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SYNOPSIS 

 

Introduction 

Medullary Thyroid Carcinoma (MTC) is a neuroendocrine tumor arising from neural crest-

derived, calcitonin-producing parafollicular C-cells of the thyroid. It accounts for 3-4% of all 

thyroid malignancies[1]. Various studies have reported that around 75% of all MTC cases are 

sporadic, that is, without any family history or syndromic features whereas the remaining  25%  

are hereditary [2]. Hereditary MTC occurs as a component of an inherited cancer syndrome called 

Multiple Endocrine Neoplasia Type 2 or MEN2 with an autosomal dominant pattern of 

inheritance.  This syndrome was first described  by John Sipple in 1961 and has three clinical sub-
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types: MEN 2A, MEN 2B and Familial MTC (FMTC). MEN 2A, which is the most common sub-

type (55%) is characterized by presence of MTC or its precursor C cell hyperplasia (CCH), 

pheochromocytoma (rare tumor of adrenal chromaffin cells) and hyperparathyroidism [3] [35]. 

Two rare variants of MEN 2A have been identified, one where MEN2A is accompanied with 

Hirshsprung’s disease which is marked by congenital absence of enteric ganglia and the other 

where MEN2A is accompanied with cutaneous lichen amyloidosis which manifests as a pruritic 

and pigmented  lesion of skin on upper back [4]. The second subtype MEN 2B accounts for 5% of 

hereditary MTC cases. MEN2B is characterized by early onset and aggressive form of MTC, 

pheochromocytoma and is associated with distinct phenotypic features such as mucosal neuromas, 

thickened corneal nerves and marfanoid features. The third subtype that accounts for 35-40% of 

MEN2 is Familial Medullary Thyroid Carcinoma (FMTC) where the only clinical manifestation is 

familial MTC[35]. 

In 1993, RET proto-oncogene had been identified as the predisposing gene for the hereditary form 

of MTC [5]. Germline missense mutation in RET proto-oncogene is found in about 98% of 

hereditary MTC cases and even 6-8% of sporadic MTC cases. Somatic mutations in RET gene is 

reported in 40-60% of sporadic MTC tumors [1][28].  

RET (REarranged during Transfection) proto-oncogene is located on chromosome 10q11.2 and 

has 21 coding exons.  It was first identified in 1985 as a proto-oncogene which was able to 

undergo oncogenic activation by genetic rearrangement [6]. RET encodes a trans-membrane 

receptor tyrosine kinase which is expressed in neural-crest derived cell lineages including thyroid 

C cells and adrenal medulla where it plays a major role in cell proliferation, differentiation and 

survival. It also plays a role in the development of enteric nervous system and the kidney [2]. RET 

is a single pass receptor trans-membrane protein and has an extracellular ligand binding domain, a 
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trans-membrane and an intracellular tyrosine kinase domain. The extracellular domain includes 

four cadherin-like repeats (to induce and stabilize conformational changes required for receptor 

interaction with ligand and co-receptor) and a highly conserved cysteine rich region (maintains the 

tertiary structure of the protein and is also involved in receptor dimerization) [3]. The trans-

membrane domain is involved in maintaining the close proximity of RET monomers through non-

covalent receptor-receptor interaction [1]. The intracellular domain includes two tyrosine kinase 

subdomain (TK1 and TK2) which are involved in activation of downstream intracellular signaling 

pathways [3]. Alternative splicing generates three isoforms of RET: RET 9, 43 and 51, of which 

RET 9 and RET 51 are the functional isoforms in vivo [1]. 

Activation of RET is mediated by complex of ligand and co-receptors [3]. The ligands for RET 

activation are growth factors of glial cell line derived neurotropic factors (GDNF) family which 

includes GDNF, artemin (ARTN),  persephin (PSPN) and neurturin (NRTN). These ligands in 

association with GDNF family of alpha receptors (GFRαs) form GFL/GFRα complex which in 

turn leads to receptor dimerization[3]. RET receptor dimerization further leads to phosphorylation 

of intracellular tyrosine kinase domain and subsequently activates the downstream signal 

transduction pathway [2]. RET signals through multiple downstream signaling pathways including 

RAS/ERK pathway, PI3K/AKT/NF-κB pathway, MAP Kinase and  JAK/STAT pathways [2].  

The role of RET proto-oncogene in MTC development and progression has been well studied and 

characterized [2][3][5][13]. Activating germline point mutation in RET has been identified in 98% 

MEN 2A, 95% MEN2B and 88% FMTC. Also, 40-60% of all sporadic MTC cases bear somatic 

point mutations in RET [2]. There is a strong and established correlation between site specific 

codon mutation within the RET gene and the phenotypic heterogeneity observed among patients 

with hereditary MTC [2][3]. For instance, majority of patients with MEN 2A  harbour mutations in 
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exon 11 (codon 634) in cysteine rich extracellular domain of RET [13].  A few patients also 

harbour mutations in exon 10 (codon 609,610,611,618,620) of the cysteine rich extracellular 

domain of RET. Mutation in these cysteine residues leads to  receptor homodimerization via the 

formation of intrarmolecular disulfide bonds leading to constitutive activated RET receptor even in 

the absence of ligand [2]. In MEN 2B, more than 95% cases have mutation in exon 16 (codon 918) 

and a few cases have mutation in exon 15 (codon 883) in the tyrosine kinase domain of RET. 

These mutations leads to RET activation in its monomeric state and alters its substrate specificity 

by structural alterations  in the binding pocket of tyrosine kinase domain [3].Patients with FMTC 

harbor mutation in exon 10, 11, 13, (codon 768) and 14 (codon 804 and 806). Some germline RET 

mutations have weak transformation potential and will present the disease phenotype only in 

homozygous state. For example, mutation at codon 804 of exon 14 of RET is weakly transforming 

and causes low disease penetrance with late age at onset. Individuals heterozygous for such weakly 

transforming mutation require either a second mutation in RET or any other downstream signaling 

gene to present the clinical phenotype of MEN 2 [3]. 

Based on this strong genotype – phenotype correlation, the American Thyroid Association (ATA) 

has categorized germline RET mutations in 4 different risk categories based on the age of MTC 

onset and its aggressiveness. ATA level D mutations (M918T and A883F) are associated with 

highest risk of MTC which occurs in early childhood and is highly aggressive. ATA risk category 

C mutations are at codon 634 with substitution of cysteine by arginine or few other amino acids. 

Risk category C mutations are associated with a high lifetime risk of aggressive MTC. ATA risk 

category  B mutations are at codon 609, 611, 618, 620 and 630 and present a  moderate risk of 

MTC. ATA level A mutations occur at codon 768, 790, 791, 804 and 891 and have the lowest 

lifetime risk of developing MTC [1,14]. Although this strong  genotype – phenotype correlation 
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based on the ATA system is widely accepted, it cannot explain the phenotypic heterogeneity seen 

in individuals carrying identical mutations within a family or in different families. The most 

common RET mutation is at codon 634 and it shows considerable inter and intra-familial 

phenotypic variability in terms of age of disease onset and its aggressiveness. This suggests the 

role of additional genetic alterations in other genes at either germline or somatic level which are 

not well understood.  

In 98% of individuals with MEN2syndrome, the pathogenic mutation is specific to RET gene. 

However in the remaining 2% of MEN2 syndrome cases, there is a possibility of germline 

mutation in some other gene which is not known till date to be associated with MTC.  

Hypothesis: 

Role of RET proto-oncogene as a driver mutation in MTC pathogenesis is well established. 

Despite clear correlation between the site specific codon mutation in RET gene and the associated 

MEN2 phenotype, the molecular mechanism correlating the mutated RET receptor to different 

disease phenotype is not completely understood [15].“There might be other germline or somatic 

genetic alterations that act in association with RET mutation to govern the inter-and intra-

familial phenotypic variations seen in MTC cases.”  

Aim of the study 

To identify and characterize germline and somatic genetic variants and pathways associated with 

MTC and its phenotype (age at onset, aggressiveness) in a cohort of MTC patients withor without 

a germline RET mutation. 

Objectives 



8 
 

1. To Identify novel and recurrent germline RET mutations, their penetrance and Genotype-

Phenotype correlation in a cohort of Indian MTC cases. 

2. To identify additional molecular signatures in RET driven MTC tumor samples of using Whole 

Exome Sequencing  

3. To study the modulatory role of SNPs of distinct genetic pathways on risk of MTC development 

and its clinical behavior. 

4. To identify driver mutation that could produce MEN2B phenotype in the absence of germline 

RET gene mutations.  

Results 

Objective 1 

To Identify novel and recurrent germline RET mutations, their penetrance and Genotype-

Phenotype correlation  in a cohort of Indian MTC cases. 

In this part of the study, 245 MTC cases which were enrolled in Cancer Genetics Clinic (CGC), 

Tata Memorial Centre, between 2014-2019 were included. Detailed family history & clinico-

pathological details recorded using standard case record form. Blood sample was collected with 

informed consent & DNA was extracted. Samples were tested for hotspot RET mutations (6 

exons) by PCR-Sanger Sequencing. Based on identified mutation & syndromic/phenotypic 

features, cases were classified as sporadic & hereditary (MEN2) MTC cases.  

Deleterious germline RET mutations were identified in 39/245 (16%) MTC families tested. Of the 

39 mutation carrier families, 50 first degree relatives were screened for family specific mutations 

and 16/50 (32%) were found to be mutation carrier. Therefore, a total of 55 mutation carrier 
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individuals (39+16) have been identified in our cohort. We have also identified one family with a 

double RET mutation (C634R + I852M). Most recurrent mutation was at codon 634 & was 

identified in 17/55 (31%) mutation carrier individuals (Figure 1).   

 

 

 

 

 

Figure 1: Recurrence of distinct germline RET mutations. 

 

We have performed genotype-phenotype correlation between codon specific mutations in RET and 

MTC phenotype. Based on the genotype-phenotype correlation, in our cohort of 55 mutation 

carrier individuals, we have identified 17/55 (31%) MEN2A cases, 9/55 (16%) MEN2B cases and 

29/55 (53%) FMTC  cases. We have also grouped each RET mutation into different American 

Thyroid Association (ATA) risk category and calculated the age related penetrance of RET 

mutations of each risk category (Figure 2). We observed that risk category D mutation carriers had 

complete penetrance (100%) for MTC with an early age of disease onset & 65-70% lifetime risk of 

developing Pheochromocytoma. Risk Category C mutation carriers had 85% lifetime risk of MTC 

& 25% risk of developing Pheochromocytoma. Risk Category A&B mutation carriers had 70% 

lifetime risk of MTC with a late age of disease onset  & these individuals were not at risk of 

developing pheochromocytoma (Figure 2).  
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Figure 2: Age related penetrance of different ATA risk category mutations for MTC and 

Pheochromocytoma. 

 

Summary (Objective 1): 

In a cohort of 245 Indian MTC cases, we identified 39 deleterious germline RET mutation carrier 

families and 55 mutation carrier individuals including one family with double RET mutation. The 

high prevalence of codon 634 mutation could be explained by early onset of the disease and 

occurrence of pheochromocytoma/hyperparathyroidism that makes the referral and diagnosis 

earlier. Determining the Genotype-Phenotype correlation and the penetrance of different risk 

category mutations aids in clinical management of the patients, guiding prophylactic/therapeutic 

intervention and predictive genetic testing for family members. 

 Objective 2 

To identify additional molecular signatures in RET driven MTC tumor samples of using 

Whole Exome Sequencing  
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In the only study of comprehensive genomic characterization of MTC done so far, Agarwal et al in 

2013 [28] reported their findings of whole exome sequencing in 17 sporadic MTC tumors. They 

identified 305 high confidence somatic mutations in 283 genes. In this cohort of MTC cases 

without a germline RET mutation, the most common somatic mutation was in RET and observed 

in 12/17 (71%) sporadic MTC tumors followed by HRAS (18%) & KRAS (5%). Somatic 

mutations identified in RET, HRAS & KRAS were mutually exclusive. This study though small, 

confirmed the role of RET as the driver mutation not only in hereditary but also as a somatic 

mutation in sporadic MTC and that of RAS in RET negative tumors. However these studies could 

not explain the phenotypic heterogeneity observed in sporadic and hereditary MTC and could not 

identify any common downstream mutations. It is noteworthy that the mutational landscape of 

hereditary MTC with a known germline driver RET mutation has not been studied so far except 

for validation of somatic genetic alterations identified in sporadic MTC. 

In the present study, Whole Exome Sequencing of 15 RET driven hereditary MTC fresh frozen 

tumor tissue and paired blood sample was done. These samples represent tumors arising from all 

the major classes of RET mutations – Risk Category B (C609R); Category C (C634R, C634W, 

C634Y) and Category D (M918T). 

Sample Library was prepared using Agilent SureSelect v6 exome capture kit which enriches 

50MB protein coding region from human genome corresponding to 21,000 genes. Sequencing was 

performed on HiSeq 2500 Illumina sequencer and data was analyzed using Varscan 2.0 pipeline. 

In the data coverage statistics, 99% reads were uniquely mapped with the reference genome and 

more than 95% target region was covered with a minimum of 20 reads (20X coverage).  
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Average mutation burden per Mb across all samples was 0.124. In a study published by 

Alexandrov et al, Nature; in 2013, they studied the tumor mutation burden (TMB) across different 

cancer types through whole genome sequencing and demonstrated that pilocytic astrocytoma had 

the lowest TMB of 0.04/Mb [29]. This cancer was shown to be driven by single abnormalities of 

MAPK pathway in all the cases. Similarly Lawrence et al; Nature; 2014 reported rhabdoid 

sarcoma to possess a low TMB of 0.1/Mb and is driven by germline or somatic genetic alteration 

in SMARCB1 gene [30]. These cancers with low tumor mutation burden (TMB) are driven by 

mutations in single gene or single genetic pathway that could also explain the low TMB observed 

in our cohort of MTC cases which are driven by mutations in RET gene.  

Overall 94 high confidence somatic mutations were identified in 15 samples. The number of high 

confidence somatic mutation per tumor sample averaged 6.2 (range from 2 to 21 and SD + 5.29). 

Mutations include: 66 missense mutations, 6 nonsense mutations, 3 frameshift mutations, 8 In-

frame mutations and 9 splice-site mutations.19/66 missense variants were predicted to be 

pathogenic by 5 or more In-Silico pathogenicity prediction tools. None of the identified high 

confidence somatic mutation was found to be recurrent in any of the 15 samples studied. However 

mutations in a few a few important gene have been identified such as NF1, PTEN, BRCA2, 

PRSS3, ATXN3 and PRDM9. 

Summary (Objective 2) 

Our study on 15 paired MTC tumor tissues suggested that germline RET driven MTC have very 

few somatic mutations and the identified mutations are not recurrent. Extremely low somatic 

mutation burden is similar to rare brain tumors driven by single genetic pathways e.g. Pilocytic 
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astrocytoma & Rhabdoid tumors. Large cohort studies are therefore required to further understand 

the genomic landscape of RET driven MTC. 

 

Objective 3  

To study the modulatory role of SNPs of distinct genetic pathways on risk of MTC 

development and its clinical behavior. 

Role of several SNPs  as genetic modifiers of MTC phenotype have been studied, most common 

being the RET polymorphisms - G691S, L769L, S836S & S904S. Several studies have 

demonstrated that RET variants may be associated with the risk of MTC as well as its aggressive 

behavior [23,25]. However, other studies failed to demonstrate such associations [24,26]. 

Although the reason for the conflicting results remains unsolved, differences in the genetic 

background of distinct population have been suggested as a potential explanation. 

 Similarly, polymorphisms in genes of detoxification [21,22] are studied for their modifier role in 

MTC pathogenesis such as CYP1A2*F, CYP1A1m1, GSTP1, NAT2 & TP53. The variants were 

suggested to increase the risk of MTC and were not found to be associated with biological 

behavior of MTC. Recently, there have been reports associating polymorphisms of cell cycle 

regulatory genes with both the susceptibility & progression of MTC. One such study demonstrated 

that CDKN1B V109G polymorphism correlates with a more favourable disease progression than 

the wild type allele [19]. In another study, it was shown that CDKN1B & CDKN2A genes are 

associated with susceptibility to MTC, whereas, polymorphism of CDKN1A, CDKN2B & 

CDKN1C is associated with an aggressive behavior of MTC [27]. Further studies on a larger 

cohort will allow a better understanding on the role of these polymorphisms on MTC behavior.  
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With the largest cohort of 438 Indian MTC cases registered at our Cancer Genetics Clinic (CGC), 

Tata Memorial Hospital,  between 2006 to 2018, the present study aimed to study the genetic risk 

association of 13 SNPs (Table 1) of genes belonging to 3 distinct genetic pathways with MTC and 

the association of these SNPs with clinical behavior of MTC in terms of age at disease diagnosis as 

well as its aggressiveness. 

Table 1: List of SNPs selected for the study based on detailed literature review: 

Polymorphisms of genes  of 

Detoxification 
Polymorphisms of RET 

Polymorphisms of Cell cycle 

regulatory genes 

Cyp1A1m1 (rs4646903) T/C G691S (rs1799939) G/A CDKN1A (rs1801270) C/A 

Cyp1A2 (rs762551) A/C L769L (rs1800861) T/G CDKN1B (rs2066827) T/G 

GSTP1 (rs1695) A/G S836S (rs1800862) C/T CDKN2A (rs11515) C/G 

NAT2 (rs1041983) C/T S904S (rs1800863) C/G CDKN2B (rs1063192) T/C 

  CDKN2C (rs12885) G/T 

 

Objective 3a)  

To study the genetic risk association of SNPs of distinct genetic pathways with Medullary 

Thyroid Carcinoma. 

In this largest reported cohort of 438 Indian MTC cases (361 sporadic and 77 hereditary) and with 

489 gender and ethnicity matched healthy controls from the South Asian cohort of the 1000 

Genome Project, a comprehensive risk association study of  all the above mentioned SNPs from the 

three genetic pathways was undertaken (Table 1). Further, based on detailed literature search, a 
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meta-analysis of all the reported case-control studies, including the present study was conducted  on 

the risk association of the 4 RET gene SNPs with MTC susceptibility.  

SNP genotyping was performed by RFLP or TaqMan method and the statistical analysis was 

performed using SPSS version 21.0. The SNP genotypes were tested for Hardy-Weinberg 

equilibrium (HWE) before performing the statistical analysis. As the homozygous genotype of 

several  SNPs was either absent or very low in either the cases or controls, the analysis was 

performed using only the dominant model of inheritance (AA vs Aa+aa). Univariate and 

Multivariate logistic regression analysis was used to study the association of these SNPs with 

MTC risk. Odds ratio was calculated with 95% Confidence Interval (CI). Variables were 

considered eligible for multivariate logistic regression analysis when univariate analysis shows a 

trend of association with p < 0.1. As multiple comparisons were made in a single cohort for these 

13 SNPs, a p value of <0.01 was used to consider any association to be statistically significant. 

On univariate logistic regression analysis, the CDKN1A SNP presented a significant association 

with reduced risk of MTC in both the hereditary (OR = 0.52; 95% CI = 0.27-0.99; p = 0.048) and 

sporadic MTC groups (OR = 0.63; 95% CI = 0.45-0.88; p = 0.007).  The variant allele A was 

overrepresented in the control population (26.2%) compared to both the hereditary cases (15.6%) 

and the sporadic cases (18.3%). Multivariate logistic regression analysis for CDKN1A SNP 

further confirmed that this SNP is strongly associated with a reduced risk of MTC in both the 

hereditary (OR = 0.27; 95% CI = 0.13-0.55; p = <0.001) and sporadic MTC groups (OR = 0.53; 

95% CI = 0.36-0.78; p = 0.001). Multivariate logistic regression analysis also showed a  

significant risk association of the RET S904S SNP with hereditary MTC  (OR = 2.82; 1.64-4.86; p 

= <0.001) and CDKN2A (OR = 1.89; 95% CI = 1.20-2.98; p = 0.006) and NAT2 SNP (OR = 1.62; 

95% CI = 1.17-2.25; p = 0.004) with sporadic MTC. Taken together, the logistic regression 
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analysis data indicated that the inheritance of CDKN1A SNP confers a protective effect in MTC 

development in both hereditary and sporadic MTC group whereas the inheritance of CDKN2A, 

NAT2 and RET S904S variants increases the susceptibility to Medullary Thyroid Carcinoma. 

In meta-analysis of hereditary MTC group, RET S836S and GSTP1 SNPs were found to be 

associated with increased risk of MTC. This effect was observed under the random and fixed 

effect model for RET S836S variant with significant heterogeneity (I2 = 72%, p = 0.01) whereas 

for GSTP1 this effect was observed only with fixed-effect model with significant heterogeneity 

between studies (I2 = 90%, p <0.01). We also observed RET L769L and Cyp1A1m1 variant allele 

to be associated with reduced risk of hereditary MTC under both random and fixed effect models 

with no significant heterogeneity between studies. Similarly in meta-analysis of sporadic MTC 

group, we observed RET G691S, RET S904S and CDKN1A SNPs to be significantly associated 

with the risk of MTC. The G691S and S904S SNPs of RET were associated with increased risk of 

sporadic MTC whereas CDKN1A variant allele was showing a significantly protective effect on 

MTC development under both fixed effect and random effect model with no significant 

heterogeneity between studies (I2 = 0%, p = 0.43). 

Objective 3b)  

To study the modulatory effect of SNPs of distinct genetic pathways on clinical behavior of 

Medullary Thyroid Carcinoma 

A comprehensive gene dose-response relationship analysis between 13 SNPs of genes of three 

distinct genetic pathways was undertaken (Table 1). This gene dose-response relationship aimed to 

investigate the clinic-pathological differences between the wild-type versus heterozygous versus 

homozygous variant for each SNP separately in hereditary and sporadic MTC cases. The clinico-
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pathological parameters with which the correlation was made included: Age at MTC diagnosis, 

Tumor Marker – Serum Calcitonin levels at diagnosis (indicative of tumor burden), Tumor 

Volume (cubic centimeter), regional nodal Metastasis and distant metastasis.  

In gene dose-response association, the only clinic-pathological parameter with which any SNP 

showed significant association was nodal metastasis at diagnosis. In hereditary MTC group, 

Cyp1A1m1, CDKN2A and CDKN2C SNP showed this association. Patients with wildtype 

Cyp1A1m1 showed higher rate of regional nodal metastasis compared to the heterozygous and 

homozygous variants (95.6% vs 86.2% vs 33.3%; p=0.01). Similarly patients with wildtype 

CDKN2A showed a higher incidence of nodal metastasis compared to their variant counterparts 

(91.3% vs 83.3% vs 33.3%; p=0.01). For CDKN2C, the comparison could only be made between 

wildtype and heterozygote as the homozygous variant for this SNP was absent. We observed that 

cases heterozygous for CDKN2C SNP showed higher rate of lymph node metastasis compared to 

wildtype CDKN2C (100% vs 86.3%; p=0.01). 

In sporadic MTC group, this association was observed between the wildtype and the homozygous 

variant for CDKN2C SNP. The cases wildtype for CDKN2C SNP showed higher rate of nodal 

metastasis compared to homozygous variant genotype (83.8% vs 40%; p = 0.03). The rate of nodal 

metastasis for heterozygous variant was similar to the wildtype CDKN2C (84.4% vs 83.8%). No 

other significant association was observed between any of the SNPs and the patient’s clinico-

pathological behavior.   

Summary (Objective 3): 

This study is the first single cohort study to perform a comprehensive risk association analysis of 

13 most frequently studied SNPs with MTC development as well as analysis of modulatory role of 
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these SNPs with clinical outcome of MTC patients. In this largest reported risk-association study 

of 13 different SNPs with MTC, a significant protective risk-association of CDKN1A Ser31Arg 

SNP with MTC was reported for the first time. In our expanded meta-analysis, we have identified 

significant risk-association of all the 4 RET gene SNPs with MTC, not seen in the previously 

reported meta-analysis. In our extended analysis on both hereditary and sporadic MTC cohort we 

reported no significant association of these SNPs with clinical behavior of MTC.  

Objective 4 

To identify driver mutation that could produce MEN2B phenotype in the absence of 

germline RET gene mutations.  

In MEN2B cases, the most frequently found mutation is at codon 918 (M918T) in exon 16 of RET 

gene which is found in almost 95% MEN2B cases[3]. The remaining 5% cases either harbor 

mutation at codon 883(A883F) or a double mutation in RET gene.  In our cohort of MEN2B cases, 

we could not identify M918T or any other mutation in RET gene on Sanger Sequencing in 3 

classical MEN2B cases.  These cases were taken for Whole Exome sequencing to identify driver 

mutation in other gene producing MEN2B phenotype in the absence of germline mutation in RET 

gene. 

Exome Sequencing libraries were prepared using Nextera Rapid Capture Exome Kit v2 & 

150x2bp paired end sequencing was performed on Hiseq 2500 NGS Sequencer. Exome 

sequencing data identified M918T mutation at 100X coverage in all the 3 MEN2B cases which 

were initially missed upon Sanger Sequencing. This observed phenomenon is called Allele 

dropout, a genotyping error, with preferential amplification of one of the two alleles where the 

other allele is under-represented or completely absent.  Allele drop out may result from sequence 
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dependent factors or sequence independent factors. Sequence dependent allele dropout occurs 

when there is a single nucleotide variant present at primer binding site on any of the two allele 

which results in failure of primer binding to the template & causes allele specific allele dropout 

[31] or there could be polymerase hindering secondary structures within the sequence of an allele 

leading to failure of its amplification [32]. Sequence independent allele dropout could be caused 

by variety of sampling or molecular events such as DNA Quantity or Quality, thermocycler 

temperature imprecisions, variation in pipetting volumes of reagents, polymerase activity/quality 

etc [33,34]. Unfortunately, most of these causes are difficult to identify precisely because of their 

unpredictable & non-reproducible behavior [34]. 

