil Classical PJS (FH -) 
Exon 2-3 

deletion 
 NT 

PJ5 (Proband) F/34 Yes No 
Gonadoblastoma 

Ovary (32) 
Suspected PJS (FH -) c.842_843insC  NT 

PJ6 (Proband) F/47 NK Yes 
IDC III Breast (42) 

ER/PR+ve, Her2-ve 

Suspected PJS (FH -) 

DD HBOC 
*
c.542 A>T 

[c.290+36 G>T(HMZ); 

c.290+78 C>T]; 

c.375-49 G>A (HMZ); 

c.465-51 T>C (HMZ) 

No 

BRCA1 

hotspots 



P a g e  | 100 

 

PJ7 (Proband) 
 

F/54 
NK 

 

Yes 

 

IDC III Breast (49) 

ER/PR+ve, Her2-ve 

Suspected PJS (FH -) 

DD HBOC 

 

*c.542 A>T 

 

 

No 

BRCA1 

hotspots 

PJ20 (Proband) F/43 Yes Yes Breast (42) 
Suspected PJS (FH -) 

DD HBOC 
c.574dup 

c.290+36 G>T; 

c.464+40_464+46dup 
 

NT 

 

Abbreviations: FU: Follow Up; NK: Not Known; OCP: Oro-cutaneous pigmentation; IDC: Infiltrating Ductal Carcinoma; PDA: Poorly 

Differentiated Adenocarcinoma; MDA: Moderately Differentiated Adenocarcinoma; FH: Family history of first degree relative with PJS 

associated cancer; DD: Differential Diagnosis of syndrome; del- deletion; ins- insertion; dup- duplication; NT: Not Tested; MMR- 

Mismatch Repair genes; HMZ- homozygous 
*
Novel mutation; 

§
Novel likely benign STK11 mutation. Homozygous mutations are 

represented by both alleles (eg. GG→TT) and heterozygous mutations are represented by single allele (eg. C→T).  The STK11 reference 

sequence used was NM_000455.4 from (NCBI) 
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In the remaining 12 families, (1 with classical PJS and 11 with suspected PJS), no 

pathogenic or likely pathogenic STK11 mutation was identified. In the three breast 

cancer patients with suspected PJS in whom no STK11 pathogenic mutation was 

identified, screening for BRCA1 gene identified a pathogenic BRCA1 mutation in a 

young lady with breast cancer and mucocutaneous pigmentation along with family 

history of breast cancer. Genetic screening of hotspot pathogenic mutations in 

mismatch repair (MMR) genes MLH1 and MSH2 in four Colorectal Cancer (CRC) 

patients with suspected PJS did not identify pathogenic mutation in any MMR gene. 

The genotype–phenotype data on these 12 PJS families with no STK11 pathogenic 

mutation is shown in Table 3.2. 
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Table 3.2: Phenotypic and genotypic features of the Indian PJS cohort with no STK11 mutation 

Family 

(Proband/Relative) 

Gender 

/ Age at 

last FU 

or 

death  

Upper 

GI 

Polyps 

OCP Cancer Site 

 (age at diagnosis) 

Syndrome (FH +/-)  
#
Novel likely 

benign STK11 

variants  

STK11 polymorphisms  

[Polymorphisms co-occurring in 

multiple cases] 

Other gene 

mutations 

PJ8 (Proband) M/39 Yes Yes 
MDA Caecum 

(35) 
Classical PJS (FH +) 

#
c.478 C>T 

(L160L) 

[c.290+36 G>T; c.290+78 C>T] 

[c.375-49 G>A; 

464+40_464+46dup]; 

 

No MMR 

hotspots 

PJ9 (Proband) F/41 NK Yes 

IDC III Bilateral 

Breast (22) 

ER/PR -ve 

Suspected PJS (FH +) 

DD HBOC 
#
c.290+74 T>C c.375-49 G>A; c.920+7 G>C 

No BRCA1 

mutation 

PJ10 (Proband) F/34 NK Yes 

IDC III Breast 

(25) 

ER/PR/Her2 -ve 

Suspected PJS (FH -) 

DD HBOC 

#
c.920+45 

C>G 
 

No BRCA1 

hotspots 

PJ11 (Proband) F/59 NK Yes 

Poorly 

differentiated 

carcinoma 

Nasopharynx (46) 

Suspected PJS (FH -) 
#
c.478 C>T 

(L160L) 
 NT 

PJ12 (Proband) M/35 NK Yes 

Signet Ring cell 

Adenocarcinoma 

Rectal (27) 

Suspected PJS (FH +) 

DD Lynch syndrome 

#
c.374+20 

G>A 
c.375-49 G>A; c.920+7 G>C 

No MMR 

hotspots 

PJ13 (Proband) F/62 NK Yes 
Carcinoma Ovary 

(56) 
Suspected PJS (FH +) 

#
c.478 C>T 

(L160L) 

c.375-49 G>A; c.920+7 G>C 

 
NT 

PJ14 (Proband) M/32 No Yes Nil Suspected PJS (FH +) No 

[c.290+36 G>T; c.290+78 

C>T]; 

[c.375-49 G>A; 

NT 
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c.464+40_464+46dup]; c.465-

51 T>C 

PJ15 (Proband) M/40 Yes No Small bowel (39) 
Suspected PJS (FH -) 

DD Lynch Syndrome 
No 

c.290+36 G>T; 

[c.375-49 G>A (HMZ); 

c.464+40_464+46dup]; 

c.465-51 T>C; c.920+7 G>C 

No MMR 

hotspots 

PJ16 (Proband) F/69 NK Yes 

IDC III Breast 

(54) 

ER/PR +ve,  

Her2 status-NK 

Suspected PJS (FH - ) 

DD HBOC 
No c.290+36 G>T 

No BRCA1 

hotspots 

PJ17 (Proband) F/54 NK Yes Uterine (45) Suspected PJS (FH -) No c.920+7 G>C NT 

PJ18 (Proband) F/56 NK Yes 

IDC II Breast (47) 

ER/PR +ve, Her2 

-ve 

 

Suspected PJS (FH -) 

DD HBOC 
No c.375-49 G>A; c.920+7 G>C 

No BRCA1 

hotspots 

PJ19 (Proband) F/27 NK Yes 

IDC III Breast 

(23) 

ER/PR/Her2 -ve 

Suspected PJS (FH -) 

DD HBOC 
No 

[c.375-49 G>A; 

c.464+40_464+46dup]; 

c.465-51 T>C 

BRCA1 

Exon 2: 

c.185delAG 

 

Abbreviations: NK: Not Known; OCP: Oro-cutaneous pigmentation; IDC: Infiltrating Ductal Carcinoma; PDA: Poorly Differentiated 

Adenocarcinoma; MDA: Moderately Differentiated Adenocarcinoma; PDC: Poorly Differentiated Carcinoma; SRCA: Signet Ring Cell 

Carcinoma; FH: Family history of first degree relative with PJS associated cancer; DD: Differential Diagnosis of syndrome; del- deletion; 

ins- insertion; dup- duplication; NT: Not Tested; MMR- Mismatch Repair genes; HMZ- homozygous 
ǁ
Age at last follow up or death; 

¶
Age 

at diagnosis; 
§
Novel likely benign STK11 mutation. Homozygous mutations are represented by both alleles (eg. GG→TT) and heterozygous 

mutations are represented by single allele (eg. C→T). The STK11 reference sequence used was NM_000455.4 from (NCBI)
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3.6.4 STK11 polymorphisms and likely benign mutations 

Five known STK11 intronic polymorphisms were identified in multiple cases. The 

minor allele frequency of these polymorphisms was in the range of 0.16 to 0.46 in the 

ExAC and 1000 Genome database. In addition, we identified three intronic mutations 

and one exonic mutation (c.478C>T) that have not reported in any database or 

literature. The c.478C>T mutation identified in four cases was categorized as likely 

benign since it was a synonymous mutation (L160L) and co-occurred with a 

deleterious frameshift STK11 pathogenic mutation in one case (PJ3). The intronic 

mutations were also considered to be likely benign as they were deep intronic and 

were not predicted to affect splicing by the Human Splice Finder tool. The details of 

cases in which these polymorphisms or likely benign novel mutations were identified 

are provided in Tables 3.1 and 3.2. 

 

3.7 Discussion 

PJS is a rare autosomal dominant hereditary cancer syndrome that requires detailed 

phenotypic characterization and comprehensive genetic analysis. Several small cohort 

studies and meta-analysis have been carried out to study the genotype–phenotype 

correlation; however, a clear consensus could not be reached. Moreover, most of this 

information is largely derived from the Caucasian population [66, 68, 109]. So far 

only a single case of PJS with STK11 pathogenic mutation has been identified in the 

two studies reported from the populous South Asia, which includes India [110, 111]. 

PJS patients typically show heterogeneous phenotypes with regards to oral and GI 

lesions, including different onset times, disease severity, distribution of GI symptoms 

and level of malignancy which enhances the difficulty for proper diagnosis and 
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management. Being quite a rare syndrome, small cohort studies and overlapping 

features with other syndromes have added to this difficulty. Therefore, we carried out 

detailed genotyping and phenotyping characterization of 20 Indian PJS families for a 

better understanding of the syndrome and expand our existing knowledge about the 

phenotypic associations of STK11 mutation carriers. 

Using a combination of Sanger sequencing of STK11 gene with MLPA analysis to 

study large genomic rearrangements, we were able to identify deleterious germline 

STK11 mutations in 8 families. Extended testing of family members of the mutation 

carrier patients identified additional 3 confirmed and 2 obligate carriers of family 

specific STK11 mutation. Of the eight families with pathogenic or likely pathogenic 

STK11 mutations, the identified mutations in three families were novel and not 

reported in any databases or literature. In addition, likely benign but novel STK11 

mutations never reported earlier were identified in 8/20 PJS cases we genotyped. This 

underscores the need for detailed genetic analysis of different populations across the 

world and collation of detailed genotype phenotype data in large international 

databases such as the InSiGHT database. 

The seemingly low STK11 pathogenic mutation detection rate of 8/20 (40%) in our 

cohort is possibly a reflection of the PJS syndromic clinical characterization in our 

study. The pathogenic mutation detection rate was 5/6 (83%) in the classical PJS 

families with mucocutaneous pigmentation plus hamartomatous upper GI polyps and 

personal or family history of PJS associated cancer. This is in accordance with 73–

94% STK11 pathogenic mutation detection rate in series of studies which performed 

comprehensive STK11 sequencing and LGR analysis in cases fulfilling the established 

PJS diagnostic criteria [69, 99, 100, 112]. As expected, the detection rate of 
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pathogenic mutation in STK11 was only 3/14 (21.5%) in cases with suspected PJS in 

whom all the established diagnostic criteria of PJS were not fulfilled. These three 

carriers of STK11 pathogenic mutation were categorized as suspected PJS due to lack 

of documentation of hamartomatous polyps in two breast cancer patients with 

characteristic mucocutaneous pigmentation (PJ6 and PJ7) and absence of 

mucocutaneous pigmentation in one case with ovarian gonadoblastoma and 

hamartomatous polyps (PJ5). Hence, in cases with a PJS associated cancer, even if 

one of the two syndromic features is evident, STK11 testing is warranted. 

Interestingly, the breast cancer histology and IHC in all the four carriers of STK11 

pathogenic mutations (PJ1, PJ6, PJ7, PJ20) and one STK11 obligate carrier (PJ2a) was 

nearly identical—infiltrating duct carcinoma grade III in four cases and grade II in one 

case and positive for oestrogen receptor (ER) in all five cases, progesterone receptor 

(PR)-positive in three of five cases and Her2-negative in all four cases in whom this 

information was available. Breast cancer is the second most common cancer in PJS 

with a risk of 45% at the age of 70 years [109]. Surprisingly, the ER/PR/Her2 status 

despite being the most important prognostic factor having a direct correlation with the 

underlying molecular subtype has not been described for STK11 germline pathogenic 

mutation carriers. Germline pathogenic mutations in specific genes produce distinct 

breast cancer phenotype. While germline BRCA1 pathogenic mutations are associated 

with triple-negative breast cancer, the BRCA2-associated breast cancers are often ER-

positive and Her2-negative [113]. In a large cohort of over 

10 000 women with triple-negative breast cancer evaluated for germline pathogenic 

mutations with multigene Next Generation Sequencing (NGS) panels, which included 

STK11, pathogenic mutations were identified in 22 genes including BRCA1, BRCA2, 
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TP53 and several other genes but not in the STK11 gene [114]. This inverse 

association between TNBC and STK11 germline pathogenic mutations derived from a 

very large TNBC cohort supports the finding of our study where all the four cases 

were ER-positive. Strong association between breast cancer ER positivity and HER2 

negativity if confirmed in a larger pooled cohort of STK11 pathogenic mutation 

carriers would firmly establish the STK11 breast cancer phenotype and facilitate their 

genetic counselling and risk management advice. The NCCN guidelines 

(https://www.nccn.org/) recommend breast screening for women with STK11 

pathogenic mutation but do not discuss options of chemoprevention or risk reducing 

salpingo-oopherectomy (RRSO). If the strong association between STK11 pathogenic 

mutation and ER positive status of breast cancer is confirmed, similar to the carriers of 

pathogenic mutation in BRCA2 gene, women with STK11 pathogenic mutations may 

be offered the option of tamoxifen chemoprevention or RRSO. RRSO would not only 

reduce their risk of gynaecological malignancies but also lower the breast cancer risk. 

Several reasons have been put forth regarding the absence of detectable STK11 

germline pathogenic mutations even after comprehensive sequencing and LGR 

analysis. The most important cause may be syndromic misclassification due to 

incomplete information or overlapping features with other syndromes as discussed in 

section 3.1.3 on differential diagnosis of PJS. Presence of only one and sometimes 

both characteristic features of PJS may therefore be considered as suggestive of a PJS 

syndromic diagnosis and needs confirmatory genetic analysis to identify STK11 

pathogenic mutation. Negative genetic testing for STK11 in cases with a distinct 

possibility of a benign syndrome like LHS would help these individuals as lifelong 

screening for PJS-associated cancers can be avoided for them. The identification of a 
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germline BRCA1 pathogenic mutation in one of our cases (PJ19) with triple-negative 

breast cancer and PJS-like mucocutaneous pigmentation the importance of making 

syndromic differential diagnosis and genetic screening of BRCA1/2 in suspected PJS 

patients with breast cancer and MMR genes in suspected PJS patients with GI cancer 

if no pathogenic mutation in STK11 is identified. 

Classic PJS cases without a detectable STK11 pathogenic mutation may also be 

explained by genetic heterogeneity with other genetic loci that may produce the PJS 

phenotype. Linkage between PJS and a second locus at 19q13.4 has been reported 

[111, 115]. To investigate the possibility of chromosome 19q13.4 as the second locus, 

a study [116] screened eight STK11 mutation negative PJS families for genetic 

alterations in 4MARK genes that are present at this locus and are also a part of the 

AMPK-related kinase family of which LKB1/STK11is an upstream activator [81]. No 

pathogenic mutation was found in any of these genes in eight cases. Germline exome 

sequencing in four STK11 mutation negative PJS cases in two studies, identified 

several mutations with possible role but they have to be characterized to determine 

their causative role [117, 118]. 

Somatic mosaicism was reported in four of the 300 PJS families in whom germline 

STK11 pathogenic mutation was not identified earlier [119]. A recent study reported 

mosaicism in a female negative for the pathogenic STK11 mutation that was found in 

her son who developed PJS-associated cancer. The mother was later found to have 

mosaicism with the mutant allele being detected in the DNA extracted from her 

gametes and GI tract but not from the blood [120]. The possibility of STK11 

inactivation through germline pathogenic mutations in the promoter region of STK11 

has also been ruled out in a study cohort of 33 STK11-negative PJS cases [121]. 
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The pathogenic mutations identified in our cohort including frameshift, missense and 

LGRs are scattered from exon 2 to 7, which encodes the STK11 functional kinase 

domain and is in concordance with the published literature [68, 122]. Of the 18/20 PJS 

probands with muco-cutaneous pigmentation over lips and adjoining buccal mucosa, 5 

cases also had pigmentation over palms, finger tips, breast and upper back. However, 

we could not identify any difference in the pattern or extent of pigmentation between 

carriers and non-carriers. This is concordance with one of the largest systematic 

review of 1644 PJS cases where no difference in cancer risk with the type and site of 

pathogenic STK11 mutations was identified [109]. 

In summary, we report the first comprehensive study on an Indian PJS cohort 

including 13 carriers/obligate carriers of STK11 mutations. With the identification of 

several novel STK11 mutations, this study has expanded the spectrum of pathogenic 

mutation in STK11 gene and highlights the need for studying different populations 

across the world and pooling of genotype phenotype data. This is the first study to 

investigate and identify the association between germline STK11 pathogenic mutation 

and ER and Her2 status of PJS-associated breast cancer. This needs to be confirmed in 

a larger pooled cohort of breast cancers in women with germline STK11 pathogenic 

mutation as this knowledge can help devise guidelines for better risk management of 

female carriers of STK11 pathogenic mutation with RRSO and/or chemoprevention. 
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4.1 Introduction 

Lynch syndrome (LS), also known as hereditary non-polyposis colon cancer 

(HNPCC), is an autosomal dominantly inherited cancer predisposition syndrome that 

accounts for approximately 2-5 % of all CRC cases [123, 124]. It occurs at an early 

age (around 45 years) with multiple generations of the family usually affected with 

CRC. Lynch syndrome patients develop tumours predominantly in the proximal colon 

and show a propensity for multiplicity (synchronous and metachronous tumours). In 

addition, they have an increased risk for extracolonic cancers, such as endometrial, 

ovarian, gastric, and pancreatic cancers [125, 126]. The penetrance of this syndrome is 

high; the lifetime risk of developing CRC is up to 80% in men and 50% in women. In 

addition, women have approximately a 40-60% risk of developing endometrial cancer 

[127, 128]. 

4.1.1 History of Lynch syndrome 

Reportedly inspired by his fatalistic seamstress, Aldred Warthin, from the University 

of Michigan, first identified this multi-cancer syndrome in mid-western USA in 1895. 

In 1913 he published the first known case report of her family‘s pedigree including 

multiple cases of gynaecological and gastrointestinal cancers in the absence of 

polyposis under the name of Family ‗G‘ [129]. Pedigree of Family ‗G‘ remains one of 

the longest family cancer histories ever recorded (Pedigree shown in Fig 4.1). It was 

rediscovered by Henry Lynch in 1966, who reported two families from mid-west USA 

(Families N and M) whose members had very similar spectrum of tumours to Family 

G‘s so he argued for the recognition of a new syndrome referred to as autosomal 

dominant cancer family syndrome (CFS) [130]. The disease was initially called 

―family cancer syndrome‖ by Lynch who later coined the term HNPCC, since 
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associated polyposis is rare [131]. Lynch with the help of James French; then 

Chairman of the Department of Pathology at the University of Michigan and Anne 

Krush, a medical social worker conducted a detailed investigation of Family ‗G‘ with 

phenotypic characterization of over 650 family members. This syndrome‘s salient 

features includes: (1) increased incidence of adenocarcinomas, mainly of the colon 

and endometrium; (2) increased risk for multiple tumours; (3) autosomal dominant 

inheritance; and (4) early onset of cancer [132].  

 

Fig 4.1 Pedigree of Family „G‟ (Taken from Ref. [129]) 

 

It was not until 1984 that this syndrome was coined as Lynch syndrome [133]. In 1991, 

the term hereditary non-polyposis colorectal cancer (HNPCC) was forged by an 

international collaborative group of researchers to distinguish them from FAP [134]. 

Due to prevalence of extra-colonic cancers with endometrial cancer being the sentinel 

cancer in affected women [135], Lynch Syndrome (LS) is now favoured over HNPCC. 
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4.2 Clinical Features of Lynch Syndrome 

Despite its heterogeneous nature, LS has a clinical signature that eases its 

identification. Affected individuals generally develop at young age with the median 

age of first tumour diagnosis being 45years, 24 years earlier than the general 

population. LS colorectal tumours are predominantly right sided. LS patients have an 

elevated risk of synchronous and metachronous cancers.  

At the histological level, colorectal cancers (CRCs) generally are poorly differentiated, 

have a mucinous component, with signet ring cells, tumour infiltrating lymphocytes 

(TILs) and intense lymphocytic reaction (Crohn‘s-like) [136]. CRC in LS patients are 

associated with a better prognosis than that of sporadic cases despite of aggressive 

histological features of most LS carcinomas [137] [138]. 

Furthermore, although LS individuals form less adenoma and develop at an older age 

than FAP cases, precursor lesions evolve to malignancy in a highly accelerated 

manner, with the adenoma-carcinoma sequences lasting less than 3 years, in contrast 

with CRCs from sporadic origin where usually carcinoma arises after 7-10 years [131, 

139, 140]. 

4.2.1 Lynch syndrome spectrum of cancer 

Individuals diagnosed with Lynch syndrome have a 70 to 85% risk of developing 

CRC by the age of 65 years and an elevated risk of developing a second primary. The 

most common extra-colonic cancers in the Lynch syndrome spectrum is endometrial 

cancers in females. The lifetime risk varies in the range of 30-40% risk depending 

upon the MMR gene mutated [141]. Other LS-associated cancers such as small bowel 

cancer are considered rare with lower lifetime risk (1-4%), however it is significant 

compared to only about 0.01% lifetime risk in the general population [142]. There is 
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an increased risk of extracolonic cancers like urothelial, renal, biliary, pancreatic, 

breast, prostate, and rare adrenocortical tumours in LS-associated MMR-mutation 

positive individuals have also been reported and therefore they be considered as part 

of LS spectrum [142]. 

4.2.2 Clinical criteria for diagnosis of Lynch syndrome 

Identification of Lynch syndrome patients and families has significant effect on their 

clinical management and may impact the surgical approach, recurrence of cancer 

surveillance and screening for extracolonic malignancies. In 1990 the first diagnostic 

guidelines called as the Amsterdam Criteria (AC-I) was established by a panel of 

experts (the International Collaborative Group on Hereditary Non-polyposis 

Colorectal Cancer – ICG-HNPCC) for recruiting HNPCC patients for collaborative 

studies [134]. The initial criteria was restricted to common characteristics of LS-

associated CRCs (i.e. young age of onset and family history), therefore was revised 

(AC-II) to incorporate extra-colonic cancers [143]. Both these criteria imply special 

familial aggregation and identify around 60% to 80% of LS patients; however they are 

too stringent for clinical use [134, 144, 145]. Therefore in 1997, the National Cancer 

Institute established the Bethesda Guidelines to aid in the identification of LS in cases 

not identified by the Amsterdam Criteria. The criteria are based on the 

clinicopathological aspects of LS and were established to direct MSI testing in 

suspected Lynch-associated colorectal tumours for early diagnosis [146]. In 2004 the 

Bethesda guidelines were revised in order to broaden the criteria and improve LS 

detection [147] [148]. These clinico-pathological guidelines are detailed in Table 4.1. 
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Table 4.1 Clinical criteria for diagnosis of Lynch syndrome 

Amsterdam Criteria I (est. 1990) [134]  

Individuals must meet ALL the following criteria: 

1. At least three relatives with colorectal cancer 

2. At least two successive generations should be affected 

3. At least one colorectal cancer should be diagnosed <50 years of age 

4. One of the individuals should be a first-degree relative to the other two 

5. Familial adenomatous polyposis should be excluded 

6. The tumours should be verified by pathological examination 

Amsterdam Criteria II (est. 1998) [143] 

Individuals must meet ALL the following criteria: 

1. At least three relatives with a Lynch-associated cancer (colorectal, endometrial, 

small bowel, ureter/renal pelvis) 

2. At least two successive generations should be affected 

3. At least one tumour should be diagnosed <50 years of age 

4. One of the individuals should be a first-degree relative to the other two 

5. Familial adenomatous polyposis cases should be excluded  

6. The tumours should be verified by pathological examination 

Bethesda Guidelines for testing colorectal tumours for MSI (est. 1997) [146] 

Tumours should be tested for MSI in any of the following situations: 

1. Cancer in a family that meets Amsterdam Criteria I 

2. Two Lynch-associated cancers, including synchronous and metachronous colorectal 

cancers or extracolonic cancers (endometrial, ovarian, gastric,  eratoacantho, small 

bowel cancer, transitional cell carcinoma of the renal pelvis/ureter) 

3. Colorectal cancer and a first-degree relative with colorectal cancer and/or Lynch-

associated extracolonic cancer and/or a colorectal adenoma; one of the cancers 

diagnosed <45 years of age, and the adenoma diagnosed <40 years of age 

4. Colorectal cancer or endometrial cancer diagnosed <45 years of age 

5. Right-sided colorectal cancer with an undifferentiated (solid/cribriform) tumour 

histology, diagnosed <45 years of age 

6.  Signet-ring-cell-type colorectal cancer diagnosed <45 years of age  

7.  Adenomas diagnosed <40 years of age 
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Revised Bethesda Guidelines for testing colorectal tumours for MSI (est. 2004) 

[147] 

Tumours should be tested for MSI in any of the following situations: 

1. Colorectal cancer diagnosed <50 years of age 

2. Presence of synchronous/metachronous colorectal, or other Lynch-associated 

tumours (colorectal, endometrial, gastric, ovarian, pancreas, small bowel, ureter and 

renal pelvis, hepatobiliary tract, glioblastoma in Turcot syndrome, sebaceous 

adenomas and  eratoacanthomas in Muir-Torre syndrome) regardless of age 

3.  Colorectal cancer with the MSI-H histology diagnosed <60 years of age 

4. Colorectal cancer diagnosed in one or more first-degree relatives with a Lynch-

associated tumour, with one of the cancers diagnosed <50 years of age 

5. Colorectal cancer diagnosed in two or more first- or second-degree relatives with 

Lynch associated tumours, regardless of age 

 

4.2.3 Microsatellite Instability: Hallmark of Lynch Syndrome tumours 

In 1992, Manuel Perucho and colleagues carried out PCR amplification using DNA 

extracted from colon cancer and matched normal tissue samples using random primers 

[149]. In 1993 the data was published where they reported that 12 % of the tumours 

had bands that were shorter in length compared to their normal counterparts. Analysis 

of the sequences from these bands revealed the presence of simple repetitive elements 

(i.e., microsatellites), primarily in polyadenine (An) tracts associated with Alu 

sequences.  

Concurrently, work from Stephen Thibodeau‘s laboratory identified deletion 

mutations in [CA]n sequences in chromosomes 5q, 15q, 17p, and 18q in colorectal 

tumours and coined the term microsatellite instability [150]. They detected MSI in 

28% of colorectal tumour similar to Perucho‘s findings and showed that these 

alterations were heterogeneous in different tumours. Both the above work recognized 
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that microsatellite instability could be a unique pathway to CRC development in 

absence of chromosomal instability. 

Microsatellites  are  repeated-sequence  motifs,  consisting  of  simple  mono-,  di-,  tri 

and  tetra-nucleotide  DNA  repeats,  found  all  across  the  genome  in  large  

numbers [151]. Mismatch repair deficiency causes microsatellite instability, which is 

characterized by clonal global deletion or duplication of microsatellite repeat 

sequences. Polymerase errors are relatively common in microsatellites resulting in 

insertion or deletion of nucleotides [152]. Failure of DNA mismatch repair protein 

activity in LS, results in the accumulation of these errors especially in these repetitive 

sequences, therefore producing microsatellite instability. It is seen that MSI results in 

increased mutation rate in the order of 100 to 1,000 fold [153-155]. This high 

mutation rate increases the probability of other tumour suppressor genes or oncogenes 

to be also affected [156]. LS tumours have a hypermutated genome due to overall 

increase in mutation burden and exhibit a so called, ―mutator phenotype‖. The process 

of microsatellite instability is represented in Fig 4.2 

 

Fig 4.2 Mechanism of Microsatellite Instability (Taken from Ref [157] 
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More than 80% of Lynch syndrome associated tumours display MSI and is therefore 

regarded as the hallmark of LS tumours. MSI testing is therefore used as one of the 

diagnostic criteria for identifying LS cases and a pre-screening technique for genetic 

testing in these cases. A panel consisting of three dinucleotide repeats (D2S123, 

D5S346, D17S250) and two mononucleotide repeats (BAT26, BAT25) known as the 

Bethesda panel is used as a standard test for MSI as recommended by National Cancer 

Institute in 1997 [158]. If two or more of the five marker show instability, the tumour 

is MSI-H; if only one marker is unstable, the tumour is MSI-L; and if all five markers 

are stable, the tumour is MSS. Numerous published reports showed that 

mononucleotide markers were superior to the dinucleotide markers for assessment of 

MSI as the changes in repeat length are longer in mononucleotides and therefore 

easier to interpret. It soon became apparent that mononucleotide markers 

are quasimonomorphic markers that in principle obviate the need to study unaffected 

or normal tissue for MSI testing [159, 160]. In 2002, a comprehensive study which 

was undertaken to improve the sensitivity of MSI testing proposed a pentaplex marker 

panel of 5 quasi-monomorphic mononucleotide marker (BAT25, BAT26, NR-21, NR-

22, and NR-24) [159], By consensus, microsatellite status has been divided into three  

groups: MSI-H would be called if 40% or more of the markers tested were unstable, 

low-level instability  (MSI-L) with less than 40% instability and microsatellite stable  

(MSS),  with no instability seen. A description of Bethesda Panel and pentaplex panel 

is given in Table 4.2. 
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Table 4.2 Microsatellite markers used for MSI testing 

Panel Marker MS repeat Location 

 

 

Bethesda Panel 

BAT25 A (25) Chromosome 4, Intron 16 of c-kit 

BAT26 A (26) Chromosome 2, Intron 5 of MSH2 

D2S123 CA (n) Chromosome 2, Linked to MSH2 

D5S346 CA (n) Chromosome 5, Linked to APC 

D17S250 CA (n) Chromosome 17, Linked to P53 

 

Pentaplex Panel 

BAT25 A (25) Chromosome 4, Intron 16 of c-kit 

BAT26 A (26) Chromosome 2, Intron 5 of MSH2 

NR21 T (21) Chromosome 14, 5‘UTR of SLC7A8 

NR24 T (24) Chromosome 2, 5‘UTR of ZNF2 

NR27 A (27) Chromosome 11, 5‘UTR of IAP-2 

 

4.2.4 Immunohistochemical analysis as a prescreening tool 

Immunohistochemistry (IHC) has been reported to have a good sensitivity (>90% ) as 

loss of tumour MMR protein expression is reported to be evident in significant 

number of cases with pathogenic MMR gene mutations and shows greater than 90-

95% correlation with the MSI-H phenotype [161].  IHC has higher sensitivity and 

specificity over STR based MSI analysis for the molecular screening of LS [162]. IHC 

is carried out by using a four-antibody panel including MLH1, MSH2, MSH6, and 

PMS2 which is used to test for loss of protein expression. MMR protein stability is 

based on its in-vivo heterodimerization and can explain the staining pattern observed 

in MMR IHC. When MLH1 protein is defective there is loss of both MLH1 and PMS2, 

because PMS2 stability depends on its ability to form a complex with MLH1. 
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Similarly, there is MSH2 & MSH6 loss when MSH2 is defective. The opposite, 

however, does not apply, because tumours with defective PMS2 or MSH6 may 

maintain expression of MLH1 or MSH2, respectively.  A tumour with loss of 

expression of MLH1/PMS2 may be either due to promoter methylation or germline 

mutation in MLH1. IHC of each MMR protein has a sensitivity of 74%, 91%, 55% 

and 77% for the detection of mutation in MLH1, MSH2, MSH6 and PMS2 respectively 

[163, 164]. The specificity varies from 80-100% depending upon the antibody and the 

panel used [164-166]. Several reports have proven that MMR proteins IHC provides a 

faster, cost-effective, sensitive and highly specific screening technique for MSI 

analysis and subsequent LS diagnosis. However, the debate regarding the methods 

used to start screening for Lynch syndrome is still ongoing (IHC and MSI) as some 

studies strongly favours its use demonstrating the diagnosis of a significant fraction of 

LS cases that would otherwise have been missed [167]. On the contrary, other studies 

discourage its application by outweighing its advantages over the limitations and 

challenges associated with the implementation of this concept [163]. 

 

4.3 Genetic features of Lynch Syndrome 

Lynch Syndrome is caused due to inherited germline mutations in one of four 

mismatch repair (MMR) genes MLH1, MSH2, MSH6, and PMS2 [168] (Table 4.3), as 

well as epimutations in MLH1 and MSH2, the later associated to EPCAM deletions 

resulting in a defective MMR machinery. 
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Table 4.3 Characteristics of MMR genes involved in LS 

 

Gene 

Symbol 

Name Reference 

number 

Chromosomal 

position 

Coding 

exons 

DNA 

length 

(bp) 

RNA 

length 

(bp) 

Protein 

length 

(aa) 

Protein domains 

MLH1 MutL 

homolog 1 

NM_00249.3 3p21.3 19 75,557 2,752 756 ATPase domain 

Interaction domain for MSH2, MSH3, MSH6 

Interaction domain for PMS2, MLH3, PMS1 

MSH2 MutS 

homolog 2 

NM_00251.2 2p21 16 80,259 3,307 934 DNA binding domain 

Interaction domain for MSH3 and MSH6 

Interaction domain for MLH1 and PMS2 

MSH6 MutS 

homolog 6 

NM_00179.2 2p16 10 23,871 7,476 1360 Helix-turn-helix domain associated with a Walker- A motif 

(adenone with Mg binding motif) with ATPase activity 

PCNA binding motif 

PWWP domain that bind to dsDNA 

PMS2 Postmeotic 

segregation 

increased 2 

NM_00535.5 7q22.1 15 35,886 2,885 862 ATP interaction domain 

MLH1 binding domain 

Exonuclease domain 

Abbreviations: bp- base pair; aa- amino acid; ATP- adenosine triphosphate; PCNA- proliferating Cell Nuclear Antigen; PWWP- proline-tryptophan-

tryptophan-proline; ds- double stranded 
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4.3.1 DNA Mismatch Repair Pathway 

MMR genes are involved in different cellular processes. They modulate DNA 

recombination, DNA damage signalling, and have a role in apoptosis regulation. 

However, their most important function is to restore replication fidelity when the 

polymerase fails. Polymerase errors occur during DNA replication and can happen either 

by simple mismatches or by strand slippage, that convey small insertions or deletions in 

the newly synthesized DNA strand [152]. MMR is a well conserved pathway, 

fundamental to maintain genomic integrity by correcting replication or recombination 

errors. There are four basic steps to repair a mismatch: a) recognition of a DNA base 

mismatch which causes distortion in the DNA double helix structure or insertion/deletion 

loop (IDL – caused by polymerase slippage during replication) by MutSα, which is made 

up of a heterodimer of MSH2 and MSH6, or MutSβ consisting of a MSH2 and MSH3 

heterodimer. MutSα recognizes mismatches and single base loops while MutSβ 

recognizes indels. The function of the two MutS heterodimers is overlapping, and 

therefore partly redundant. b) Upon recognition of the mismatch, MutSα (or MutSβ) 

recruits MutLα (MLH1 and PMS2 heterodimer) in an ATP dependent reaction [169]. The 

tetrameric complex slides on the DNA clamp. MutLα acts as a mediator as it interacts 

with and modulates the activity of several MMR proteins. c) PMS2 introduces a nick in 

the daughter strand at the 5‘ end of the mismatch using its endonuclease activity thereby 

facilitating the excision of the mismatch-containing strand of DNA in a 5‘ to 3‘ direction 

by exonuclease EXO1. The excision intermediate is protected from nuclease degradation 

by replication protein A (RPA). d) The excised DNA strand is then resynthesized by 

DNA polymerase (Pol δ or ε) and DNA ligase in the presence of RPA, proliferating cell 
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nuclear antigen (PCNA) and the clamp loader replication factor C (RFC) [170-172]. A 

schematic representation of the mismatch repair pathway is shown in Fig 4.3. 

 

Fig 4.3 Schematic representation of MMR pathway (Taken from Ref [173]) 

 

4.3.2 Mutation spectrum of MMR genes 

MLH1 and MSH2 mutations account for more than 70% of LS cases. MSH6 represents 

~18%, PMS2 represent ~6% and deletion of the 3‘ end of EPCAM (formerly TACSTD1), 

the gene adjacent to MSH2, are responsible for about 1-2% of LS families [174]. The 

deletions at the end of the EPCAM gene lead to epigenetic inactivation of the cis MSH2 

allele [175, 176]. MLH1 and MSH2 are the major genes owing to their indispensable role 

in MMR pathway followed by MSH6 and PMS2, the minor genes which are the chief 
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interacting partners of MLH1 and MSH2. The mutations in MLH3 are very rare and no 

LS-associated MSH3, MSH4 and MSH5 mutations have been reported so far in the 

literature, as MSH4 and MSH5 proteins have no role in mismatch repair, rather they are 

involved in meiotic recombination [177]. There is currently no evidence regarding the 

involvement of any other mismatch repair genes in Lynch syndrome tumour 

development. MMR gene mutation affects all races, although mutation frequencies vary 

among genders and geographic regions. 

LS pathogenic genetic mutations usually are nonsense, frameshift or splicing mutations. 

Large genomic rearrangements are also causative and have been reported to make nearly 

a third of MMR gene mutations, especially frequent in MSH2 due to high content of Alu 

elements [178-180]. Fig 4.4 shows type of mutation found in MMR genes as per 

InSiGHT database [181].  Additionally, a rare constitutional MLH1 epimutation has been 

reported that leads to promoter hypermethylation and is usually associated with sporadic 

CRC cases [182, 183]. 

         Fig 4.4 Types of mutation in MMR genes (InSiGHT database) 

MMR deficiency in tumour tissue occurs due to inactivation of both alleles. The second 

allele can be inactivated by a variety of mechanisms including, whole gene deletion, 

gene conversion, and point mutation (the least likely mechanism) [184]. The colon 
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microenvironment may have mutagens that greatly increase the chance of losing the 

wild-type allele of the mutated MMR gene, either by somatic mutation or loss of 

heterozygosity (LOH) [185-187]. MMR gene mutation increases the risk of malignant 

transformation especially in the gastrointestinal epithelium and endometrium, due to the 

high proliferation rate of these cells [188]. 

Usually mutations in MMR genes are scattered throughout the gene with no obvious 

hotspots and most mutations are unique. Interestingly, there are recurrent mutations that 

reappear due to genetic circumstances or other factors, like the A>T transversions in a 

splice site of Intron 5 of MSH2 gene (c.942+3A>T), explained by the fact that this 

adenine is the first of 26 adenines in a stretch, creating a hotspot for this particular 

change, possible by de novo mutation produced by polymerase slippage during 

replication [189]. The same A26 repeat is a part of an important MSI marker, BAT26. 

Moreover, there are also mutations shared by unrelated cases inherited from a common 

ancestor many generations before, recognized as founder mutations. The likelihood for 

them to become common is greater in isolated or rapidly grown populations. Based on 

the extent of haplotype conversion, the age of MMR gene founder mutations may vary 

from few hundreds to few thousand years [190]. To date around 50 proven founder 

mutations have been detected in MMR genes, in specific populations and may account 

for 50% of all LS families in some populations [190].  

The International Society for Gastrointestinal Hereditary Tumours (InSiGHT, 

www.insight-group.org) formed the InSiGHT Colon Cancer Gene Mutation Databases as 

part of a pilot program with the Human Variome Project (HVP) to collate all inherited 

alterations affecting CRC susceptibility genes and undertook a massive scale study of 

MMR mutations to infer the pathogenicity of all the mutations using a 5-tiered 
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classification system. The Class 5 and Class 4 mutations are the ―pathogenic‖ and ―likely 

pathogenic‖ mutations. Class 3 represents ―mutations of unknown significance (VUS)‖ 

whereas the Class 2 and Class 1 signify the ―likely benign‖ and ―benign‖ mutations 

[174]. 

4.3.3 Cancer risk of MMR gene mutation carriers 

Carriers of a MMR gene mutation have been reported to have an estimated lifetime 40-

75% risk of developing cancer depending on the gender and mutated MMR gene [191]. 