 

In our cases, we observed allele dropout due to sequence independent factors. While we could 

confirm allele dropout, its cause could not be identified despite changing several PCR conditions 

and varying the concentration of different reagents and DNA. The only variable which could not 

be matched in replicative analysis was the batch of reagents as several years had lapsed between 

the initial Sanger Sequencing with false negative report and the replicative Sanger Sequencing 

which identified the allele dropout. It is therefore quite likely that allele dropouts observed in our 

study was due to the quality of reagents used for initial rounds of sequencing or due to equipment 

artifacts. Our failure to identify the exact cause of the Allele dropout despite a very systematic 

examination is not surprising as others have also reported that sequence independent Allele 

Dropouts  are usually unpredictable, non reproducible and their exact cause remains unknown.   
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Summary (Objective 4) 

This is the first report of series of clinically relevant sequence independent allele dropout in any 

cancer predisposing gene. This study highlights the importance of syndromic diagnosis based on 

phenotypic characterization, the strongest indication of genotyping errors such as allele dropout in 

cases showing Mendelian inheritance discrepancy.  

 

Conclusion: Significance of the Study 

The present study is the first Indian study to establish genotype-phenotype correlation and 

penetrance of different risk category RET mutations. This is useful for counseling and risk 

management of mutation carriers 

This is also the largest and most comprehensive risk-association study of 13 SNPs of three distinct 

genetic pathways with MTC, which has shown for the first time a significant protective risk-

association of CDKN1A Ser31Arg SNP with MTC. In the largest and most recent meta-analysis 

including our cases, we have observed a significant risk association of the 4 RET gene SNPs with 

MTC, not reported in previous meta-analysis.  

Further, this is the first Exome analysis of germline RET driven MTC cases which reveals 

extremely low somatic mutation burden, similar to some rare forms of single genetic pathway 

driven brain tumors.   

This is also the first report of series of clinically relevant sequence independent allele dropout in 

any cancer predisposing gene. Considering the major clinical implication of false negative genetic 

test result, our study could serve as an alert to systematically address the issue of sequence 

independent allele dropout in cases with Mendelian inheritance discrepancy. 
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Future Directions 

The molecular mechanism through which the CDKN1A SNP or RET gene SNPs modifies the risk 

of MTC development needs to be elucidated through functional studies. Also, the genes and 

mutations identified in our exome sequencing studies on RET driven MTC tumor tissues needs 

further validation in a larger cohort studies to draw definitive conclusions. 
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1.1 Introduction to Cancer 

Cancer can be defined as an enormous spectrum of diseases that all originates from uncontrolled 

cellular proliferation where a group of abnormal cells grow uncontrollably by disregardingthe 

normal rules of cell division. Under normal conditions, the cells of our body are under strict 

regulation of molecular signals which decides whether the cell should divide, differentiate or die. 

Cancer cells escapes these regulations and develop a degree of autonomy from these signals, 

resulting in uncontrolled growth and proliferation(1). If this proliferation continues it results in 

spreading of cancer cells to other sites in the body through the multistep process of metastasis. In 

fact, almost 90% of cancer-related deaths are due to metastasis of the disease (1).  

After cardiovascular diseases, cancer is the second leading cause of death worldwide. As per the 

GLOBOCAN 2018 database released by the International Agency for Research on Cancer 

(IARC) in September 2018, the global cancer burden in 2018 has risen to 18.1 million new cases 

with 9.6 million deaths. One in 5 men and one in 6 women worldwide is developing cancer 

during their lifetime, and one in 8 men and one in 11 women die from the disease. Worldwide, 

the 5-year prevalence is estimated to be 43.8 million (2). Several factors are responsible for this 

increase in the cancer burden including population growth and ageing as well as the changing 

prevalence of certain causes of cancer linked to social and economic development. Global 

patterns show that for men and women combined, nearly half of the new cases and more than 

half of the cancer related deaths worldwide in 2018 are estimated to occur in Asia, in part 

because the region has nearly 60% of the global population (2). 

In India, more than 1 million new cases of cancers are diagnosed every year in a population of 

1.3 billion (3,4) and this number is expected to double by 2035 (4).The most common cancers in 
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Indian men include oral cavity, lung, stomach, colorectal and esophagus whereas in women, the 

most prevalent cancers include cancers of the breast, cervix, oral cavity and colorectum. In 

developing countries like India, patients with cancer generally have a poorer prognosis because 

of relatively low cancer awareness, late diagnosis, and the lack of affordable curative services 

compared with patients in high-income countries(3,4). 

 

1.2 Etiology of Cancer 

The question as to what causes cancer has intrigued researchers for generations. The aim was to 

identify the tumor initiators and promoters as the most effective and desirable way in fight 

against cancer. There are several environmental, occupational and lifestyle related risk factors 

contributing to cancer development along with the genetic risk factors.  

 Occupational factors 

The earliest carcinogens to be identified were associated with specific occupations. Sir Percivel 

Pott in 1775 reported that chimney sweeper boys frequently developed cancer of the scrotum 

which could be caused by heavy exposure to soot(5). Joseph Bell described two cases of scrotal 

cancer among shale oil workers in Scotland in 1876, and deduced that the cancer was very 

common among shale oil workers(6). Afterwards several reports emerged that a variety of 

occupational exposures such as chimney soot, coal tar, dye chemicals and X-rays predisposes 

individuals to specific types of cancers.  

 Environmental and Lifestyle related factors 

Among the environmental factors ultraviolet radiations are the major susceptibility factor to 

cancer development. Melanomas (skin cancers) are caused mainly due to high exposures of 
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ultraviolet radiation in the sun’s rays and tanning salons (1).  Paul Unna, a general physician who 

took a strong interest in skin diseases was the first to establish the association of ultraviolet rays 

and skin cancer(7). 

John Hill in 1761(8) reported that immoderate use of tobacco snuff was associated with the 

occurrence of nasal cancers. Doll and Hill in the year 1950 were the first to show that cigarette 

smoking was correlated with the incidence of lung cancer(9). Among the other lifestyle related 

factors consumption of alcohol, red meat, processed meats, salted fish, low fibre diets along with 

no breast feeding and obesity are associated with susceptibility to cancer. 

 Biological agents 

In the 1980s ground breaking evidence began to emerge that a variety of viruses cause cancer in 

humans. Robert Gallo in 1980, identified for the first timea retrovirus which causes leukemia in 

humans and termed it as human T-cell leukemia retrovirus (HTLV-1) (10). Further in 1981, 

Robert Beasley found that Hepatitis B virus (HBV) was strongly associated with hepatocellular 

carcinoma through a prospective study of 22,707 men in Taiwan(11). These findings lead to the 

discovery of several viruses to be associated with human malignancies including human 

immunodeficiency virus (HIV), hepatitis C virus, human papillomavirus (HPV), Epstein-Barr 

virus (EBV), and human herpes virus.  

Other than viruses, other biological agents such as parasites and bacteria are also known to cause 

cancers. Schistosoma haematobium (S. Haematobium), a parasitic fluke has been reported to be 

associated with bladder cancer(12). Similarly, Helicobacter pylori (H. pylori), a bacteria residing 

in gastric mucosa is known to be associated with gastric cancer (13).  
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 Genetic risk-factors 

Specific genetic alterations can confer genetic susceptibility for development of certain cancer. 

Genetic alteration in certain genes confer a very high lifetime risk i.e. they are highly penetrant 

whereas the common variants such as SNPs have low penetrance and through their interaction 

with the environmental factors they may result in progression of cancer or act as disease 

modifiers. 

1.3 The Hallmarks of Cancer 

The fundamental theory of cancer development relies on the fact that cancer cells have defects in 

the regulatory circuits that govern normal cell proliferation. There are more than 100 different 

types of malignancies originating in different organs of the body (14). This complexity provokes 

a number of questions such as how many distinct regulatory circuits must be disrupted in order 

for a normal cell to become cancerous and whether same set of regulatory circuits undergo 

disruption across all different types of malignancies(14). To answer these questions Hanahan and 

Weinberg in the year 2000 proposed the six hallmarks or alterations of cancer development that 

collectively transform a normal cell into a malignant cell (Figure 1.1). These six hallmarks of 

cancer development include Self sufficiency in growth signals, insensitivity to anti-growth 

signals, tissue invasion and metastasis, evading apoptosis, limitless replicative potential, and 

sustained angiogenesis (14).  
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Figure 1.1 : Hallmarks of Cancer: Adapted from Hanahan & Weinberg, 2000 & 2011 (14,15) 

 

 

 

The hallmarks are the functional capabilities acquired by the cancer cells to proliferate, survive 

and metastasize. These properties are acquired by different cancer types via different mechanism 

during the course of multistep carcinogenesis. Later, a few other distinct characteristics of cancer 

cells have been proposed to be functionally important for the development of cancer and were 

therefore added to the list of the core hallmarks (Figure 1.1). These include genomic instability, 

avoiding immune destruction, tumor-promoting inflammation and deregulating cellular 

energetics (15).These hallmarks of cancer provide a strong foundation in understanding the 

biology of cancer. 
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1.4 Classification of Cancer 

1.4.1 Classification by Tissue of Origin 

Based on their primary site of origin, there are more than 100 different types of cancer which are 

further classified on the basis of the tissue type from which these cancers originates (histological 

type)[Cancer Classification, 2004]. From the histological standpoint, different cancers are 

grouped into the following major categories:  

 Carcinoma: These are the malignant neoplasm of epithelial origin which are the cells that 

form the external and internal lining of the body. Carcinomas are the most common type of 

cancer and accounts for 80-90% of all cancer. Carcinomas are divided into four major 

subtypes: Adenocarcinoma, cancer that originates from the epithelial cells that produce  

mucous (cancer of mucous membrane);  Squamous cell carcinoma, cancer that originates 

from the squamous cells, which are epithelial cells that lie just beneath the outer surface of 

the skin; Transitional cell carcinoma, that originates from the transitional epithelium;  and 

Basal cell carcinoma, that begins from the basal layer of the epidermis. 

 

 Sarcoma: Sarcoma refers to cancers that originate from the supportive and connective 

tissues of the body such as bones, tendons, cartilage, muscle, and fat. Sarcomas are grouped 

into two categories: Osteosarcoma and Soft tissue sarcoma. Osteosarcoma is the most 

common cancer of bone. Examples of soft tissue sarcoma include leiomyosarcoma (smooth 

muscle), Kaposi sarcoma, liposarcoma (adipose tissue) etc.  
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 Leukemia: Leukemias, also called as "liquid cancers" or "blood cancers" are cancers of the 

bone marrow. The disease is associated with overproduction of abnormal white blood cells 

crowding out the normal blood cells. Leukemia is the most common childhood cancer. 

 

 Lymphoma: Lymphoma is the cancer that originates from lymphocytes (T cells or B cells). 

These cells are a type of WBCs that function as part of the immune system in eliminating 

foreign invaders from the body called antigens. In lymphoma, abnormal lymphocytes 

accumulate in lymph nodes, lymph vessels as well as in other organs of the body. There are 

two types of lymphoma: Hodgkin lymphoma, in which the abnormal B-lymphocytes are 

produced and Non-Hodgkin lymphoma, which can be formed from both the abnormal B-

lymphocytes or T-lymphocytes 

 

 Myeloma: Myeloma is the cancer type that originates from another type of immune cells 

called plasma cells. These abnormal plasma cells, also called as myeloma cells, accumulates 

in the bone marrow and form tumors in bones all through the body. 

 

 Mixed types: These have mixed features with components from different histological 

categories. These include adenosquamous carcinoma, mixed mesodermal tumor, 

carcinosarcoma, and teratocarcinoma. 

 

 Other types: These include germ cell tumors which are a type of tumor that begins in the 

pleuripotent cells that give rise to sperm or eggs and neuroendocrine tumors arising from 

cells derived from neural crest. 
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1.4.2 Classification by Grade 

Cancers can also be classified according to their grade. Grading involves examining tumor cells 

under a microscope. The grade of the cancer is determined by the extent of abnormality of these 

cells with respect to the surrounding normal tissues.  Increasing abnormality increases the grade 

from 1–4(18). 

 Grade 1: Cells with slight abnormality but are well differentiated. 

 Grade 2: Cells more abnormal and are moderately differentiated. 

 Grade 3: Cells highly abnormal and are poorly differentiated. 

 Grade 4: Immature, primitive and undifferentiated.  

Cells that are well differentiated and closely resemble the normal specialized cells belong to less 

aggressive low grade tumors whereas cells that are immature and undifferentiated belong to 

highly aggressive high grade tumors. 

 

1.4.3 Classification by Stage                                                                                  

Staging is the classification of cancer based on the the extent of the disease spread. There are 

several types of staging methods. The two most common are the TNM staging and the numerical 

staging (Stage 0 –Stage IV). In the TNM staging, ‘T’ determines the tumor size, ‘N’ suggests the 

regional nodal spread of the disease and ‘M’ denotes the degree of distant metastasis. T0 

signifies no evidence of tumor, T 1 to 4 signifies increasing tumor, N0 signifies no nodal 

involvement and N 1 to 4 signifies increasing degrees of lymph node involvement, M0 signifies 

no evidence of distant spread while M1 signifies distant spread of the disease.  
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Similarly in numerical staging, Stage 0 indicates cancer being in situ or limited to surface cells, 

Stage I indicates cancer being limited to the tissue of origin, Stage II indicates limited local 

spread, Stage III indicates extensive local and regional spread while stage IV is advanced cancer 

with distant metastasis(16,18). 

 

1.4.4 Classification by Population at risk 

Majority of cancers occur as a result of lifestyle choices or by environment conditions. However 

a few proportion of cancers develop due to inherited gene mutations and cancer risk in such 

families are much higher than in general population. Based on the population at risk, cancer has 

been classified as: 

 Hereditary Cancer: These cancers accounts for 2-5% of all cancers and are caused by 

mutations in germ cells which are then passed on from parents to their children. Such 

cancersare monogenic and follow Mendelian inheritance pattern (autosomal dominant or 

recessive transmission). Individuals with hereditary cancer are identified if they have 

characterstic phenotypic features of an inherited cancer syndrome or they have a strong 

family history. In the absence of a family history or characteristic syndromic features, cancer 

is sometimes suspected to be hereditary if it has an early age of onset, presence of multiple 

primary cancers or bilateral cancers in an individual.  

 

 Sporadic Cancer: These are the most common form of cancers and contribute to almost 

80% of all cancers(19).Sporadic cancers do not show familial aggregation or Mendelian 

pattern of inheritance and arise from genetic alterations acquired by an individual during 
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their lifetime from environmental exposures, dietary factors, hormones, normal aging, and 

other influences. These acquired genetic alterations are present in somatic cells of the body 

and therefore are not inherited.  

 

 Familial Cancer: Cancers that occur in a family more often than would be expected by 

chance but not in a classical Mendelian inheritance pattern, are called familial cancers(20). In 

familial cancers, several individuals across wide range of ages have similar cancer type(s) but 

without any specific pattern of inheritance. They account for 5-10% of all cancers and may 

result from common genetic background, similar environment and or lifestyle factors(21).  

 

1.5. Cancer: A Genetic Disease 

Cancer in essence, is a genetic disease resulting from congenital or acquired genetic alterations 

in certain cells of the body that accumulate over lifetime(22). In the last few decades,  many 

important cancer predisposing genes have been discovered, their mutations have been precisely 

identified and the pathways through which they act have been characterized(23).Majority of 

these genetic alterations are somatic and occurs as a result of exposure to environmental 

carcinogens such as chemical carcinogens, radiation exposure or tumor viruses(24). However, 

germline genetic alterations although rare, also contribute to cancer initiation and progression.  

These alterations may either result from a single nucleotide change or may involve larger stretch 

of DNA resulting from deletions, duplications or large genomic rearrangements. Sometimes 

these genetic changes do not alter the actual DNA sequence and are called as epigenetic 

modifications. Such modifications regulate gene expression without actually disturbing the 

normal DNA sequence. The majority of genetic changes in the process of carcinogenesis fall into 
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two categories: gain-of-function mutations in proto-oncogenes, which stimulate cell growth, 

division, and survival; and loss-of-function mutations in tumor suppressor genes that normally 

help prevent unrestrained cellular growth and promote DNA repair and cell cycle checkpoint 

activation(25). 

 

1.5.1 Proto-Oncogenes 

Proto-oncogenes are a group of genes that encodes for proteins that regulates cell division, 

differentiation and cell death all of which are required for normal development and maintenance 

of tissues and organs (26). Mutations in proto-oncogenes convert them to oncogene which lacks 

these regulations leading to uncontrolled cell proliferation resulting inthe neoplastic phenotype. 

Conversion of a proto-oncogeneinto an oncogene generally involves gain-of-function mutations 

all of which confer growth and survival advantage to cells.These mutations include: 

 Point mutations in proto-oncogene that result in a constitutively activated protein product 

 Gene duplication or gene amplification leading to over-expression of the encoded protein.  

 Chromosomal translocation that brings a growth-regulatory gene under the regulation of a 

different promoter causing altered gene expression (27).  

Oncogenes were first identified in cancer-causing retroviruses from a series of studies by Peyton 

Rous in 1911. He excised fibro sarcoma from chicken, generated a filtrate and injected them into 

chicks. Majority of the chicks developed sarcoma and the transforming agent in the filtrate was 

shown to be a virus called Rous Sarcoma Virus (RSV). It was later shown that RSV is a retro-

virus whose RNA was reverse-transcribed into DNA and incorporated into the host genome. It 

was also shown that along with the normal retroviral genes, the virus contained v-src gene which 
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was the cancer inducing gene. Further, Michael Bishop and Harold Varmus in 1977 showed that 

normal cells from chickens and other species contain a gene similar to the RSV v-src gene. This 

normal cellular gene was the proto-oncogene, distinguished from the viral counterpart by the 

prefix “c” (c-src) (27) 

Based on the functional properties, oncogenes can be classified as(26):  

 Growth Factors: Constitutive activation of growth factor genes can lead to malignant 

transformation,e.g. Platelet Derived Growth Factor (PDGF), Fibroblast growth factors, 

Transforming growth factor  (TGF). 

 Growth Factor Receptors: Alterations in growth factor receptor gene leads to their 

constitutive activation in the absence of ligand binding, e.g. EGF receptor family, PDGF 

receptor.  

 Signal Transducers: Binding of ligand to its receptor leads to auto-phosphorylation of the 

kinase domain of the receptor which in turn activates several downstream signaling pathway, 

e.g. RAS, ABL, BRAF, ß-catenin. 

 Nuclear regulatory proteins/Transcription factors: They are members of multigene 

families which regulate expression of several genes that control cell division, e.g.Myc, Fos, 

Jun. 

 Cell cycle regulators: Regulates cell proliferation, e.g. Cyclins, Cyclin dependent kinases 

(CDKs) 

 Apoptosis regulators: The product of these genes have pro-apoptotic properties, e.g. c-Myc, 

c-Fos/c-Jun and bcl2. 
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1.5.2 Tumor Suppressor Genes 

Activation of oncogenes through gain of function mutations represents only one of two distinct 

genetic alterations involved in cancer development; the other is inactivation of tumor suppressor 

genes (TSGs) through loss of function mutations. Unlike oncogene which drives abnormal cell 

proliferation, tumor suppressor genes unless mutated, restrain cell proliferation and stimulate cell 

death.  In many cancers, these TSGs are either lost or inactivated, thereby removing negative 

regulators of cell proliferation and contributing to the abnormal proliferation of tumor cells(28). 

Proteins that are generally encoded by tumor suppressor genes include (24):  

 Receptor proteins for secreted hormones that function in inhibiting cell proliferation 

 Negative regulators of cell cycle progression 

 Negative regulators of growth signaling pathways (e.g. APC or PTEN) 

 Checkpoint-control proteins that arrest cell cycle upon DNA damage. 

 Proteins that promote apoptosis  

 DNA damage-repair enzymes. 

Unlike oncogenes, the mutation spectrum of tumor suppressor genes is broad and includes 

truncating mutations such as nonsense or frameshift small insertion or deletions; splice site 

mutations; missense mutations or large genomic rearrangements. Since these loss of function 

mutations in tumor suppresser genes are recessive in nature, both the alleles of the gene must be 

mutated in order for a particular cell to become cancerous. This is known as the "two-hit" 

hypothesis, and it was first proposed by geneticist Alfred Knudson in 1971in order to understand 

the genetic mechanisms underlying retinoblastoma, a childhood form of retinal cancer. (29). The 

tumor suppressor genefound to be involved in retinoblastoma development was Rb1 gene which 
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was also the first tumor suppressor gene to be identified. This discovery served as a prototype for 

identification of several other TSGs including TP53(28). 

1.5.3 The burden of Hereditary Cancers 

Mutations in oncogenes and tumor suppressor genes affect the overall growth and behavior of 

the mutant cell and also confer a selective growth advantage to thesecells. Although unlike 

oncogenes, both the alleles of the tumor suppressor genes must be inactivated for a physiologic 

effect to occur (23). When mutations in these genes occur at germline level, they result in 

hereditary predisposition to cancer. Although the burden of hereditary cancers is less and 

accounts for only 5% of all malignancies, it is important to identify such patients and family for 

risk assessment and clinical management (30). Germline mutations in oncogenes or tumor 

suppressor genes cause cancer predisposition and individuals with these mutations have a ‘head 

start’ on the neoplastic process as a mutation that can initiate the carcinogenic process isalready 

present in every cell of the body. Such individuals therefore often develop multiple primary  

tumors that occur at an earlier age than in individuals whose cancer-gene mutations have 

occurred at somatic level (23). Majority of hereditary cancer syndromes follow autosomal 

dominant pattern of inheritance in which the patient's first degree relatives have a 50% life-time 

risk of inheriting the proband’s mutation (30). Each hereditary cancer syndrome has a certain 

characteristic spectrum of tumors with specific mode of inheritance. Table 1.1 summarizes a few 

common hereditary cancer syndromes with their predisposing genes, characteristic tumor 

spectrum and their mode of inheritance.   
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Table 1.1 :  Mendelian Cancer Predisposition Syndromes (23) 

Syndrome 
Predisposing 

gene(s) 

Mode of 

Inheritance 
Tumor Spectrum 

Hereditary Breast and 

Ovarian Cancer (HBOC) 

BRCA1 & 

BRCA2 
Dominant Breast, Ovary, Prostate, Pancreas 

Li-Fraumini Syndrome 

(LFS) 
Tp53 Dominant 

Sarcoma (mainly osteosarcoma), 

Breast, Brain, Blood, Adrenal 

Lynch Syndrome (LS) 

MLH1, 

MSH2, 

MSH6 & 

PMS2 

Dominant 

Colorectum, Endometrium, 

Stomach, small intestine, ovary, 

liver, pancreas, glioblastoma, 

breast, prostate 

Familial Adenomatous 

Polyposis (FAP) 
APC Dominant 

Colorectum, Upper GI, 

Medulloblastoma, Papillary 

Thyroid, Hepatoblastoma 

Multiple Endocrine 

Neoplasia type 2 (MEN2) 
RET Dominant 

Thyroid (Medullary), 

Parathyroid, Adrenal 

Hereditary Retinoblastoma 

(RB) 
RB1 Dominant Eye (Retina) 

Xeroderma Pigmentosa 

(XP) 

XPA, C; 

ERCC2-5, 

DDB2 

Recessive Skin 

Von Hippel-Lindau 

Syndrome (VHL) 
VHL Dominant Kidney 

Familial Paraganglioma SDHB, C, D Dominant 
Paraganglioma, 

Pheochromocytoma 

Peutz-Jeghers Syndrome 

(PJS) 
STK11 Dominant Intestine, Ovary, Pancreas 

Cowden Syndrome PTEN Dominant 
Hamartoma, Glioma, Uterus, 

Thyroid, Breast 

Neurofibromatosis type I 

&II (NFI &II) 
NF1 & NF2 Dominant Neurofibroma, Meningioma 

Hereditary leiomyomatosis FH Dominant 
Leiomyomas, Renal Cancer, 

Uterus, Skin 
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1.6. Thyroid Cancer 

Thyroid cancer originates from the cells of thyroid -  a large, ductless, butterfly shapedendocrine 

gland located on the anterior portion of the neck in front of trachea(31). Thyroid gland consists 

of two encapsulated lateral lobes which are connected by a structure called isthmus (Figure 

1.2A). Each lobe of thyroid is composed of thyroid follicles which are the structural and 

functional unit of the thyroid(32). The cavity of thyroid follicles is filled with colloidal fluid 

(Figure 1.2B) which is the site for synthesis of thyroid hormones-Triiodothyronine (T3) and 

Thyroxine/Tetraiodothyronine (T4) that regulates the rate of metabolism in the body(33). 

Thyroid follicles are surrounded by thin connective tissue stroma, which contains parafollicular 

cells (C cells). The parafollicular cells secrete a hormone called calcitonin which regulates 

calcium metabolism.  