Among the different cancers associated with Lynch, the highest lifetime risk in MLH1 

and MSH2 mutation carriers is for colorectal cancer followed by endometrial cancer and 

other extracolonic cancer. The cumulative risk associated with MLH1, MSH2 and MSH6 

mutation carriers to age 70 for CRC ranges between 30-75% for men and 25-50% for 

women, and between 30-45% for women with endometrial cancer [192-196]. The 

associated lifetime risk of CRC and endometrial cancer varies depending upon the MMR 

gene mutated. The estimated colorectal cancer risks in MLH1 and MSH2 mutation 

carriers by age 70 years vary, ranging from 28-74% for males and 23-61% in females, 

and 18-54% for endometrial cancer [193, 197]. MSH6 and PMS2 display a reduced age 

specific penetrance compared to MLH1 and MSH2 mutations which reflects functional 

redundancy of MSH6 with MSH3 and PMS2 with MLH3 and PMS1 [181]. The 

corresponding CRC risks reported for a mutation in MSH6 are 22-36% and 10-18% for 

males and females respectively [198, 199] and for PMS2 mutation carriers the risks are 

20% and 15% [200]. MSH6 mutation carriers show a higher association with endometrial 

cancer than MLH1/MSH2 mutation carriers and a later age of onset [198, 201-204] . The 

estimated risk of endometrial cancer by age 70 reported for different studies is between 

16 and 49% [128, 192, 198, 205]. 
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Several other cancers are included in the Lynch spectrum such as gastric, small bowel, 

ovarian, pancreatic, hepatobiliary tract, urothelial (including renal pelvis, ureter and 

bladder), and brain tumours; and are associated with a more modest penetrance. Table 

4.4 summarizes the comparative risks of various cancers in Lynch syndrome and general 

population with the mean age of onset of each cancer [206]. Breast cancer and prostate 

cancer are the comparatively newly recognized cancers in Lynch syndrome spectrum 

with moderate increase associated with MMR gene mutation carriers, however inclusion 

of these cancers in the syndrome is still a debatable issue [207, 208]. 
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Table 4.4 The comparative risks of various cancers in Lynch syndrome and general 

population with the mean age of onset of each cancer 

Cancer risk by age 70 years   Mean age of onset (years) 

Cancer Population 

risk 

MLH1/

MSH2  

MSH6  PMS2  Population 

risk 

MLH1/

MSH2  

MSH

6  

PMS2  

 

Colorectal 2% 40-70% 10-22% 15-20% 70 40-61 54 61-66 

Endometrial <2% 35-40% 17-44% 15% 70 47-62 55 50 

Ovarian <1% 4-11% 1-11% # 63 41-51 46 42 

Stomach 0.9% 5-13% <3% # 69 55 63 70-78 

Pancreatic 1.5% 3.7% <1% Not 

clear 

71 - - - 

Hepatobiliary 0.9% Upto 4% NA # 63 50-57 - - 

Urinary Tract <1% Upto 6% 0.7% # 64 54-60 30-75 - 

Small Bowel 0.2% Upto 6% NA # 66 <50 40-73 - 

Brain/CNS 0.6% Upto 3% <1% # 57 50 - - 

Sebaceous <<1% 1-9% Not clear Not 

clear 

- 55-62 - - 

# The combined risk for ovary, stomach, hepatobiliary, urinary tract, small bowel and 

brain is 6% 

 

Muir-Torre syndrome and Turcot‘s syndrome are rare variants of LS. Muir-Torre is 

characterized by the presence of multiple benign/malignant skin lesions such as 

sebaceous carcinomas and keratoacanthomas along with with other LS-associated 

tumours [209, 210]. Turcot‘s syndrome, a rare syndrome is associated with FAP or LS 

and may also be included in constitutional mismatch repair deficiency syndrome 

(CMMR-D). It is characterized by association of colonic polyps and brain tumours, such 

as glioblastoma/astrocytoma, and CRC [211, 212]. CMMRD is caused by bi-allelic 

MMR gene germline mutations and is detailed in Chapter 5. Brain tumours are less 

common in heterozygote mutation carriers and predominantly occur in MSH2 mutation 
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carriers [197, 213]. It has even been suggested that the original Turcot‘s syndrome cases 

(two siblings with multiple adenomatous polyps, CRC and brain tumours) could have 

been CMMRD cases [211] [214]. It is worth mentioning that Turcot syndrome could also 

be caused by APC mutations, when so, affected cases develop different tumour features 

from the MMR gene mutated tumours, with a special predisposition to manifest polyps 

[212]. The LS tumour spectrum is quite wide and some rare tumours like 

leiomyosarcoma, adrenocortical carcinoma and malignant fibrous histiocytoma are seen 

more frequently in LS than the general population [215-217]. 

 

4.4 Genotype-phenotype correlation in Lynch syndrome 

Several studies have reported a difference in the risk of developing colorectal cancer and 

other extracolonic cancers among different MMR gene mutation carriers and also among 

carriers of different types of MMR gene mutation [218]. Difference in age of onset and 

severity of disease has also been noted depending upon which MMR gene is mutated 

[218]. MLH1 or MSH2 mutation carriers typically develop the LS characteristics which 

‗fulfils the Amsterdam I Criteria with a mean age of CRC onset of 43–46 years and with 

tumours exhibiting MSI, although MSH2 mutation carriers have a higher risk of 

developing extracolonic tumours [219, 220]. In contrast, MSH6 or PMS2 mutation 

carriers develop atypical LS phenotype, with MSH6 mutation carrier females at a higher 

risk of endometrial cancer than CRC with mean age of onset above 50 years [204, 221]. 

Moreover, these tumours do not consistently exhibit MSI expect at the mononucleotide 

repeats [222]. PMS2 mutation carrier usually develop CRC at a later age of onset and 

sometimes in the absence of family history, however these tumours do exhibit MSI [200, 

223, 224]. The reduced penetrance and later age of onset of various cancers associated 
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with MSH6 and PMS2 mutation as compared to MLH1 and MSH2 mutations may partly 

be explained by the functional redundancy of MSH6 and PMS2 with MSH3 and MLH3 as 

opposed to the obligate partners, MLH1 and MSH2 whose loss results in the 

destabilization of their respective partners [225]. LS patients with EPCAM deletions 

exhibit similar risk of developing CRC like MSH2 mutations carriers however show a 

reduced risk of extracolonic cancers [226]. If EPCAM deletions extend as far as MSH2 

promoter, it confers a higher risk of endometrial cancers in female carriers [227]. MLH1 

epimutations show similar phenotypic features like MLH1 gene mutation carriers [228]. 

No clear correlation has been observed between the type or location of mutation and 

clinical phenotype of LS [181]. While monoallelic MMR gene mutation causes LS, 

homozygous or biallelic mutations in MMR genes are associated with a more severe 

cancer phenotype, known as constitutional mismatch repair deficiency syndrome 

(CMMRD). Individuals with biallelic MMR gene mutation are associated with childhood 

haematological malignancies, brain tumours and LS-associated tumours with features of 

neurofibromatosis from infancy or young adulthood. CMMRD syndrome is discussed in 

detail in Chapter 5. 

LS phenotype exhibits heterogeneity among identical germline MMR gene mutation 

carriers also which suggests that it could be influenced by additional factors. For 

example, Peltomäki et al. reported a variable age of cancer onset among Finnish families 

carrying the same founder mutations of MLH1 [220]. Another study showed that tumour 

morphology and IHC expression of β-catenin (the nuclear localization of which is a 

hallmark of cancers driven by chronic activation of the WNT signaling pathway) varied 

extensively within families and even between synchronous or metachronous CRCs from 

the same individual [229]. Proximal CRCs more frequently exhibit poor tumour 
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differentiation, expanding growth pattern and increased tumour infiltrating lymphocytes, 

whereas distal CRCs often lack these distinct LS-associated morphological features 

[225]. Heterogeneity in clinical phenotype and gene mutation frequencies is evident 

among different populations For example; endometrial cancer is the most common 

extracolonic LS cancer in western countries whereas stomach cancer is more frequent in 

Southeast Asia [230]. It is therefore important to take into consideration these 

specificities as they may affect clinical diagnosis criteria, warranted genetic testing and 

the follow-up for affected patients and healthy mutation carriers. Therefore, it is 

imperative to study genotype-phenotype in each population as it could provide more 

specific surveillance program focused on the individualized risk. 

 

4.5 Indian Scenario of LS and objective of this study 

Lynch syndrome being the most commonly inherited colorectal cancer syndrome 

worldwide has been extensively studied with huge amount of data on its clinical and 

molecular aspects. However, most of these data comes from the Caucasian population 

[231, 232], with lack of knowledge from the Asian population, particularly South Asian. 

So far only 3 studies have been reported, describing a very small number of 28 Indian LS 

families with MMR gene mutations [233-235]. Of these 3 studies, the major study on 48 

cases used a comprehensive genetic screening approach (Sanger sequencing combined 

with MLPA) of the LS cases which identified MMR germline mutations in 24 families 

[233]. The other two studies includes a case study on an extended Indian family with 

R659X mutation in MLH1 gene [234] and a report of MLH1 and MSH2 mutations 

identified in 3 families after preliminary screening for MSI in 31  individuals [235]. 

Therefor one of the objectives of this study was to characterize the mutation spectrum of 
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MMR genes in a large Indian cohort and to study their genotype-phenotype correlation in 

detail. 

The families  were  registered  in  the  Cancer  Genetics  Clinic  after  making  syndromic 

diagnosis of Lynch syndrome based on the family history and other clinical features as  

per  the  medical  records  available.  Majority of  the  cases  in  this  study  was 

preselected  based  on  their  IHC  results. The cases showing MMR deficiency were 

taken on priority; though some cases with classical family history were also taken up 

irrespective of their IHC status. The methodology used for genetic screening of MMR 

genes was to amplify the entire coding and flanking intronic regions of the MMR gene 

by PCR as guided by IHC. In case of unavailability of IHC results, MLH1 gene was first 

screened followed by MSH2 and MSH6.  PCR products were subjected to Sanger 

sequencing in order to identify the germline mutation.  

 

4.6 Results 

4.6.1 Clinical Characteristics of MMR mutation carrier families 

This study was conducted on 232 individuals from 91 unrelated suspected Lynch 

syndrome families. This cohort included patients who fulfilled criteria defined in 

accordance with the Amsterdam or Bethesda guidelines. Informed consent, family 

history up to 3 generations at least and detailed clinical features were obtained from 

these 91 families of which 13 meet the Amsterdam criteria and 78 families meet the 

Bethesda guidelines. This cohort represents patients from all parts of the Indian 

subcontinent and belonging to Hindu, Muslim, Christian, Sikh, Jain and Sindhi religions. 

Of the 91 probands, 45 were males and 46 were females. Of the 91 probands, 79 had 

CRC of which 9 had metachronous CRC, 11 had CRC along with extracolonic cancer, 6 
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had synchronous CRC and remaining 12 had only extracolonic cancers. Classical Lynch 

syndrome cancers were noted in 64 families and the remaining 27 probands with no or 

unrelated family history were included in the study because they met the Revised 

Bethesda guidelines and tumour of 27/28 patients showed MMR deficiency on IHC.  A 

representative pedigree of a classical LS family is shown in Fig 4.5. The suspected cases 

could be due to a de-novo mutation in a MMR gene (representative pedigree shown in 

Fig 4.6). Comprehensive analysis was carried out in these families using a combination 

of Sanger sequencing and MLPA approach for genetic analysis, as outlined in Fig. 4.7. 

 

Fig 4.5 Classical Lynch syndrome family 

This is a Hindu Brahmin family from Madhya Pradesh. A total of 11 members across 3 

generations were affected with colon cancer between the ages of 29-61 years. 

Deleterious germline mutation in MLH1 gene was identified in the proband followed by 

testing of 4 at-risk individuals for the family specific mutation (FSM). Out of these 4 

family members, two were tested negative for the mutation while the other two were 

positive for FSM and were unaffected so far and have been kept under surveillance 
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Fig 4.6 Suspected de novo Lynch Syndrome case 

 

The proband is a 30 year old Hindu female from Maharashtra who was diagnosed with 

moderately differentiated adenocarcinoma of transverse colon. The tumour also showed 

loss of expression of MLH1/PMS2 proteins on IHC. She reported no history of cancers 

in her family but the early age of onset and the clinic-pathological features of tumours 

were suggestive of Lynch syndrome and therefore genetic testing was undertaken in this 

case which identified a deleterious frameshift mutation in MLH1 gene (de novo 

mutation). 
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Fig 4.7 Summary of the genetic analysis approach and results in Indian LS patients 

4.6.2 Mutation spectrum of MMR genes 

Genetic analysis revealed identification of MMR gene mutation in 88/91 families 

resulting in a mutation detection rate of 96.7% in our cohort. 68/88 was distinct 

deleterious germline mutations, of which 38 were in MLH1 gene (53 families), 28 were 

in MSH2 gene (33 families) and 2 were in MSH6 gene (2 families). MLH1 and MSH2 

mutations accounted for 90% of all the mutations identified in LS families which in 

concordance with the available literature. Most MLH1 and MSH2 mutations are 

truncating (including both frameshift and nonsense mutations) with splice site mutations 

being second most common type of mutation in MLH1 while there is a preponderance of 

Large Genomic Rearrangement (LGRs) in MSH2. The missense changes, which lead to 

single amino acid substitutions, included in this study which accounted for 12% of all 

mutations were Class 5 pathogenic mutation as per InSiGHT database (Fig 4.8) 
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     Fig 4.8 Distributions of the types of germline mutations across MLH1 and MSH2 

 

A total of 24 novel mutations were identified, of which 15 were in MLH1, 8 in MSH2 

and 1 in MSH6 gene. MLH1 mutations scattered throughout the gene while MSH2 

mutation clustered in proximal part of the gene encoding the DNA binding domain and 

MSH6/MSH3 interaction domain. 7 mutations were recurrent in MLH1 i.e. were found in 

more than 1 family, IVS9+1 G>A (Intron 9), c.306 G>T (Exon 3), c.350C>T (Exon 4), 

c.793C>T (Exon 10), c.2041G>A (Exon 18), c.1459C>T (Exon 13) and c.1416dupA 

(Exon 13) (Fig 4.9). All the mutations in MSH2 gene were identified in one family each; 

except three mutations, c.942+3A>T (Intron 5) identified in 4 families, c.181C>T (Exon 

1) and c.1165C>T (Exon 7) were identified in 2 families each (Fig 4.10). MLH1 and 

MSH2 mutation details are given in Table 4.5 and 4.6. 
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Fig 4.9 Exon wise distribution of mutations in MLH1 gene 

 

 

 

 

 

Fig 4.10 Exon wise distribution of mutations in MSH2 gene 
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Table 4.5 MLH1 germline mutations in Indian LS cohort 

Sr. 

No 

Exon DNA change Protein 

change 

Type of 

mutation 

No. of 

families 

Reported in 

InSiGHT/ 

ClinVar database 

1 Exon 1 c.46insG V16GfsX13 Frameshift 1 Novel 

2 Exon 1 c.83C>T P28L Missense 1 Reported 37 times 

3 Intron 1 c.117-3C>G - Splice site 1 Reported once 

4 Intron 2 c.208-2 A>C - Splice site 1 Novel 

5 Exon 3 c.298 C>T R100X Nonsense 1 Reported 30 times 

6 Exon 3 c.306 G>T E102D Missense 6 Reported 18 times 

7 Exon 4 c.350C>T T117M Missense 2 Reported 132 times 

8 Exon 4 c.346delA T116Qfs*20 Frameshift 1 Reported 2 times 

9 Intron 5 c.454-13A>G - Splice site 1 Reported 8 times 

10 Intron 7 c.589-2A>T - Splice site 1 Novel 

11 Exon 8 c.676delC R226Efs*3 Frameshift 1 Novel 

12 Intron 8 c.678-3 T>G - Splice site 1 Novel 

13 Intron 8 c.677+2 T>G - Splice site 1 Novel 

14 Exon 9 c. 731G>A G244D Missense 1 Reported 35 times 

15 Exon 9 c.766_776del C256Tfs*46 Frameshift 1 Novel 

16 Intron 9 c.790+1 G>A - Splice site 3 Reported 54 times 

17 Intron 9 c.790+2dupT - Splice site 1 Reported 19 times 

18 Exon 10 c.793C>T R265C Missense 2 Reported 75 times 

19 Exon 10  c.879C>G Y293X Nonsense 1 Novel 

20 Intron 10 c.884+4 A>G - Splice site 1 Reported 7 times 

21 Exon 11 c.955G>T K319X Nonsense 1 Reported 3 times 

22 Exon 13 c.1416dupA H473Tfs*6 Frameshift 3 Novel 

23 Exon 13 c.1459 C>T R487X Nonsense 3 Reported 64 times 

24 Exon 13 c.1480delT C494Vfs*14 Frameshift 1 Novel 

25 Exon 13 c.1491delG R498Efs*10 Frameshift 1 Reported 4 times 

26 Intron 13 c.1558+2insG - Splice site 1 Novel 

27 Exon 15 c.1719delT L574Sfs*15 Frameshift 1 Novel 

28 Exon 15 c.1731G>A S566S Substitution 1 Reported 62 times 

29 Exon 16 c.1742delC P581Rfs*10 Frameshift 1 Novel 

30 Exon 16 c.1852_1854delAAG K618del Frameshift 1 Reported 54 times 

31 Exon 17 c.1916dup L639Ffs*6 Frameshift 1 Reported 6 times 

32 Exon 17 c.1949dupTT L650Ffs*12 Frameshift 1 Novel 

33 Exon 17 c.1976 G>C R659P Missense 1 Reported 53 times 

34 Exon 18 c.2041G>A A681T Missense 3 Reported 90 times 

35 Deletion of 

Exon 1 

- - LGR 1 Reported 5 times 

36 Deletion of 

Exon 3-5 

- - LGR 1 Reported 12 times 

37 Deletion of 

Exon 4 

- - LGR 1 Reported 2 times 

38 Deletion of 

Exon 11-12 

- - LGR 1 Novel 
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Table 4.6 MSH2 germline mutations in Indian LS cohort 

Sr. 

No. 

Exon DNA change Protein 

change 

Type of 

mutation 

No. of 

families 

Reported in 

InSiGHT database 

1 Exon 1 c.181C>T Q61X Nonsense 2 Reported 6 times 

2 Intron `1 c.211+2T>G - Splice site 1 Novel 

3 Exon 2 c.268A>T K90X Nonsense 1 Novel 

4 Exon 2 c.270dupA D91Rfs*9 Frameshift 1 Novel 

5 Exon 3 c.443_444delTG V148Gfs*3 Frameshift 1 Novel 

6 Exon 3 c.595T>C C199R Missense 1 Reported 30 times 

7 Intron 3_Exon 4 c.646-4_648delinsT - Splice site 1 Novel 

8 Exon 4 c.687dup A230Sfs*2 Frameshift 1 Reported 5 times 

9 Exon 4 c.754C>T Q252X Nonsense 1 Reported 8 times 

10 Exon 5 c.811delTCTG S271Rfs*2 Frameshift 1 Reported 10 times 

11 Intron 5 c.942+1G>T - Splice site 1 Reported 4 times 

12 Intron 5 c.942+3 A>T - Splice site 4 Reported 220 times 

13 Exon 7 c.1165C>T R389X Nonsense 2 Reported 49 times 

14 Exon 9 c.1477 C>T Q493X Nonsense 1 Reported 11 times 

15 Exon 10 c.1616_1617delTT F539fsX Frameshift 1 Novel 

16 Exon 11 c.1705_1706del E569Ifs*2 Frameshift 1 Reported 21 times 

17 Exon 12 c.1786_1788delAAT N596del Frameshift 1 Reported 65 times 

18 Exon 12 c.1801C>T Q601X Nonsense 1 Reported 6 times 

19 Exon 12 c.1807G>A D603N Missense 1 Reported 29 times 

20 Exon 12 c.1983dupA Q662Tfs*14 Frameshift 1 Reported once 

21 Exon 13 c.2038C>T R680X Nonsense 1 Reported 55 times 

22 Exon 13 c.2162delG G721Efs*24 Frameshift 1 Novel 

23 Exon 14 c.2434_2453del T812Efs*5 Frameshift 1 Novel 

24 Deletion of Ex 6 - - LGR 1 Reported 16 times 

25 Deletion of Exon 

1-2 

- - LGR 1 Reported 32 times 

26 Deletion of Ex 14 - - LGR 1 Reported 3 times 

27 Deletion of Ex 2 - - LGR 1 Reported 39 times 

28 Deletion of Ex 8 - - LGR 1 Reported 2 times 
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4.6.3 Phenotypic characterization of MMR genes mutation carrier LS families 

This study included a total of 118 individuals with confirmed pathogenic mutation from 

88 families, of which 22% are healthy carriers. This included 75 MLH1, 39 MSH2 and 4 

MSH6 gene mutation carriers. Phenotypic characterization of these 88 mutation carrier 

families revealed an additional 135 obligate carriers or presumed to be mutation carriers 

in view of their relationship to confirmed mutation carriers and personal history of LS 

associated caner but not tested due to unavailability of samples. A total of 273 cancers 

were recorded in these 229 individuals from 88 mutation carrier families. 

Tumour frequencies and spectrum in Indian LS families  

Among the 273 tumours, CRC was the most common cancer in both MLH1 and MSH2 

mutation carriers, accounting for 74% versus 48% of tumours in MLH1 and MSH2 

mutation carrier families respectively (Table 4.7). Proportion of CRC was higher in 

males than females in both MLH1 (69/127, 54%) and MSH2 (29/46, 63%) mutation 

carriers (Fig 4.11). The mean number of cancers recorded per family was similar for 

MLH1 and MSH2 mutation carrier families. In MLH1 mutation carrier families, 1-11 

tumours were recorded per family (mean: 3) whereas in the MSH2 mutation carrier 

families there were 1-7 tumours per family (mean: 2.8). Multiple primary cancers were 

observed in 18/140 (13%) of MLH1 family members and in 6/85 (7%) of MSH2 families 

(Table 4.7). 
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Table 4.7 Spectrum of LS-associated cancers in families with MLH1 and MSH2 mutation  

Tumour location MLH1 (N=171) MSH2 (N=98) 

Colorectal 74% 48% 

Endometrium 5.3% 23% 

Stomach 1.3% 3% 

Breast 5.3% 4% 

Ovary 0.6% 5% 

Intestine 0 1% 

*Hepatobiliary 3% 2% 

Adrenal gland cancer 0 1% 

Pancreas 0.6% 0 

#
Urinary tract 3% 5% 

Brain & CNS 1.2% 2% 

Haematological 

malignancies 

0.5% 2% 

       *Include cancers of liver, bile duct, ampulla and gall bladder 
           #

Include cancers of ureter, bladder, kidney and prostrate 

 

Colorectal cancer is the most common cancer in males and females mutation carriers. 

Extracolonic cancers were more common in MSH2 (49%) as compared to the MLH1 

(25%) mutation carrier families. Endometrial cancer was the most common extracolonic 

cancer in females in MSH2 carriers and second most common extracolonic cancer after 

breast in MLH1 mutation carriers (Fig 4.11, Fig 4.12). In addition, breast, ovarian, 

stomach, hepato-biliary tract, urinary tract, brain and haematological malignancies were 

also observed in both MLH1 and MSH2 carrier mutation families. In addition, intestinal 
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cancers were seen only in MSH2. Interestingly, breast cancer was also found to be 

common in our cohort in both MLH1 (n=9) and MSH2 (n=4) mutation carrier families. 

 

 

Fig 4.11 Extra-colonic cancers in males with mutations in MLH1 and MSH2  

 

 

Figure 4.12 Extra-colonic cancers in females with mutations in MLH1 and MSH2 
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Age at diagnosis 

The age at diagnosis of first cancer was similar in families with mutations in MLH1 

(48.3±13.6 years, range: 13y-84y) and MSH2 (46.1±12.8 years, range: 3y-82y). There 

was no significant difference in the mean age at diagnosis at first cancer between males 

and females among MLH1 and MSH2 mutation carriers. (Fig 4.13) 
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Fig 4.13 Mean age at diagnosis in MLH1 and MSH2 mutation carriers 

 

The genotype-phenotype correlation of MLH1 and MSH2 mutation carriers are 

represented in Table 4.8. CRC was diagnosed at a mean age below 50 years in MLH1 

and MSH2 mutation carriers in both genders. The extracolonic cancers showed 
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significantly higher age of diagnosis (57 years) as opposed to CRC (46.76 years) in 

MLH1 mutation carrier families (*p=0.0007).  

 

Table 4.8 Genotype-phenotype correlation among MLH1 and MSH2 mutation carriers 

                MLH1               MSH2 p value 

Families 53 33  

No. of patients with 

cancer 

140 85  

Males 82 (58.5%) 42(49.4%)  

Females 58 (41.4%) 43 (50.6%)  

No. of tumours n (%) N (%)  

1 cancer 117 (83.6) 76 (89.4)  

>1 cancer 23 (18.6) 9 (10.6)  

Type of tumour      

CRC 103 (69 males & 

34 females) 

(73.6) 41 (29 males 

&12 females) 

(48)  

EC 37 (13 males & 

24 females) 

(26.4) 44 (14 males & 

30 females) 

(51)  

Onset      

≤50 years 84 (60) 57 (67)  

> 50 years 56 (40) 28 (33)  

Age at primary 

tumour 

Average (SD) Average (SD)  

Total 48.44±13.62 years 46.50±13.12 years 0.3066 

CRC (Both genders) 46.63±12.56
# 

years 43.76±11.89 years
$ 

0.2090 

CRC (Males) 47.9±11.83 years 45.096±11.70 years 0.2840 

CRC (Females) 44.72±13.47 years 43.85±14.05 years 0.3718 

EC (Both genders) 56.08±14.50
#
 years 48.86±13.62 years

$ 
0.0236 

EC (Males) 54.09±18.90 years 47.77±17.03 years 0.3974 

EC (Females) 54.29±12.73 years 48.85±10.69 years 0.0902 

EC: Extracolonic cancer 

#
comparison of age at onset of CRC and EC in MLH1 mutation carriers; p-value: 0.0007 

$
comparison of age at onset of CRC and EC in MSH2 mutation carriers; p-value: 0.0621 
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Penetrance Estimates 

The lifetime risk for any LS associated caner and for CRC was estimated for the entire 

cohort and both genders individually for MLH1 and MSH2 mutation carrier families 

using the Kaplan Meier analysis (Fig 4.14 and Fig 4.15). The combined cumulative risks 

in both males and females of Lynch syndrome–associated cancer in MLH1 and MSH2 

mutation carriers by age 70 years was estimated to be 93% and 95% respectively with no 

significant difference between the two groups (p=0.89).  

 

 

Fig 4.14 Any Lynch Syndrome associated cancers in MLH1 and MSH2 carriers. 
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Gender wise age related cumulative risk for CRC by age 70 years is shown for MLH1 

and MSH2 mutation carriers in figure 4.15. For males, the cumulative risk for MLH1 

mutation carriers was 91% and for MSH2 mutation carriers was 95%. The cumulative 

risks for CRC in females were 87% and 94% for MLH1 and MSH2 mutation carriers 

respectively. 

   

 

Fig 4.15 Cumulative CRC risks for MLH1 and MSH2 mutation carriers: 

Top panel- males; Bottom panel-females 
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 4.7 Discussion 

Lynch syndrome is the second most common hereditary cancer after hereditary breast 

ovarian cancer. It carries a high lifetime risk of colorectal cancer as well as a number of 

extracolonic cancers, most prominently endometrial cancer and is caused by germline 

mutations in one of the mismatch repair genes. LS exhibit genetic heterogeneity in 

clinical phenotypes and gene mutation frequencies among various populations and even 

between different families of same population. Most of the genotype-phenotype data is 

from Caucasian populations and East Asian population [231, 232, 236, 237] with only 28 

MMR gene mutation carrier Indian families reported so far [233-235].  

The understanding about molecular basis and phenotypic manifestations of Lynch 

syndrome has evolved over time and continues to do so. The spectrum of LS associated 

extracolonic malignancies appears to be more diverse than previously described, and 

differs in various studies reported so far. This variation in phenotypic expression of LS 

can be explained by various factors like geography, ethnicity, gender, and underlying 

genetic mutation. Given this genetic and phenotypic heterogeneity in LS, we undertook a 

comprehensive analysis of the correlation between these clinic-pathological features and 

genetic parameters in an Indian cohort of 91 LS families, in order to establish a possible 

phenotype–genotype correlation.  

Comprehensive genetic analysis using Sanger sequencing for point mutations and small 

indels, and MLPA for LGRs resulted in the identification of MMR gene mutations in 88 

of the 91 suspected Lynch syndrome families. The mutation detection rate of >90% in 

our study is higher than other reports which vary from as low as 7% [238] to as high as 

88% [239]. In the earlier study from India, the mutation detection rate was only 50% 

[233]. The high mutation detection rate in our cohort can be attributed to the use of 
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multimodal approach for selection of patients using different clinical criteria for 

syndromic diagnosis and pre-screening techniques like IHC and comprehensive genetic 

testing involving Sanger sequencing and MLPA. 

The predominance of MLH1 and MSH2 gene mutations which account for 90% of all 

MMR gene mutation in our cohort is in accordance with their frequency reported in other 

populations [181]. In our study, majority of the families had distinct deleterious germline 

mutations highlighting the genetic heterogeneity of Lynch syndrome. The high frequency 

of novel mutation (20/83) in our study confirms that the mutation spectrum in Indian LS 

families is very distinct from the Caucasian population. These results underscore the 

need to study mutational spectrum in each population which can facilitate appropriate 

diagnostic algorithms and targeted surveillance programmes. 

Mutations in the MLH1 were scattered throughout the gene while MSH2 mutations are 

limited up to Exon 12 covering the region which encodes the DNA binding and 

MSH6/MSH3 interaction domains. This observation reiterates that genetic analysis 

approaches in Lynch syndrome must cover the entire coding region of the MMR genes 

and inclusion of MLPA analysis is mandatory. Truncating mutations predominate in both 

MLH1 and MSH2 gene with splice site mutations and LGRs being second most common 

type of mutation in MLH1 and MSH2 genes respectively. The high frequency of LGRs in 

MSH2 is due to the presence of higher number of Alu repeat sequences in the MSH2 gene 

[240].  

Despite the high degree of heterogeneity observed, 7 recurrent mutations in MLH1 and 3 

recurrent mutations in MSH2 gene were identified in 21 and 8 unrelated families 

respectively, together accounting for 34.9% (28/83) of all mutation carrier families. It is 

interesting to note that the mutation spectrum including the recurrent mutations in our 
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cohort is different than that reported in other LS cohort reported from South India [233]. 

For example, the most recurrent mutation worldwide c.942+3A>T in Intron 5 of MSH2 

gene reported 220 times in the InSiGHT database [189] was also identified in 4 families 

in our cohort (12% of all MSH2 carriers families); however this mutation was absent in 

the South Indian LS cohort. Nonetheless, our findings may lead to the establishment of 

cost-effective LS screening protocol for Indians. For the MLH1 gene, the 7 recurrent 

mutations in exons 3, 4 , 9, 10, 13 and 18 can be screened first followed by full gene 

analysis and MLPA. For the MSH2 gene, the recurrent mutation in Intron 5 must be 

screened first followed by analysis of LGRs and then sequencing of the entire coding 

region if required. As the mutations in MLH1/MSH2 are scattered throughout the gene, it 

is important to sequence the entire coding region of these genes, in cases where hotspot 

mutations are not identified after initial screening. IHC showed a high concordance with 

germline mutations and high sensitivity of 97.4% in our cohort therefore emphasizing the 

use of IHC as a pre-screening technique to guide genetic testing in Lynch syndrome 

which otherwise is time consuming owing to the genetic heterogeneity associated with it. 

Such high sensitivity and specificity has been reported for IHC in previous studies also 

[163]. Use of IHC also facilitated identification of 30% (25/83) of MMR de novo 

mutation positive LS families in our cohort with no family history therefore highlighting 

the importance of this technique in LS diagnosis and screening. 

Phenotypic characterization in 229 individuals from 88 MMR mutation positive families 

in our cohort showed clinical characteristics that largely concur with the known data; 

though many noteworthy exceptions were identified. In accordance with the previous 

studies, colorectal cancer accounted for majority of the tumours and had a lower age at 

diagnosis as compared to extracolonic tumours [241]. We observed a predominance of 
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CRCs in both MLH1 and MSH2 mutation carriers in our cohort that is in line with 

previous studies showing similar frequencies. There was no significant difference in 

cumulative risk of LS-associated tumours between MLH1 and MSH2 mutation carriers 

with more than 90% risk in both groups. This is higher than the cumulative risk reported 

in most studies, and most likely due to the relatively smaller number of extended family 

members tested which would have identified more healthy mutation carriers in our 

cohort. 

We also observed a comparatively higher frequency of extracolonic cancers in MSH2 

mutation carriers with endometrial cancer being the first and second common 

extracolonic in MSH2 and MLH1 mutation carrier families respectively, similar to 

previously reported studies [128, 241]. The role of breast cancer in Lynch syndrome has 

been controversial [242-244]. Our finding of breast cancer being the second most 

common extracolonic malignancy in our cohort, identified in 14% cases supports the 

inclusion of breast cancer in the LS tumour spectrum. There was no significant 

difference in the frequencies of various extracolonic cancers between the MLH1 and 

MSH2 mutation positive families except ovarian and intestinal cancers, which were only 

seen in MSH2 mutation carrier. 

While the high frequency of urothelial cancers in our cohort is in agreement with 

previous studies [241], the high frequency of bladder cancers (5/88 cases) in our study 

provides further evidence for including them in LS spectrum [245] We also report the 

identification of adrenal gland cancers in one male with MSH2 mutation at the age of 55 

years. This adds to the increasing reports of adrenal gland cancers in Lynch syndrome 

families [246] providing an additional evidence for this association. 
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In summary, we report genetic and clinical characterization of 88 Indian Lynch 

syndrome families with significantly high mutation detection rate and high frequency of 

novel and recurrent mutations prevalent in Indian population. We also report the clinical 

characteristics of 229 individuals from these 88 MMR mutation positive Indian LS 

families that are slightly different from other studies thereby expanding the knowledge of 

phenotypic spectrum associated with LS and shed a light on the emerging genotype-

phenotype correlations in Lynch Syndrome.  

In addition to the work done for this thesis, earlier work from our group has identified 

additional MMR gene mutation carrier families (unpublished), independent from the 

present study [335]. A pooled analysis of these two independent Lynch Syndrome 

cohorts sequentially enrolled at TMC is being currently performed to obtain more robust 

genotype-phenotype correlations.  
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5.1 Introduction 

Constitutional Mismatch Repair Deficiency (CMMRD; OMIM #276300) syndrome is a 

rare autosomal recessive distinct childhood cancer predisposition syndrome with less 

than 200 cases reported worldwide [247]. Unlike  Lynch  syndrome, this disorder usually 

occurs in infancy or adolescence at an incidence of 1 per million [248]. In contrast to 

Lynch syndrome (LS) patients with monoallelic mismatch repair (MMR) gene mutations, 

CMMRD syndrome is a result of constitutional biallelic homozygous or compound 

heterozygous mutations in the genes encoding MMR proteins. 

5.1.1 History of CMMRD  

CMMR-D syndrome was recognized relatively recently as a ‗variant‘ of Lynch 

syndrome – it is likely that earlier cases were misclassified or missed, since CMMR-D 

patients have overlapping features with other paediatric cancer syndromes. Nearly 20 

years ago the original report of CMMRD was published by Ricciardone and Tayfun 

(1999) who described three children of consanguineous Turkish parents [249] with 

haematological malignancies by the age of 3 years and clinical characteristics of 

neurofibromatosis type 1 (NF1: OMIM; 162200) e.g. café-au-lait (CAL) spots. Mutation 

analysis revealed an inherited homozygous mutation in MLH1 in each of the children. 

Both the parents who; although unaffected carried the same cancer-predisposing MLH1 

mutation in heterozygous state. The pedigree analysis revealed that both parents had a 

family history of Lynch syndrome. Further analysis suggested that the presence of NF1 

symptoms was due to somatic and not germline mutations in the NF1 or Neurofibromin 

gene on chromosome 17. The presence of the haematological malignancies also 

suggested that these cases were not classical NF1 patients.  
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Soon after, another report came up which also described paediatric patients with similar 

phenotypes, where the parents had a consanguineous marriage [250]. The description 

was of a family from North Africa, with a confirmed history of LS spectrum tumours. 

The first CMMR-D case in this family was that of a child, who developed malignant 

Non-Hodgkin‘s lymphoma (NHL; OMIM: 605027) at the age of 2 years.  Subsequently, 

her sister was diagnosed with acute myeloid leukaemia (AML; OMIM: 61626) at the age 

of 6 years, followed by medulloblastoma (MDM; OMIM:  155255) at the age of 7 years. 

Both sisters had CAL spots with no previous family history of NF1. Genetic testing in 

one of the children confirmed the presence of the homozygous mutation in MLH1 

previously described as pathogenic and disease causing in LS [250]. Genetic testing for 

the other sibling could not be done due to unavailability of DNA but the observation that 

the children had similar characteristics and disease presentations led the authors to 

conclude that the other child in all likelihood must be a presumed carrier of the same 

biallelic MLH1 mutation. Parents had the same mutation in MLH1 in heterozygous state.. 

In both families it was speculated that a defective MMR system caused a mutator 

phenotype, which resulted in somatic mutations in the relatively large NF1 gene on 

chromosome 17 (374,244 bp). 

The first two reported cases of CMMR-D had homozygous MLH1 mutations. The first 

report of homozygous mutation in another MMR gene, MSH2 came in 2002 [251]. The 

patient was diagnosed with acute lymphoblastic leukaemia (ALL) and showed signs of 

NF1, though did not meet the diagnostic criteria for an NF1. The parents were not related 

and there was no family history of cancer, which added to the complexity of making a 

syndromic diagnosis. Till date, this syndrome has been shown to exhibit a variable 
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phenotype and it keeps on expanding with identification of more cases therefore it is 

possible that some features and phenotypes are yet to be described. 

Although unproven at the molecular level, it is suspected that Jacques Turcot could have 

described the first cases of CMMRD in 2 Canadian siblings with multiple adenomatous 

polyps, colorectal cancer and malignant brain tumours in 1959 [211]. In 1995 another 

group of researchers classified Turcot syndrome into dominantly and recessively 

inherited types [212]. The eponym ―Turcot syndrome‖ denoting a combination of 

colorectal polyposis and Central Nervous System cancers was used for several years 

which included both dominant cases with heterozygous APC mutations and recessive 

cases with homozygous MMR mutations. One interesting observation was that Turcot 

syndrome cases with APC gene mutations often develop medulloblastomas compared to 

MMR deficient cases, most of whom develop glioblastomas [212, 252, 253]. Following 

the description of CMMRD syndrome, some of the previously described cases of Turcot 

syndrome have been re-classified as CMMR-D. The term Turcot syndrome has now 

largely been replaced by CMMRD because the definition is too restrictive as CMMRD 

also includes childhood hematologic malignancies and cafe-au-lait spots suggestive of 

NF1.  

5.1.2 Epidemiology of CMMRD syndrome 

The first comprehensive report of 78 cases of CMMR-D syndrome from 46 different 

families was published in 2008 [254]. Subsequently, a European Consortium Care for 

CMMRD  (C4CMMRD) reported  a  worldwide  total  number  of  146  patients  from  

91 families published in 63 papers in 2014 and described the clinical and diagnostic 

criteria of CMMRD syndrome. Most of the cases reported to date are from the North 
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American and European population, however data from countries in the Middle East and 

Africa have also emerged recently [255-260]. 

In countries of Western Asia like Saudi Arabia, Israel etc. the numbers of CMMR-D 

cases are higher than expected, probably due to prevalence of consanguinity in those 

regions [261]. A retrospective pooled analysis of reports published between 2003 and 

2013 identified 42 cases that met the CMMR-D syndrome criteria of which 51% cases 

had childhood gliomas [262]. It is presumed that CMMRD could be highly prevalent in 

South Asia as consanguinity is common in these regions, however very few case reports 

have been published. 