 

 

 

 

 

Figure 1.2A: Anatomy of Thyroid and 

Parathyroid Gland (Taken from Ref. No.31) 
Figure 1.2B: Histology of Thyroid Gland 

(Taken from Ref No - 32) 
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On the posterior side of the thyroid gland are embedded two pair of parathyroid glands, one pair 

on each lobe of thyroid. (Figure 1.2A). The parathyroid gland secrete parathyroid hormone 

(PTH) called parathormone whose function is to regulate blood calcium levels.  

 

1.6.1 Types of Thyroid Cancer 

There are four types of thyroid cancer based on their cells of origin and aggressiveness      

(Figure 1.3): 

 Papillary Thyroid Cancer: This is the most common type of thyroid cancer originating 

from follicular cells of the thyroid. It accounts for 70-80% of all thyroid cancers (Figure 

1.3). Papillary Thyroid cancer tends to grow slow and has excellent prognosis.  

 Follicular Thyroid Cancer: Follicular thyroid cancer also arises from the follicular cells 

of thyroid and makes up to 10-12% of all thyroid cancers. Follicular cancer can spread to 

lymph nodes and is also likely to metastasize to distant organs.  

 Medullary Thyroid Cancer: Medullary Thyroid cancer is an aggressive subtype of 

thyroid cancer that originates from parafollicular cells (C-cells) of thyroid. The C-cells 

secretes a hormone called calcitonin which is a biochemical marker of MTC diagnosis 

and its clinical follow-up. Medullary Thyroid Cancer makes up to 5% of all thyroid 

cancer (Figure 1.3) and is associated with a poor prognosis if metastasized.  

 Anaplastic Thyroid Cancer: This is the rarest and the most aggressive subtype of 

thyroid cancer that accounts for 2% of all thyroid cancers (Figure 1.3).Anaplastic thyroid 

cancer occurs in adults of 60 years or above and are least likely to respond to treatments. 
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Figure 1.3: Types of Thyroid Cancer & their incidence 

 

1.6.2 Epidemiology of Thyroid Cancer 

Thyroid cancer is relatively uncommon compared to other cancers. In the United States, by 2016 

approximately 64,000 new patients were diagnosed with thyroid cancer, compared to 240,000 

patients with breast cancer and 135,000 patients with colon cancer(34).  In a study conducted by 

Surveillance, Epidemiology, and End Results 9 (SEER 9) of the National Cancer Institute 

reported in JAMA, trends in thyroid cancer incidence from 1974 to 2013 in the United States 

were analyzed and reported(35).  Among the total of 77,276 patients registered, mean age of 

cancer diagnosis was 48 years and 75% were women. The most common type of thyroid cancer 

by histology was papillary thyroid cancer (84%) followed by follicular thyroid cancer (11%).  

The incidence of thyroid cancer increased from 4.56/100,000 person-year in 1974-1977 to 
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14.42/100,000 person-years in 2010-2013, representing an average annual increase of 3.6% 

(95% CI: 3.2%–3.9%, P < .001)(35). 

In India,the epidemiological trends of thyroid cancer was studied through the Population Based 

Cancer Registries (PBCRs) compiled by the National Cancer Registry Program (NCRP), 

Government of India. Data from 14 regions of India which reported data from 2004/05 to 

2013/14 was analyzed. They reported that over a decade, the incidence rate of thyroid cancer in 

Indian women increased from 2.4%  (95% CI:  2.2-2.7) to 3.9% (95%CI: 3.6-4.2) and in men 

from 0.9% (95%CI 0.8-1.1) to 1.3% (95%CI 1.2-1.5), (36). In conclusion, the incidence of 

thyroid cancers in India is rapidly increasing particularly among the younger population.  

 

1.7 Medullary Thyroid Carcinoma  

Medullary Thyroid Carcinoma (MTC) was first described by Jaquet (1906) in the German 

literature as ‘‘malignant goiter with amyloid’’ (37). Later in 1959, Hazard et al., provided a 

definitive histological description of MTC as a solid tumor of nonpapillary configuration yet 

with a high potential of metastasizing to the lymph nodes(38). Williams further suggested that 

MTC originated from the calcitonin-secreting parafollicular C cells of thyroid (39). Since then, 

several group of investigators demonstrated MTC to be derived from the thyroid parafollicular 

cells which under neoplastic condition produces excessive calcitonin which would help with the 

biochemical diagnosis of MTC and follow-up of the  patients(40,41).  

MTC is unresponsive to conventional chemotherapy & radiotherapy if metastasized. Once MTC 

metastasizes, it has a tendency to spread to local and regional lymph nodes, andmore distantly to 

lung, liver, and bone(42). Therefore the current standard treatment is surgical resection of thyroid 

at an early stage when MTC is confined to thyroid itself.  The overall survival rate of MTC 
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depends on the stage and aggressiveness of the disease. The 10 year survival rate of patients with 

MTC restricted to thyroid is around 95%, decreasing to less than 40% for metastatic 

MTC(43,44). Although majority of MTCs are sporadic, that is, without any family history or 

syndromic features, a hereditary form of the disease also exists(44). 

 

1.7.1 Hereditary MTC/MEN2 Syndrome 

Hereditary MTC accounts for 25% of MTC cases and occurs as a main feature of an autosomal 

dominant inherited cancer syndrome called Multiple Endocrine Neoplasia type 2 (MEN2) which 

implies that the offspring is at 50% risk to inherit the disorder(45) . MEN2 syndrome, first 

identified by John Sipple in 1969(46), has three distinct clinical subtypes, MEN2A, MEN2B & 

Familial MTC (Figure 1.4 & Table 1.2) with MTC being the common clinical manifestation. 

Affected individuals initially develop C-cell hyperplasia (CCH) that later progresses to invasive 

medullary thyroid carcinoma (47). The three subtypes of MEN 2 differ in terms of age of disease 

onset and its aggressiveness, tissue affected, and prognosis(45). 

 

 MEN2A: MEN2A represents 55% MEN2 cases (48) and is characterized by the presence of 

bilateral & multifocal MTC, adrenal Pheochromocytoma and/or hyperparathyroidism. The 

lifetime risk for MTC is over 90% in patients with MEN 2A, while that of pheochromocytoma 

and parathyroid hyperplasia are 40–50% and 10–20% respectively(47). MTC is generally the 

first manifestation in MEN 2Apatients and presents between the age ranging from 5years to 25 

years(47).Two rare variants of MEN 2A have been described, one in which MTC is accompanied 

with cutaneous lichen amyloidosis(pigmented lesion of skin on upper back) (49) and the other in 
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which MTC occurs with Hirschsprung’s disease which is marked by congenital absence of 

enteric ganglia(50).  

 

 MEN 2B: MEN2B is the rarest but the most aggressive subtype and accounts for 5% of MEN2 

cases (47). It is characterized by early onset aggressive MTC with syndrome associated 

phenotypic features such as mucosal neuromas, blubbery lips, intestinal ganglioneuromatosis & 

skeletal abnormalities (Marfanoid habitus). Pheochromocytoma is associated with MTC in about 

50% MEN2B cases(45). 

 

 FMTC: The clinical diagnosis of Familial MTC is made when four or more family members 

across a wide range of ages have isolated MTC and no family history of pheochromocytoma or 

hyperparathyroidism (51). FMTC is the mildest form of MEN2 and accounts for 35-40% of all 

MEN2 cases (48,52). Recently, FMTC is classified as a phenotypic variant of MEN 2A with 

decreased penetrance of pheochromocytoma and primary hyperparathyroidism(47,53). 

 

 

 

 

 

 

Figure 1.4: MEN2 subtypes & their incidence rate 
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Table 1.2: Phenotypic features common to more than one subtype and others specific to a 

particular subtype of MEN2 syndrome. 

 MTC Pheochromocytoma HPT CLA 
Age at   

presentation 

Mucosal 

neuromas 

MEN2A + + + * <20yrs - 

MEN2B + + - - <10yrs * 

FMTC + - - - 20-50yrs - 
  

  HPT: Hyperparathyroidism; CLA: Cutaneous Lichen Amyloidosis. 

  + Features seen in more than one subtype, * Features specific to one subtype 

 

1.7.2 Sporadic MTC 

Sporadic MTC is the most common form of MTC and accounts for 75% of all MTC cases 

(45,53). It is characterized by presence of unilateral MTC without any family history or 

syndromic features associated with MEN2 syndrome. Most patients suspected with sporadic 

MTC present with a palpable thyroid nodule and the diagnosis is made by fine needle aspiration 

of the thyroid nodule confirmed by immune staining for calcitonin(54). Sporadic MTC presents 

with a slow growth which spreads quickly to regional cervical lymph nodes. At the time of 

diagnosis, up to 70% of cases may present with local cervical metastasis. Distant metastasis may 

occur mainly in the liver, lung, bone and brain(55).  

Sporadic MTC differs from its hereditary form (MEN2) in several ways: (i) It is associated with 

later disease onset; (ii) Usually less aggressive compared to MEN2 associated MTC; (iii) The 

thyroid nodule is unilateral and unifocal; (iv) No other MEN2-associated Neoplasia exists; (v) 

Family members not affected with the disease(55).  
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1.8 RET Proto-Oncogene 

The predisposing gene for Medullary Thyroid Carcinoma is RET, mutations in which is found in 

virtually all MEN2 syndrome cases and 40-60% of sporadic MTC cases (53). RET is a proto-

oncogene located on chromosome 10 (10q11.2) and has 21 exons. The gene encodes a receptor 

tyrosine kinase expressed in neural crest derived cell lineages such as noradrenergic and 

dopamanergic neurons and neuroendocrine tissues including thyroid C-cells and adrenal 

chromaffin cells(44,56).  

RET (REarranged during Transfection) was first identified by Takahashi et al., in 1985 as a 

proto-oncogene which was able to undergo oncogenic activation by genetic rearrangement (57). 

In their experiment, they transfected NIH3T3 mouse embryonic fibroblast cells with human 

lymphoma DNA and observed that DNA of the transformed NIH3T3 cells induced 

transformation with high efficiency. The transformedNIH3T3 cells was shown to harbor a fusion 

gene, whichwas absent in the original tumor(57). This fusion gene contained part of a gene that 

encoded a tyrosine kinase domain, andthat gene of which the tyrosine kinase domain was a 

partwas thereafter called “REarranged during Transfection or RET” gene(56,57).  

RET is essential for early development of the sympathetic, parasympathetic, and enteric nervous 

systems, the kidney, and spermatogenesis(58). Inactivating germline RET mutations leads to the 

development of Hirschsprung disease(HSCR), a congenital absence of enteric neurons in the 

gastrointestinal tract. On the other hand, activating germline RET mutations can cause Multiple 

Endocrine Neoplasia type 2 (MEN2)and genetic rearrangements leads to papillary thyroid 

cancer(56). 
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1.8.1 RET structure 

RET is a single pass trans-membrane receptor tyrosine kinase protein (Figure 1.5) with three 

functional domains-an extracellular ligand binding domain with four cadherin-like repeats and a 

cysteine rich region, a transmembrane and an intracellular tyrosine kinase domain (44). The 

Ca+2dependent cadherin like repeats in the extracellular domain induces and stabilizes the 

conformational changes required for interaction of the receptor with the ligand and the co-

receptor. The cysteine rich region is involved in receptor dimerization upon ligand binding by 

forming inter-molecular disulfide between two cysteine residues of the adjacent RET monomers. 

The intracellular tyrosine kinase domain is involved in intracellular signaling upon activation of 

RET(56). The extracellular domain also contains a number of glycosylation sites. The fully 

glycosylated RET is 170KDa (mature protein) and is expressed on cell membrane while the 

immature 150KDa protein lacks glycosylation and is present only in the endoplasmic reticulum 

and the cytoplasm.  

 

Figure 1.5: Structure of RET receptor tyrosine kinase. 



61 
 

RET undergoes alternative splicing at the carboxy-terminal end generating three protein isoforms 

that differ in 9 (RET9), 43 (RET43) and 51 (RET51) amino acids in the carboxy-terminal tail 

downstream from glycine 1063 (Figure 1.5).  RET9 and RET51 are the functional isoforms in 

vivo. 

 

1.8.2 RET activation and signaling 

Activation of RET is mediated by complex of ligands and the co-receptors (Figure 1.6). The 

ligands belong to Glial cell line-derived neurotrophic factor (GDNF) family of ligands (GFLs) 

including neurturin, artemin, and persephin and the co-receptors belong to GDNF family of  

receptors (GFRs)(56). On the cell surface, upon external stimulus, the ligand binds to the co-

receptor forming ligand-co-receptor complex. This ligand-co-receptor complex brings about 

dimerization of two RET monomers leading to the auto-phosphorylation of the tyrosine residues 

in the tyrosine kinase domain and activates RET. 

Activated RET serves as a docking site for a number of adaptor molecules that links the activated 

RET with downstream signaling pathways. RET signals through multiple downstream pathways 

including RAS/MEK/ERK pathway that promotes cell cycle progression, PI3K/AKT/NF-κB 

pathway that leads to increased cell motility, survival, and progression through the cell cycle, 

JAK-STAT pathway and the MAP kinase pathway (44).   
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Figure 1.6: RET activation and Signaling 

1.8.3 RET & MEN2 Syndrome: Genotype Phenotype correlation  

Unlike most other cancer syndromes, which are associated within activation of tumor suppressor 

genes, MEN 2 arises as a result of activating mutations of the RET proto-oncogene 

(59).Germline mutations in RET proto-oncogene has been identified in 95-98% MEN2 

cases(45,53,60,61). Also, 5-8% apparent sporadic MTC cases harbor germline mutations in RET 

gene(62).Similarly somatic mutations in RET is found in 40-60% sporadic MTC cases and the 

most common mutation being the M918T mutation of the tyrosine kinase domain of the gene 

(63) Mutations within RET are clustered in specific regions of the gene called as “Mutation 

Hotspots” and include exon 10 and 11 of extracellular cysteine rich region and exon 13-16 of the 

intracellular tyrosine kinase domain (59). 
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Clinical implication of RET proto oncogene in MEN 2 syndrome was first identified in 1993 

(61,64)and it was reported that majority of MEN2A and Familial Medullary Thyroid Carcinoma 

(FMTC) results from missense mutations at codon 609, 611, 618, 620 and 634 in the cysteine 

rich region of the extracellular domain of RET. Later, mutations at codon 768 and codon 804 

within the intra- cellular tyrosine kinase domain of RET have only been identified in FMTC 

patients (65).Further Eng et al., in 1994 reported point mutation in the tyrosine kinase catalytic 

domain of RET resulting in substitution of Threonine for Methionine at codon 918 to be 

associated with MEN2B phenotype (66).  

The largest cohort study to establish the relationship between specific RET mutations and MEN2 

phenotype was performed in 1996 by Eng et al., in International RET mutation Consortium 

analysis (60). This was a correlatives urvey study of 477 MEN 2 families from eighteen tertiary 

referral centers worldwide with an aim to establish an association between specific RET 

mutations and phenotypic features associated with MEN2 which could help in clinical 

management of the patients and their family in terms of screening, surveillance and prophylaxis. 

They identified that 95% MEN2B families had M918T mutation in the intracellular tyrosine 

kinase domain. The remaining 5% cases have mutation at either codon 883 or by rare occurrence 

of double RET mutation in codons such as 804, 904 or 768,which alone have a low penetrance 

for MTC(45,56). The most commonly associated mutation with MEN2A phenotype was at 

codon 634, specifically C634R mutation where MTC was accompanied with pheochromocytoma 

and/or hyperparathyroidism. FMTC was associated with mutations at codon 609, 611, 618, 620 

and 634 of the extracellular cysteine rich domain and at codon 768 and 804 of the tyrosine kinase 

domain (60). Following this, several studies in different cohorts supported these findings and 
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RET was established as the driver or predisposing gene for MEN2 syndrome and genetic testing 

of RET became an integral part of clinical management of MTC patients.  

American Thyroid Association (ATA) guidelines task force further stratified different RET 

codon mutations into different risk categories A-D based on the aggressiveness of the disease 

and the phenotype they produce (45). Risk category A mutations presents the least aggressive 

phenotype of FMTC in which MTC is the only clinical manifestation whereas risk category D 

mutations presented the most aggressive phenotype of MEN2B (Figure 1.7). Risk category C 

mutations were associated with MEN2A phenotype where MTC is accompanied with 

pheochromocytoma or HPT whereas risk category B mutations give phenotype of either FMTC 

or MEN2A (Figure 1.7).  

Figure 1.7: Risk stratification of different RET mutations by American Thyroid Association 

guidelines (45). 
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Further, in their revised guidelines proposed in 2015 (53), they modified the risk categories for 

hereditary MTC into ‘Highest’, ‘High’ and ‘Moderate’ based on the disease aggressiveness. The 

current risk level D category was changed to “Highest risk” and included patients with M918T 

mutations that gives phenotype of MEN2B. Further, risk level C category was changed to ‘High 

risk” category and included MEN2A patients with codon 634 mutations. The risk category A & 

B was combined and made a new category “Moderate risk” which included patients with FMTC 

phenotype and all other RET mutations except M918T C634 (53).  

American Thyroid association also proposed guidelines (Table 1.3) for prophylactic 

thyroidectomy as part of clinical management of hereditary MTC (45). As per ATA guidelines, 

individuals with a family history consistent with FMTC or MEN2 are at risk of autosomal 

dominant inheritance of the syndrome and should be offered RET genetic testing. For MEN2B 

this should be done shortly after birth whereas for MEN2A and FMTC it should be done by the 

age of 5 years or may be postponed beyond 5 years under strict surveillance for annual basal and 

stimulated serum calcitonin which is a biochemical marker of MTC diagnosis and its clinical 

follow-up (Table 1.3). 
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Table 1.3: ATA guidelines for MTC management and prophylaxis. 

 

ATA risk level/Mutations 
Age of 
genetic 
testing 

Age of prophylactic surgery 

D(Highest) 
(M918T/A883F/V804M+E80

5K, V804M+Y806C, 
V804M+S904C) 

ASAP and 
within 1 year of 

life 
ASAP and within 1 year of life 

C (High) 
 (C634R/G/F/W/Y) 

<3-5 years Before age of 5 years 

B(Moderate) 
(C609, C611, C618, C620, 

C630)  
<3-5 years 

Consider Before age of 5 years. May 
delay surgery beyond age 5 years if 

stringent criteria 
are met such as normal annual basal 

and stimulated serum calcitonin 

A(Low) 
(E768D, V804M, V804L, 

K666E, S891A 
<3-5 years 

May delay beyond 5years. May delay 
surgery beyond age 5 years if 

stringent criteria 
are met such as normal annual basal 

and stimulated serum calcitonin 
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1.9 Rationale of the study 

The Genotype-Phenotype correlation between RET mutations and MEN2 phenotypeis important 

for the clinical management of MTC patients and advising screening or preventive surgery for 

mutation carriers. In the Caucasian population a strong genotype-phenotype correlationhas been 

established between location and type of RET mutation and MEN2 phenotype but this has not 

been studied in the Indian population.Even for specific and common mutations such as C634R, 

there is significant variability in terms of age of onset and aggressiveness within and between 

families(67). Also, there are a few individuals with classical MEN2B phenotype but without 

MEN2B specific M918T or A883F mutation identified. Such cases therefore need to be studied 

in order to identify other genetic loci that could produce MEN2B phenotype. 

 

1.10 Hypothesis 

The Genotype-phenotype correlation could be different between populations because of the 

difference in their geo-ethnic background and needs to be established for clinical management of 

patients and the family of that population. Also, while the presence and location of a germline 

mutation in RET is the major determinant of the MEN2 phenotype, the phenotypic differences 

within and between families with a specific RET mutation can be due to germline or somatic 

genetic alterations in other genes. 
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1.11 Aim of the study 

To establish the Genotype-Phenotype correlation in the Indian MTC cohort and to identify 

additional germline and somatic genetic variants and pathways associated with MTC and its 

phenotype (age at onset, aggressiveness) in a cohort of MTC patients with or without a germline 

RET mutation.  

 

1.12 Objectives  

1. To identify novel and recurrent germline RET mutations, their penetrance and Genotype-

Phenotype correlation in a cohort of Indian MTC cases. 

2. To identify additional molecular signatures in RET driven MTC tumor samples using Whole 

Exome Sequencing. 

3. To study the modulatory role of SNPs of distinct genetic pathways on risk of MTC 

development and its clinical behavior.  

4. To identify driver mutation that could produce MEN2B phenotype in the absence of germline 

RET gene mutations.  
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Chapter 2 

Materials and Methods 
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2.1 Patients  

Patients diagnosed with Medullary Thyroid Carcinoma (MTC) either by fine needle aspiration 

biopsy (FNAC), histopathological examination of surgically resected tumor tissues or by 

investigation for biochemical markers for MTC such as serum calcitonin levels at diagnosis were 

enrolled in the study as part of Institutional ethics committee approved study. The patients were 

enrolled directly or referred from Head & Neck, Disease Management Group, Tata Memorial 

Hospital (TMH) between 2006 to 2019 at our Cancer Genetics Clinic, TMH.  Blood sample was 

collected fromthe patients with written informed consent for biobanking and germline 

RETgenetic testing. For minors, the written informed consent was provided by the parents. 

Personal and family history with clinico-pathological details was recorded using a standard case 

record form. All experiments were carried out in accordance with the approved guidelines and 

regulations.  

2.2. Overview of patient recruitment process 

Pre-test counseling session: Before patient recruitment or blood sample collection for RET 

genetic testing, a pre-test counseling session was conducted between the patients, their 

accompanying family members and the genetic counselor at Cancer Genetics Clinic. During this 

session, the genetic counselors explained the patient and their family members about the 

hereditary aspect of the disease and how it is inherited. They also explained them the advantages 

of performing the genetic testing, its expected outcomes and possible implications. Further, a 

pedigree chart was drawn based on the detailed family history and all the clinic-pathological 

details were recorded using a standard case-record form. Following this, 3-6 ml of blood was 

collected in EDTA vacutainers after taking written informed consent.  
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Post-test counseling session 

In the post-test counseling session the genetic test results were communicated to the patients in 

the form of a printed genetic test report.  During this session, the patients were explained about 

the test results and if they were found to be mutation carriers, appropriate surveillance and 

prophylactic measures were advised. Also, screening of the family specific mutation in first and 

second degree relatives of mutation carriers were also offered during this session.  

 

2.3. Study Schema 

 For Genotype-Phenotype correlation study, 245 Indian MTC cases enrolled between 

2014-2019 were included. Germline mutation analysis was performed for the six hotspot 

exons of RET – exon 10, 11, 13, 14, 15 and 16 by PCR and Sanger Sequencing. For this, 

blood sample was collected from the patients and DNA was extracted followed by exon 

specific PCR and Sanger Sequencing.  

 For MTC cases with classical MEN2 phenotype and negative for the hotspot RET 

mutations (3 cases), full RET gene sequencing was performed and if no mutation was 

identified, those cases were taken up for whole exome sequencing. Exome Library was 

prepared by Nextera rapid capture exome kit and data was analyzed using GATK 

pipeline. 

 Further, whole exome sequencing was performed on 15 tumor and paired blood samples 

of RET driven MTC cases to identify additional genetic alterations which might be 

responsible for the clinical heterogeneity observed in patients harboring same RET 

mutations. For this DNA was extracted by PAXgene Tissue DNA kit from tumor tissues 
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and by Qiagen QIAmp blood DNA mini kit from blood samples followed by their exome 

sequencing and data analysis. 

 Also, the modifier role of 13 SNPs of genes of 3 distinct genetic pathways were studied 

in a cohort of 438 MTC cases enrolled between 2006-2018 at CGC clinic, TMH using 

RFLP/TaqMan SNP genotyping approach followed by statistical analysis.  

 

The methodology employed for the completion of each of these objectives is described in detail 

below:  

 

2.4 Genomic DNA Extraction 

2.4.1 DNA extraction from Blood (Phenol-Chloroform Method) 

For genomic DNA extraction from blood samples, conventional Phenol-Chloroform method was 

used initially which was later replaced with Qiagen QIAmp Blood DNA extraction kit which is a 

rapid method of DNA extraction and also provides a better quality DNA compared to the 

conventional method. 

For genomic DNA extraction by phenol-chloroform method, fresh blood sample was collected in 

3 ml EDTA vacutainer and kept at room temperature until the plasma was 

separated.Lymphocytes were separated from the blood by lysing the Red Blood Cells (RBCs) 

using a buffer containing ammonium chloride, which has a minimal lysing effect on 

lymphocytes. The separated lymphocytes were washed with Phosphate Buffer Saline (PBS) to 

remove any traces of the salts before further processing. The composition of these reagents is as 

follows:  
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RBC Lysis Buffer:  

1. Ammonium Chloride  - 82.9g 

2. Ammonium Bicarbonate – 7.89g 

3. EDTA – 0.37g 

Dissolved in 1 litre of distilled water for 10X concentration and can be stored at room 

temperature. Working 1X concentration can be made by diluting it with distilled water.  

Phosphate Buffer Saline (PBS):  

1. NaCL :  8 g 

2. KCL : 0.2g 

3. Na2 HPO4 : 1.44g 

4. KH2PO4: 0.24g 

Dissolved in 800ml of distilled water and pH was adjusted to 7.4. The volume was make up to 1 

litre with distilled water, autoclaved at 15 lb for 15 mins and stored at room temperature. 