 

5.2 Clinical features associated with CMMRD syndrome 

A constitutively defective MMR system in CMMRD syndrome results in a wide variety 

of malignant tumours in early childhood [263]. The tumour spectrum associated with 

CMMR-D can be grouped into four categories; (i) haematological malignancies, (ii) 

brain tumours, (iii) gastric cancers (including the Lynch syndrome spectrum of cancers) 

and (iv) others [264]. Brain and haematological malignancies are mostly diagnosed in the 

first decade of life and LS-associated tumours in second and third decades of life [265]. 

The average age at diagnosis for gliomas, haematological malignancies and colorectal 

cancers (CRCs) is 9.5 years, 5 years and 16 years respectively [266]. 

One of the most common phenotypic features of CMMRD syndrome is the presence of 

NF-1 like café-au-lait spots (CAL). However, the phenotypic features of NF1 are quite 

distinct, comprising largely of e.g. CAL macules on the skin while in CMMR-D there is 

hyperpigmentation of the CAL macules with hypo-pigmentation in the inner areas; the 

skin lesions are more diffuse and irregular when compared to the classic CALs in 
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inherited NF1 [267]. The number of skin lesions in CMMR-D varies, ranging from 

mostly one to two focal areas, and sometimes with more diffuse areas of skin 

pigmentation [267]. In a report by Bakry et al. (2014), 97% of CMMR-D patients who 

were followed up as part of the BMMRD consortium, had developed CAL macules [258]. 

‗Ash leaf spots‘ or ‗vitiligo‘ are another pigmentary abnormality seen in CMMRD which 

are areas of skin hypopigmentation. 

Additionally developmental venous anomalies, pilomatricomas agenesis of the corpus 

callosum, and mild immunodeficiency with decreased levels of immunoglobulins IgG2/4 

and IgA, are also observed among other clinical features [268]. 

5.2.1 Family history in CMMRD 

Parental consanguinity is a relatively common feature of CMMR-D patients however the 

rate of consanguinity varies with high rate observed among homozygous cases and no 

consanguinity seen in compound heterozygous cases [268]. Review of literature suggests 

that parents of offspring with CMMR-D are often unaffected especially among families 

with PMS2 or MSH6 mutation. This observation may be because CMMR-D-related 

cancer diagnosis is made in very young children (e.g. <5 years of age) when their parents 

may well be in their third (20s) or fourth (30s) decade of life while the average age of LS 

diagnosis is around 40-60 years. However, some CMMR-D families may have a history 

of the Lynch syndrome associated cancers in extended family members. Therefore, 

family history may not always be sufficient to make CMMRD diagnosis. The absence of 

family history could also be due decreased penetrance associated with certain genes and 

mutations. The penetrance of PMS2 mutation which is the most commonly mutated gene 

in CMMRD is relatively lower compared to MLH1 and MSH2. This may be the likely 
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explanation for lack of a clear dominant family history among individuals who harbour 

biallelic PMS2 mutations and develop CMMR-D associated cancers. 

5.2.2 Diagnosis of CMMRD and related challenges 

It should be noted that due to the overlapping features of CMMRD with many other 

inherited syndrome like NF-1, LFS, FAP and LS and with no definitive clinical features 

to distinguish sporadic brain tumour or leukaemia patients from CMMRD patients, they 

are usually misdiagnosed or misclassified. Though the specific features of the CAL 

macules differ from the classic NF1 as described above, it can only be correctly 

evaluated by experienced clinician by direct physical examination of the patient. Other 

NF-1 features like axillary freckling, Lisch nodules and plexiform neurofibromas have 

also been reported in BMMR-D, however only a small subset of these meet established 

NF-1 diagnostic criteria [269]. CMMRD tumour spectrum overlaps with LFL with 

prevalence of childhood brain tumours and haematological malignancies which may 

result in misdiagnosis therefor LFL cases with no TP53 mutation or any other 

unexplained childhood cancer should be taken up for MMR testing. Similarly, CMMRD 

patients with GI cancers often develop polyps and therefore can be misdiagnosed as FAP 

[270]. However, the presence of high-grade dysplasia, type of cancer and early onset 

distinguishes this syndrome from the classic familial adenomatous polyposis (FAP) 

[271]. Therefore, FAP-like cases with no pathogenic APC or MUTYH mutation should 

be suspected to be CMMRD case. Due to the complex nature of CMMRD, it is often 

misdiagnosed therefore appropriate surveillance measures could not be given timely and 

individuals end up dying of potentially preventable malignancies. Another challenge is 

that CMMRD patients who survive their first malignancy usually have a risk of 

developing a second primary tumour therefore CMMRD diagnosis is important for 
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providing appropriate anticancer treatment, surveillance and genetic counselling to 

parents regarding the risk of recurrence of second primary in their children and their own 

risk of developing LS associated cancers. This issue was addressed in a newly 

established European consortium named ―Care for CMMRD‖ where a 3 point scoring 

system for clinical criteria was proposed to confirm the diagnosis of CMMRD (Table 

5.1). According to this scoring system, CMMRD should be suspected in all individuals 

who scores ≥3 points [264]. 

 

   Table 5.1 Three-point scoring system for diagnsois of CMMRD  

Indication for CMMRD testing                                                                                               ≥3 points 

Malignancies/pre-malignancies: at least one is mandatory, if more than 1 is present add points 

LS spectrum tumours at age <25years 3 points 

Multiple polyps with absence of APC/MUTYH mutations at age <25 years  3 points 

WHO grade III or IV glioma at age <25 years 2 points 

NHL of T-cell lineage or sPNET at age <18 years 2 points 

Any malignancy at age <18 years  point 

Additional features, if more than one of the following is present then add points 

Clinical features of NF1 and/or hyperpigmented or hypopigmented spots 2 points 

Diagnosis of LS in first or second degree relative 2 points 

Diagnosis of LS spectrum tumours in 1st, 2nd or 3rd degree relative <60 years of age 1 point 

A sibling with LS-spectrum tumours, high grade gliomas, NHL or sPNET 2 points 

A sibling with any childhood malignancy 1 point 

Multiple pilomatricomas in patient 2 points 

One pilomatricoma in patient 1 point 

Agenesis of the corpus callosum or non-therapy induced cavernoma in the patient 1 point 

Consanguineous parents 1 point 

Deficiency or reduced levels of IgG2/4 and/or IgA 1 point 

LS-spectrum tumours: Colorectal, small bowel, endometrial, uterine, renal pelvis, 

biliary tract, stomach, bladder carcinoma 
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Abbreviations- CMMRD: Constitutional Mismatch Repair Deficiency, LS: Lynch 

syndrome, NHL: Non-Hodgkin‘s Lymphoma, sPNET: supratentorial primitive neuro-

ectodermal tumours, WHO: World Health Organization 

 

 

However, genetic testing is recommended to confirm the diagnosis of CMMRD. When a 

biallelic germline mutation is identified, the next challenge is to determine the 

pathogenicity of the mutation for which we have to rely on previous literature. Though 

InSiGHT database curates MMR gene mutations but they are mostly associated with 

Lynch syndrome. Therefore, a combination of pre-screening tools like IHC and MSI 

along with well-defined diagnostic algorithms and confirmation of germline mutations in 

CMMRD patients is warranted to identify such families so that they can benefit from 

surveillance measures. 

 

5.3 Spectrum of tumours in CMMRD 

In CMMRD syndrome brain and digestive tract tumours account for 50% and 40% of all 

cancers, followed by haematological malignancies in over 30% of patients [265]. The 

tumour type is influenced by the MMR gene involved, with brain tumours being more 

prevalent in case of PMS2/MSH6 gene mutations while haematological malignancies 

occur more often in case of MLH1/MSH2 gene mutations [264, 267]. There is no 

significant difference for LS associated tumours with respect to the MMR gene [264]. 
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Fig 5.1 Differences in the prevalence of tumour type depending upon the MMR 

gene involved (Taken from Ref [264]) 

   

5.3.1 Haematological malignancies 

In general, haematological malignancies arise from bone marrow and plasma cells [272, 

273] and are divided into leukaemias, lymphomas and plasma cell  neoplasms [273]. The 

most common haematological malignancies in CMMR-D are Non-Hodgkin‘s lymphoma 

(NHL) and acute leukaemia [254]. T cell NHL more frequently observed than B cell 

NHL [268]. Based on histological subtypes the age at diagnosis of sporadic NHL varies 

from 5 to 12 years [274]. The median age at diagnosis of NHL in CMMR-D is 5 years 

(range 0.4–17 years) [264]. 

The most common type of acute leukaemia seen in CMMRD is acute lymphoblastic 

leukaemia (ALL). It is a heterogeneous cancer, which originates from both B and T 

lymphoid progenitors. The mean age at diagnosis of ALL in CMMR-D is 6 years (range 

2–21 years) [264]. It has been proposed that development of other types of acute 

leukaemia, such as acute myeloid leukaemia (AML) might be due to the administration 

of chemotherapy [254]. 
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5.3.2 Brain tumours 

Brain tumours are the most common malignancy in CMMR-D cases. The most common 

type of brain tumours are the glioblastomas [254]. Glioblastomas originate from glia 

cells and are classified as grade IV according to the WHO grading system (2007). The 

mean age at diagnosis of glioblastoma in CMMR-D patients is 9 years [264]. Other types 

of brain cancers reported as part of the CMMR-D spectrum include medulloblastoma and 

sPNET (supratentorial primitive neuroectodermal tumours) [265]. Medulloblastomas are 

believed to arise in the cerebellum and sPNET in other parts of the brain. The mean age 

at diagnosis in of these tumours in CMMR-D patients is 7 years. 

5.3.3 Lynch syndrome associated tumours 

The most prevalent LS cancers seen in CMMR-D patients are colorectal carcinoma 

although small bowel, endometrial, ovarian and urinary tract cancers are also observed. 

Majority of CMMR-D patients with CRC have >10 adenomas and typically diagnosed 

between 5-10 years of age [268, 275]. The average age of diagnosis of CRC in CMMR-

D patients is around 16 years (range of 23-35 years) which is relatively late as compared 

to other CMMRD cancers [254, 264] but much lower as compared to LS. Additionally, 

the progression of adenoma to carcinoma is quite rapid in CMMRD patients and they 

mostly present with advanced metastatic GI cancers. Renal and bladder cancers also 

occur but at a lower frequency in CMMR-D [264]. 

Few other cancers within this syndrome have also been classified under ‗emerging 

phenotypes‘, including hepatic carcinomas, neuroblastomas, Wilms tumour and 

sarcomas such as osteosarcoma and rhabdomyosarcoma [268]. Tumours associated with 

CMMRD are listed in Table 5.2 
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Table 5.2 Spectrum of cancers reported in CMMRD 

Type of cancer Median age at onset in years (Age range) 

Haematological Malignancies 

Non-Hodgkin‘s Lymphoma (NHL) 5 (0.4-17) 

Lymphoid leukaemia 6 (2-21) 

Acute myeloid leukaemia 9.5 (6-17) 

Malignant lymphoma 15 

Atypical chronic myeloid leukaemia 1 

Acute leukaemia 2 

Overall Average age 6 (0.4-21) 

Brain tumours 

High grade gliomas 9.5 (2-40) 

sPNET 8 (4-17) 

Medulloblastoma 7 (4-12) 

Unspecified 8  

Overall Average age 8 (4-24) 

LS-associated cancers 

CRC 16 (8-48) 

Small bowel 28 (11-42) 

Endometrium 28 (23-44) 

Urinary bladder 19(15-22) 

Ovary 15 

Overall Average age 17 (8-48) 

Other cancers  

Neuroblastoma 13 

Wilms tumour 4 

Ovarian neuroectodermal tumour 21 

Infantile myofibromatosis 1 

Rhabdomyosarcoma 4 

Osteosarcoma 24 

Adapted from (Wimmer and Etzler, 2008; Wimmer et. al., 2014 
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5.4 Ultrahypermutator phenotype- Hallmark of CMMRD tumours 

Cancer is caused by mutations that result in unregulated cell division, invasion and 

metastasis. The low mutation rate in normal cells is insufficient to cause cancer which 

otherwise requires tens to hundreds of thousands of genetic alterations therefore cancers 

must exhibit an increased mutation rate early in their evolution [276]. The total mutation 

count, known as the mutation burden is dependent on the tumour type and may also be 

affected by the mutagenic processes shared across different tumour types [277]. The 

concept of progressive accumulation of mutations in cancers was initially proposed as 

the ―The Mutator Phenotype Hypothesis‖ based on theoretical models [278]. Proof of 

concept of this hypothesis came initially from the findings of Lynch syndrome and in a 

subset of sporadic colorectal cancers [38, 149].  

Until recently, the concept of mutator phenotype was not widely considered as a major 

contributor to tumour initiation or progression however there is emerging evidence that 

high mutation burden exists for many cancers. The strongest evidence in support of the 

mutator phenotype in human cancers is the data presented by The Cancer Genome Atlas 

(TCGA) and the International Cancer Genome Consortium (ICGC) which has confirmed 

hypermutation in several tumour types. It has been shown by the international bMMRD 

(biallelic mismatch repair deficiency) consortium that all malignant CMMRD cancers 

are ultrahypermutant [279]. As opposed to most childhood cancers with mutation rates of 

<10/MB, CMMRD exhibits quite a high mutational burden in the tumour with mutation 

rates of 100/MB which may play a role in future diagnostic algorithms [268].  
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5.5 Genetic features of CMMRD 

CMMRD is caused by biallelic mutations in one of the four main MMR genes, namely 

MLH1, PMS2, MSH6 and MSH2. These MMR proteins play an important role in MMR 

activity (Chapter 4, section 4.3). In contrast to LS, PMS2 and MSH6 are the most 

commonly mutated genes reported in patients diagnosed with CMMR-D while mutations 

in MLH1 and MSH2 are rare (Fig 5.2). It could be due to lethality of homozygous null 

mutations in MLH1 and MSH2 as they are obligate partners of the MMR system while 

lower penetrance and clinical severity of PMS2 and MSH6 due to their redundant role 

[268]. The InSiGHT website maintains a database of all MMR mutations however they 

are mostly associated with LS and not CMMRD. Due to the rarity of the syndrome, 

single case reports and small cohort studies, there is no dedicated database for CMMRD 

associated MMR gene mutations.  

 

 

 

 

Fig 5.2 Frequency of mutations in MMR genes in CMMRD 

(Adopted from Ref [264]) 
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5.5 Genotype-phenotype correlation in CMMRD 

Due to the rarity of the syndrome and mostly single case reports, genotype-phenotype 

correlations in CMMRD are difficult to assess. As per the most recent and largest review 

of CMMRD cases by the CMMRD consortium in 2014, individuals with either MLH1 or 

MSH2 mutations are more likely to develop haematological primary malignancies, and at 

younger age of onset compared to cases with mutations in either MSH6 or PMS2 [264].  

About 60% of the PMS2 and MSH6 mutation carriers developed brain tumours as their 

primary malignancy as opposed to only about 30% of the MLH1 or MSH2 mutation 

carriers [248, 264]. Although patients with either MSH6 or PMS2 mutations were likely 

to survive their first malignancy, 40% of the patients with homozygous PMS2 mutations 

tend to develop second primary malignancy as opposed to patients with homozygous 

MLH1/MSH2 mutations. This may be due to more aggressive and lethal haematological 

malignancies in homozygous MLH1/MSH2 mutation carriers [248]. The literature on 

CMMRD is still emerging and more research is needed to establish a clear genotype and 

phenotype correlations for this devastating group of diseases. 

 

5.6 Hypothesis and objective of the study 

CMMRD is a very rare childhood cancer predisposition syndrome with mostly small 

case series and their pooled analysis. It displays a wide spectrum of childhood cancers 

which continues to emerge with new case reports. Due to its rarity and an unusual 

tumour spectrum which overlaps with several other syndromes, CMMRD is an under 

diagnosed syndrome for which the genotype-phenotype data are still emerging [263, 267, 

280]. The lower number of cases reported so far can also be attributed to the fact that 

genetic analysis of PMS2, the most commonly involved gene in CMMRD poses specific 
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technical challenges due to the presence of multiple pseudogenes which shares homology 

with the PMS2 gene. Only about 200 CMMRD cases with confirmed biallelic MMR 

gene mutations have been reported globally with very few reports from South-Asia with 

only one report from India [281]. As consanguinity is commonly practiced in several 

regions and religions in India, the prevalence of CMMRD is expected to be higher in 

India. Therefore, one of the objectives of this study was to identify CMMRD families 

and to characterize the mutation spectrum of MMR genes, especially PMS2 gene as it 

accounts for majority of mutations in CMMRD and to study the phenotypic features of 

the mutation carrier CMMRD families. 

The hereditary cancer syndrome families registered in the Cancer Genetics Clinic 

especially with unexplained childhood cancers were screened using 3 point scoring 

system based on comprehensive pedigree analysis and other clinical features. Depending 

upon the availability, IHC status was also taken into account for genetic testing of a 

CMMRD suspected family. The methodology used for genetic screening of MMR genes 

was to PCR amplify the coding and flanking intronic regions of the MMR gene as guided 

by IHC, in case of unavailability of IHC results, PMS2 gene was first studied followed 

by MLH1, MSH2 and MSH6.  PMS2 analysis was carried out using long range PCR to 

avoid pseudogene amplification followed by nested PCR to amplify individual exons. 

PCR products were subjected to Sanger sequencing in order to identify the germline 

mutation.  
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5.7 Results 

5.7.1 Clinical characteristics of the patients 

A total of 12 unrelated South Asian CMMRD suspected families based on their clinical 

features and three point scoring system were included in this study. The clinical 

description, family history and the CMMRD score for probands in these 12 families is 

shown in Table 5.3. 

Table 5.3 Clinical features, family history and three point score of probands with 

suspected CMMRD syndrome 

Probands 

(Gender) 

Cancer site Age at 

diagnosis 

CALs Parental 

consanguinity 

CMMRD 

associated 

FH 

Three 

point 

Score 

Mutation 

Status 

(Y/N)  

CM1 (M) GBM; Colon 11y; 15y NA Yes Yes 8 Y 

CM2 (M) T-ALL; 

ASPS 

6y; 8y No No Yes 5 Y 

CM3 (F) GBM 9y Yes No No 4 Y 

CM4 (F) Rectum 10y No Yes No 5 N 

CM5 (F) TLBL 4y Yes Yes Yes 6 Y 

CM6 (M) GBM 4y Yes Yes No 5 Y 

CM7 (F) GBM 5y Yes Yes Yes 8 Y 

CM8 (M) T-ALL 4y NA No Yes 2 N 

CM9 (M) Pilocytic 

astrocytoma; 

Rectum 

11y; 13y No Yes No 5 N 

CM10 (F) GBM 11y No Yes No 3 N 

CM11 (M) MBM 2y NA No Yes 3 N 

CM12 (M) Nasopharynx 13y NA Yes Yes 3 N 

Abbreviations- CALs: Café-au-lait spots; GBM: Glioblastoma; T-ALL: T-cell Acute 

Lymphoblastic Leukaemia; ASPS- alveolar soft part sarcoma; TLBL: T-cell 

lymphoblastic lymphoma 

 

After comprehensive MMR gene analysis in these families, biallelic MMR gene 

mutation was identified in 7 families - 1 from Eastern Indian state of West Bengal, 1 

from Western Indian state of Maharashtra, 1 from South Indian state of Karnataka and 4 

from North Indian states of UP, Bihar and Rajasthan. A total of 17 malignancies were 
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diagnosed in 12 patients from 6 PMS2 mutations carrier families and 1 from MSH2 

mutation carrier family. The tumour spectrum included 6 high grade gliomas, 6 

haematological malignancies, 2 mediastinal tumours, 1 colon cancer, medulloblastoma 

and alveolar soft part sarcoma each. A family history of CMMRD associated cancers 

was noted in 4/7 families. Parental consanguinity was present in 4 families and in 2 

families the parents were unrelated but belonged to the same inbred community. Café-

au-lait spots were present in 4/6 probands for whom data was available. 

5.7.2 Genotypic and phenotypic characteristic of MMR gene mutation carrier 

CMMRD families 

We identified 8 individuals with CMMRD associated malignancies with confirmed 

biallelic pathogenic MMR gene mutations from 7 families. Four siblings of biallelic 

MMR gene mutation carriers could not be tested as they had died earlier of characteristic 

CMMRD cancers and were presumed to be biallelic MMR gene mutation carriers. A 

known PMS2 biallelic frameshift mutation (c.1500delC; p.V501Wfs*94) in exon 11 was 

identified in the proband of CM1 family and his brother. This frameshift mutation leads 

to a frameshift in codon 501 resulting in a premature stop codon 94 codons downstream 

and has previously been described in the ClinVar database as a pathogenic mutation with 

respect to Lynch syndrome and in literature as a Pakistani founder mutation [266]. The 

proband was diagnosed with glioblastoma (GBM) at 11yrs and died within months of 

developing a second malignancy (adenocarcinoma of colon) at 15 years. The brother 

(CM1a) of proband developed medulloblastoma (MDM) at the age of 9 years and later 

died of Non-Hodgkin‘s lymphoma (NHL) at the age of 11yrs. The parents who had a 

consanguineous marriage were found to be heterozygous carriers of the mutation and 

were healthy in their thirties. The eldest sibling (CM1d) was found to be a heterozygous 
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carrier and is healthy at the age of 17 years. This pedigree of this classical CMMRD 

family is shown in Fig 5.3 

 

Fig 5.3 Pedigree of a classical CMMRD family (CM1) 

 

In the proband of second family (CM2), a novel biallelic frameshift mutation 

(c.1487delG; p.G495Gfs*99) in exon 11 of PMS2 gene was identified which has not 

been reported in literature or mutation databases such as InSiGHT (LOVD), HGMD, 

ClinVar, NCBI-dbSNP and Exome Aggregation Consortium (ExAC).  The proband 

developed T-cell acute lymphoblastic leukaemia (T-ALL) and alveolar soft part sarcoma 

(ASPS) at 6 years and 8 years respectively and died within few months of developing the 

second malignancy. The sister (CM2c) of proband who was not tested was first 

diagnosed with T-ALL at the age of 8 years and Glioblastoma at 12 years of age and died 

2 years later. Both the parents (CM2a & CM2b) were found to be heterozygous carriers 

of the mutation. Considering that both siblings had characteristic CMMRD associated 
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double primary cancers, the sister though not tested in all likelihood was also a biallelic 

carrier of the mutation identified in her brother. There is a strong history of 

haematological malignancies and LS-associated malignancy in the family with 5 

additional affected members who could be putative carriers of the mutation. For the 

above two families (CM1 & CM2) a clinical diagnosis of Li-Fraumeni Syndrome (LFS) 

was initially made based on the tumour spectrum in the family, but TP53 gene analysis 

revealed no pathogenic or likely pathogenic mutation. Later, they were suspected to have 

CMMRD syndrome and PMS2 gene analysis was carried out thereby highlighting the 

importance of syndromic differential diagnosis.  

A known homozygous nonsense pathogenic mutation, c.2404C>T (p.R802X) in exon 14 

of PMS2 was identified in 2 unrelated families. In the third family (CM3), the proband 

(homozygous PMS2 mutation carrier) is an 11 year old female affected with 

glioblastoma (GBM) and multiple CALs. Her parents (CM3A & CM3B), who were 

healthy at the time of testing, were found to be heterozygous carriers of this mutation. In 

the fourth family (CM4), the proband (homozygous PMS2 mutation carrier) is a 10 year 

old female affected with rectal cancer. This pathogenic nonsense mutation inserts a 

premature stop codon at codon 802 and has previously been described in the ClinVar 

database as a pathogenic mutation with respect to Lynch syndrome and in literature as a 

Pakistani founder mutation [280]. In the fifth family (CM5) there are three siblings 

affected with TLL, ALL and mediastinal tumour at the age of 15yrs, 4yrs and 7yrs 

respectively. All siblings had Café-au-lait spots and are a result of consanguineous 

marriage.  All these features were strongly suggestive of CMMRD and a PMS2 biallelic 

pathogenic mutation (c.325dupG; p.E109Gfs*28) in PMS2 Exon 4 was identified. The 

others 2 siblings (CM5A & CM5B) with characteristic childhood CMMRD cancers are 
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presumed to be biallelic carriers of the same mutation. In the sixth family (CM6), the 

proband is a 4 year old male affected with GBM and has multiple CALs. IHC analysis 

showed loss of MLH1 and PMS2 protein expression on both tumour and normal sample 

thereby raising a suspicion for a germline silencing alteration of these genes. PMS2 

genetic analysis revealed a novel homozygous nonsense pathogenic mutation, (c.478C>T; 

p.Q160X) in Exon 5. This pathogenic nonsense mutation inserts a premature stop codon 

at codon 160 and has not been reported in literature or any mutation databases.  

The proband of sixth family (CM7), is a 5 year old female with GBM along with corpus 

callosal agenesis and multiple CALs. IHC analysis showed loss of MSH2 protein 

expression on both tumour and normal sample thereby suggesting germline silencing 

alteration of MSH2 gene. MSH2 genetic analysis revealed a novel biallelic frameshift 

mutation (c.221_231del) in exon 2 of MSH2 gene which has not been reported in 

literature or mutation databases. The brother of the proband had CMMRD associated 

high grade glioma (HGG) at the age of 15yrs and CALs and therefore presumed to be 

biallelic carriers of the same mutation (CM7A). 

In addition , we also identified a 30y old female with MSI-H endometrial cancer and a 

family history of colon cancer suggestive of LS was analysed for the four MMR genes, 

MLH1, MSH2, MSH6 and PMS2 however when no pathogenic or likely pathogenic 

mutation was identified in these genes. Multigene NGS panel testing (with Sanger 

sequencing for confirmation) revealed a novel homozygous likely pathogenic mutation 

(c.320delT, p.Val107GlyfsTer11) in exon 2 of MLH3 gene.   

The median age of diagnosis for patients with brain tumours was 7.5 years (4-11 years) 

and haematological malignancies is 7 years (4-12 years). Among the 9 patients who 

survived their first malignancy, 6 developed a second malignancy and 4 out of 6 patients 
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(67%) died at a median age of 13 years (8-16 years). Median survival after the diagnosis 

of the first malignancy was 48 months. The genotype-phenotype data on these 7 families 

are given in Table 5.4.
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Table 5.4 Clinical features and mutation spectrum of patients suspected of CMMRD in an Indian cohort 

Family 

(Proband/ 

Relative) 

Known or *Novel 

Mutation 
Zygosity 

Malignancy (age 

at diagnosis) 

CALs 

(Y/N) 

Other variants identified in 

MMR genes 

Other genes 

tested 

CM1 (Proband) 

PMS2 Exon 11 

c.1500delC; 

p.V501Wfs*94  

Homozygous 
GBM (11y); Colon 

cancer (15y) 
NA 

PMS2 [Exon 14 c.2324A>G, 

p.N775S (Benign)] 

No mutation 

in TP53 

CM1A (Brother 1) 
c.1500delC; 

p.V501Wfs*94 
Homozygous 

MBM (9y); NHL 

(11y) 
   

CM1B (Father) 
c.1500delC; 

p.V501Wfs*94 
Heterozygous Healthy    

CM1C (Mother) 
c.1500delC; 

p.V501Wfs*94 
Heterozygous Healthy    

CM1D (Brother 2) 
c.1500delC; 

p.V501Wfs*94 
Heterozygous Healthy    

CM2 (Proband) 

 
PMS2 Exon 11 

*
c.1487delG; 

p.G495Gfs*99 

Homozygous 
ALL (6y); ASPS 

(8y) 
N  

No mutation 

in TP53 

CM2A (Father) 
c.1487delG; 

p.G495Gfs*99 
Heterozygous Healthy    

CM2B (Mother) 
c.1487delG; 

p.G495Gfs*99 
Heterozygous Healthy    

CM2C (Sister) Obligate carrier  
ALL (8y); 

Astrocytoma (12y) 
   

CM3 (proband) 
PMS2 Exon 14 

c.2404C>T, p.R802X 
Homozygous GBM (9y; 10y) Y; >2 

PMS2 [Exon 14 c.2324A>G, 

p.N775S (Benign)] 
NT 

CM3A (Father) 
PMS2 Exon 14 

c.2404C>T, p.R802X 
Heterozygous     

CM3B (Mother) 
PMS2 Exon 14 

c.2404C>T, p.R802X 
Heterozygous     

CM4 (Proband) 
PMS2 Exon 14 

c.2404C>T, p.R802X 
Homozygous Rectum (10y) N 

PMS2 [Exon 7 c.780C>G HMZ, 

Exon 14: c.2324A>G & 

c.2445+9A>C] 

NT 
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CM5 (Proband) PMS2 Exon 4 

c.325dupG; 

p.E109Gfs*28 

Homozygous T-LBL (4y, 8y) Y; >15 PMS2 [Exon 4 HMZ c.288 C>T, 

p.A96A; Intron 11 HMZ 

c.2006+6 G>A; Exon 14 

c.2324A>G, p.N775S (Benign)] 

NT 

CM5A (Brother) Obligate carrier  

ALL (4y); 

Mediastinal tumour 

(5y) 

Y   

CM5B (Brother) Obligate carrier  
Mediastinal tumour 

(7y) 
Y   

CM6 (Proband) 
PMS2 Exon 4 

*
c.478C>T; p.Q160X 

Homozygous GBM (4y) 
Y; 

multiple 
 

No mutation 

in TP53 

CM6A (Mother)       

CM7 (Proband) 
MSH2 Exon 2 
*
c.221_231del 

Homozygous GBM (5y) 
Y; 

multiple 

MSH2 [c.216+9 C>G, 

c.1661+12 G>A] 
 

CM7A (brother) Obligate carrier  HGG (6y)    

CM8 (Proband) 

MLH3 Exon 2 
*
c.320delT  

(p.Val107GlyfsTer11) 

Homozygous Endometrium (30y) NA  

No mutation 

in MLH1, 

MSH2, 

MSH6, 

PMS2, 

EPCAM, 

PMS1, 

MSH3 

Abbreviations- GBM: Glioblastoma, MBM: Medulloblastoma, NHL: Non-Hodgekin‘s Lymphoma, ALL: Acute Lymphobastic  leukemia, 

ASPS: alveolar soft part sarcoma, T-LBL: T-cell Lymphoblastic Lymphoma, HGG: High Grade Glioma, CALs: Café-au-lait spots 
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5.8 Discussion 

In the last decade CMMRD has emerged as a very rare childhood cancer 

predisposition syndrome due to constitutional defects in the mismatch repair 

machinery due to biallelic homozygous or compound heterozygous mutations in one 

of the four MMR genes- MLH1, MSH2, MSH6 or PMS2 [248]. Most of the genotype-

phenotype data on CMMRD is from small case series [266, 282-284] and their pooled 

analysis [264, 267, 270, 275]. There are no large studies from single centre and there 

is very scant information from South Asia with only few families reported from 

Pakistan [266, 280] and India [281].  

With its phenotypic features being quite broad [285], CMMRD is still an under 

recognized clinical syndrome with no clear understanding of the clinical 

manifestations, diagnostic criteria and cancer prevention strategies. All the CMMRD 

associated features like CALs, parental consanguinity, early onset of tumours are 

mostly indicative and not confirmatory to diagnose the disease. It is therefore 

important to identify CMMRD patients especially in developing countries like India 

due to their high prevalence of consanguinity, to provide proper patient management 

and care. The most widely used criteria for clinical diagnosis of CMMRD is a three 

point scoring system proposed by Care for CMMRD (C4CMMRD) consortium [264]. 

In our cohort, the CMMRD score showed good correlation with germline biallelic 

MMR gene mutation being identified in 6/12 probands with CMMRD score of ≥3 and 

only 1 proband with the score of <3.  

We report detailed genotype and phenotype of 8 confirmed and 4 presumed carriers of 

biallelic pathogenic MMR gene mutations carriers in 7 Indian families. Four of the 7 
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pathogenic mutations identified were novel and never reported in any database or 

literature. 

As per the review of 146 cases, there is a preponderance of PMS2 gene mutations 

(60%) in CMMRD syndrome [264]; however PMS2 gene analysis is often neglected 

due to technical difficulty in detecting PMS2 mutations as it shares homology with 

several pseudogenes resulting in under reporting of PMS2 mutation carrier patients. In 

our cohort also 5/7 (71%) families had biallelic mutation in PMS2 gene. In addition, 

due to the phenotypic overlap with Neurofibromatosis-1 (NF-1) and Leigus syndrome 

[285] and overlap of tumour spectrum with several other syndromes including FAP, 

MAP, LFS many patients with CMMRD are misdiagnosed and therefore are not 

offered proper genetic testing, they might undergo inappropriate surveillance 

protocols and early detection of CMMRD associated tumours might be missed [267]. 

In our cohort, diagnosis of LFS was made initially in 2 families however no 

pathogenic mutations in TP53 were identified. Identification of biallelic pathogenic 

PMS2 mutations in these 2 families highlights the importance of making a syndromic 

differential diagnosis and genetic screening of PMS2 gene in unexplained childhood 

cancer patients. 

The tumour spectrum is similar to what is reported in literature with high grade 

gliomas 9(6/18) and haematological malignancies (6/18) being the most common type 

of cancers. The median age of diagnosis for brain tumours and haematological 

malignancies was 7.5 years and 7 years respectively which in concordance with the 

reported literature. The median survival after the diagnosis of the first malignancy was 

48 months thereby highlighting the aggressiveness of the disease and importance of 

timely diagnosis. 
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We also report a novel biallelic MLH3 frameshift mutation in a 30 year lady with 

endometrial cancer and family history of colon cancer. The syndromic diagnosis of LS 

was made. However no pathogenic mutation was identified in any of the four MMR 

genes usually tested but a biallelic mutation was identified in the MLH3 gene. MLH3, 

as a DNA mismatch repair gene was identified as mammalian homologue of yeast 

which maps to chromosome band 14q24.3 and encodes a protein that interacts with 

MLH1 and repair short insertion-deletion loops single-stranded DNA [286, 287]. 

There are few likely pathogenic missense and truncating mutations of MLH3 with 

unclear clinical significance reported in InSiGHT database. MLH3 mutations comprise 

less than 2% of LS cases [288], however no biallelic mutations in MLH3 has been 

reported in CMMRD [254, 258, 263, 264]. Our results suggest a possible link between 

biallelic germline likely pathogenic mutation of MLH3 and CMMRD syndrome. Due 

to unavailability of parents‘ sample, the inheritance of this mutation could not be 

established. Absence of any other pathogenic or likely pathogenic mutation in other 

LS-associated genes on a large NGS hereditary cancer panel analysis is suggestive of 

the causative role of this MLH3 mutation in this patient with a characteristic early 

onset LS associated cancer. Our data is supported by another report of a biallelic 

MLH3 mutation in a distinct polyposis syndrome, where a germline nonsense 

mutation was identified in 4 patients with polyposis syndrome and a distinct clinical 

and molecular phenotype [289]. In another report of 57 endometrial patients, 6 likely 

pathogenic mutations of MLH3 were identified which suggests a possible role of 

MLH3 in endometrial cancers [290]. CMMRD is characterized by variable penetrance, 

variable age of onset and diverse clinical manifestations which include many LS-

associated tumours like colorectal cancer, endometrial cancer and uterine cancer. 
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Therefore we suggest MLH3 gene analysis in CMMRD suspected patients in whom no 

pathogenic mutation is identified in the 4 major MMR genes. 

In summary, we report the first comprehensive study on 7 CMMRD families which 

include 8 confirmed and 10 presumed carriers of biallelic germline pathogenic or 

likely pathogenic mutation in MMR genes which include 4 novel mutations. Our 

study has added to the existing knowledge of CMMRD genotype and phenotype with 

an emphasis on the importance of syndromic differential diagnosis to avoid any 

misclassification and proper management of CMMRD patients and their family. The 

CMMRD scoring system is also validated in our cohort. In addition, we also report a 

novel MLH3 associated phenotype in a CMMRD patient which needs to be explored 

further on additional cohorts to establish the significance of MLH3 as a possible cause 

of cancer predisposition in CMMRD patients. 
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EARLY ONSET SPORADIC COLORECTAL CANCER 
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6.1 Sporadic colorectal cancer 

Sporadic colorectal cancers are the subset of cancers that arise in the colon and rectum 

without any notable family history [291]. It comprises around two-thirds of all CRC 

cases. In the Caucasian population, the median age of onset of sporadic colon cancer 

is 68 years and 72 years in male and female and median age of patients with rectal 

cancer is 63 years in both genders. It occurs more frequently in the distal colon 

comprising approximately 70% cases [52].  

Sporadic CRC is often a somatic genetic disease which develops either due to 

abnormality in the local colonic environment or background genetic makeup or a 

combination of both [291]. Genetically, sporadic CRC develops by a progressive 

accumulation of genetic alterations in the tumour suppressor genes and oncogenes. 

CRC usually develops over few decades due to this progressive accumulation of 

alterations and undergo a stepwise progression from normal colonic epithelium to an 

adenomatous intermediate and finally adenocarcinoma, the so-called ―adenoma-

carcinoma sequence theory‖. 

6.1.1 Colorectal adenoma to carcinoma progression 

In the normal colorectum, homeostasis is maintained by a continuous replenishment of 

undifferentiated epithelial or transit cells from the intestinal crypts (crypts of 

Liberkuhn) [292]. This replenishment process involves rapid and continuous 

proliferation of the epithelial cells of the crypt and their subsequent migration along 

the crypt-villus axis. This huge replenishment of epithelial cells requires rapidly 

dividing multipotent intestinal stem or progenitor cells which are present at the base of 

the intestinal crypt [293]. To ensure this lifelong tissue homeostasis, stem cells must 

have an unlimited capacity to self-renew and differentiate. Therefore at least one of 
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the progeny must possess the property of stem cells after each cell division. The 

terminally differentiated cells are pushed towards the surface of gut lumen by young 

daughter cells and shed regularly. This continuous process of shedding and self-

renewal to maintain tissue homeostasis is under strict regulation of a small number of 

evolutionary highly conserved pathways, among which Wnt signalling pathway is a 

key player [294]. The disruption of this tightly regulated process occurs due to 

accumulation of mutation and it has been hypothesized that the first mutational hit 

occurs in the stem cells of the crypt followed by several mutagenic events over years. 

The mutated stem cells undergo rapid proliferation giving rise to daughter cells which 

ultimately give rise to cancer cells that have lost their self-renewal capacity [294]. 

These daughter cells are pushed towards the lumen at a rapid rate disrupting the sac 

like architecture of crypt resulting in small outgrowth in the luminal wall, termed as 

adenomas. These adenomas have malignant potential and upon accumulation of 

further aberrations transforms into colorectal adenocarcinoma.  

6.1.2 Colorectal tumourigenesis 

Colorectal cancer develops by deregulation of multiple pathways through independent 

genomic events leading to the loss of key regulatory mechanisms resulting in 

proliferation, invasion and metastasis. Decades of research has identified three major 

distinct genetic pathways implicated in the development of CRC: 

1. Chromosomal instability (CIN) 

2. Microsatellite instability (MSI) 

3. CpG island methylator phenotype (CIMP) 

Chromosomal Instability (CIN): Approximately 70% of sporadic CRC follows the 

CIN pathway, which refers to rapid gain or loss of a part or whole of chromosome 
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resulting in an imbalance in chromosome number i.e. aneuploidy. This chromosomal 

imbalance along with progressive mutational activation of tumour suppressor genes 

and oncogene is referred to as chromosomal instability [295]. Approximately 70% of 

sporadic CRCs develop along the CIN pathway. CIN pathway is based on the 

adenoma-carcinoma sequence theory proposed by Fearon and Vogelstein in 1990. The 

key genetic changes in the CIN pathway include activation of proto-oncogenes like 

KRAS, c-Myc, c-src, inactivation of tumour suppressor gene such as APC gene, TP53 

gene and allelic loss of 18q [40]. 

Fearon and Vogelstein model 

This model is derived from studies based on 172 colorectal specimens including 80 

adenomas representing various stages (early, intermediate and late adenomas) and 92 

carcinomas from both FAP and non-FAP patients [36]. The model proposed that there 

are four major genetic alterations that occur in stepwise manner resulting in clinical 

progression of CRC tumours. The genetic model by Fearon and Vogelstein is 

represented in Fig 6.1 

 

 

 

 

 

Fig 6.1 Genetic model of colorectal carcinogenesis (Fearon & Vogelstein) 
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Key events in the CIN pathway 

Loss of function of the APC gene is one of the earliest events in sporadic CRC 

progression. APC function is lost either by genetic disruption or hypermethylation of 

its promoter which result in activation of the Wnt/β signalling, the key event for 

adenoma initiation [296, 297]. Somatic mutations in APC is reported in 5% of 

dysplastic ACF, 30%–70% of sporadic adenomas, and approximately 70% of sporadic 

colorectal tumour [298-300]. In as many as 50% of CRCs where APC gene is intact, 

gain of function mutations in β-catenin (CTNNB1) activate the Wnt signalling thereby 

reflecting its importance [295].  