Steps involved:  

1. The fresh blood collected in the EDTA vacutainer was transferred to 15ml falcon tube and 

three volumes of RBC lysis buffer was added and mixed by rotating for 10 mins. 

2. Tubes were centrifuged at 1500rpm for 15 mins and the supernatant was discarded leaving 

about 1ml behind to prevent loss of lymphocyte cells. 
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3. Step 1 and 2 was repeated until a clear supernatant and a clean white pellet is obtained 

(usually obtained in 3 washes).  

4. After final centrifuge, the supernatant was discarded completely and the pellet was re-

suspended in 1 ml PBS. 

5. The solution was transferred to two 1.5 ml fresh eppendorf, tubes distributing half the volume 

in each tube followed by centrifugation of the tubes at 12,000rpm for 10 mins. 

6. The supernatant was discarded and the pellets were re-suspended in 500μl of fresh PBS and 

the eppendorf tubes were centrifuged at 12000 rpm for 10 mins and the supernatant was 

discarded completely. This pellet obtained at this step was used for DNA extraction.  

7. To the pellet containing 1.5 ml eppendorf tube, cell lysis buffer (400ul) was added and mixed 

gently by rotating. The tubes were incubated at 56° C in a water bath for an hour. 

8.  In the next step 10 µl of Proteinase K was mixed (10mg/ml stock) gently directly onto the 

pellet and mixed gently by pipetting up and down 8-10 times (do not vortex).  

9. The tubes were incubated overnight at 56 °C for proper lysis. 

10. The next day, 500 µl  of phenol (equilibrated with TRIS to get a pH above 7) was added to 

the tube, mixed well by inverting/rotating ten mins and centrifuged at 12000 rpm for 10 mins to 

separate the aqueous and organic phase. 

11. The aqueous upper layer was transferred to a fresh 1.5 ml eppendorf tube containing 250µl 

phenol and 250µl chloroform: Iso-amyl alcohol (24:1), mixed well by inverting/rotating, for 10 

mins and then centrifuge for 10 mins at 12,000 rpm. 



76 
 

12. The aqueous upper layer was again transferred to a fresh 1.5 ml eppendorf tube containing 

500µl of chloroform: iso-amyl alcohol (24:1), mixed well by inverting, for 10 mins and then 

centrifuged at 12,000 rpm for 10 mins. 

13. The aqueous phase was transferred to a fresh 1.5 ml eppendorf tube and 1ml of absolute 

ethanol (96-100%) was added and inverted gently a few times. The DNA tends to be seen as 

thread like structures. 

14. The tubes were incubated at -20° C for approximately 4 hours to overnight to allow for full 

precipitation of the DNA. 

15. In the next step, the tube was brought at room temperature and centrifuged at 12,000rpm for 

20 mins. The supernatant was discarded and two washes with 70% alcohol was given (1 ml of 

70% ethanol was added and centrifuged at 12,000rpm for 10 mins). The pellet was the air dried 

to get rid of ethanol completely.  

16. To the pellet containing tube, 200 µl of TE buffer was added and incubated at 56° C 

overnight to dissolve the DNA completely which can be then stored at -20° C. 

 

2.4.2 DNA extraction from Blood (Qiagen Column Method) 

Genomic DNA was extracted from 200μl of fresh blood sample using the QIAmp Blood DNA 

Mini kit (Cat#51304) as per the manufacturer's protocol.  
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Steps involved:  

1. In a 1.5ml micro-centrifuge tube 20 μl proteinase K (QIAGEN) was added to the bottom of   

the tube followed by addition of 200 μl of blood sample and 200 μl of buffer AL. This was 

mixed gently by pulse-vortexing for 15 sec or pipetting the entire solution up and down 6-8 

times.   

2. The tube was incubated at 56°C for 30 mins followed by brief centrifugation to settle down 

the droplets formed inside the lid of the microcentrifuge tube.  

3. In the next step, 200 μl absolute ethanol (96-100%)was added to the sample tube and mixed by 

pulse-vortexing or pipetting.  

4. The micro-centrifuge tube was then briefly centrifuged and the entire solution was transferred 

to the Qiagen QIAmp mini spin column provided in a 2 ml collection tube without wetting the 

rim. The column containing 2ml micro-centrifuge tube was then centrifuged at 8000 rpm (6000 x 

g) for 1 min.  

5. The QIAmp Mini spin column was then transferred in a fresh 2 ml collection tube (provided 

with kit), and the previous tube containing the supernatant was discarded. 

6. In the next step, 500 μl Buffer AW1 was added in the  column placed in 2 ml collection tube 

without wetting the rim. The column containing tube was then centrifuged at 8000 rpm (6000 x 

g) for 1 min.  

7. The column was then transferred in another fresh 2 ml collection tube and 500 μl Buffer AW2 

was added without wetting the rim and centrifuged at full speed (20,000 x g; 14,000 rpm) for 3 

min. 
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8. The QIAamp Mini spin column was again transferred into a fresh 2 ml collection tube and 

centrifuged at full speed for 1 min (dry spin).  

9. The QIAamp Mini spin column was then placed in a fresh 1.5 ml micro-centrifuge tube and 

100-200 μl Buffer AE (elution buffer) was added. The tube was incubated at room temperature 

for 1-5 min and then centrifuged at8000 rpm (6000 x g) for 1 min to elute the DNA from the 

column.  

10. The eluted DNA was then quantified using Nanodrop spectrophotometer and/or by loading 

the DNA on 0.8% agarose gel (semi-quantitative approach). 

 11. After estimating the purity and concentration, the DNA samples were diluted to a working 

concentration of 20ng/μl. 

 

2.4.3 DNA Extraction from Fresh Frozen Tumor tissues (PAXgene Tissue DNA kit) 

DNA was extracted from 20mg MTC tumor tissue using PAXgene Tissue DNA kit (PreAnalytiX, 

Cat#767134) as per the manufacturer's protocol.  

Steps Involved: 

1. The tumor tissue (20mg) was minced properly in 50-100μl PBS on a petri-plate with a scalpel. 

The entire minced tissue was then pipetted/transferred into a 1.5ml microcentrifuge tube and brief 

spin is given.  
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2. In the next step, 180μl TD1 buffer (lysis buffer) and 20 μl proteinaseK was added to the tissue 

containing micro-centrifuge tube and mixed well by pipetting. The micro-centrifuge tube was 

then incubated at 56°C waterbath overnight. 

3. The next day, the micro-centrifuge tube was centrifuged briefly to settle down the droplets 

formed inside the lid of the tube. If the tissue was not lysed completely upon overnight 

incubation, 10μl proteinaseK was again added and incubated at 56°C for another 1 hour for 

complete lysis of the tissue.  

4. The microcentrifuge tube was again centrifuged briefly and 200 μl TD2 buffer was added and 

mixed by pulse vortexing for 15 s. The tube was incubated at 80°C waterbath for 30 mins.  

5. In the next step, 200μl absolute ethanol (96-100%) was added to the sample and mixed by 

vortexing (Note: a white precipitate may form upon addition of ethanol which does not interfere 

with the downstream steps of DNA extraction). The sample tube was the centrifuged briefly to 

remove the droplets from the inside of the lid.  

6. The entire sample was transferred into the PAXgene DNA spin column placed in a 2 ml 

collection tube, and centrifuged for 1 min at 6000 x g. The spin column was then placed in a new 

2 ml collection tube and the old collection tube containing the flow-through was discarded. 

7. Next, 500 μl TD3 buffer was added into the PAXgene DNA spin column and centrifuged for 1 

min at 6000 x g.  

8. The spin column was again placed into a new 2ml collection tube discarding the previous one 

containing the flow-through and 500μl TD4 buffer was added followed by  centrifugation at 6000 

x g for 1 min.  
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9. The spin column was transferred into a new 2ml collection tube and centrifuged at maximum 

speed (20,000 x g) for 3 min to dry the membrane completely.  

10. The collection tube containing any flow-through was discarded and the spin column was 

placed in a 1.5 ml micro-centrifuge tube. 100-200 μl buffer TD5 (elution buffer) was added 

directly onto the PAXgene DNA spin column membrane and incubated at room temperature for 5 

min followed by centrifugation for 1 min at maximum speed to elute the DNA.  

11. After estimating the purity and concentration, the DNA samples was stored at -20°C till 

further use.       

 

2.4.4 DNA Extraction from FFPE samples (Qiagen DNA FFPE Tissue Kit) 

For genomic DNA extraction from formalin-fixed, paraffin-embedded tissues, Qiagen QIAamp 

DNA FFPE Tissue Kit (Cat#56404) was used and DNA was extracted as per manufacturer’s 

protocol. 

Steps Involved:  

1. Using a scalpel, excess of paraffin was trimmed off the sample block and 7-8 sections, 5-10 

µm thick were cut and immediately placed in a 1.5 ml microcentrifuge tube. To the sample tube, 

1 ml xylene was added, lid was closed and the microcentrifuge tube was vortexed vigorously for 

10 s. 

2. The sample tube was then centrifuged at full speed for 2 min at room temperature and the 

supernatant was removed by pipetting without disturbing the pellet.  
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3. To the pellet, 1 ml ethanol (96–100%) was added and mixed by vortexing (the ethanol extracts 

residual xylene from the sample). 

 4. The tube was centrifuged at full speed for 2 min and the supernatant was removed by 

pipetting without disturbing the pellet. All the residual ethanol was further removed using a fine 

pipette tip. The tube was kept open at room temperature until all ethanol gets evaporated.  

5. The pellet was resuspended in 180 µl Buffer ATL (lysis buffer) and 20 µl proteinase K. The 

microcentrifuge tube containing the resuspended pellet was vortexed and centrifuged briefly and 

incubated at 56°C for 1 h (or until the sample has been completely lysed). 

6. The 1.5 ml microcentrifuge tube was centrifuged briefly to remove drops from the inside of 

the lid and 200 µl AL buffer was added and mix thoroughly by vortexing.  

7. Then 200 µl ethanol (96–100%) was added and mixed by vortexing (The buffer AL and 

ethanol are mixed immediately and thoroughly by vortexing or pipetting to yield a homogeneous 

solution). Buffer AL and ethanol can be premixed and added together in one step to save time 

when processing multiple samples.  

8. The entire lysate was then transferred to the QIAamp MinElute column placed in a 2 ml 

collection tube without wetting the rim and and centrifuged at 6000 x g (8000 rpm) for 1 min.  

9. The QIAamp MinElute column was then transferred to a fresh 2 ml collection tube, and the 

previous collection tube containing the flow-through was discarded.  

10. To the column 500 µl Buffer AW1 was added without wetting the rim and centrifuged at 

6000 x g (8000 rpm) for 1 min. The QIAamp MinElute column was again transferred in a new 2 

ml collection tube discarding the previous collection tube containing the flow-through.  
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11. In the next step, 500 µl Buffer AW2 was added to the column without wetting the rim and 

centrifuged at 6000 x g (8000 rpm) for 1 min. The column was further transferred to a new 

collection tube and centrifuged at full speed (20,000 x g; 14,000 rpm) for 3 min to dry the 

membrane completely.  

12. In the final step, the QIAamp Mini Elute column was placed in a clean 1.5 ml 

microcentrifuge tube and  20–50 µl Buffer ATE (elution buffer) was added to the center of the 

membrane.  

13. After estimating the purity and concentration, the DNA samples was stored at -20°C till 

further use.     

 

2.5 Polymerase Chain Reaction 

Germline RET mutation analysis was performed initially for the 6 hotspot exons of RET (exon 10, 

11, 13, 14, 15 16) by PCR and Sanger Sequencing using specific primers designed for respective 

exons. In patients with classical syndrome associated features for MEN2 and are found to be 

negative for hotspot RET mutations, full gene sequencing of RET was performed (20 exons). The 

primer sequences and annealing temperatures of all exons of RET gene designed as part of the 

thesis project are given in Table 2.1. For PCR, 5µl (20ng/µl) gDNA was amplified in a 25µl PCR 

reaction volume containing 0.5µl of each Forward and Reverse primers (10pmol), 1µl dNTPs (2.5 

mmol), 0.5µl Taq Polymerase (2U/µl - Thermo Scientific), 2.5µl Taq Buffer (10X) and the total 

volume was adjusted to 25µl with molecular biology grade water. Primers for PCR were designed 

using Oligo Explorer version 1.5. The composition of the PCR mastermix and the thermal cycling 

conditions are summarized in Table 2.2 & 2.3. 
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Table 2.1: Primer Sequence of RET gene used for exons amplification 

Exon 
Sequence 

(F: Forward, R: Reverse) 
Length 

Annealing 

Temperature 

Exon 1 F:  CCTAGCCGCAGTCCCTCCAG 20 
67.5 

 
R: TGCCCACGGCAAACAGAAAG 20 

Exon 2 F: CAGTTCTTTTCTAGCCCGTG 20 
65 

 
R: GAAGCCATGCCAAGCTTCAG 20 

Exon 3 F: CTGAGCCTTGTGGACCTTGG 20 
65 

 
R: GGCAGGCATGCAAGAGGTAC 20 

Exon 4 F: CTTCCCGAGGAAAGCGGCTG 20 
65 

 
R: ACGGAGGCGAAGGACAAATG 20 

Exon 5 F: GACGTGCAGCATTCTAAGG 19 
62.5 

 
R: CCAGGTGTGCATGTGTGTAG 20 

Exon 6 F: TGTTTGCACCAGTGTGAGTG 20 
62.5 

 
R: TTCTGTGCACACAGCTGTAC 20 

Exon 7 F: CTACCCTCAGGCCATTACAG 20 
62.5 

 
R: GGAGCAACCATTTACTGCTG 20 

Exon 8 F: GTGCTGTTCCCTGTCCTTGG 20 
65 

 
R: CACTGCTGCCCGCTATGCTG 20 

Exon 9 F: TCCAGTTGCTCCTCCCTAGAG 21 
62.5 

 
R: GCATAGAACTGACAGCCCTG 20 

Exon 10 F: TATGCTTGCGACACCAGTTG 20 
59 

 
R: ACTCGCCTCCCAGCAATTTC 20 

Exon 11 F: TGAGGCAGAGCATACGCAGC 20 
67.5 

 
R: GCGTTGGCAGCCCCTCACAG 20 

Exon 12 F: GGGTCTTGCCTTCTTCCTCC 20 
62.5 

 
R: AACTGCAGCCGCTCTAGAAC 20 

Exon 13 F: CCAGGAGCGATCGTTTGCAAC 21 
67.5 

 
R: AAAGAGGGAGAACAGGGCTG 20 
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Exon 14 F: GTCCACCCCCTTACTCATTG 20 
62.5 

 
R: GTGGGCTAGAGTGTGGCATG 20 

Exon 15 F: TGCTGGTCACACCAGGCTGA 20 
59 

 
R: CGGTATCTTTCCTAGGCTTC 20 

Exon 16 F: CTCCTCTGGTTACTGAAAGC 20 
59 

 
R: GGCCCCACTACATGTATAAG 20 

Exon 17 F: CATCTGTGCTTGAAGCCGAC 20 
62.5 

 
R: GGATGGCTCTCTAACCTCTG 20 

Exon 18 F: TGGTGGGCTGTCCTTCTGAG 20 
65 

 
R: GGGTTCAATCTGCTGTCTGC 20 

Exon 19 F: CAGGAGATTGGTGCGAGGTG 20 
62.5 

 
R: AACTGGATGCAAAGTCAGAC 20 

Exon 20 F: GAGTTTTGCCAAGGCCTTAC 20 
62.5 

 
R: TCACAAAGAAAGGGCCGGTA 20 

 

 

Table 2.2: Mastermix composition for PCR 

Components Volume /reaction 

MilliQ 15.0 µl 

10 X PCR buffer 2.5µl 

2.5 mM dNTP 1.0µl 

10 pmoles/µl Primer (F) 0.5 µl 

10 pmoles/µl Primer (R) 0.5 µl 

20 ng/µl DNA template 5.0µl 

2U/µl Taq polymerase 0.5 µl 

Total volume 25 µl 
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Table 2.3: Thermal Cycling conditions for PCR 

Step Temperatures Time 

1. Initial Denaturation 95ºC 5 mins 

2. Denaturation 95ºC 45 secs 

3. Primer annealing* XºC 45 secs 

4. Extension 72ºC 45 secs 

Go to Step 2-4: 35 cycles 

5. Final Extension 72ºC 5 mins 

 

* annealing temperature for specific primer pairs are given in Table 4. 

 

2.6 Agarose Gel Electrophoresis 

For visualization of PCR products, 1% agarose gel was prepared whereas for visualization of 

DNA, 0.8% agarose gel was prepared.  

Steps involved:  

1.The required amount of agarose powder was weighed andadded in 1X TBE (Tris, Boric acid, 

EDTA buffer) to make a solution. 

2. The agarose solution was boiled in a microwave to completely dissolve the agarose in the 

buffer. The solution was further cooled down to less than 50ºC.  

3. Ethidium bromide (from 10mg/ml stock) was added to a final concentration of 0.5 µg/µl. 

4. The solution was poured on the gel casting tray and allowed to solidify. 

5. The samples to be loaded were mixed with 1X loading dye containing xylene cynol, 

bromophenol blue and 40% glycerol. 

6. The samples were loaded and the apparatus was run at the required voltage (5V/cm2). 

7. It was allowed to run until the dye traversed 3/4th of the gel. 
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8. The DNA bands were visualized using a UV Transilluminator. 

9. Pictures were taken and stored using Gel Documenter. 

5X TBE Buffer Composition (1 litre) 

Tris-HCL:  54 gms 

Boric Acid: 27.5 gms 

EDTA: 4.68 gms or 20ml 0.5M EDTA solution (pH 8.0) 

Weigh and dissolve  in 1 litre of distilled water for 5X concentration and can be stored at room 

temperature. Working 1X concentration can be made by diluting it with distilled water.  

6X gel loading dye composition (50 ml) 

Xylene cynol: 0.125 gms 

Bromophenol blue: 0.125 

MilliQ (distilled water): 30 ml 

Glycerol: 20 ml 

Weigh and dissolve in 30ml of distilled water for 6X concentration and add 20ml glycerol to 

provide the density to the dye.  

 

2.7. Purification of PCR products 

The PCR products were diluted according to the intensity of the band on agarose gel such that 

30-50ng of template is available for Sanger sequencing. Two microliter of EXO-SAP IT [USB-

Affimetrix] was added to 7μl of diluted PCR product. This mix was incubated at 37ºC for 15 

mins for enzyme activity followed by incubation at 80ºC for 15 mins to deactivate the enzyme. 

The EXO-SAP enzyme contains Exonuclease and Shrimp Alkaline Phosphatase to remove the 
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unused dNTPs and primers which would otherwise interfere with downstream steps of 

sequencing of the PCR amplified products.   

2.8. Sanger sequencing  

2ul of cleaned PCR products with 1ul of 1.5 pmol amplicon specific primer was used for cycle 

sequencing reaction. Post cycle sequencing, products were sequenced with Big Dye Terminator 

kit version 2 (Applied Biosystems) on DNA sequencers 3500 (8 capillary) or 3730  (48 

capillary)(Applied Biosystems). Electropherograms were analyzed by Chromas Lite version 

2.6.4 using reference sequence of RET gene extracted from National Centre for Biotechnology 

Information (NCBI) NG_007489.1.The threshold for mixed base for detection of heterozygous 

mutations was set at a ratio of 0.3 of the wild type. 

 

Step 1: Cycle sequencing 

Add 2µl of cleaned-up template DNA (PCR amplified products) and 1µl of 1.5 pmol primer in 

the 96-well sequencing plate. 

Prepare the cycle sequencing reaction master mix as:  

 MilliQ water - 4.75 µl  

 5X Sequencing Buffer - 1.75 µl  

 Ready Reaction mix - 0.50 µl  

Add 7µl of mastermix to each sample  

Setup the cycle sequencing reaction in the thermal cycler as:  

 96ºC for 2 minutes  

 96ºC for 10 seconds  

 1ºC/second to 55ºC  
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 55ºC for 0.05 minutes (5 seconds)  

 1ºC/second to 60ºC  

 60ºC for 4 minutes  

 Go to steps 2-5 for 24 times  

 4ºCforever  

 

Step 2: Post cycle sequencing cleanup 

A mixture of the two BigDye X Terminator reagents (Premix) is prepared as:  

 X Terminator Solution - 10µl  

 SAM solution - 45µl  

Add 55µl of the premix to each sample and tap spin the reaction plate  

Vortex the reaction plate for 30 minutes  

Centrifuge the reaction plate at 2500 rpm for 2 minutes  

Tap spin and load the reaction plate on the sequencer. 

 

2.9.Mutation analysis 

 

The chromatograms were analyzed using Chromas Lite software, version 2.6.4 [Technelysium 

Pty Ltd].The data was compared with the reference sequence of the RET gene extracted from 

National Centre for Biotechnology Information (NCBI) NG_007489.1 to identify mismatches 

from the reference sequence. The mismatches were then checked for their pathogenecity using 

ARUP MEN2 database(http://www.arup.utah.edu/database/MEN2/MEN2_welcome.php). This 

database serves as a repository for MEN2-associated RET sequence variation and a reference 

for RET genotype-MEN2 phenotype correlations(68). 
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2.10. SNP Genotyping 

SNP genotyping was done using Restriction Fragment Length Polymorphism (RFLP) or by 

TaqMan approach when restriction enzyme for a particular SNP could not be identified. Single 

site cutter restriction enzymes were identified using online tool NEBcutter version 2.0. This tool 

takes DNA sequences as an input and identifies the restriction sites/enzymes which will cleave 

that sequence at specific sites. For TaqMan, fluorescently labeled probes (Applied Biosystems) 

specific for a particular SNP was used. The primer sequences used to amplify the amplicons 

harboring the SNPs are provided in Table 2.4. Also, the restriction enzymes and the TaqMan 

probes used for SNP genotyping are given in Table 2.5 & 2.7.  

 

   Table 2.4: Sequence of Primers used for SNP genotyping 

SNP 
Sequence                                                 

(F: Forward; R: Reverse) 
Length 

Annealing 

Temperature 

Cyp1A1m1 ACTGTAGGGAGGAAGAAGAG 20 
59.0 

 
GAGGGCGTAAGTCAGCACAG 20 

Cyp1A2*F ACTGAGATGATGTGTGGAGG 20 
62.0 

 
GCCGAGAAGGGAACAGACTG 20 

NAT2 CATGGAGTTGGGCTTAGAGG 20 
62.0 

 
TGCTCTCTCCTGATTTGGTC 20 

GSTP1 TGTGTTGATCAGGCGCCCAG 20 
65.0 

 
ATAAGGGTGCAGGTTGTGTC 20 

CDKN1A GACATTAGCTTGCCCTTCAG 20 
62.0 

 
CATGGTCTTCCTCTGCTGTC 20 

CDKN1B TAGAGGGCAAGTACGAGTGG 20 
55.0 

 
TGGTTGGGAAAGGGTCAT 18 

CDKN2A CGGTAGGGACGGCAAGAGAG 20 
59.0 

 
TGCTCACTCCAGAAAACTCC 20 
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CDKN2B ACTCAATCATTAGAGGCTAC 20 
55.0 

 
CAGGTGGCTTCGAAAATGGA 20 

CDKN2C GCGGGGTAACTACTCATCTC 20 
55.0 

 
AATCCACTTACACAGACCAC 20 

RET G691S TGAGGCAGAGCATACGCAGC 20 
67.5 

 
GCGTTGGCAGCCCCTCACAG 20 

RET L769L CCAGGAGCGATCGTTTGCAAC 21 
67.5 

 
AAAGAGGGAGAACAGGGCTG 20 

RET S836S GTCCACCCCCTTACTCATTG 20 
62.5 

 
GTGGGCTAGAGTGTGGCATG 20 

RET S904S TGCTGGTCACACCAGGCTGA 20 
59.0 

 
CGGTATCTTTCCTAGGCTTC 20 

 

2.10.1 Restriction Fragment Length Polymorphism (RFLP) 

RFLP is a molecular biology technique used to identify the variations in homologous DNA 

sequence such as Single Nucleotide Polymorphisms (SNPs) by detecting DNA fragments of 

different length after digestion with locus specific restriction endonuclease. For RFLP, 5µlgDNA 

(20ng/µl) was first PCR amplified followed by restriction digestion using reaction conditions as 

per manufacturer’s protocol (Table 2.6). The digested products were visualized on 2 % agarose gel 

and the genotypes were inferred from band sizes in the gel. The incubation temperature of each 

restriction enzyme, amplicon product size post restriction digestion and specific allele recognized 

by each restriction enzyme is summarized in Table 2.5. The incubation time varies for each 

restriction enzyme but the general incubation time ranges between 1-16 hrs with no star activity. 

Around 5% of all the genotyping results were validated by Sanger Sequencing. 
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Table 2.5: Restriction enzymes used for SNP Genotyping  

SNP 
Restriction 

enzyme  

R.E. digested 

product size 

Incubation 

Temp. 