Another key event in the CIN pathway is oncogenic gain of function mutation in 

KRAS which is reported in 30-50% of CRC [301]. Approximately 90% of KRAS 

mutations occur in codon 12 and 13; additionally mutations in codon 61 and 146 are 

also reported though in lower frequencies [302]. Activated RAS regulates multiple 

cellular processes through different signalling pathways of which the most 

characterized is Raf–MEK–ERK pathway, which is involved in the control of cell 

cycle progression [303]. Mutations in KRAS impairs its GTPase activity keeping it in 

active state thereby resulting in constitutive activation of its downstream signaling 

such as PIK3CA which translocate to the plasma membrane to generate 

phosphoinositol lipids. PIK3CA has also been shown to play a role in CRC 

development. 

Loss of function of TP53 gene and 18q LOH has also been shown to be major 

contributors to the CIN phenotype [40]. In non-hypermutated CRC, TP53 mutations 

rate is 55-60% as opposed to ~20% in hypermutated tumours which are mostly driven 

by MSI pathway. TP53 alteration frequency is 15-30% in adenomatous polyps as 
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opposed to 80% in advanced colorectal carcinoma thereby suggesting the fact that loss 

of TP53 mutation is a late event in CRC progression [304]. Allelic loss at 

chromosome 18 (18q) is an important genetic alteration in the CIN pathway. One of 

the candidate genes at this locus is SMAD4 which is reported to be mutated in 10% of 

sporadic CRCs [305]. Somatic SMAD4 mutations are more frequent in later stages of 

CRC development [306], and LOH at the SMAD4 locus has been proposed to be a 

worse prognostic marker for patient survival [295]. 

Microsatellite Instability Pathway (MSI): MSI refers to genetic hypermutability 

caused due to a defective mismatch repair system. It is seen in 10-15% of sporadic 

CRCs [295]. Microsatellites, that are repeat sequences present throughout the genome, 

are prone to DNA replication errors due to polymerase slippage. These regions 

accumulate mutations due to abnormally functioning MMR resulting in microsatellite 

instability and subsequently lead to development of sporadic CRC [30]. It is the most 

common tumourigenesis pathway in Lynch syndrome (LS), a hereditary form of CRC. 

Loss of MMR function can occur in two ways, either by mutation in one of the MMR 

genes or by hypermethylation of the promoter region of hMLH1 gene. The latter being 

a more common mechanism in sporadic CRCs accounting for 90% of all MSI-H 

sporadic CRCs [307]. Most MSI-H sporadic CRCs are diploid and lack LOH. 

Though a small proportion of hereditary CRC, LS and sporadic CRC are driven by the 

MSI pathway, there exist various genetic differences among them. APC mutation is 

one of the earliest events in MSI-H sporadic CRCs as opposed to CTNNB1 mutation 

in LS [308]. Additionally, BRAF (V600E) mutations have been found to be more 

frequent in MSI-H sporadic CRC than LS [309]. KRAS mutations are rare in MSI-H 
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sporadic CRCs [310]. These differences suggest that these two types of MSI-H CRC, 

sporadic CRC and Lynch syndrome CRC which evolve via alternate pathways. 

CpG Island Methylator Phenotype (CIMP) pathway: CIMP pathway is 

characterized by widespread CpG island methylation. CpG sequences usually cluster 

in a region known as island present in the 5‘ promoter region of several genes. 

Methylation of cytosine in these CpG islands result in silencing of respective protein 

expression. hMLH1 promoter hypermethylation is most common in sporadic CRCs 

therefore CIMP-positive CRCs are often MSI-H [52]. CIMP is associated with BRAF 

mutations in both MSI and MSS CRCs. Hypermethylation result in loss of expression 

of other genes as well which are involved in CRC carcinogenesis like p16 (cell cycle 

regulator), ER (growth suppressor), THBS1 (angiogenesis inhibitor), and MGMT 

(DNA repair gene) [311]. There exist few panels for defining CIMP like Issa panel 

consisting of p16, hMLH1, MINT1, MINT2, and MINT31 markers and the new Laird 

panel comprising of CACNA1G, IGF2, NEUROG1, RUNX3, and SOCS1markers 

however a unified panel remains to be established. 

These mechanisms are not mutually exclusive and may coexist therefore sporadic 

CRC may develop through three distinct clinicopatholoigical evolution pathway [52]. 

The first is the traditional pathway which starts with APC mutation resulting in 

formation of tubular adenomas from normal mucosa and subsequently develops in 

CRC with TP53 mutations and CIN. The second is the serrated pathway which is 

characterized by CIMP and BRAF mutations resulting in the formation of serrated 

polyps from normal mucosa and ultimately CRC due to loss of MLH1 function and 

MSI. The third one known as the alternative pathway, starts from normal mucosa via 

villous, partly serrated adenomas harbouring mutations in KRAS, BRAF, APC and 
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CIMP-L and subsequently develops colon cancer (with CIMP) [52]. The three 

pathways are represented in Fig 6.2 

 

Fig 6.2 Three evolutionary pathways of sporadic colorectal tumourigenesis 

(Taken from Ref [52]) 

 

6.2 Sporadic early onset colorectal cancer 

There is a huge geographical variation in the incidence rate of CRC with developed 

nations in the Western world carrying most of the CRC burden. CRC being an age-

related disease mostly develop in the 6
th

 decade of life with early onset of CRC seen 

mostly in the hereditary setting of FAP and LS. With increased awareness, lifestyle 

modification and screening programmes, the incidence of CRC in individuals above 

50 years of age has declined significantly over the last decade [312, 313]. Despite an 

overall decrease in CRC incidence and mortality, a significant increase in the 

incidence of CRC in young individuals with no notable family history (early-onset 

sporadic, EOS-CRC) has been observed worldwide [314]. Analysis of data from both 



P a g e  | 188 

 

USA (SEER) and UK (Office for National statistics) revealed an increased incidence 

of rectal and left sided tumour in the age group below 70 years [315]. This trend was 

well established by the early 2000‘s and several studies have been undertaken to better 

understand this subset of CRC [316]. In contrast to the Western population, data from 

developing countries like India is sparse. The few etiological studies that have been 

done, report a disproportionate increase in the incidence of young onset CRC in India 

with the incidence rates even higher than the Western population [53, 317]. The 

incidence of rectal cancer was more than colon cancer in young individuals in the 

developing countries, including India [53, 317-319].  

6.2.1 Clinicopatholoigical features of EOS-CRC 

In an attempt to understand the biology of EOS-CRC, different population based 

studies have evaluated the clinicopathological and molecular origin of this subset of 

CRC. These studies revealed a distinctive tumour location, stage at presentation and 

histologic features in young onset CRC. Young onset CRC tumours were found to be 

more prevalent in the sigmoid colon or rectum (50-80%) as compared to late onset 

CRC [320]. CRC in young individuals exhibit histologically unfavourable disease 

characteristics such as poor differentiation, advanced stage, mucinous/or signet ring 

cell carcinoma and therefore are typically associated with worst outcome. 

Studies from India who have evaluated the clinicopathological features of EOS-CRC 

reported similar features such as poorly differentiated, advanced stage, mucin 

secreting aggressive tumours with poor survival compared to other subgroups [321-

323]. Rectal tumours in young population was found to be less resectable when 

compared to the older population either due to advanced stage or physical adherence 
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to the pelvic bone, therefore leaving radiotherapy and chemotherapy as the only 

treatment options [323]. 

The reasons for these histologic differences between young and old onset CRC is not 

known yet, however a better understanding of their molecular biology may give some 

explanation. 

6.2.2 Age-cut off of EOS-CRC 

While young age at onset of CRC is a hallmark of hereditary CRC syndromes, in 

recent years there is a distinct trend of sporadic CRC among young individuals. There 

is a wide variation in the age cut off adopted by different centres for defining early 

onset CRC but majority of studies have used an age cut off between 40-50 years [324]. 

Few studies have reported difference in the histopathological characteristics between 

early and late onset CRC and also among different subset of early onset group like 

<30 years and 30-50 years age group. One such observation is that survival is worst in 

patients younger than 30 years old, whereas it is comparable or even better among 

patients between 40 and 50 when compared with those older than 50 years [325]. 

Therefore, it is important to define the age groups to have a better understanding of 

non-hereditary CRC in young patients. The differences observed in the pathological 

features and clinical outcome at different ages may be due to difference in the 

underlying molecular mechanisms.  

6.2.3 Molecular profiling of EOS-CRC 

Molecular events in colorectal cancer occurring in young individuals have not been 

well elucidated and very few studies have compared the molecular profile of early and 

late onset CRC cases. Despite of a higher incidence of young onset CRC in the 

developing countries, very few studies have been conducted on these patients, limiting 
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our understanding of this poor prognosis subset of CRC. The first combined genetic, 

epigenetic and clinical profiling of rectal cancer in India was carried out in 2014 

which revealed that these tumours are microsatellite stable (MSS), CIMP-low and 

exhibit differential KRAS mutations. A significantly lower frequency of KRAS codon 

12 and 13 mutations and higher frequency of codon 15 and 18 mutations were 

observed in early onset rectal cancers versus late onset cases [321]. Another study of 

molecular genetic profiling of CRC revealed that in a significant proportion of early 

onset CRC, the tumour is not driven by the known canonical pathways i.e. CIN or 

MSI. In addition, early onset CRCs does not harbour hotspot KRAS mutations as 

opposed to their late onset counterpart [326]. Similar differential molecular profile is 

reported recently from the largest study from USA where they carried out a 

comprehensive analysis of genomic landscape of younger (<40 years) and older onset 

CRC (≥50 years) [327]. The commonly mutated CRC genes like APC, KRAS, BRAF, 

PIK3CA and FAM123B were found to be more frequently altered in older patients 

with CRC while TP53 and CTNNB1 alterations were more frequent in younger 

patients. 

However, apart from the lower frequency of the most commonly mutated genes and 

lesser involvement of the canonical pathways in CRC, the route to tumourigenesis 

meaning the somatic mutational landscape, other genes that are mutated and the path 

to malignancy in early onset CRC is poorly understood.  

 

6.3 Hypothesis and objective of the study 

The genetic and epigenetic events driving the tumourigenesis of early onset CRC, in 

the absence of a hereditary influence, has not been fully elucidated. The limited 
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number of comprehensive molecular genetic analysis studies reported so far for early 

onset CRC suggests involvement of a non-canonical pathway. This may explain the 

distinct clinical, pathological and molecular features seen in EOS-CRC. One of the 

major drawbacks of these studies is the wide variability in the age cut off used to 

define early onset CRC. Another shortcoming is the lack of clear distinction between 

early onset hereditary or LS associated CRC and early onset sporadic CRC. Despite 

several reports showing different molecular profiles for colon and rectal cancer, most 

studies have analysed them as single entity of colorectal cancer. It is noteworthy that 

the rise in young onset CRC patients in developing countries like India shows a higher 

incidence rate of rectal cancer. Additionally, the studies from India are limited to few 

tertiary hospitals and are centre specific therefore the results could be biased as they 

are not population based. Studies on sporadic-RC occurring in the young have been 

limited and our understanding of this subset of CRC is meagre and their survival rate 

remains poor. 

In the light of the aforementioned points, we hypothesize that early onset sporadic 

rectal cancer follow an entirely distinct genetic pathway that are more heterogeneous 

and complex to be explained by the three existing canonical pathways. It therefore 

becomes imperative to identify molecular pathways that drive tumourigenesis in this 

poorly studied CRC subtype. One of the objectives of this project was therefore to 

understand the somatic mutational landscape of early onset rectal cancer using a two-

step approach. After ruling out the known canonical pathways as a major component 

of early onset rectal cancer through limited genetic analysis of 10 early onset sporadic 

rectal cancers, we undertook comprehensive genetic analysis via whole exome 



P a g e  | 192 

 

sequencing on a set of 28 early-onset RC to define the somatic mutational landscape 

and identify any other pathway. 

 

6.4 Results 

6.4.1 Clinical characteristics of patients 

As mentioned in section 2.3.1 of Chapter 2, this study included advanced stage poorly 

to moderately differentiated rectal/recto-sigmoid tumours from patients below 40 

years of age with no notable family history. Patient samples were segregated into 

categories based on treatment status:  

a. Set I: Rectal or Recto-sigmoid paired tumour/adjacent normal samples from 10 

cases obtained during surgery done after pre-operative radio-therapy with or 

without chemotherapy (median age: 30 years). Two of these samples which were 

MMR proficient on IHC showed Micro-Satellite Instability on STR profiling and 

was not subjected to further molecular characterization 

b. Set II included 21 treatment naïve paired samples from patients with rectal cancer 

(median age: 27 years) and 7 paired samples from set I (RS_31, 32, 33, 34, 36, 37) 

The clinicopathological details of patients from both sets are summarized in Table 6.1 
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Table 6.1 Clinicopathological features of EOS-Rectal Cancer patients 

 
Sr. 

No. 

Case ID Age at 

diagnosis 

Gender Cancer site HPR of tumor 

Set 1 

1 RS_31 39y M Rectum PDA  

2 RS_32 18y M Rectum PDA  

3 RS_33 30y M Rectum PDA with extracellular mucin 

4 RS_34 27y M Recto-sigmoid PDA with signet ring cell features 

5 RS_35 27y F Rectum PDA with mucinous and signet ring cell 

features 

6 RS_36 37y M Rectum MDA 

7 RS_37 30y F Rectum MDA 

8 RS_38 37y M Rectum MDA-PDA 

9 RS_39 30y M Recto-sigmoid PDA  

10 RS_40 38y F Rectum PDA  

Set 2 

1 RS_02 22y F Rectum MDA  

2 RS_03 30y M Rectum Mucin secreting with signet ring cell 

feature 

3 RS_04 30y F Rectum PDA 

4 RS_05 21y F Rectum MDA  

5 RS_06 36y M Rectum PDA with signet ring cell features 

6 RS_08 29y F Rectum MDA 

7 RS_09 35y M Rectum MDA 

8 RS_10 27y M Rectum MDA 

9 RS_11 25y M Rectum PDA with mucinous and signet ring cell 

features 

10 RS_12 23y M Rectum MDA with mucinous and signet ring cell 

features 

11 RS_13 33y M Rectum PDA with extracellular mucin 

12 RS_14 32y M Rectum PDA 

13 RS_16 27y F Rectum PDA with mucinous and signet ring cell 

features 
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14 RS_17 35y M Rectum MDA 

15 RS_18 35y F Recto-sigmoid MDA 

16 RS_19 26y M Rectum Mucinous signet ring cell  

17 RS_20 35y M Rectum MDA-PDA 

18 RS_21 21y F Rectum MDA  

19 RS_22 24y F Rectum MDA  

20 RS_23 35y M Rectum PDA with mucinous and signet ring cell 

features 

21 RS_28 38y F Rectum PDA with mucinous and signet ring cell 

features 

Abbreviation- HPR: Histopathology report, PDA: poorly differentiated 

adenocarcinoma, MDA: moderately differentiated adenocarcinoma 

 

Two-step approach was used to understand the genetic and molecular profile of early 

onset sporadic rectal cancer (EOS-RC) in the Indian population as: 

1) Screening for the known canonical pathways in Set I tumours to investigate their 

role in EOS-RC 

2) Whole exome sequencing of 15 paired tumour and adjacent normal samples to 

identify the somatic mutational landscape of EOS-RC 

 

6.4.2 Screening for the known canonical pathways of CRC 

6.4.2.1 Screening for CIN in the Indian EOS-RC patients 

CIN in CRC patients results from inactivation of APC or activating mutations of β-

catenin gene (CTNNB1) causing aberrant Wnt signaling. The first step was to verify 

whether aberrant Wnt activation is involved in the tumourigenesis of EOS-RC in 

Indian patients. All 10 tumours exhibited membranous positivity for β-catenin protein 

indicating that these tumours are not driven by the Wnt pathway (Fig 6.3). 
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Fig 6.3 Representative photomicrographs of β-catenin IHC. Left Panel: Normal 

colonic mucosa showing membrane staining of β-catenin indicated by yellow arrows. 

Right Panel: Rectal tumour showing membranous staining for β-catenin indicated by 

blue arrows 

 

APC mutations are known to be responsible for more than 80% of Wnt activated CRC. 

70% of the inactivating mutations of APC has been identified in the Mutation Cluster 

Region (MCR) located in the central region of the APC gene (including codon 1250-

1450) spanning approximately 1000bp which overlaps with the region encoding the 

20 amino acid repeats (20R) that are beta-catenin-binding sites [328]. Mutations in 

MCR disrupt β-catenin binding by APC which subsequently results in constitutively 

activated WNT signaling in tumours. We screened APC-MCR region in our 10 

samples from Set I and identified no mutation in any case. 

In some CRC without APC mutations activating β-catenin mutations that involve 

missense mutation or, occasionally, deletion of exon 3 serine/threonine residues have 

been shown to be responsible for aberrant Wnt signaling therefore we screened our 

Set I tumours for the same. No mutation was identified in any of the 10 cases. 

Absence of mutations in APC MCR and β-catenin in all the cases thereby further 

confirm our IHC based Wnt evaluation.  
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Mutation in KRAS is considered as an early event in the CIN pathway and has been 

reported to be mutated in 35%-45% of colon carcinomas [329]. Point mutations in 

codon 12 and 13 of exon 2 account for nearly 90% of all the KRAS mutations 

identified in CRC. No mutation was detected in any case upon KRAS exon 2 screening. 

6.4.2.2 Screening of MSI in EOS-RC 

We next investigated the role of second major CRC driver pathway, the MSI pathway, 

in Wnt- samples by carrying out IHC of MMR proteins. All the 10 exhibited nuclear 

staining for all four MMR proteins (Fig 6.4A-D) 

 

   

Fig 6.4A Representative photomicrographs of MLH1 IHC. Left Panel: Normal 

colonic mucosa showing nuclear staining of MLH1 indicated by yellow arrows. Right 

Panel: Rectal tumour showing nuclear staining for MLH1 indicated by blue arrows. 

 



P a g e  | 197 

 

 

Fig 6.4B Representative photomicrographs of MSH2 IHC. Left Panel: Normal 

colonic mucosa showing nuclear staining of MSH2 indicated by yellow arrows. Right 

Panel: Rectal tumour showing nuclear staining for MSH2 indicated by blue arrows. 

 

 

 

Fig 6.4C Representative photomicrographs of MSH6 IHC. Left Panel: Normal 

colonic mucosa showing nuclear staining of MSH6 indicated by yellow arrows. Right 

Panel: Rectal tumour showing nuclear staining for MSH6 indicated by blue arrows.  
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Fig 6.4D Representative photomicrographs of PMS2 IHC. Left Panel: Normal 

colonic mucosa showing nuclear staining of PMS2 indicated by yellow arrows. Right 

Panel: Rectal tumour showing nuclear staining for PMS2 indicated by blue arrows. 

 

We next investigated the MSI status by PCR based amplification of NCI panel of 5 

microsatellite markers. All the 10 tumours were found to be MSS (Fig 6.5). 

 

 

 

 

                                             

 

 

 

 

 

 

Fig 6.5 Representative Electropherograms of MSI screening 

      

Tumor DNA 

      

Germline DNA 

BAT25 BAT26 D17S250 D5S346   D2S123 
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Combined analysis of MMR IHC and STR markers revealed that all these 10 cases are 

MMR proficient. 

hMLH1 promoter hypermethylation is the most common tumourigenesis pathway in 

sporadic CRCs, however intact nuclear staining of MLH1 protein in these 10 cases 

further confirm that EOS-RC are not driven by MLH1-associated CIMP pathway. 

CIMP has been reported to be associated with BRAF mutations in both MSI (30%-

50%) and MSS (10%) CRCs with Exon 15, V600E being the most common mutation. 

No mutation was identified in Exon 15 of BRAF in any of the 10 cases. 

The screening results are summarized in Table 6.2 
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Table 6.2 Summary status of CIN and MSI pathway and key genes in EOS-RC 

Sample 

ID 

MMR 

proficient 

MSI 

analysis 

β-catenin nuclear 

staining 

APC 

MCR 

CTNNB1 

Exon 3 

KRAS 

Exon 2 

BRAF 

Exon 15 

RS_31 Yes MSS Yes WT WT WT WT 

RS_32 Yes MSS Yes WT WT WT WT 

RS_33 Yes MSS Yes WT WT WT WT 

RS_34 Yes MSS Yes WT WT WT WT 

RS_35 Yes MSS Yes WT WT WT WT 

RS_36 Yes MSS Yes WT WT WT WT 

RS_37 Yes MSS Yes WT WT WT WT 

RS_38 Yes MSS Yes WT WT WT WT 

RS_39 Yes MSS Yes WT WT WT WT 

RS_40 Yes MSS Yes WT WT WT WT 

Abbreviations:- MSI: Microsatellite Instability, MSS: Microsatellite stable, WT: 

Wild type (No mutation) 
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6.4.3 Whole exome sequencing analysis of 28 EOS-RC samples 

We performed WES of 28 sporadic rectal adenocarcinoma samples from patients with 

median age of onset of 27 years. Demutliplexed FASTQ files were used to assess the 

quality of the sequencing data using the FASTQC software. FASTQC analysis 

revealed that the reads were of good quality with mean and median base Phred quality 

score for almost bases in all 28 samples was above 30 (Q>30). Representative 

FASTQC report image for one of the samples is given in Fig 6.3  

 

Fig 6.6 FASTQC analysis of raw data shows quality scores above 30 across all bases 

 

After mapping the reads to the reference human genome hg19, nearly 99% of reads 

were mapped to targets, and the mean target coverage was 90-171 in 24 samples and 

40-69 in remaining 4 samples. More than 95% of the bases was covered at least 10X 

in each sample. More than 80% of the bases were covered at least 30X in each sample 

except 2 samples covered at 64.76X and 73.66X each. Detailed description of the 

exome coverage statistics are given in Table 6.3. 
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Table 6.3 Coverage statistics for WES samples 

Sample 

ID 

Total no. of 

reads 

No. of 

mapped 

reads 

Mapping 

Rate 

Mean 

Target 

Coverage 

Percent 

bases 

covered 

at 10X 

Percent 

bases 

covered 

at 30X 

RS_38_T 82187747 82096524 99.89% 171.49 99.47% 96.41% 

RS_38_N 74703273 74592083 99.85% 155.31 99.38% 95.1% 

RS_37_T 69654314 69537232 99.83% 143.46 99.26% 95.33% 

RS_37_N 68450353 68354900 99.86% 146.60 98.77% 91.67% 

RS_36_T 60609202 60521134 99.85% 125.91 99.16% 93.04% 

RS_36_N 75726928 75633493 99.88% 163.49 99.19% 94.23% 

RS_34_T 61800012 61710314 99.85% 126.91 99.15% 93.55% 

RS_34_N 69676712 69583899 99.87% 146.89 99.28% 94.18% 

RS_33_T 67212958 67099193 99.83% 138.02 99.3% 94.43% 

RS_33_N 74054533 73932456 99.84% 151.23 99.4% 95.9% 

RS_32_T 65230284 65104835 99.81% 136.77 99.11% 93.61% 

RS_32_N 66443334 66342745 99.85% 137.84 99.16% 93.58% 

RS_31_T 73829940 73723190 99.86% 154.15 99.39% 95.58% 

RS_31_N 65994375 65893957 99.85% 136.97 99.15% 93.7% 

RS_28_T 67848477 67754783 99.86% 133.34 95.49% 89.51% 

RS_28_N 68287222 68177726 99.84% 133.25 95.52% 89.69% 

RS_23_T 73245898 73116182 99.82% 140.61 95.89% 90.51% 

RS_23_N 73281078 73166327 99.84% 141.82 95.87% 90.6% 

RS_22_T 65756399 65681202 99.89% 129 95.18% 88.53% 
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RS_22_N 64228759 64157306 99.89% 125.8 95.22% 88.51% 

RS_21_T 67950875 67850347 99.85% 131.77 95.47% 89.71% 

RS_21_N 68303914 68215292 99.87% 132.78 95.54% 89.83% 

RS_20_T 65855732 65748738 99.84% 127.6 95.57% 89.07% 

RS_20_N 67103930 67002669 99.85% 129.94 95.63% 89.31% 

RS_19_T 64424292 64320054 99.84% 124.2 95.49% 88.90% 

RS_19_N 63505006 63389089 99.82% 121.81 95.55% 89.03% 

RS_18_T 64259909 64160514 99.85% 131.53 98.95% 93.6% 

RS_18_N 65999807 65911990 99.87% 143.56 98.7% 91.4% 

RS_17_T 67699010 67608067 99.87% 145.98 98.81% 91.39% 

RS_17_N 79139219 79043791 99.88% 171.98 99.29% 94.78% 

RS_16_T 67946638 67852520 99.86% 133.43 95.51% 89.69% 

RS_16_N 65233306 65142269 99.86% 122.86 95.41% 89.29% 

RS_14_N 69159022 69047698 99.84% 143.05 99.33% 95.26% 

RS_14_T 64553398 64465372 99.86% 134.14 99.15% 94.12% 

RS_13_T 64833898 64742676 99.86% 125.79 95.41% 89.27% 

RS_13_N 68998004 68907118 99.87% 134.44 95.61% 90.05% 

RS_12_T 67493312 67375984 99.83% 130.65 95.59% 89.25% 

RS_12_N 66722806 66622974 99.85% 128.88 95.70% 89.69% 

RS_11_T 66543532 66439722 99.84% 129.05 95.59% 89.22% 

RS_11_N 62667354 62579788 99.86% 121.60 95.44% 88.46% 

RS_10_T 73061721 72962755 99.86% 151.14 99.22% 95.07% 

RS_10_N 77968907 77855636 99.85% 164.15 99.24% 94.39% 

RS_09_T 75881040 75766521 99.85% 161.78 98.96% 92.68% 

RS_09_N 72977344 72905769 99.9% 160.89 98.99% 92.9% 
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Rs_08_T 65848569 65747497 99.85% 136.24 99.18% 94.6% 

RS_08_N 70985079 70901384 99.88% 151.16 99.13% 94.33% 

RS_06_T 150747388 150381010 99.76% 166.06 99.28% 97.47% 

RS_06_N 37293621 37170760 99.67% 47.30 99.16% 73.66% 

RS_05_T 33600027 33469155 99.61% 42.47 94.5% 64.76% 

RS_05_N 45805230 45533745 99.41% 60.31 96.80% 82.39% 

RS_04_T 58743371 58218466 99.11% 69.40 97.85% 89.68% 

RS_04_N 79452399 78982941 99.41% 96.70 98.19% 93.27% 

RS_03_T 72442799 72357825 99.88% 141.74 95.73% 90.15% 

RS_03_N 90640136 90523515 99.87% 176.94 96.25% 92.23% 

RS_02_T 45717384 45451922 99.42% 55.29 96.84% 81.26% 

RS_02_N 74232481 73722224 99.31% 92.93 97.99% 92.46% 

 

After processing the variants identified by exome sequencing to include only somatic 

SNVs and Indels (explained in Section 2.5 in Chapter 2) a total of 29575 high 

confidence somatic variants were identified within 28 samples analysed. The high 

confidence somatic exonic variants were further processed with latest version of 

ANNOVAR software to functionally annotate. After excluding all the variants which 

were present in non-coding region (intronic, intergenic, ncRNA, UTR etc.), the silent 

synonymous variants, unknown significance variants and the ones which were present 

at a very high frequency in the dbSNP, ESP6500 or 1000Genome databases from 

further study, we restricted our study to only 6727 non-synonymous known and novel 

variants. 

Two tumour sample (RS_21 & RS_33) had a very high number of 1640 and 3262 

nonsynonymous exonic variants with a tumour mutational burden (TMB) of 32.8/Mb 

and 65.24/Mb respectively. In the remaining 26 samples, the median frequency of 
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nonsynonymous exonic variants were 67 (range: 13-160) resulting in median TMB of 

1.34 per Mb (0.26-3.2). As per TCGA, a tumour is designated as hypermutated if the 

TMB is >12 mutations/Mb and non-hypermutated, if TMB is <8.24 mutations/Mb. 

Therefore, samples RS_21 with 1640 and RS_31 with 3262 variants are hypermutated 

tumours.  

A detailed summary of variant statistics of all the samples is given in Table 6.4. 

 

Table 6.4 Variant statistics of WES for all samples 

S. No. Sample Total no. of 

somatic-hc 

variants 

All exonic variants 

(synonymous 

variants) 

Filtered 

known/novel 

variants 

1 RS_02 157 109 (17) 90 

2 RS_03 209 111 (29) 81 

3 RS_04 54 50 (10) 40 

4 RS_05 109 73 (20) 52 

5 RS_06 50 18 (5) 13 

6 RS_08 133 74 (18) 56 

7 RS_09 156 86 (21) 64 

8 RS_10 230 121 (35) 86 

9 RS_11 150 94 (23) 68 

10 RS_12 178 90 (20) 69 

11 RS_13 205 113 (19) 94 

12 RS_14 123 91 (35) 55 

13 RS_16 150 90 (21) 68 

14 RS_17 144 80 (22) 57 

15 RS_18 259 135 (48) 86 

16 RS_19 187 102 (25) 74 

17 RS_20 159 91 (25) 66 

18 
*
RS_21 3164 2115 (458) 1640 
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19 RS_22 395 188 (27) 160 

20 RS_23 37 24 (8) 14 

21 RS_28 107 74 (24) 50 

22 RS_31 113 73 (16) 55 

23 RS_32 382 174 (44) 140 

*
24 RS_33 22072 6637 (3286) 3262 

25 RS_34 144 85 (24) 60 

26 RS_36 117 75 (16) 59 

27 RS_37 183 105 (26) 78 

28 RS_38 208 116 (26) 86 

      Somatic-hc: somatic-high confidence; *Hypermutated tumour 

 

While defining the somatic mutation spectrum of tumour samples, C/G>T/A 

transitions were found to be the most common in 23/26 cases. The somatic mutation 

signatures by the type of nucleotide changes is represented in Fig 6.7 

Fig 6.7 Somatic mutation signatures by type of nucleotide change 
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In order to identify to genes harbouring potentially pathogenic variants that were 

observed in more one sample we included only splice sites and nonsynonymous 

missense variants predicted to be pathogenic by ≥5/11 in-silico tools. The analysis 

revealed 15 genes that were identified in more than two samples. 

We compared the most frequently mutated genes in the Indian Early Onset Rectal 

Cancer with the USA-TCGA Late onset Rectal Cancer. This comparison reveals a 

distinct mutational landscape between the two forms of rectal cancers in these two 

populations (Fig 6.8 and Fig. 6.9) 
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Fig 6.9 Top 15 frequently mutated genes in Indian EOS Rectal Cancer  

 

 

Fig 6.10 Top 20 frequently mutated genes in USA TCGA Late onset Rectal 

Cancer  

 

The combined comparative analysis of the above 2 set of genes reveals that the 

somatic mutation distribution of EOS-RC differs greatly from USA TCGA late onset 

RC. The most significant observation of this study is that the mutation detection rates 

in the canonical genes also known as ―hill‖ genes are either significantly lower, except 

TP53 and SMAD4 or mostly absent in our cohort of early onset RC. The mutation rate 

of TP53 in our cohort was similar to the TCGA rectal cancer data; however the rate of 

SMAD4 mutation was significantly higher (50%) when compared to TCGA-US late 

onset rectal cancer cohort (12%).  
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6.5 Discussion 

Despite the low overall age-adjusted CRC incidence in India, the incidence of early 

onset CRC cancers is disproportionately higher in India along with predominance of 

rectal cancer [53, 317, 318]. These early onset rectal tumours are associated with 

unfavourable disease phenotype however there is lack of comprehensive genetic 

studies on this subgroup of CRC. Only one such study has been reported from India 

which revealed that known canonical pathways of CRC carcinogenesis, such as CIN 

and MSI accounts only for a small proportion of early onset sporadic rectal cancer 

patients [326]. In addition, another study from Indian rectal cancer patients showed 

that the frequency of alterations in critical CRC genes such as KRAS, TP53 and BRAF 

was significantly lower in this subgroup as compared to late-onset CRC patients [321]. 

In light of these previous data, we hypothesize that early onset sporadic rectal/recto-

sigmoid cancers may have completely different and as yet unknown genetic factors 

which needs to be elucidated. This may help in establishing novel 

diagnostic/prognostic/therapeutic regime for young onset patients.  

Whole exome sequencing revealed the presence of an average of 67 exonic somatic 

variants per sample (range 13-160) in 26/28 with a mean TMB of 1.32 per Mb (0.28-

1.88). This conforms that EOS-RC tumours are non-hypermutated. Two of these 

samples were hypermutated with 1640 and 3262 variants and mean TMB of 32.8/Mb 

and 65.24/Mb respectively. It is known that hypermutated tumour may arise in 

individuals with germline mutations in the MMR, POLE and MUTYH genes [39]. 

75% of hypermutated tumours exhibits MSI while 25% have somatic mutations in 

MMR genes and/or POLE or POLD1 genes Somatic POLE mutations which affect the 

exonuclease domain also result in mismatch repair error and subsequent accumulation 
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of these errors in several genes leading to hypermutation [330]. Tumours with POLE 

or POLD1 mutations have been shown to be characterized by an extremely high 

mutation frequency (>1 million per genome) [331]. The hypermutator phenotype 

observed in two of our study sample in fact harboured a known non-synonymous 

variant in POLE along with somatic mutation in MSH6 gene in one sample (RS-21) 

and mutations in MLH3, MSH3 and PMS2 genes in second sample (RS_33). 

Analysis and filtering of variants revealed 15 genes to be recurrently mutated in the 26 

non-hypermutated tumours. Interestingly, this somatic mutation distribution differs 

greatly from the ones reported in US-TCGA RC. The mutation detection rate in the 

canonical genes also known as ―hill‖ genes except TP53 and SMAD4 were 

significantly lower or absent in our cohort of early onset RC. The mutation rate of 

TP53 was similar to the TCGA RC data; however the rate of SMAD4 mutation was 

significantly higher (50%) when compared to US late onset RC (12%) from TCGA 

data. There are few reports where loss of SMAD4 was shown to be a feature of early 

onset CRC [332, 333]. Another report also showed that SMAD4 mutation was higher 

in younger age group than older age group. These results suggest that the absence of 

SMAD4 could be a marker of the worse behaviour of early onset CRC, particularly in 

the microsatellite stable (MSS) group.  

The genes found to be recurrently mutated in our cohort are not commonly altered in 

rectal cancer. Notably one of the recurring genes was an E3 ubiquitin ligase RNF43 

which negatively regulates Wnt by ubiquitination and subsequent degradation of the 

Frizzled receptor. Somatic mutations of RNF43 are reported in only 0.7% of US late 

onset rectal cancers TCGA while it was 31% (8/26) in our early onset rectal tumours. 

These 8 cases do not have APC mutation which is in concordance with literature that 



P a g e  | 211 

 

RNF43 and other RNF family members may serve as potential alternative to APC 

mutation as a mechanism for altering the Wnt signalling pathway in EOS-RC. 

However, the FFPE blocks were not available for us to examine the IHC status of β-

catenin as a marker of Wnt signalling. Therefore the mechanism by which RNF43 is 

altering Wnt signaling cannot be deduced as RNF43 is shown to be involved in both 

canonical and non-canonical Wnt signaling pathway [334]. Altogether, the data 

suggests a possibility that tumourigenesis in sporadic early onset rectal tumours 

proceeds via an alternate pathway than the known canonical pathways of CRC. 

However, no definite conclusions can be made owing to the relatively low discovery 

set which merits further studies on more such samples and validation on an 

independent cohort. 
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Hereditary colorectal cancer syndromes account for 5% of all CRC and include the 

common hereditary syndromes like LS and rare syndromes like FAP, PJS, JPS and 

CMMRD. These syndromes are widely studied in the Western countries with most of 

the clinical and genetic profiling and genotype-phenotype correlations data derived 

from the Caucasian population. There are few reports from East Asian population as 

well. However, there is lack of knowledge in the South Asian population. Our group 

has previously described detailed genotype-phenotype correlation in 54 FAP families 

[51] Although LS is one of the most common hereditary CRC, only 28 MMR families 

from India from 3 studies have been reported [233-235]. There is only one report each 

of STK11 mutation carrier PJS family [110] and PMS2 biallelic mutation carrier 

CMMRD family from India [281]. The present study therefore examined common as 

well as rare hereditary CRC syndromes through comprehensive genetic analysis of 

MMR and STK11 genes in Indian LS, PJS and CMMRD patients.  

In the first comprehensive analysis of Indian PJS patients, the STK11 mutation and 

variant spectrum was quite distinct with several novel mutations. This study expands 

the mutation spectrum of STK11 gene and highlights the need for studying different 

populations across the world and collation of data. A major observation from this 

study was the identification of STK11 associated breast cancer phenotype, not 

previously reported. The characteristic feature of STK11 associated breast cancers 

was infiltrating duct carcinoma histology, ER positive and Her2Neu negative tumours. 

If this association between STK11 mutation and ER and Her2 status is confirmed in a 

larger pooled cohort, it could help developing counselling and risk management 

guidelines and establish a role for chemoprevention and or prophylactic oophorectomy 

in STK11 mutation carriers similar to their role in BRCA2 mutation carriers. 
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The very high (96%) mutation detection rate in our Lynch syndrome cohort can be 

attributed to the use of multimodal approach for selection of patients using different 

clinical criteria for syndromic diagnosis and pre-screening techniques like IHC and 

comprehensive genetic testing involving Sanger sequencing and MLPA. The MMR 

gene mutation spectrum in our cohort included a high frequency of novel mutations 

highlighting the need for genetic characterization of Lynch syndrome cohorts from 

different population. While the phenotypes in the MMR mutation carriers in our 

cohort is similar to that reported in the Caucasian population, the high frequency of 

breast cancer in our cohort supports the inclusion of breast cancer in the LS tumour 

spectrum. 

Ours is the first comprehensive CMMRD study from India with 8 confirmed and 4 

presumed biallelic MMR gene mutation carriers. Due to technical difficulty in 

screening PMS2, overlapping clinical features and lack of well-established clinical 

guideline suggests that many CMMRD cases might be missed. Identification of PMS2 

biallelic mutations in 2 cases suspected to have LFS further emphasizes the 

importance of keeping CMMRD as a major differential diagnosis in childhood cancers. 

In addition, we also report a possible association of MLH3 biallelic mutation with 

CMMRD which needs to be explored further on additional cohorts to establish the 

significance of MLH3 as a possible cause of cancer predisposition in CMMRD 

patients. 

This study also examined the somatic landscape of early onset sporadic rectal cancer 

which is an aggressive and common form of cancer in many developing countries 

including India. A comprehensive genetic analysis in early onset sporadic rectal 

cancer has revealed that these cancers are not arising from alteration in any of the 
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three known somatic canonical pathways of CRC carcinogenesis. Our findings and 

those from two previous studies from India clearly show that early onset rectal cancers 

are a distinct subgroup of CRC. Whole exome sequencing reveals this subgroup of 

CRC has very distinct somatic mutational landscape with very low frequency of 

mutations in the known canonical genes and identification of recurring mutation in 

several other less known genes. One notable observation is the significantly high 

frequency of SMAD4 in the early onset aggressive rectal cancer as compared to late 

onset rectal cancer data which indicates SMAD4 being a biomarker for the worse 

behaviour of these subset of rectal cancers. Identification of RNF43 mutation 

occurring mutually exclusive with APC in eight cases suggests a possibility of 

existence of an alternative mechanism of Wnt deregulation in early onset rectal caners. 

However, further studies are required to delineate the cancer development pathway 

followed by RNF43 and other genes identified in early onset rectal cancer group. 

These findings need to be confirmed and validated on a larger cohort which may help 

in delineating the alternate pathway that explains CRC tumourigenesis in early onset 

sporadic rectal cancer. 
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