Allele recognized by 

enzyme 

Cyp1A1m1 SmaI 394, 232, 162bp 30 Variant allele 

Cyp1A2*F ApaI 300, 200, 100bp 30 Variant allele 

NAT2 BtsCI 363, 222, 141bp 55 Wild-type allele 

GSTP1 BsmAI 340, 201, 139bp 37 Variant allele 

CDKN1A HgaI 575, 345, 230bp 37 Variant allele 

CDKN1B BglI 288, 173, 115bp 37 Variant allele 

CDKN2A BspEI 385, 255, 130bp 55 Wild-type allele 

RET L769L TaqI 228, 163, 67bp 65 Wild-type allele 

RET S836S BsrI 453, 232, 221bp 65 Variant allele 

RET S904S BsiWI 293, 182, 111bp 55 Variant allele 

 

Table 2.6: RFLP reaction condition: 

Components Volume/Reation 

Nuclease free water 8-11 µl 

10X Buffer 2.0 µl 

Restriction Enzyme 0.1 µl 

PCR amplified product 7-10 µl (150-200ng) 

Total reaction volume 20 µl 
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2.10.2 TaqMan SNP Genotyping 

The TaqMan SNP genotyping technique utilizes the 5’ nuclease activity of Taq polymerase to 

generate a fluorescent signal during PCR. The TaqMan assay requires a DNA template, Taq 

polymerase, forward and reverse primers specific to the region of interest (region harboring the 

polymorphic site) and two probes with different fluorescent reporter dyes. One probe is labeled 

with VIC fluorescent dye and is specific for wildtype sequence  whereas the other probe is labeled 

with FAM fluorescent dye specific for the polymorphic sequence.  If the sample is homozygous 

for wildtype allele, the fluorescence readout will show VIC fluorescence, while if the sample is 

homozygous for variant sequence, the readout will be the FAM dye. If the sample is 

heterozygous, there would be almost equal signal for both the dyes.  

Working Principle: 

The technique is based on the FRET technology where a 5’ reporter dye and a 3’ quencher dye are 

covalently linked to the wild-type and variant allele probes. When the probes are intact, 

fluorescence is suppressed because of the quencher dyes. During the PCR, the TaqMan probes 

hybridize to the targeted polymorphic site. During PCR extension, the fluorescent reporter and 

quencher are cleaved due to the 5’ exonuclease activity of the Taq polymerase, resulting in 

fluorescence of the reporter dye. The exonuclease activity only happens on the perfectly 

hybridized probes, since a probe containing a mismatched base will not be recognized by the Taq 

polymerase (Figure 2.1). 
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Figure 2.1: TaqMan working principle 

 

Steps involved: 

For TaqMan SNP genotyping, 1µl of gDNA (10ng/µl) was mixed with 2.5µl of TaqMan universal 

master mix II with UNG (Applied Biosystems, cat#4440038) and 0.1µl probe mix (Applied 

Biosystems) designed for each SNP (Table 2.8). TaqMan realtime PCR was performed on 

QuantStudio 5.0 and genotypes were inferred from amplification plot and allelic discrimination 

plots. About 5% of all the genotyping results were validated by Sanger Sequencing.  The IDs of 

the taqMan probes used for SNP genotyping are given in Table 2.7. 
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Table 2.7: TaqMan probes used for SNP Genotyping 

SNP TaqMan Probe 

CDKN2B C___2618046_10 

CDKN2C C___1452499_10 

RET G691S C___3204350_10 

 

 

Table 2.8: TaqMan reaction condition: 

Components Volume/Reation 

Nuclease free water 1.4 µl 

2X Master Mix 2.5 µl 

40X Assay Mis 0.1 µl 

gDNA 1.0 µl (5-10ng) 

Total reaction volume 5 µl 

 

2.10.3 Statistical Analysis 

All Statistical analysis was performed on SPSS v21.0. SNP genotypes were tested for Hardy-

Weinberg equilibrium (HWE) using Chi-square Hardy-Weinberg equilibrium test calculator for 

biallelic markers (http://www.oege.org/software/hwe-mr-calc.shtml). Genotypic frequency and 

minor allele frequencies were calculated for all the studied SNPs in both cases and controls. Risk-

association study as well as association with MTC progression was done using  Dominant Model 

of inheritance (AA vs Aa+aa) as the homozygous status of several SNPs was either absent or very 

low in either cases or controls. Logistic regression analysis was used to analyze the association 

between the polymorphisms and MTC risk and odds ratio was calculated with 95% Confidence 
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Interval (CI). Odds ratio is a measure of association between an exposure and outcome. All SNPs 

showing a trend for association on univariate analysis with p<0.1 were included in the 

multivariate logistic regression analysis. When multiple comparisons were made, a p value of 

<0.01 was used to consider an association as statistically significant. 

 

Odds Ratio Possible outcomes 

OR = 1 Exposure does not affect odds of outcome. 

OR > 1 Exposure is associated with higher odds of outcome. 

OR < 1 Exposure is associated with lower odds of outcome.  

 

 

2.11. Whole Exome Sequencing 

Exome library was prepared using Nextera Rapid Capture Exome kit (Cat# FC-140-1002) 

designed to sequence the entire coding region (exome) of human genome. The probes in the kit 

were designed to enrich 214,405 exons which covers 98.3% of exome providing a uniform and 

specific coverage of 37Mb. The starting material for sample library preparation using nextera 

rapid capture exome kit is 50ng high quality gDNA.  

 

2.11.1.Exome library preparation: 

1.First step of exome library preparation is tagmentation of gDNA where Nextera transposomes 

(enzymes) fragments the gDNA and adds adapter sequence to their ends in a single step called 

tagmentation (fragmentation + adapter tagging).  After this step, the tagmented DNA is purified 
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from transposomes which would otherwise bind to DNA ends & interfere with the downstream 

process. For this, sample purification beads (magnetic beads) are used. 

2. In this step, index adapters & sequencing adapters are ligated to the ends of tagmented DNA 

& are then amplified. Index adapters provides unique identity to each sample & sequencing 

adapters provides binding sites for sequencing primers which binds & sequence the template 

DNA. 

3. The next step is pooling of all the DNA libraries at equal concentration into a single pool for 

exome enrichment using target specific probes. For this, libraries needs to be quantified 

accurately using fluorometric method such as QUBIT. Inaccurate quantification may lead to 

overrepresentation of some samples compared to others. 

4. Each library is pooled at a concentration of 500 ng. So if we are pooling 10 samples, then the 

final library pool concentration should be 5000 ng. Once the pooling is done, the probes are 

added to the library to enrich the target region. 

5. In this step the probes that are hybridized to the target region are captured using streptavidin 

magnetic beads & non specific binding are washed from the beads resulting in exome enriched 

library. 

6. The step of probe hybridization & capture is done twice to ensure high specificity of captured 

regions in enriched libraries & removal of nonspecific bindings.  

7. In the final step, clean up of enriched library is done using sample purification magnetic beads 

and is amplified to generate exome library to be used for the subsequent steps of cluster 

generation and sequencing.  
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2.11.2. Exome Sequencing Data Analysis 

The raw data output of exome sequencing run is in the form of image files(tiff files) which are 

processed to generate base calling files (.bcl files) and then fastq files. There are several steps 

involved in processing and analysis of the data starting from processing of files for quality 

check,alignment and analysis for exome, transcriptome or whole genome analysis. First step of 

exome data analysis is the quality checking of fastq files. If the base sequence quality 

deteriorates towards the end of the read then those reads are trimmed from the ends. Also, before 

mapping / alignment of the reads to the reference genome, the genome file needs to be indexed.    

 

Steps of Exome data analysis (GATK Pipeline) 

 

1. Quality Check of Fastq files: FastQC software assess the quality of each base based on Phred 

score which predicts the probability of an error in base calling. 

2. Alignment with reference genome: Processed FastQ files are aligned to human reference 

genome sequence, extracted from UCSC.Alignment is done using BWA software/Mapping tool. 

After alignment .sai files are generated which is converted into readable text files-SAM 

files.Large SAM files are then compressed into BAM files using SAMtools command. 

3. Post-Alignment processing:After alignment with reference genome, post alignment 

processing of BAM files is done which includes marking of PCR duplicates using PICARD 

tools, local realignment around InDels and quality score recalibration using GATK tools. 
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4. SNP Calling: This step produces raw SNP files from processed aligned reads. SNP calling 

was done using GATK Unified Genotyper or VarScan which Calls SNPs & short InDels at the 

same time & gives well annotated VCF file as an output. 

5. Variant Annotation and visualization:VCF files are annotated using ANNOVAR tool with 

different database & an excel sheet is generated as an output summary which includes gene 

name, its chromosome location, function, rsID, pathogenicity prediction score using different in-

silico prediction tool etc. Variants can further be visualized using Integrated Genome Viewer 

(IGV) software. 

 

Steps of Exome data analysis (VARSCAN Pipeline) 

 

1.Pre-Alignment QC:Quality Check (QC) of the Fastq files with FastQC software and poor 

quality reads are removed. 

2.Alignment:The QC passed reads are aligned with the indexed reference genome sequence 

(hg19) using BWA mapping tool and generates BAM files.  

3.Post-Alignment processing: The aligned BAM files are processed before variant calling. 

These processing steps include: 

 Samtools Fixmate: For paired end sequencing data, the BAM files are fixed 

using samtools fixmate command. Here, the reads whose mates does not map as 

expected with the reference genome are removed (mate 1 and mate 2 are read 1 

and read 2 in paired end sequencing). This fixmate command generates 

fixmate.bam files. 
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 Picard Samsort: Sorted BAM has the aligned data sorted by 

chromosomes/contigs/scaffolds in order to efficiently display/access the BAM 

files. The Samsort command generates fixmate_sorted.bam files. 

 Picard Markduplicates: This command removes the reads which are the exact 

copy of other reads and are called as duplicate reads. They might lead to false 

positive calls during variant calling step hence needs to be removed. 

 Samtools mpileup:The normal and tumor BAM files are first converted into 

SAMtools pileup file format for variant calling using VarScan. 

 

4. Variant Calling: VarScan 2.0 was used for variant calling which calls somatic variants (SNPs 

and Indels) based on the number of aligned reads supporting each allele.  At every position 

where both the normal and the tumor have sufficient coverage (minimum coverage for normal: 

8X, for tumor: 6X), a comparison is made using the following algorithm: 

 

 If Tumor matches normal: 

If the tumor and the normal matches the reference sequence 

                                Call Reference 

If the tumor and the normal do not match the reference  

                               Call Germline 

 

 If Tumor does not match the normal: 

Calculate the significance of allele frequency difference by Fisher exact test. If 

the difference is significant (p<0.05) 
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Call Somatic 

If difference is not significant (p>0.05) 

                   Call Germline 

If normal and tumor are variant but different 

                             Call Indel filter or Unknown 

 

Output: Varscan variant call generates two files: 

o Indel.vcf 

o SNP.vcf 

 

[Criteria for somatic variant call: Minimum variant allele frequency in tumor should be 0.02 

(2 reads per 100 reads should have the variant), and the variant should either be absent in normal 

or with the maximum variant allele frequency of 0.05] 

 

5. Isolating variants by type and confidence: The command‘ProcessSomatic’ will separate the 

somatic output file by somatic status  (germline, somatic and LOH). Somatic variants will further 

be classified as high confidance (.hc) or low-confidance (.lc). The above command will produce 

the following output files:  

 

o SNP germline.vcf                           Indel Germline.vcf 

o SNP germline hc.vcf                       Indel germline hc.vcf 

o SNP somatic.vcf                             Indel somatic.vcf 

o SNP somatic hc.vcf                         Indel somatic hc.vcf 
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[ For high confidence somatic variant call: Minimum VAF in tumor should be 0.02, Maximum 

VAF in normal should be 0.05 and p<0.05]. 

 

6. Somatic Filter: Variants adjacent to Indels are filtered out considering them to be false-

positive. 

 

7. FP Filter (False-Positive): Base Quality score should be more than Q15 (Q15 and above), 

p<0.05, depth required to test somatic p value should be 8X (at least 8 reads should cover the 

region of the genome harboring the variant and the variant should be present in at least 4 reads). 

 

8. Further, Intronic variants are removed and only exonic and splice-site variants are retained. 

 

9. Synonymous exonic variants are removed and non-synonymous (missense) and stopgain 

(nonsense) variants are retained.  

 

10. Variants are annotated to different databases to sort them  based on known/reported and 

novel variants. 
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Chapter 3 

To identify novel and recurrent germline 

RET mutations, their penetrance and 

Genotype-Phenotype correlation in a cohort 

of Indian MTC cases. 
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3.1 Background 

3.1.1 RET genetic testing in MTC and predisposition to MEN2 syndrome 

The genes responsible for predisposition to MEN2 syndrome was identified in 1985 during 

transfection of NIH3T3 cells with human lymphoma DNA (discussed in chapter 1 in detail) and 

was later found to be localized on chromosome 10 (10q11.2) by genetic linkage analysis in 

1987(57,69). Further in 1993, Mulligan et al and Donnis-Keller et al., identified the first 

missense mutations in the extracellular cysteine rich domain of RET in patients with 

MTC(61,64). Subsequently, point mutations of the RET (REarranged during Transfection) proto-

oncogene were identified in MEN2A, MEN2B, and FMTC patients. The mutations in the RET 

gene predisposing to MEN2 syndrome result in single amino acid substitutions affecting key 

residues in the extra-cellular and kinase domains, called as ‘mutation hotspots’ (exon 10, 11, 13, 

14, 15 & 16). This leads to ligand independent inappropriate constitutive activation of RET 

receptor. 

 

Genetic testing of RET gene in families with MEN2 syndrome revealed that nearly all of these 

families have germline mutations in RET gene(53). This discovery lead to major advances in the 

understanding the genetic basis of this rare syndrome and made a significant contribution in the 

clinical management of the patient. It also enabled the pre-symptomatic interventions to at-risk 

family members. Since a strong genotype-phenotype correlation exists for MEN2, the detection 

of RET mutations has produced a major impact in early recognition and treatment of MTC and 

MEN2(70). Genetic testing detects about 98% of mutation carriers and is considered to be 

standard care for all affected individuals and their first-degree relatives(71). Therefore all 

individuals presenting with MTC or primary CCH should be offered germline RET testing 
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regardless of other syndrome associated features or family history as 4-10% patients with 

apparently sporadic MTC are found to harbor germline RET mutations(52). 

3.1.2 Mechanism of pathogenic RET activation 

RET is activated by the complex of ligands and co-receptor (described in Chapter 1). The ligands 

form a complex with the co-receptors which then brings about the dimerization of the two RET 

monomers leading to auto-phosphorylation and activation of the tyrosine kinase domain of RET. 

The activated RET provides a docking site for a number of adaptor molecules including STAT3, 

GRB7/10, SRC, DOK2, DOK4, DOK5, PKA, SHANK3, GRB2, PLC etc. that links the activated 

RET to the downstream signaling pathways involved in cell proliferation, differentiation and 

survival. The major pathways that gets activated upon RET activation include JAK-STAT 

pathway, RAS-MAPK pathway and PI3K-AKT pathway(56). 

The activation of oncogenic RET depends upon the location of mutation in the RET protein. 

Under normal physiological conditions, the cysteine residues of the cysteine rich extracellular 

domain of RET are involved in intra-molecular disulfide bond formation. A mutation in the 

cysteine rich domain substitutes a cysteine with a non-cysteine residue which leaves an unpaired 

cysteine residue in the RET monomer. This unpaired cysteine then forms an inter-molecular 

disulfide bond with unpaired cysteine of another RET monomer leading to dimerization of RET 

in the absence of ligand(72). This receptor dimerization leads to phosphorylation of the tyrosine 

kinase domain and constitutive activation of the RET protein(56).  

For the mutations in the intracellular tyrosine kinase domain, which gives phenotype of MEN2B 

or FMTC, RET gets activated in the monomeric state and does not require receptor dimerization. 

The specific mutation M918T producing MEN2B phenotype lies in the catalytic domain of RET 
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and   alters the substrate specificity of the RET protein due to structural changes of the binding 

pocket. This leads to aberrant phosphorylation of the substrates preferred by cytoplasmic 

tyrosine kinase such as src and abl rather than those preferred by receptor tyrosine kinase (73). 

Thus the mutated RET no longer needs dimerization to become active.  

Although mutated RET signals independent of ligand, in certain mutation types RET gets further 

activated by GDNF(74). This was shown for MEN2B associated intracellular mutations as 

opposed to intracellular FMTC mutations. The same phenomenon was observed for extracellular 

codon 634 mutations which was not seen for other extracellular codon mutations(74,75).  

3.1.3 Study Objective 

RET genetic testing is widely used to detect the inherited pattern of the disease and identification 

of mutation carriers for clinical management & preclinical diagnosis of MTC. Since the spectrum 

of mutations may vary between populations, it is important to characterize the mutations in each 

population. The present study is the first large and comprehensive study aimed to identify novel 

and recurrent germline RET mutations in Indian population, determine their penetrance and 

establish their Genotype-Phenotype correlation in a cohort of a large Indian MTC cases. 

3.2 Methodology 

A total of 245 MTC cases enrolled in the Cancer Genetics Clinic, Tata Memorial Hospital, 

between 2014-2019 were included in this part of the study. The clinical diagnosis of MTC was 

made by histopathological examination of surgically resected tumor tissues along with 

biochemical confirmation of elevated serum Calcitonin, a biochemical marker of MTC 

diagnosis. Detailed family history & clinico-pathological details were recorded for each patient. 

Blood sample was collected after written informed consent. Genomic DNA was extracted as 
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described in Materials & Methods chapter. All samples were tested by PCR-Sanger Sequencing 

for RET gene exons 10, 11, 13, 14, 15 & 16, which covers >95% of all known RET mutations 

(59). Detailed steps of sequencing are provided in Materials & Methods chapter. Based on 

identified mutation & syndromic/phenotypic features, cases were classified as sporadic & 

hereditary (MEN2) MTC cases. 

3.3 Results 

3.3.1 RET mutation spectrum in Indian MTC cohort 

Of the 245 probands with MTC, 139 were males and 106 were females. The mean age of MTC 

diagnosis in females was 38 years (SD + 13.9; Range:12y – 76y) and in males it was 43 years 

(SD + 14.7; Range: 9y – 72y). Based on phenotypic characterization, the 245 MTC families 

included 19 MEN2A/FMTC families, 8 MEN2B families and 218 sporadic non-syndromic MTC 

families. Germline RET mutation was identified in all 19/19 MEN2A/FMTC and 8/8 MEN2B 

families as well as 12/218 sporadic non-syndromic MTC families. Fifty first degree relatives 

from these mutation carrier families were screened for family specific mutations and 16/50 

(32%) were found to be mutation carriers. Thus, a total of 55 RET mutation carrier individuals 

were identified which included 39 probands and 16 first degree relatives.  
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Table 3.1: RET mutations identified in MEN2 and sporadic MTC families  

 

We identified 15 distinct RET mutations spanning across all the six hotspot RET exons (Table 

3.1). Most frequently found mutation was at codon 634 and was found in 17/55 (31%) mutation 

carrier individuals (Figure 3.1).The exon wise prevalence of the mutations is shown in Figure 

3.2. Mutations in exon 10 was identified in 3/55 cases (5%), exon 11 in 18/55 (33%) cases, exon 

13 in 10/55 (18%) cases, exon 14 in 12/55 (22%) cases, exon 15 in 3/55 (5%) cases & exon 16 in 

9/55 (16%) cases. We observed a high prevalence of mutations in exon 11 of RET (33%) which 

included mutations of codon 630, 634 and 666. Representative electropherograms of a few 

different types of RET mutations identified in our cohort are shown in Figure 3.5. 

 

 

 

 

Phenotype 

MTC family 

tested (n = 

245) 

Mutation 

carrier families 

(n=39) 

First degree 

relatives tested 

(n=50) 

First degree 

mutation carriers 

(n=16) 

MEN2A/FMTC 19 19 22 10 

MEN2B 8 8 12 1 

Sporadic Non- 

syndromic 
218 12 (6%) 16 5 
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Table 3.2: Distinct germline RET mutations identified in ACTREC cohort  

Sr. No 
Distinct RET 

mutations 
Exon No. of families 

No. of 
individuals with 

mutation 

1 C611Y Exon10 1 3 

2 C630R Exon 11 1 1 

3 C634F Exon 11 1 1 

4 C634G Exon 11 1 1 

5 C634R Exon 11 9 11 

6 C634S Exon 11 1 2 

7 C634Y Exon 11 1 1 

8 E768D Exon 13 6 8 

9 I852M Exon14 3 6 

10 K666E Exon 11 1 1 

11 L790F Exon 13 1 2 

12 M918T Exon 16 8 9 

13 S891A Exon 15 1 3 

14 V804L Exon 14 1 3 

15 V804M Exon 14 3 3 

Total     39 55 

 

 

Figure 3.1: Frequency of distinct germline RET mutations in mutation carrier individuals  
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Figure 3.2: Exon wise distribution of RET mutations (n=55) 

 

A rare combination of double germline RET mutation was identified in one family in our cohort 

(Figure 3.3 & 3.4). The proband was diagnosed with highly aggressive, metastatic MTC at the 

age of  31 years and genetic testing identified germline double mutation – C634R and I852M in 

exon 11 and 14 of the RET gene. On testing his first degree relatives, it was found that he had 

inherited the C634R mutation from his father whereas the I852M mutation was inherited from 

his mother. His brother and daughter were found to be carriers of I852M mutation. The C634R 

mutation belong to ATA risk category ‘C’ with a high level of disease aggressiveness whereas 

the I852M mutation belong to ATA risk level ‘A’ with moderate level of disease aggressiveness. 

All family members with a single I852M mutation were asymptomatic and on biochemical 

evaluation, serum calcitonin was in the normal range (<2pg/ml). The father of the proband who 

was the carrier of C634R mutation was diagnosed with a thyroid nodule at the age of 65 years 

with raised serum calcitonin level (800pg/ml). 
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I852M C634R 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: The pedigree of double RET mutation carrier family 

 

 

Figure 3.4: Electropherogram showing C634R (exon 11) & I852M (exon 14) mutation 
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Exon 11: C634R 

Exon 16: M918T 

Exon 11: C630R 

Exon 10: C611Y 
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Exon 13: E768D 

Exon 14: V804M 

Exon 14: I852M 

 

 

 

Figure 3.5: Electropherograms of different RET mutations identified in our cohort. 
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3.3.2 Genotype-Phenotype Correlation 

A strong genotype-phenotype has been established between location of mutation in RET gene 

and the phenotype of MEN2 syndrome in terms of age of disease onset, its aggressiveness and 

the presence of other syndrome associated phenotypic features such as pheochromocytoma, 

hyperparathyroidism, mucosal neuromas, Marfanoid features etc. The genotype-phenotype 

correlation explained in detail in Chapter 1, helps in risk stratification of MEN2 by its genotype.  

The genotype-phenotype correlation in our cohort is summarized in Table 3.2 & Figure 3.6. All 

the 9/55 (16%) individuals with M918T codon mutation in the tyrosine kinase domain of the 

RET protein developed MEN2B phenotype with presence of early onset aggressive MTC and 

MEN2B specific phenotypic features such as mucosal neuromas, blubbery lips, Marfanoid 

features etc. The median age of MTC diagnosis in MEN2B patients was 17y (Table 3.3). The 

16/55 (29%) individuals with codon 634 (C634R/G/F/Y/S) mutation in exon 11 of RET gene that 

falls in the extracellular cysteine rich domain of RET receptor presented phenotype of 

MEN2A.The median age at MTC diagnosis for patients with MEN2A phenotype was 24y (Table 

3.3). The 5/16 (31%) MEN2A patients also developed pheochromocytoma.  For other remaining 

30/55 (55%) individuals with mutations at codon 611, 630, 666 of the extracellular cysteine rich 

domain and codon 768, 790, 804, 852 and 891 of the tyrosine kinase domain, the patients 

presented the phenotype of FMTC, where MTC was the only clinical manifestation. The median 

age at MTC diagnosis in FMTC patients was 40y (Table 3.3). Based on the observed genotype-

phenotype correlation, recommendations for prophylactic thyroidectomy has been proposed 

(Table 3.3).  
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Table 3.3: Genotype-Phenotype correlation in our cohort of MTC cases 

Exon Codon Phenotype ATA risk category 
No of 

Individuals 

10 611 FMTC A (Moderate risk) 3 

11 

630 FMTC B (Moderate risk) 1 

634 MEN2A C (High risk) 16 

666 FMTC A (Moderate risk) 1 

13 
768 FMTC A (Moderate risk) 8 

790 FMTC A (Moderate risk) 2 

14 
852 FMTC A (Moderate risk) 6 

804 FMTC A (Moderate risk) 6 

15 891 FMTC A (Moderate risk) 3 

16 918 MEN2B D (Highest risk) 9 

 

 

Table 3.4: Recommendation for prophylactic thyroidectomy based on Genotype-Phenotype 

correlation 

Phenotype 
No of 

Individuals 
(%) 

ATA risk 
category 

Median age at 
MTC 

diagnosis 

Recommended age of 
prophylactic thyroidectomy 

FMTC 30 (55%) Moderate 40y 
May be delayed beyond 5 year 

with surveillance for annual 
serum calcitonin levels 

MEN2A 16 (29%) High 24y Before the age of 5year 

MEN2B 9 (16%) Highest 17y Before the age of 5year 
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Figure 3.6: Correlation of MEN2 pheotype with site specific codon mutation in RET. 
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3.3.3 Penetrance of distinct germline RET mutations in Indian MEN2 syndrome cohort 

We have also grouped each RET mutation into different American Thyroid Association (ATA) 

risk category and calculated the age related penetrance of RET mutations of each risk category 

identified in our cohort. Penetrance is the probability of developing the disease in the mutation 

carriers. Here, the penetrance was calculated separately for MTC and pheochromocytoma, that 

is, the probability of developing MTC or pheochromocytoma with different risk category 

mutations in terms of cumulative incidence. 

For penetrance calculation, 39 mutation carrier probands, 16 mutation carrier family members 

and 4 obligate carriers were included (n=59). Among these 59 mutation carrier individuals, 9 

belonged to ‘highest risk’ category mutations and presented  MEN2B phenotype, 20 were ‘high 

risk’ category mutation carriers with MEN2A phenotype & 30 belonged to ‘moderate risk’ 

category mutation and produced FMTC phenotype (Figure 3.7). 

 

 

 

 

 

 

Figure 3.7: Frequency of different risk level mutations. Risk levels indicates MTC 

penetrance and aggressiveness. 
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Figure 3.8: Cumulative incidence of MTC with different Risk category mutations. 

 

Figure 3.9: Cumulative incidence of Pheochromocytoma withdifferent risk category 

mutations 
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We observed that risk category D mutation carriers had complete penetrance (100%) for MTC by 

the age of 40 years and an early age of disease onset. These patients also had 65-70% lifetime 

risk of developing Pheochromocytoma. Risk Category C mutation carriers had 85% lifetime risk 

of MTC & 25% risk of developing Pheochromocytoma. Risk Category A&B mutation carriers 

had 70% lifetime risk of MTC with a late age of disease onset  & these individuals were not at 

risk of developing pheochromocytoma (Figure 3.8 & Figure 3.9).  

3.4 Discussion  

MTC is an aggressive malignancy of thyroid and is curable only if it is diagnosed early and 

treated surgically when the disease is confined to the thyroid with or without limited regional 

nodal spread. Current systemic treatment including Receptor Tyrosine Kinase Inhibitors (RTKIs) 

such as sorafenib or cytotoxic chemotherapy does not produce long lasting disease control or 

cure. In the US Surveillance, Epidemiology and End Results registry (SEER) database, of the 

793 MTC cases diagnosed between 1993-2002, the 10 year Disease specific survival was 96% 

for patients with MTC localized to the thyroid, 71% for patients with regional nodal spread and 

26% in patients with distant spread(76).  

 

Management of MEN2 syndrome patients using RET genetic testing represents an excellent 

exampleof how molecular DNA diagnosis have  improved the clinical management of patients 

(70).The genotype-phenotype correlations between mutation, age of disease onset, its 

aggressiveness, and presence of pheochromocytoma or hyperparathyroidism are widely used to 

predict the phenotype of MTC and to make recommendations regarding the agesat which 

prophylactic thyroidectomy should be performed. This is particularly important in 

presymptomatic RET mutation carriers because a prophylactic thyroidectomy should be 
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performed either before the development of MTC, or when the disease  is confined to the thyroid 

(71). In addition, tumor marker such as serum calcitonin levels for MTC and plasma 

metanephrine for pheochromocytoma helps guide the extent of surgery and detection of 

recurrence of the disease (76).  

 

In the present study, in the cohort of 245 MTC cases, we identified 39 RET mutation carrier 

families and 55 mutation carrier individuals. The most frequently found mutation identified in 

our cohort was at codon 634, identified in 17/55 (31%) cases which is similar to other 

population(77–80). Early onset of the disease and occurrence of pheochromocytoma along with 

MTC   makes the referral and diagnosis earlier explaining a high prevalence of this codon 

mutation across different population (79). We have also correlated the RET genotype with 

MEN2 phenotype and calculated age related penetrance for each risk category RET mutation. 

We observed that risk category D mutation carriers which present the most aggressive phenotype 

of MEN2B had complete penetrance for MTC and 65-70% lifetime risk of developing 

pheochromocytoma. Risk Category C mutation carriers that results in MEN2A phenotype and 

presents a high aggressiveness of the disease had 85% lifetime risk of developing MTC & 25% 

risk of developing Pheochromocytoma. Risk Category A and B mutation carriers with moderate 

level of disease aggressiveness had 70% lifetime risk of MTC with a late age of disease onset. 

Also, these patients were not at risk of developing pheochromocytoma and MTC was the only 

clinical manifestation in them. 

Our study is the first Indian study to establish genotype-phenotype correlation in patients with 

MEN2 syndrome and also determined the age related penetrance of different risk category RET 

mutations which will be useful for genetic counseling and risk management of mutation carriers. 
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The only study on RET mutations in MTC cases from India described the mutation spectrum in 

51 clinically diagnosed MTC cases but the genotype - phenotype correlation was not described. 

Specific RET mutations in patients with MEN 2 syndrome have been shown to predict the 

phenotype of the disease and its aggressiveness in different population(77–80). This provides 

prognostic information to guide prophylactic thyroidectomy and screen for pheochromocytoma. 

This is especially valuable for pre-symptomatic mutation carriers. The current approach for 

prevention of hereditary cancers to pass on to next generation involves prenatal genetic testing or 

pre-implantation genetic diagnosis and assisted reproductive techniques to prevent inheritance of 

the mutation to the future generations. However, a strong genotype-phenotype correlation for 

RET mutations and MEN2 phenotype and established guidelines for prophylactic interventions 

provides opportunity for early detection of the disease and its prevention.  
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Chapter 4 

To identify additional molecular signatures 

in RET driven MTC tumor samples of using 

Whole Exome Sequencing 
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4.1 Background 

As discussed in previous chapters, a strong genotype – phenotype correlation exists between 

location of RET mutations and MEN2 phenotype, based on which the American Thyroid 

Association (ATA) has categorized germline RET mutations in 4 risk levels based on the age of 

onset of MTC and its aggressiveness. ATA level D mutations (M918T and A883F) are 

associated with highest risk of MTC which occurs in early childhood and is very aggressive. 

ATA level C mutations are at codon 634 with substitution of cysteine by arginine or few other 

amino acids. Risk Level C mutations are associated with a high lifetime risk of aggressive MTC. 

ATA risk level B and A mutations are at codon 609, 611, 618, 620 and 630 of cysteine rich 

domain of RET or at codon 768, 790, 791, 804 and 891of the tyrosine kinase domain of RET. 

These mutations are associated with moderate to lowest lifetime risk of developing MTC(45,53). 

These strong correlations provide the basis for clinical management of the patients along with 

prophylactic interventions in healthy carriers. 

However, the widely accepted genotype – phenotype correlation based on the ATA system 

cannot explain the phenotypic heterogeneity seen in individuals carrying identical mutations 

within a family or in different families. The most common RET mutation is at codon 634 and it 

shows considerable inter and intra-familial phenotypic variability in terms of age of disease onset 

and its aggressiveness. This suggests the modulatory role of additional somatic genetic 

alterations in other genes which are not well understood.  

In the only study of comprehensive genomic characterization of MTC done so far, Agarwal et al 

in 2013(63) reported their findings of whole exome sequencing in 17 sporadic MTC tumors. 

They identified 305 high confidence somatic mutations in 283 genes. In this cohort of MTC 
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cases without a germline RET mutation, the most common somatic mutation was in RET and 

observed in 12/17 (71%) sporadic MTC tumors. Other than RET, the genes that were mutated in 

at least 2 of the 17 MTCs were MDC1, SF3B1, MGAM, DOCK9, SEMA6A, TDG & DISP2. To 

evaluate the frequency of these mutations as well as some other genes that were previously 

known to be implicated in MTC tumorigenesis such as HRAS, KRAS (81,82) they analyzed 

these gene mutations in an independent set of 40 MTC cases (19 sporadic & 21 hereditary). 

Somatic mutation in RET, HRAS, KRAS were identified in 78%, 18%, 5% of cases and these 

mutations were mutually exclusive. Overall, in the discoveryand validation sets, 91% of MTC 

tumors harbored mutations in RET, HRAS, or KRAS. This study though small, confirmed the role 

of RET as the driver mutation not only in hereditary but also as a somatic mutation in sporadic 

MTC and that of RAS in RET negative tumors. However,inclusion of only sporadic tumors in 

the discovery set may have precluded identification of other important genes and pathways 

involved in germline RET driven MTC development & how they influence phenotypic 

heterogeneity. 

It is noteworthy that the mutational landscape of hereditary MTC with a known germline driver 

RET mutation has not been studied so far except for validation of somatic genetic alterations 

identified in sporadic MTC by Agrawal et al (2013) (63). Therefore, to study the genomic 

landscape of germline RET driven hereditary MTC cases, whole exome sequencing was 

performed in a cohort of 15 MTC tumor tissues with paired blood sample. The aim was to 

identify additional somatic genetic alterations that might govern the phenotypic heterogeneity 

observed in MTC patients with the same RET mutations.   
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4.2 Methodology 

The study was conducted on 15 fresh frozen germline RET driven MTC tumor tissues and paired 

blood samples collected under institutional ethics committee approved study with written 

informed consent. Germline RET mutation was identified in the DNA extracted from the blood 

sample by PCR-Sanger Sequencing in each of these 15 individuals. The samples represented 

tumors arising from all the major classes of RET mutations – Risk Category B (C609R); 

Category C (C634R, C634W, C634Y) and Category D (M918T) (Table 4.1). 

Table 4.1: Details of MTC tumor tissues included for Whole Exome Sequencing 

Sr no. Mutation *ATA Risk category No. of paired samples (Families) 

1 M918T D (Highest) 3 (3 families) 

2 C634W C (High) 2 (1 family) 

3 C634R C (High) 8 (3 families) 

4 C634Y C (High) 1 (1 family) 

5 C609R B (Moderate) 1 (1 family) 

 

Whole exome sequencing was performed at Genotypic pvt. Ltd.where exome sequencing library 

was prepared using Agilent SureSelect v6 exome capture kit which enriches 50MB protein 

coding region from human genome corresponding to 21,000 genes. 150x2 bp paired end 

sequencing was performed on Illumina HiSeq 2500  genome sequencer and data was analyzed 

using Varscan 2.0 pipeline as described inMaterials & Methods chapter. 
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4.3 Results 

Clinical details of the 15 MTC cases taken for whole exome sequencing are given in Table 4.2. 

and a few representative pedigree of the MTC cases included in the study are also shown below 

(Figure 4.1). MTC progression starts from C-Cell Hyperplasia (CCH), followed by microscopic 

foci of MTC, followed by localized  MTC which is confined to thyroid which then metastasizes 

to distant organs of the body (metastatic MTC).  

Table 4.2:  Clinical details of MTC cases taken for whole exome sequencing (n=15) 

 

Sr. No. 

(Cases) 

 

RET 

Mutation 

 

ATA Risk 

Category 

 

Age at MTC 

diagnosis 

 

Syndrome associated features 

1 C634W C 22y MTC + Pheo 

2 C634W C 6 months CCH, No Pheo 

3 M918T D 21y Metastatic MTC, Pheo 

4 M918T D 15y Metastatic MTC, No Pheo 

5 M918T D 11y MTC, No Mets, No Pheo 

6 C634Y C 51y MTC, No Pheo 

7 C634R C 27y Metastatic MTC, b/l pheo 

8 C634R C 10y CCH, No Pheo 

9 C609R B 9y CCH, No Pheo 

10 C634R C 55y MTC + Pheo 

11 C634R C 33y Multiple foci of MTC, No Pheo 

12 C634R C 22y Microscopic foci of MTC, No Pheo 

13 C634R C 50y CCH, No Pheo 

14 C634R C 58y MTC, No Pheo 

15 C634R C 36y MTC, No Pheo 
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C Cell Hyperplasia 
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Figure 4.1: Representative pedigree of RET mutation carrier families 
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4.3.1 Exome Sequencing data Quality Check 

The exome sequencing data (150x2 bp paired end sequencing) had first undergone initial quality 

check before proceeding for further steps of data analysis. For this the de-multiplexed Fastq files 

were uploaded in Fastqc software tool and the sequencing quality was assessed (Figure 4.2). 

FastQC software assess the quality of each base based on Phred score which predicts the 

probability of an error in base calling.The below figure 4.2 shows the quality values across all 

bases at each position in the FastQ file.  

 

Figure 4.2: FASTQC analysis of the raw data (Fastq) showing the quality scores across all 

the 150 bases sequenced. 
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In the ‘per base sequencing quality graph’ shown above, for each position a Box & Whisker plot 

is drawn. The elements of the plot are as follows: The central red line is the median value. The 

yellow box represents the inter-quartile range (25-75%). The upper and lower whiskers represent 

the 10% and 90% points and the blue line represents the mean sequence quality. The y-axis on 

the graph shows the quality scores. The higher the score the better the quality of the base call at 

that particular position. The background of the graph divides the y-axis into very good quality 

calls (green), calls of reasonable quality (orange), and calls of poor quality (red) region. The 

mean quality score should preferably be in green region to be called as good quality reads to be 

used for further steps of data analysis. The detailed steps of the further steps of data analysis 

using VarScan 2.0 pipeline is discussed in Chapter 2: Materials and Methods.  

 

4.3.2 Coverage Statistics 

The initial quality check passed reads were aligned with the reference human genome hg19. In 

tumor samples, 99.7% reads were uniquely mapped with the reference genomewith the mean 

mapping quality of 57.6. The average target coverage was 80X. For paired normal samples, 

99.6% reads were uniquely mapped with the reference genome with the mean mapping quality of 

57.6. The average target coverage was 78X. Detailed description of the exome coverage statistics 

are given in Table 4.3 for all the tumor and in Table 4.4 for the paired normal samples. More 

than 89% of the bases were covered with a minimum of 20 reads (20X coverage) in tumor 

samples and more than 88%  of the bases were covered with a minimum of 20 reads (20X 

coverage) in paired normal samples.  
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Table 4.3: Coverage statistics for Exome sequencing of Tumor Samples  

 

Table 4.4: Coverage statistics for Exome sequencing of paired Normal Samples 

Sample 
Mapped 
reads %  

Mean 
Mapping 
Quality  

Regions with 
10X coverage  

Regions with 
20X coverage  

Mean 
coverage (X)  

1N  99.7 57.4 99 97.4 85.5 

2N  99.6 57.4 98.9 96.8 72.0 

3N  99.6 57.4 99.1 97.5 82.2 

4N  99.5 57.4 99.0 97.4 81.5 

5N  99.6 57.3 99.2 97.4 80.0 

6N  99.7 57.3 99.3 97.8 92.3 

7N  99.7 57.4 99.1 97.4 83.0 

8N  99.7 57.4 99.2 97.7 91.0 

9N  99.7 57.3 99.3 97.7 86.0 

10N  99.6 57.3 99.3 97.8 92.6 

11N  99.6 57.3 99.2 97.6 87.0 

12N  99.6 57.4 99.2 97.6 88.4 

13N  99.9 58.6 57.6 53.4 53.0 

14N  99.7 58.6 53.5 45.3 34.4 

15N  99.9 58.5 57.2 53.0 55.7 

 

Tumor 
Sample 

Mapped 
reads %  

Mean Mapping 
Quality  

Regions with 
10X coverage  

Regions with 
20X coverage  

Mean 
coverage (X)  

1T  99.7 57.4 98.9 96.7 76.4 

2T  99.6 57.4 99.1 97.4 78.3 

3T  99.7 57.5 99.1 97.5 83.0 

4T  99.7 57.4 99.1 97.4 84.3 

5T  99.7 57.4 99.2 97.3 81.7 

6T  99.6 57.3 99.3 97.8 92.0 

7T  99.8 57.4 99.1 97.5 89.5 

8T  99.7 57.4 99.0 97.3 95.1 

9T  99.7 57.3 99.2 97.4 89.2 

10T  99.7 57.4 99.3 97.7 88.5 

11T  99.8 57.5 99.1 97.3 80.6 

12T  99.7 57.4 99.2 97.4 85.2 

13T  99.9 58.6 57.4 53.2 55.9 

14T  99.9 58.6 59.0 55.7 68.4 

15T  99.9 58.5 56.5 51.5 47.2 
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4.3.3 Variant Statistics 

A detailed summary of variant statistics is given in (Table 4.5). Overall we identified 351691 

Indels and 2310904 single nucleotide variants (SNVs) using Varscan 2.0 variant calling tool. Of 

these, 5528 variants were called as high confidence somatic variants which included both Indels 

& Single Nucleotide Variants. For a variant to be called as high confidence somatic variant, it 

should have a minimum variant allele frequency of 0.02 in tumor and the maximum allele 

frequency of 0.05 in normal (explained in detail in Materials & Methods chapter). Further, a 

false-positive filter (FP filter) was applied to further filter the variants. In this command, a base 

quality of more than Q15 and above was required for each variant, significance should be less 

than 0.05 (p<0.05) and depth required to test somatic p value should be 8X (at least 8 reads 

should cover the region of the genome harboring the variant and the variant should be present in 

at least 4 reads). The FP filter also removes the variants that were present in vicinity of Indels as 

they could be false-positive variants. After applying false-positive (FP) filter , the number of 

high confidence somatic variants reduced to 390. Further, the insertions and deletions that were 

present in homo-polymer region were also removed as they could be a result of sequencing 

artifact. This was done by checking the filtered Indels individually in dbSNP database using their 

rsID or by visualizing them in Integrated Genome viewer using their genomic coordinates.  In 

the next step, the intronic variants were removed and then synonymous exonic variants were also 

filtered out. This resulted in a total of 93 significant somatic exonic variants across all the 15 

MTC samples (Table 4.5 & Table 4.6) and included missense, nonsense, splice-site, In-frame & 

Frameshift variants (Table 4.6) 
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Table 4.5: Whole Exome Sequencing variant statistics across all 15 samples   

Sampl
e 

Total 
Indels  

Total 
SNVs  

High 
Confidence 

filtered 
somatic 
variants 
(Indels 

&SNVs) 

Somatic 
variants 

after 
removing 

False 
Positive 

Somatic  
Variants 

after 
removing 
Intronic 
variants 

Somatic 
Variants 

(Synonymo
us 

removed)  

1 24059 152949 320 16 6 4 

2 24522 155450 329 24 3 2 

3 25091 150883 270 12 6 3 

4 23619 148628 317 30 14 9 

5 23983 153299 354 27 8 5 

6 21755 156646 535 44 19 15 

7 22153 147232 317 26 5 4 

8 23067 150203 351 13 11 8 

9 22363 149147 321 15 5 3 

10 23207 168399 550 65 30 21 

11 24061 154860 342 18 6 5 

12 25542 157650 371 19 5 3 

13 23293 148371 291 20 6 4 

14 21937 167970 527 43 7 5 

15 23039 149217 333 18 5 2 

Total 351691 2310904 5528 390 136 93 
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Table 4.6: Significant somatic variants identified in our cohort  

 
 

Samples 

Somatic 
Variants 

(Synonymous 
removed)  

Missense  Nonsense  Splicesite  InFrame  Frameshift  

1 4 2 0 1 0 1 

2 2 1 0 1 0 0 

3 3 2 1 0 0 0 

4 9 9 0 0 0 0 

5 5 4 0 0 1 0 

6 15 10 2 3 0 0 

7 4 4 0 0 0 0 

8 8 2 1 0 4 1 

9 3 2 0 1 0 0 

10 21 17 2 0 2 0 

11 5 4 0 1 0 0 

12 3 3 0 0 0 0 

13 4 1 1 1 1 0 

14 5 5 0 0 0 0 

15 2 0 1 1 0 0 

Total 93 66 8 9 8 2 

 

4.3.4 Tumor Mutation Burden/Mb 

Tumor mutation burden per Mb (TMB/Mb) was calculated from the 93 high confidence somatic 

variants identified across the 15 samples and is shown in Figure 4.3. The average TMB/Mb 

across all samples was 0.124/Mb. The TMB in hereditary MTC cases in our cohort was 

compared with the TMB of sporadic MTC reported by Agarwal et al. in 2013 and papillary 

thyroid carcinoma by TCGA (63,83). While TMB in thyroid cancers is in general very low with 

0.35 in sporadic MTC and 0.41 in papillary thyroid carcinoma, hereditary MTC has the lowest 

TMB (Figure 4.4). 
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Figure 4.3: Tumor Mutation burden/Mb in all 15 samples (high confidence variants include - 

Missense, Nonsense, Splice-site, Frameshift & Inframe mutations) 

 

 

Figure 4.4: Tumor Mutation burden/Mb across different thyroid cancer 

0 0.1 0.2 0.3 0.4 0.5
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Agarwal et.al;
2013 (sMTC)

TCGA; 2014
(PTC)

Mutation burden/MB 0.124 0.35 0.41
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4.3.5 Somatic mutation spectrum by nucleotide change (Transition/Transversion) 

Transitions (Ts’s) are point mutations where a purine is substituted for a purine or a pyrimidine 

for a pyrimidine whereas transversions (Tv’s) are the point mutations where a purine is 

substituted for a pyrimidine and vice versa.The generation of transversions requires much greater 

distortion of the double helix than transition mutations. Since  Tv’s cause larger changes in the 

shape of a DNA backbone, they have larger impacts on binding of Transcription Factors (TFs) or 

other DNA binding proteins affecting gene expression(84). The somatic mutation spectrum in all 

the15 samples in terms of nucleotide change (transitions/transversions) is shown in Figure 4.5. In 

a few samples (sample 5, 6, 7 & 10) we observed a high frequency of transversions compared to 

other samples. 

 

Figure 4.5: Somatic mutation spectrum by nucleotide change: Transition/Transversion in 

all 15 samples [A/G & C/T are transition mutations & A/C, A/T, G/C & G/T are transversions] 
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We further compared the Transitions/Transversions frequency in Hereditary MTC cases (our  

Cohort) & Sporadic MTC cases studied by Agarwal et al., group in 2013 (discussed in the 

‘Background’ section of this chapter)(63). We could not identify any significant difference in the 

transition/transversion ratio between hereditary and sporadic MTC groups (p=0.57) (Figure 4.6, 

4.7 & 4.8) 

 

Figure 4.6: Overall Transition/Transversion frequency in hereditary MTC cohort (n=15) 

 

 

Figure 4.7: Overall Transition/Transverion frequency in sporadic MTC cohort (Agarwal et al 2013; n=17) 
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Figure 4.8: Comparison of Transition/Transversion frequency in hereditary & sporadic  

MTC cases 

 

4.3.6 Number of significant somatic mutations identified in our cohort 

Overall 93 significant somatic mutations in 15 samples were identified. The number of 

significant somatic mutation per tumor sample is shown in Figure 4.9. The average number of 

significant mutations per sample was 6.2 (range from 2 to 21 and SD +5.29). The mutations 

include: 66 missense mutations, 8 nonsense mutations, 2 frameshift mutations, 8 In-frame 

mutations and 9 splice-site mutations. Out of the 66 missense mutations, 18 mutations were 

predicted to be pathogenic by 5 or more In-Silico pathogenicity prediction tools (Table 4.7). All 
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these pathogenic variants is given in Table 4.8. Although none of the somatic pathogenic variant 

was found to be recurrent among samples, we have identified mutations in a few genes that are 

known to have a role in different cancer types (Table 4.7 & Table 4.8). 

 

 

Figure 4.9: Number of significant somatic variants identified per sample in our cohort 
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Table 4.7: Significantly mutated genes & variants identified in all samples 

Sr. No. Gene cDNA change 

Amino acid 

change 

Type of 

mutation 

1 NUBPL c.184G>T G62C Missense 

2 IGDCC4 c.764T>A V255E Missense 

3 RHOBTB3 c.1643T>C L548P Missense 

4 NF1 c.814A>T I272F Missense 

5 ADSL c.1267T>A L423I Missense 

6 PTGER3 c.400G>T G134W Missense 

7 NNMT 641T>C L214P Missense 

8 NPFFR1 c.353T>G M118R Missense 

9 GCNT2 c.1148G>A R383H Missense 

10 ADRA2A c.479G>A R160H Missense 

11 LAMB1 c.4643G>A R1548H Missense 

12 GALNT12 c.G918G>T R306S Missense 

13 PCED1B c.1223C>T P408L Missense 

14 ANO5 c.1240G>C V414L Missense 

15 SPEG c.4366C>G R1456G Missense 

16 PLA2G4E c.1865G>T C622F Missense 

17 GPD2 c.1081G>T V361F Missense 

18 PTEN c.256G>T A86S Missense 

19 PRDM9 c.1032C>A C344X Nonsense 

20 USP47 c.1060G>T E354X Nonsense 

21 BRCA2 c.8494G>T E2832X Nonsense 

22 ESCO1 c.16G>T E6X Nonsense 

23 TMEM41A c.175C>T R59X Nonsense 

24 USP17L20 c.984G>A W328X Nonsense 

25 PRSS3 c.638DelT C213fs Frameshift 

27 COL4A2-AS2 c.757DelC D253fs Frameshift 

28 ATXN1 c.633DelTGA H211Del Inframe 

29 HOXA1 c.216DelCGA H74Del Inframe 

30 MICALCL c.1408DelCTA T471Del Inframe 
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32 RP1L1 c.3925DelTCC G1309Del Inframe 

33 RP1L1 c.4027DelTTC E1343Del Inframe 

34 SUPT20HL1 c.1564DelTAG L548Del Inframe 

35 TRIOBP c.1190DelTCA Q398Del Inframe 

36 ATXN3 .. … Splice-site 

37 CDO1 .. … Splice-site 

38 CEP104 .. … Splice-site 

39 FAM120A .. … Splice-site 

40 HFM1 .. … Splice-site 

41 PRPF40A .. … Splice-site 

42 TMED10 .. … Splice-site 

43 UBE2Q1 .. … Splice-site 

44 UVRAG .. … Splice-site 
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Table 4.8: Biological function of the significantly mutated genes identified in our cohort   

Gene Function 

NUBPL 

This gene encodes a member of the Mrp/NBP35 ATP-binding proteins family. 

Required for the assembly of the mitochondrial membrane respiratory chain 

NADH dehydrogenase (Complex I). Clinical disorders have variable severity, 

ranging from lethal neonatal disease to adult-onset neurodegenerative disorders 

IGDCC4 

Proteins of the immunoglobulin (Ig) superfamily, play essential roles in biologic 

functions of the cell surface, including cell adhesion, cell migration, and signal 

transduction. Identified as an oncofetal marker of murine and human hepatocellular 

carcinoma  

RHOBTB3 

Members of the RHOBTB subfamily of Rho GTPases and are evolutionarily 

conserved. Involved in transport vesicle docking at the Golgi complex, possibly by 

participating in release M6PRBP1/TIP47 from vesicles to permit their efficient 

docking and fusion at the Golgi. 

NF1 

NF1 gene encodes neurofibromin protein, a tumor suppressor protein. This protein 

prevents cell overgrowth by turning off another protein (ras) that stimulates cell 

growth and division 

ADSL 

The ADSL gene provides instructions for making an enzyme called 

adenylosuccinate lyase involved in purine synthesis. Mutations in this gene causes 

brain dysfunction (encephalopathy) that leads to delayed development of mental 

and motor skills (psychomotor delay), autistic behaviors and seizures 

PTGER3 The protein encoded by this gene is a member of the G-protein coupled receptor 
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family. This protein is one of four receptors identified for prostaglandin E2 

(PGE2). This receptor may have many biological functions, which involve 

digestion, nervous system, kidney reabsorption, and uterine contraction activities 

NNMT 

N-methylation is one method by which drug and other xenobiotic compounds are 

metabolized by the liver. This gene (Nicotinamide N-Methyltransferase) encodes 

the protein responsible for this enzymatic activity which uses S-adenosyl 

methionine as the methyl donor.  

NPFFR1 

Neuropeptide FF receptor 1 (NPFFR1) is the receptor for NPAF (A-18-F-amide) 

and NPFF (F-8-F-amide) neuropeptides, also known as morphine-modulating 

peptides. This receptor mediates its action by association with G proteins that 

activate a phosphatidylinositol-calcium second messenger system. 

ADRA2A 

Alpha-2-adrenergic receptors, members of G protein-coupled receptor superfamily. 

These receptors have a critical role in regulating neurotransmitter release from 

sympathetic nerves and from adrenergic neurons in the central nervous system 

LAMB1 

This gene encodes the beta chain isoform laminin, beta 1. Laminins, a family of 

extracellular matrix glycoproteins, are the major noncollagenous constituent of 

basement membranes. They have been implicated in a wide variety of biological 

processes including cell adhesion, differentiation, migration, signaling, neurite 

outgrowth and metastasis.  

GALNT12 

This gene encodes a member of a family of UDP-GalNAc:polypeptide N-

acetylgalactosaminyltransferases, which catalyze the transfer of N-

acetylgalactosamine (GalNAc) from UDP-GalNAc to a serine or threonine residue 

on a polypeptide acceptor in the initial step of O-linked protein glycosylation. 
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Mutations in this gene are associated with an increased susceptibility to colorectal 

cancer 

PCED1B 

This gene encodes a protein that belongs to the GDSL/SGNH-like acyl-esterase 

family. Members of this family are hydrolases that function in modification of 

biopolymers on the cell surface. 

ANO5 

The ANO5 gene provides instructions for making a protein called anoctamin-5. 

While the specific function of this protein is not well understood, it belongs to a 

family of proteins, called anoctamins, that act as chloride channels 

SPEG 

This gene encodes a protein with similarity to members of the myosin light chain 

kinase family. This protein family is required for myocyte cytoskeletal 

development. Along with the desmin gene, expression of this gene may be 

controlled by the desmin locus control region. Mutations in this gene are associated 

with centronuclear myopathy 5 

GPD2 

The protein encoded by this gene localizes to the inner mitochondrial membrane 

and catalyzes the conversion of glycerol-3-phosphate to dihydroxyacetone 

phosphate, using FAD as a cofactor. 

DOCK10 

This gene encodes a member of the dedicator of cytokinesis protein family. 

Members of this family are guanosine nucleotide exchange factors for Rho 

GTPases and defined by the presence of conserved DOCK-homology regions.  

USP47 

Ubiquitin carboxyl-terminal hydrolase 47. Ubiquitin-specific protease that 

specifically deubiquitinates mono ubiquitinated DNA polymerase beta (POLB), 

stabilizing POLB thereby playing a role in base-excision repair (BER). Acts as a 

regulator of cell growth and genome integrity. May also indirectly regulate 
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CDC25A expression at a transcriptional level 

BRCA2 Tumor suppressor gene involved in DNA damage repair pathway 

PTEN 

Tumor Suppressor gene. The PTEN enzyme is part of a chemical pathway that 

signals cells to stop dividing and triggers cells to self-destruct through a process 

called apoptosis. Evidence suggests that this enzyme also helps control cell 

movement (migration), the sticking (adhesion) of cells to surrounding tissues, and 

the formation of new blood vessels (angiogenesis) 

PRSS3 

Serine protease 3 (PRSS3) is an isoform of trypsinogen, and plays an important 

role in the development of many malignancies. PRSS3 acts as an oncogene in 

invasive ductal carcinoma of the breast development and progression 

ATXN3 

The ATXN3 gene provides instructions for making an enzyme called ataxin-3. 

Acts as a deubiquitylase and is involved in protein degradation. 
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4.3.7 Variant Visualization: Integrative Genome Viewer (IGV) 

The high confidence variants were visualized in Integrative Genome Viewer (IGV) which is an 

open source genome visualization tool that is used to view the alignments of sequencing reads 

with reference genome. For a variant to be called as a true variant, the region of the genome 

where the variant is located should be covered with at least 8 reads and the variant should be 

present in at least 4 reads, else it will be called as a false-positive variant call. IGV helps in 

removing false-positive variants. Figure 4.10 shows variant visualization on IGV for missense 

variant, Inframe Deletion and Frameshift Insertion identified in our cohort. 

 

Figure 4.10:  Variant visualization on Integrative Genome Viewer (IGV) 
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4.4 Discussion 

The present study shows that in germline RET driven hereditary MTC tumors, other somatic 

mutations are rare, resulting  in an extremely low somatic tumor mutation burden of 0.124 per 

Mb. Although the somatic tumor mutation burden in sporadic MTC and papillary thyroid cancer 

are  also low (63,83), in hereditary MTC it is even lower (Figure 4.4).  In a study published in 

Nature by Alexandrov et al in 2013 (85), the mutational signatures across different cancer types 

have been studied. They have shown that the prevalence of somatic mutations was highly 

variable between different cancer types ranging from 0.001mutations/Mb to more than 400 

mutations/Mb (Figure 4.11). The lowest somatic mutation burden was observed in pilocytic 

astrocytoma which is a benign, slow growing brain tumor that most commonly occurs in children 

or young adults. The highest mutation burden was seen in lung squamous cell carcinoma and 

melanoma (Figure 4.11), both  arising from chronic mutagenic exposures such as tobacco 

smoking for lung carcinoma and exposure to ultraviolet radiation for malignant melanoma (85). 

In another study published in Nature in 2014 by Lawrence et al;  somatic mutations in 4,742 

tumor-normal pairs across 21 cancer types was studied by exome sequencing(86).They have also 

shown that the highest somatic mutation burden was found in lung squamous cell carcinoma 

(9.9/Mb) and Melanoma (12.9/Mb) (Figure 4.12). Although they have not included pilocytic 

astrocytoma in their study group, they have observed the lowest somatic mutation burden of 

0.1/Mb in another rare childhood brain tumour– Rhabdoid tumour (Figure 4.12).   
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Figure 4.11: The prevalence of somatic mutations across human cancer types (Figure taken 

from Ref. 85; Alexandrov et al; 2013; Nature). 

 

It is noteworthy that both these rare childhood brain tumors-  pilocytic astrocytoma and rhabdoid 

tumor are single gene or single pathway driven cancers similar to hereditary medullary thyroid 

carcinoma which is driven by germline mutations in RET proto-gene. Almost all malignant 

rhabdoid tumors present with a loss of function in the SMARCB1 gene(87). SMARCB1, a tumor 

suppressor gene is a member of the SWI/SNF chromatin-remodeling complex(88). Germline 

mutations of the SMARCB1 gene predisposes individuals torhabdoid tumor predisposition 

syndrome(89).  Similarly for pilocytic astrocytoma, it was shown that single abnormalities of the 

mitogen-activating protein kinase (MAPK) pathway including mutations in BRAF, N-RAS, 

RAF-1 and NF1 are exclusively found in almost all the cases of pilocytic astrocytoma, indicating 

that it represents a one-pathway disease(90).  
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Table 4.9: Median somatic mutation burden (per Mb) across 21 different cancer types  

(Taken from Ref. 86) 

 

Tumor type 

No. of 

tumor–

normal 

pairs 

Median 

somatic 

mutation 

frequency (per 

Mb) 

No. of 

significantly 

mutated genes 

No. of additional 

significant genes 

found under 

RHT 

Acute myeloid 

leukaemia 
196 0.4 26 1 

Bladder 99 7.1 24 10 

Breast 892 1.2 32 5 

Carcinoid 54 0.5 1 0 

Chronic lymphocytic 

leukaemia 
159 0.6 7 8 

Colorectal 233 3.1 23 12 

Diffuse large B-cell 

lymphoma 
58 3.3 16 7 

Endometrial 248 2.5 58 15 

Oesophageal 

adenocarcinoma 
141 4 8 7 

Glioblastoma 

multiforme 
291 2.2 22 4 

Head and neck 384 3.9 25 9 

Kidney clear cell 417 1.9 15 6 

Lung adenocarcinoma 405 8.1 22 10 

Lung squamous cell 

carcinoma 
178 9.9 11 13 

Medulloblastoma 92 0.3 2 1 

Melanoma 118 12.9 19 9 

Multiple myeloma 207 1.6 11 3 

Neuroblastoma 81 0.5 1 0 

Ovarian 316 1.7 5 5 

Prostate 138 0.7 4 2 

Rhabdoid tumour 35 0.1 1 0 
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Further, although we have not identified any recurrent somatic mutation in our cohort, mutations 

in a few important cancer predisposing genes have been identified including PTEN, BRCA2 and 

NF1 (Table 4.7 & Table  4.8). Among other mutated genes, PRSS3 (Serine protease 3) is shown 

to play important role in the development of several malignancy including invasive ducal 

carcinoma of the breast (91). PRSS3 mRNA and protein levels were shown to be significantly 

unregulated in IDC of the breast tissue compared to the normal tissue. The findings suggested 

that PRSS3 expression levels could be used as a prognosis marker for IDC and targeting PRSS3 

can potentially represent a new treatment strategy for IDC patients (91).Further, we have 

identified a nonsense mutation in PRDM9 gene. PRDM9 is known as meiosis specific gene and 

is involved in induction of double stranded breaks during meiotic recombination. Recently, this 

gene was found to be over-expressed  in different cancer types and this aberrant expression was 

found to be associated with genomic instability in cancer (92).  

Although we have found a few important genes which have been shown to have a role in cancer 

development and progression, none of them was found to be recurrent in our samples which may 

be because of small cohort size (n=15). In the exome study performed by Agrawal et al. group on 

sporadic MTC (n=17), except for mutually exclusive mutation in RET or RAS gene, no other 

recurrent gene mutation was found. Even in a combined analysis of somatic mutations in our 

hereditary MTC cohort along with the sporadic MTC cohort from USA, no gene was found to be 

mutated in more than one tumour sample. Therefore, a larger cohort study is needed for this rare 

yet aggressive thyroid malignancy to identify the underlying genetic signatures that governs 

phenotypic heterogeneity observed in patients.    
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To Study of Modulatory role of SNPs of 

distinct genetic pathways on risk of MTC 
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5.1 Background 

Gain-of-function point mutations in RET proto-oncogene is well established as the primary 

susceptibility factor for MTC development and modifier of its clinical behavior. However certain 

aspects of the disease such as clinical heterogeneity despite having same mutation in RET gene 

is still unclear (93,94). Similarly for sporadic MTC cases, somatic RET mutations are not found 

in all the cases and also shows heterogeneity in different subpopulation of cells within the tumor 

(95–97). 

Other than the high penetrance germline or somatic RET mutations, no other genetic, 

environmental or lifestyle related risk factors have been identified or established for their risk 

association with MTC. A few small studies have examined association of certain lifestyle related 

risk factors to be associated with MTC but with either inconclusive results or have identified a 

paradoxical protective risk association of tobacco smoking and alcohol with MTC(98–100). 

Several case control studies across different population have examined the association of SNPs 

of different genetic pathways with the risk of MTC. These  include SNPs of RET gene, 

xenobiotic metabolism and cell cycle regulation pathways (101–123). A number of studies have 

also performed meta-analysis on SNPs of RET gene in order to investigate whether the presence 

of these SNPs could be associated with susceptibility to MTC development. However, most of 

these studies and their meta-analysis were either inconclusive or showed contradictory results. 

The possible reasons for not finding significant and consistent risk association could be the small 

cohort size of this rare cancer, geo-ethnic differences or poorly matched controls.   

In addition to the studies on risk association of different SNPs with MTC development, several 

studies have also investigated the influence of SNPs of low penetrance genes on the clinical 
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behavior of MTC in terms of age of disease onset and its aggressiveness. However, it is still a 

matter of debate to what extent these neutral polymorphisms could have modifying effect in the 

pathogenesis of hereditary or sporadic MTC. Also, none of the risk association study or study on 

SNPs as modifier of clinical behavior of the disease has examined the association of all the 

above mentioned SNPs together in a single cohort.  

Using the largest cohort of 438 MTC cases (361 sporadic and 77 hereditary) and 489 gender and 

ethnicity matched healthy controls from the 1000 Genome Project(124), South Asian population, 

we undertook a comprehensive risk-association analysis of 13 SNPs of 3 distinct genetic 

pathways. These include SNPs of genes of detoxification (Cyp1A1m1, Cyp1A2*F, NAT2, 

GSTP1), cell cycle regulation (CDKN1A, CDKN1B, CDKN2A, CDKN2B, CDKN2C) and the 

RET gene (G691S, L769L, S836S, S904S) (Table 5.1).  We have also performed a meta-analysis 

of all the case control studies examining risk association of the 4 RET gene SNPs with MTC, 

including the present study, in order to derive definitive conclusions on the associations. 

Further in the same cohort of 438 MTC cases, we have performed a comprehensive gene dose-

response relationship analysis between these 13 SNPs and the clinical behavior of MTC. This 

gene dose-response relationship aimed to investigate the clinic-pathological differences between 

the wild-type versus heterozygous versus homozygous variant for each SNP separately in 

hereditary and sporadic MTC cases. 
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Table 5.1: List of SNPs of genes of distinct pathways selected for the study based on 

detailed literature search 

 

Gene/SNP Reference ID Variant 
Nucleotide 

change 

Ancestral 

Allele 

Amino acid 

Change 

Genes of Detoxification 

Cyp1A1m1 rs4646903 3′UTR T/C T - 

Cyp1A2 rs762551 Intronic A/C A - 

NAT2 rs1041983 Synonymous C/T C Y94Y 

GSTP1 rs1695 Missense A/G A I105V 

Cell Cycle regulatory genes 

CDKN1A rs1801270 Missense C/A C S31R 

CDKN1B rs2066827 Missense T/G T V109G 

CDKN2A rs11515 3′ UTR G/C G - 

CDKN2B rs1063192 3′UTR T/C T - 

CDKN2C rs12885 3′ UTR G/T G - 

RET Proto oncogene 

G691S RET rs1799939 Missense G/A G G691S 

L769L RET rs1800861 Synonymous T/G T L769L 

S836S RET rs1800862 Synonymous C/T C S836S 

S904S RET rs1800863 Synonymous C/G C S904S 
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5.2 Methodology 

5.2.1 Patient Cohort 

The study was conducted on a cohort of 438 Indian MTC cases registered at Cancer Genetics 

Clinic, Tata Memorial Hospital as part of institutional ethics committee approved study over a 

period of 13 years (2006 to 2018). The inclusion criteria was histologically confirmed diagnosis 

of MTC with raised serum calcitonin in patients of any age or gender. Exclusion criteria included 

a previous history of another cancer except pheochromocytoma which is a part of MEN2 

syndrome. The438 MTC cases include218 cases enrolled as part of this thesis and the remaining 

220 case that were registered and were tested for germline RET mutation previously in our 

laboratory. For each patient, personal and family history with clinico-pathological details was 

recorded. Blood sample was collected with written informed consent and detailed genetic 

counseling. The cases were then tested for hotspot RET mutations and based on identified RET 

mutation and phenotyping, the cases were classified as hereditary and sporadic MTC cases. Of 

the 438 MTC cases, 77 cases were hereditary cases with a germline RET mutation and the 

remaining 361 were sporadic MTC cases without a RET mutation. Data for allele frequency of 

13 SNPs in healthy controls was extracted from the 1000 genome project, South Asian 

population (http://www.ensembl.org/Homo_sapiens/Info/Index).This South Asian cohort 

included 489 healthy individuals representing major ethnicities of Indian origin - Punjabis from 

Lahore, Gujarati from Houston, Telugu from UK, Bengali from Bangladesh and Sri Lankan 

Tamil from UK.  
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5.2.2 Clinico-Pathological examination 

The clinical diagnosis of MTC was made on biochemical evaluation of serum Calcitonin levels 

at diagnosis (reference range: 2-10mg/ml) and histopathological examination of surgically 

resected tumor tissues. The tumor volume was calculated using the ellipsoid volume formula   

0.5 x l × w × h cm3 (Tomayko and Reynolds, 1989)(125). The diagnosis of nodal metastasis was 

made on the histopathological examination of lymph nodes resected at the time of total 

thyroidectomy. Distant metastasis was confirmed by imaging in a background of very high 

serum calcitonin levels.  

 

5.2.3 Molecular Genetic Testing 

DNA was extracted from the blood sample using Qiagen QIAmp DNA mini kit (Cat#51304) and 

tested for hotspot RET mutation by PCR and Sanger Sequencing (details on steps of PCR and 

Sanger Sequencing are discussed in Chapter 2; Materials and Methods). Sequencing data was 

analyzed using Chromas Lite software version 2.6.4 and reference sequence of RET was extracted 

from National Centre for Biotechnology Information (NCBI) NG_007489.1. SNP genotyping was 

performed by Restriction Fragment Length Polymorphism (RFLP) for Cyp1A1m1, Cyp1A2*F, 

GSTP1, NAT2, CDKN1A, CDKN1B, CDKN2A, RET L769L, S836S and S904S polymorphisms 

and by TaqMan for CDKN2B, CDKN2C and RET G691S polymorphisms (Details discussed in 

Chapter 2; Materials and Methods). TaqMan SNP genotyping was employed for these 3 SNPs 

because no restriction site for a single cutter restriction enzyme was identified either for the 

wildtype or variant allele of the SNP. About 5% of all the SNP genotyping results were validated 

by Sanger Sequencing.   
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5.2.4 Statistical Analysis 

All Statistical analysis was performed on SPSS v21.0. SNPs were tested for Hardy-Weinberg 

equilibrium (HWE) using Chi-square Hardy-Weinberg equilibrium test calculator for biallelic 

markers (http://www.oege.org/software/hwe-mr-calc.shtml) in both cases and controls         

(Table 5.2). Genotypic frequency was calculated for all the 13 SNPs and compared between cases 

and controls using chi-square test (Table 5.3 & Table 5.4).As the homozygous status of several 

SNPs was either absent or very low in either cases or controls, analysis was performed only for 

the dominant model which compares the variant allele either as heterozygous or homozygousform 

(Aa+aa) with the homozygous wild type allele (AA). Logistic regressions were used to analyze 

the association between these polymorphisms and MTC risk and odds ratio was calculated with 

95% Confidence Interval (CI).All SNPs showing a trend for association on univariate analysis 

with p<0.1 were included in the multivariate logistic regression analysis.As multiple comparisons 

were made for 13 SNPs in a single cohort, a p value of <0.01 was used to consider an association 

as statistically significant. 
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Table 5.2: Hardy-Weinberg Equilibrium calculations for Cases & Controls  

Gene/ 

SNP  

Controls (n=489) MTC cases(n=438) 

MAF HWE p-value MAF HWE p-value 

Cyp1A1m1 0.34  0.35  0.31  0.006  

Cyp1A2 0.47  0.35  0.43  0.65  

NAT2 0.43  0.18  0.45  1.00  

GSTP1 0.29  0.10  0.26  0.65  

CDKN1A  0.15  0.18  0.09  0.14  

CDKN1B 0.32  0.57  0.29  0.57  

CDKN2A 0.05  0.76  0.07  0.003  

CDKN2B 0.27  0.09  0.25 0.11  

CDKN2C 0.11  0.69  0.10  0.31  

G691S RET 0.24  0.84  0.27  0.17  

L769L RET 0.40  0.57  0.35  0.60  

S836S RET 0.08  0.74  0.08  0.33  

S904S RET 0.24  0.75  0.29  0.05  

 

For association study with patient’s clinical outcome, the clinico-pathological details were 

collected from the patients during the time of their enrollment.  The clinico-pathological 

parameters used for correlation studies included age at MTC diagnosis, serum Calcitonin levels at 

diagnosis (Pre-Op), tumor volume (cm3), nodal and distant metastasis. To examine the gene dose-

response relationship, the clinic-pathological variables were stratified between wild-type, 

heterozygous and homozygous variants and compared. Categorical data was tested with Pearson 

Chi-Square test and two-tailed Fisher exact test whereas for continuous data, the means were 

compared using one-way analysis of variance (ANOVA) and medians was compared using 

Kruskal-Wallis test. The level of significance was set at <0.05.  
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Table 5.3: Genotype frequency comparison between hereditary MTC (hMTC) cases and 

controls 

Gene/ 
SNP  

Genotype Frequency –     
hMTC cases (n=77)  

Genotype Frequency – 
Controls (n=489)   

Wt Hz + Hm  Wt Hz + Hm  
p-

value 

Cyp1A1m1 37 (48.1%)  40 (51.9%)  218 (44.6%)  271 (55.4%)  0.57  

Cyp1A2 28 (36.4%)  49 (63.6%)  145 (29.7%)  344 (70.3%)  0.23  

NAT2 31 (42.2%)  46 (59.7%)  167 (34.2%)  322 (65.8)  0.29  

GSTP1 35 (45.5%)  42 (54.5%)  251 (51.3%)  238 (48.7%  0.34  

CDKN1A  65 (84.4%)  12 (15.6%)  361 (73.8%)  128 (26.2%)  0.045  

CDKN1B 35 (45.5%)  42 (54.5%)  224 (45.8%)  265 (54.2%)  0.96  

CDKN2A 67 (87%)  10 (13%)  439 (89.7%)  50 (10.2%)  0.46  

CDKN2B 46 (59.8%)  31 (40.2%)  266 (54.4%)  223 (45.6%)  0.38  

CDKN2C 62 (80.5%)  15 (19.5%)  387 (79.1%)  102 (20.8%)  0.78  

G691S RET 37 (48.1%)  40 (51.9%)  283 (57.8%)  206 (42.1%)  0.11  

L769L RET 35 (45.5%)  42 (54.5%)  178 (36.4%)  311 (36.6%)  0.13  

S836S RET 64 (83.1%)  13 (16.9%)  411 (84%)  78 (15.9%)  0.84  

S904S RET 36 (46.8%)  41 (53.2)  285 (58.3%)  204 (41.7%)  0.06  
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Table 5.4: Genotype frequency comparison between sporadic MTC (sMTC) cases and 

controls 

Gene/ 
SNP  

Genotype Frequency –     
sMTC cases (n=361)  

Genotype Frequency – 
Controls (n=489)   

Wt Hz + Hm  Wt Hz + Hm  p-value 

Cyp1A1m1 161 (44.6%)  200 (553.4%)  218 (44.6%)  271 (55.4%)  0.996  

Cyp1A2 117 (32.4%)  244 (67.6%)  145 (29.7%)  344 (70.3%)  0.390  

NAT2 103 (28.5%)  258 (71.5%)  167 (34.2%)  322 (65.8)  0.082  

GSTP1 208 (57.6%)  153 (42.4%)  251 (51.3%)  238 (48.7%  0.069  

CDKN1A  295 (81.7%)  66 (18.3%)  361 (73.8%)  128 (26.2%)  0.007  

CDKN1B 182 (50.4%)  179 (49.6%)  224 (45.8%)  265 (54.2%)  0.184  

CDKN2A 310 (85.9%)  51 (14.1%)  439 (89.7%)  50 (10.2%)  0.083  

CDKN2B 206 (57%)  155 (42.9%)  266 (54.4%)  223 (45.6%)  0.439  

CDKN2C 297 (82.2%)  64 (17.7%)  387 (79.1%)  102 (20.8%)  0.256  

G691S RET 201 (55.7%)  160 (44.3%)  283 (57.8%)  206 (42.1%)  0.523  

L769L RET 146 (40.4%)  215 (59.6%)  178 (36.4%)  311 (36.6%)  0.231  

S836S RET 311 (86%)  50 (13.9%)  411 (84%)  78 (15.9%)  0.398  

S904S RET 194 (53.7%)  167 (46.3%)  285 (58.3%)  204 (41.7%)  0.187  

 

5.2.5 Literature search and Meta-analysis 

PUBMED search was conducted in order to identify the eligible studies for meta-analysis using 

the following search words: ‘Polymorphism AND MTC’, ‘SNPs AND MTC’, ‘RET 

Polymorphisms AND MTC’. The Inclusion criteria of the studies include the case-control studies 

examining association of the desired SNPs with MTC risk.  
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Table 5.5: Details of sporadic MTC studies included in the meta-analysis  

Author  Year  Population  Variant  Cases  Controls  

Gimm  1999  German+USA  
G691S, L769L, 

S836S, S904S  
50  70  

Ruiz  2001  Spain  S836S  32  250  

Berard  2004  France  L769L, S836S  92  86  

Elisei  2004  Italy  
G691S, L769L, 

S836S, S904S 
106  106  

Wiench  2004  Poland  L769L, S836S 135  90  

Baumgartner  2005  Austria  L769L, S836S 45  79  

Cebrian  2005  British  
G691S, L769L, 

S836S, S904S 
124  517  

Costa  2005  Portugal  
G691S, L769L, 

S836S, S904S 
50  50  

Severskava  2006  Russian  
G691S, L769L, 

S836S, S904S 
45  178  

Fernandez  2006  Spanish  G691S, S904S  58  100  

Fugazzola  2008  Italy  
G691S, L769L, 

S836S, S904S 
140  190  

Sromek  2010  Poland  L769L, S836S, S904S  217  420  

Ceolin  2012  Brazil  
G691S, L769L, 

S836S, S904S 
107  308  

Lantieri  2013  Italy  G691S  78  85  

Present 

study  
2019  Indian  

G691S, L769L, 

S836S, S904S, 

Cyp1A1m1, Cyp1A2, 

NAT2, GSTP1, 

CDKN1A, CDKN1B, 

CDKN2A, CDKN2B, 

CDKN2C  

361  489  

Total  
   

1640  2968  
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Genotyping studies with only MTC cases and no controls were excluded from meta-analysis as 

comparison of MTC cases with healthy controls was a prerequisite for the association study. 

Details of all the studies included in the meta-analysis is provided in Table 5.5 & Table 5.6. 

Meta-Analysis was performed with R-Software package using minor allele frequency data as the 

genotype frequencies were not available for many studies. W applied both the fixed-effect (126) 

and the random effect (127) model for meta-analysis. The significance of overall OR was 

calculated by Z-test. Heterogeneity between studies was investigated using I2 and τ2 statistics. 

The results of meta-analysis were reported as conventional forest plots.  

 

Table 5.6: Details of hereditary MTC studies included in the meta-analysis 

Author  Year  Population  Variant  Cases  Controls  

Robledo  2003  Spanish  G691S  104  653  

Severskava  2006  Russian  
G691S, L769L, S836S, 

S904S 
22  178  

Tamanaha  2009  Brazilian  
G691S, L769L, S836S, 

S904S 
77  100  

Sharma  2011  Indian  
G691S, L769L, S836S, 

S904S 
51  50  

Lantieri  2013  Italian  G691S 15  85  

Present Study  2019  Indian  

G691S, L769L, S836S, 

S904S, Cyp1A1m1, Cyp1A2, 

NAT2, GSTP1, CDKN1A, 

CDKN1B, CDKN2A, 

CDKN2B, CDKN2C  

77  489  

Total  
   

346  1555  
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 5.3 Results 

5.3.1) To study the genetic risk association of SNPs of distinct genetic pathways with MTC. 

The details of all the 13 SNPs included in the study are summarized in Table 5.1. The 438 MTC 

cases in our cohort included 239 males (54.5%) and 199 (45.4%) females. The mean age at MTC 

diagnosis was 40.64 +14.24, Median: 40years with the range of 8-80years. The 489 controls used 

for the risk association study included 260 males (53.2%) and 229 females (46.8%). Both the 

cases and controls were matched for both gender (p = 0.67) and ethnicity. The genotype 

frequencies of all the SNPs included in the study are summarized in Table 5.3 & Table 5.4. 

Hardy-Weinberg Equilibrium was maintained for all 13 SNPs in the controls and for 11/13 SNPs 

in the MTC cases (Table 5.2).  

 

 Risk Association: Present Study 

The genotype of each SNP as homozygous wild-type, heterozygous and homozygous variant was 

compared between cases and controls using dominant model of inheritance. The selection of this 

model was to evaluate the role of variant allele either as homozygous or heterozygous form in 

conferring the risk of MTC development. 

 

On univariate logistic regression analysis, CDKN1A SNP showed consistent and significant 

association with reduced risk of MTC in both hereditary (OR = 0.52; 95% CI = 0.27-0.99; p = 

0.048) and sporadic MTC groups (OR = 0.63; 95% CI = 0.45-0.88; p = 0.007).  The variant 

allele A was overrepresented in the control population (26.2%) as compared to both the 

hereditary cases (15.6%) and the sporadic cases (18.3%) (Table 5.7 & Table 5.8) 
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Table 5.7: Univariate logistic regression analysis for association between SNPs and risk of 

hereditary MTC development. 

 

Gene/ 

SNP  

Genotype Frequency –     

hMTC cases (n=77)  

Genotype Frequency – 

Controls (n=489)   

Wt Hz + Hm  Wt Hz + Hm  OR 95% CI 
p-

value 

Cyp1A1m1 37 (48.1%)  40 (51.9%)  218 (44.6%)  271 (55.4%)  0.870  0.537-1.407  0.570  

Cyp1A2 28 (36.4%)  49 (63.6%)  145 (29.7%)  344 (70.3%)  0.738  0.446-1.220  0.236  

NAT2 31 (42.2%)  46 (59.7%)  167 (34.2%)  322 (65.8)  0.770  0.470-1.259  0.297  

GSTP1 35 (45.5%)  42 (54.5%)  251 (51.3%)  238 (48.7%  1.266  0.781-2.050  0.339  

CDKN1A  65 (84.4%)  12 (15.6%)  361 (73.8%)  128 (26.2%)  0.521  0.272-0.995  0.048  

CDKN1B 35 (45.5%)  42 (54.5%)  224 (45.8%)  265 (54.2%)  1.014  0.626-1.643  0.954  

CDKN2A 67 (87%)  10 (13%)  439 (89.7%)  50 (10.2%)  1.310  0.634-2.708  0.465  

CDKN2B 46 (59.8%)  31 (40.2%)  266 (54.4%)  223 (45.6%)  0.804  0.493-1.311  0.382  

CDKN2C 62 (80.5%)  15 (19.5%)  387 (79.1%)  102 (20.8%)  0.918  0.501-1.680  0.781  

G691S RET 37 (48.1%)  40 (51.9%)  283 (57.8%)  206 (42.1%)  1.485  0.917-2.404  0.108  

L769L RET 35 (45.5%)  42 (54.5%)  178 (36.4%)  311 (36.6%)  0.687  0.423-1.115  0.129  

S836S RET 64 (83.1%)  13 (16.9%)  411 (84%)  78 (15.9%)  1.070  0.562-2.037  0.836  

S904S RET 36 (46.8%)  41 (53.2)  285 (58.3%)  204 (41.7%)  1.591  0.982-2.578  0.06  
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Table 5.8: Univariate logistic regression analysis for association between SNPs and risk of 

sporadic MTC development. 

 

Gene/ 

SNP 

Genotype Frequency – 

sMTC cases (n=361) 

Genotype Frequency – 

Controls (n=489)  

Wt Hz + Hm Wt Hz + Hm OR 95% CI 
p-

value 

Cyp1A1m1 161 (44.6%) 200 (55.4%) 218 (44.6%) 271 (55.4%) 0.999 0.760-1.314 0.996 

Cyp1A2 117 (32.4%) 244 (67.6%) 145 (29.7%) 344 (70.3%) 0.879 0.655-1.179 0.390 

NAT2 103 (28.5%) 258 (71.5%) 167 (34.2%) 322 (65.8) 1.299 0.967-1.745 0.082 

GSTP1 208 (57.6%) 153 (42.4%) 251 (51.3%) 238 (48.7% 0.776 0.590-1.020 0.069 

CDKN1A 295 (81.7%) 66 (18.3%) 361 (73.8%) 128 (26.2%) 0.631 0.452-0.882 0.007 

CDKN1B 182 (50.4%) 179 (49.6%) 224 (45.8%) 265 (54.2%) 0.831 0.633-1.092 0.184 

CDKN2A 310 (85.9%) 51 (14.1%) 439 (89.7%) 50 (10.2%) 1.444 0.953-2.190 0.083 

CDKN2B 206 (57%) 155 (42.9%) 266 (54.4%) 223 (45.6%) 0.898 0.682-1.180 0.439 

CDKN2C 297 (82.2%) 64 (17.7%) 387 (79.1%) 102 (20.8%) 0.818 0.578-1.157 0.256 

G691S RET 201 (55.7%) 160 (44.3%) 283 (57.8%) 206 (42.1%) 1.094 0.831-1.439 0.523 

L769L RET 146 (40.4%) 215 (59.6%) 178 (36.4%) 311 (36.6%) 0.843 0.637-1.115 0.231 

S836S RET 311 (86%) 50 (13.9%) 411 (84%) 78 (15.9%) 0.847 0.577-1.244 0.398 

S904S RET 194 (53.7%) 167 (46.3%) 285 (58.3%) 204 (41.7%) 1.203 0.914-1.582 0.187 
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Multivariate logistic regression analysis further confirmed the strong association of CDKN1A 

SNP with reduced MTC risk in both the hereditary (OR = 0.27; 95% CI = 0.13-0.55; p = <0.001) 

and sporadic MTC groups (OR = 0.53; 95% CI = 0.36-0.78; p = 0.001) (Table 5.9 & Table 5.10). 

Multivariate logistic regression analysis also identified significant risk association for the RET 

S904S SNP in the hereditary MTC group (OR = 2.82; 1.64-4.86; p = <0.001) (Table 5.9) 

whereas for CDKN2A (OR = 1.89; 95% CI = 1.20-2.98; p = 0.006) and NAT2 SNP (OR = 1.62; 

95% CI = 1.17-2.25; p = 0.004) in the sporadic MTC group (Table 5.10).Taken together, the 

results of univariate and multivariate logistic regression analysis indicated that the inheritance of 

CDKN1A SNP confers a protective effect in MTC development in both hereditary and sporadic 

MTC group whereas the inheritance of CDKN2A, NAT2 and RET S904S variants increases the 

susceptibility to Medullary Thyroid Carcinoma.     

Table 5.9: Multivariate logistic regression analysis for association between SNPs and risk of 

hereditary MTC development (SNPs with significance <0.1 from univariate analysis were 

included in multivariate analysis). 

 

Gene/ 

SNP  

Genotype Frequency –     

hMTC cases (n=77)  

Genotype Frequency – 

Controls (n=489)   

Wt  Hz + Hm  Wt  Hz + Hm  OR  95% CI  p-value  

CDKN1A  65 (84.4%)  12 (15.6%)  361 (73.8%)  128 (26.2%)  0.266  0.129-0.549  <0.001  

S904S 

RET  
36 (46.8%)  41 (53.2)  285 (58.3%)  204 (41.7%)  2.821  1.636-4.862  <0.001  
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Table 5.10: Multivariate logistic regression analysis for association between SNPs and risk of 

sporadic MTC development (SNPs with significance <0.1 from univariate analysis were 

included in multivariate analysis). 

 

 

 Meta-analysis including present study 

To compare the findings of the present study with the published studies in literature in different 

population, a pooled meta-analysis was conducted. We identified 23 case control studies 

examining risk associations of one or more of these 13 SNPs with MTC. However, for 9 SNPs in 

the cell cycle regulation (CDKN1A, CDKN1B, CDKN2A, CDKN2B, CDKN2C) and 

detoxification pathway (CYP1A1m1, CYP1A2*F, NAT2, GSTP1), only single small cohort 

studies had examined their risk association with MTC(108,110,111,128). Hence the meta-

analysis was performed only for the 4 RET gene SNPs (G691S, L769L, S836S, S904S) one or 

more of which are reported in 19 case control studies. This included a total of 346 cases and 

1,555 controls in hereditary MTC group and 1,640 cases and 2,968 controls in sporadic MTC 

Gene/ 

SNP  

Genotype Frequency –     

sMTC cases (n=361)  

Genotype Frequency – 

Controls (n=489)   

Wt  Hz + Hm  Wt  Hz + Hm  OR  95% CI  p-value  

NAT2  103 (28.5%)  258 (71.5%)  167 (34.2%)  322 (65.8)  1.622  1.168-2.251  0.004  

GSTP1  208 (57.6%)  153 (42.4%)  251 (51.3%)  238 (48.7%  0.741  0.540-1.018  0.065  

CDKN1A  295 (81.7%)  66 (18.3%)  361 (73.8%)  128 (26.2%)  0.526  0.357-0.776  0.001  

CDKN2A  310 (85.9%)  51 (14.1%)  439 (89.7%)  50 (10.2%)  1.888  1.197-2.978  0.006  
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group. The Odds Ratio (ORs) with 95% CIs calculated for the allelic distribution of SNPs for 

each study is shown in their respective Forest plots (Figure 5.1 – 5.4). 

The meta-analysis identified a significant association between RET L769L and S836S SNPs with 

risk of hereditary MTC (Figure 5.2B & Figure 5.3B). The RET S836S variant allele was found to 

be associated with increased susceptibility to MTC. The effect was observed under both the fixed 

effect model (OR=1.69; 95% CI=1.17-2.43; p<0.01) and random effect model (OR=2.19; 95% 

CI=1.02-4.71; p=0.04).For RET L769L variant, a significant protective risk association with 

MTC was observed under both fixed effect model (OR=0.77; 95% CI=0.60-0.98; p=0.04) and 

random effect model (OR=0.77; 95% CI=0.60-0.98; p=0.04). Further in the sporadic MTC 

group, meta-analysis showed significantly increased risk of MTC with the RET G691S and 

S904S (Figure 5.1A and Figure 5.4A). For G691S, the association was observed under both fixed 

effect model (OR=1.21 95% CI=1.07-1.37; p<0.01) and random effect model (OR=1.24; 95% 

CI=1.04-1.47; p=0.02). For S904S, this effect was observed under only fixed effect model 

(OR=1.16; 95% CI=1.03-1.30; p=0.02).  
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Figure 5.1: Forest Plot for meta-analysis on allelic association of RET G691S with (A) Sporadic 

MTC; (B) Hereditary MTC [The total for cases and controls are allelic count (2n)] 
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Figure 5.2: Forest Plot for meta-analysis on allelic association of RET L769L with (A) Sporadic 

MTC; (B) Hereditary MTC [The total for cases and controls are allelic count (2n)] 
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Figure 5.3: Forest Plot for meta-analysis on allelic association of RET S836S with (A) Sporadic 

MTC; (B) Hereditary MTC [The total for cases and controls are allelic count (2n)] 
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Figure 5.4: Forest Plot for meta-analysis on allelic association of RET S904S with (A) Sporadic 

MTC; (B) Hereditary MTC [The total for cases and controls are allelic count (2n)] 
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5.3.2 To study the Modulatory effect of SNPs of distinct genetic pathways with clinical 

behavior of MTC. 

 

Several studies have investigated whether the presence of Single Nucleotide Polymorphisms 

(SNPs) in low penetrance genes could modulate the clinical behavior of the disease.  If the 

presence of an SNP correlates with a change in clinical presentation of the disease then they may 

be considered as disease modifiers(114).  In our gene dose-response association study, the only 

clinic-pathological parameter with which any SNP showed significant association was nodal 

metastasis at diagnosis. In hereditary MTC group, Cyp1A1m1, CDKN2A and CDKN2C SNP 

showed this association (Table 5.11). Patients with wildtype Cyp1A1m1showed higher rate of 

regional nodal metastasis compared to the heterozygous and homozygous variants (95.6% vs 

86.2% vs 33.3%; p=0.01). Similarly patients with wildtype CDKN2A showed a higher incidence 

of nodal metastasis compared to their variant counterparts (91.3% vs 83.3% vs 33.3%; p=0.01). 

For CDKN2C, the comparison could only be made between wildtype and heterozygote as the 

homozygous variant for this SNP was absent. We observed that cases heterozygous for CDKN2C 

SNP showed higher rate of lymph node metastasis compared to wildtype CDKN2C (100% vs 

86.3%; p=0.01) (Table 5.11). 

In sporadic MTC group, this association was observed between the wildtype and the homozygous 

variant for CDKN2C SNP (Table 5.12). The cases wildtype for CDKN2C SNP showed higher rate 

of nodal metastasis compared to homozygous variant genotype (83.8% vs 40%; p = 0.03). The 

rate of nodal metastasis for heterozygous variant was similar to the wildtype CDKN2C(84.4% vs 

83.8%) (Table 5.12). No other significant association was observed between any of the SNPs and 

the patient’s clinico-pathological behavior.   
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5.4 Discussion 

In hereditary cancer syndromes, highly penetrant germline mutations in proto-oncogene or tumor 

suppressor genes confers a very high lifetime risk of cancer development (101). However in 

sporadic cancers, the risk of cancer development is mediated by both environmental or lifestyle 

related factors and genetic variants of low penetrance genes. While there are no clearly 

established lifestyle or environmental risk factors for susceptibility to MTC, several SNPs in RET 

as well as other genes have been reported to slightly increase or decrease the risk of MTC 

development (103,111,115,121,129). However, the findings of these studies are inconclusive. 

The two large studies on association of RET G691S with susceptibility to sporadic MTC by Elisei 

et al. (2004) and Cebrian et al. (2005) demonstrated that the frequency of this SNP was 

significantly higher in patients with sporadic MTC compared to controls (130,131). The influence 

of this polymorphism on RET transcription and splicing was also studied but the results were 

inconclusive (130,131). Although several studies have found an association between RET G691S 

and S904S SNP with susceptibility to MTC, others could not observe the difference in frequency 

of these variants between patients and controls (109,116,132,133). In the present study, we 

observed a significant association between RET S904S SNP and susceptibility to hereditary MTC 

under multivariate logistic regression analysis (Table  5.9). The SNP is overrepresented in MTC 

cases compared to controls (53.2% vs 41.7%) thereby increasing the susceptibility to hereditary 

MTC (OR = 2.82, 95% CI = 1.64-4.86, p <0.001). Further, in our meta-analysis, we observed that 

both G691S and S904S SNPs are associated with increased susceptibility to sporadic MTC 

(Figure 5.1A & Figure 5.4A). For G691S, we observed this association under both random effect 

(OR = 1.24, 95% CI = 1.04-1.47, p = 0.02) and fixed effect model (OR = 1.21, 95% CI = 1.07-

1.37, p = <0.01). For S904S, the association was only observed under the fixed effect model (OR 
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= 1.16, 95% CI = 1.03-1.30, p = 0.02). In meta-analysis study performed by Lantieri et al. (2013) 

for role of G691S in MTCs, an overall significant allelic association was observed under the fixed 

effect model (p=0.0049) and a borderline significance under the random effect model (p = 0.057) 

(134). They postulated through in- silico analysis, that change in phosphorylation pattern might 

account for enhanced signaling for G691S which in turn explains its overrepresentation in MTC 

cases (134). 

For RET L769L and S836S SNP, several studies in different population studied the presence of 

these SNPs in both hereditary and sporadic MTC cases and controls including meta-analysis 

(117) (93,120,123,131,135). In the present study, we did not observe any association between 

L769L or S836S SNP and risk of MTC on univariate or multivariate logistic regression analysis 

in either the hereditary or sporadic MTC group. However, in our meta-analysis, we observed a 

significant protective effect of L769L polymorphism on MTC development and an increased risk 

of MTC with S836S polymorphism in hereditary MTC group under both fixed effect and random 

effect model (Figure 5.2B & Figure 5.3B). The only study demonstrating the significant 

protective effect of L769L polymorphism with MTC risk was performed by Severskaya et al. 

(2006) in Russian population. They observed that in sporadic MTC group, the allele frequency of 

RET L769L variant was significantly lower than the control group (p <0.04)(104). They have 

also showed a significant over-representation of RET S836S polymorphism suggesting it to be 

associated with increased susceptibility to hereditary MTC(104). Similar findings of association 

of S836S SNP with increased risk of MTC was observed by Gimm et al. (1999), Siqueira et al. 

(2010) and Ceolin et al. (2012) (109,136,137). Although the exact molecular mechanism by 

which these RET polymorphisms exert their effect is still poorly understood, it is postulated that 

these SNPs could influence the stability of mRNA or create a new alternative splicing site(109). 
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However the S836S variant failed to affect mRNA stability or alternative splicing (138), but it is 

speculated to create an unstable sequence upstream or downstream at germline or somatic RET 

mutations instead of directly participating in the tumorigenic process(136).  

Over the past few years, studies on SNPs of genes of detoxification and cell cycle regulatory 

genes have also been studied as modulators of both hereditary and sporadic MTC 

(111,128,139,140). Most of the carcinogens that we are exposed to are metabolized by phase I & 

II xenobiotic metabolizing enzymes such as cytochrome P450 family of phase I enzymes 

Cyp1A1m1 and Cyp1A2*F as well as phase II enzymes N-Acetyltransferase 2 (NAT2), 

Glutathione S-transferase (GSTP1) (139).  Different genetic makeup due to SNPs in the 

detoxifying genes may modulate the risk of cancer development(139). Similarly alterations in 

genes regulating cell cycle progression such as cyclins, cyclin dependent kinase (CDKs) and 

CDK inhibitors (CDKIs) play a significant role in pathogenesis of different human Neoplasia 

(141). 

Barbieri et al. in 2012 and 2013 reported that genes of detoxification are important modulators of 

both hereditary as well as sporadic MTC risk (111,139). They have demonstrated that the 

Cyp1A2*F, GSTP1 and NAT2 SNPs increases the risk for hereditary MTC (111) whereas in 

sporadic MTC, NAT2 SNP reduces the risk of disease development(139). Barbieri et al.(2014) 

also reported that cell cycle regulation SNPs CDKN1B and CDKN2A to be associated with 

susceptibility to sporadic MTC (128). The CDKN1B SNP was more frequent in patients (62.2%) 

than controls (40.2%) increasing the risk of sporadic MTC whereas the CDKN2A SNP was more 

frequent in controls (32.65%) than the patients (15.56%) reducing the risk of sporadic MTC.  
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In our study, there was an increased risk association of CDKN2A SNP with sporadic MTC under 

multivariate logistic regression analysis (OR = 1.88, 95% CI = 1.19-2.97, p=0.006) (Table 5.10). 

Further, univariate and multivariate logistic regression analysis in our cohort also demonstrated a 

strong protective effect of CDKN1A SNP and the risk of MTC development in both hereditary 

and sporadic MTC group (Table 5.7 – 5.10). CDKN1A gene, also known as p21CIP1/WAF1, 

encodes a cyclin-dependent kinase inhibitor which binds to and inhibits the activity of Cyclin-

CDK2 or CDK4 complexes regulating cell cycle progression at G1 stage (142,143). CDKN1A 

activity is regulated by p53 which binds to its promoter and induces cell cycle arrest in response 

to various stimuli (143). This gene is often deregulated in human cancers with altered expression 

reported in several cancers including cervical, breast, ovarian, liver, uterine, and head and neck 

cancers (144). The CDKN1A SNP (rs1801270) at codon 31 (Ser31Arg) reported in the present 

study falls in a highly conserved N-terminal region of the protein, which is demonstrated to 

contain the tumor suppressor function(142).  Functional studiessuggested that while the 

CDKN1A-Ser and Arg variant possess similar kinase inhibitory and growth suppression abilities 

(145), their transcriptional efficiency is significantly different (146). The allelic frequency of this 

SNP varies significantly among different populations with minor allele frequency of 15% in the 

South Asian Population (1000 Genome Project).  Several molecular epidemiological studies of 

CDKN1A Ser31Arg SNP show conflicting result with some studies reporting increased risk 

association with tobacco related upper aerodigestive tract cancers (147), while a protective effect 

in HPV related cervical cancers (148,149). The only study of this SNP in MTC has been reported 

by Barbieri et al (128) in a small cohort of 45 sporadic MTC cases. Even though no significant 

risk association for MTC development was identified, perhaps due to small sample size, 

extrathyroidal tumor extension was significantly less in patients with the CDKN1A SNP as 
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compared to those with wild type CDKN1A (50% versus 92% , p=0.037). In our study of much 

larger cohort of this rare cancer, univariate and multivariate logistic regression analysis showed a 

highly significant protective effect of CDKN1A SNP on risk of MTC development in sporadic as 

well as hereditary MTC.  Although the molecular mechanism of the possible protective effect of 

CDKN1A is not clear, it is suggested that the transcription of CDKN1A/p21 is affected by the 

polymorphism which in turn may affect its function (128,148,150).  

Along with studies of SNPs with the risk of MTC development, the role of several SNPs as 

modulators of clinical behavior of MTC has also been studied in different populations in both 

hereditary and sporadic MTC patients. A few studies have reported a significant dose-response 

relationship between the RET SNPs and the age at MTC diagnosis(107,114,151,152) whereas 

many others have failed to establish these associations (106,115,153,154). 

Barbieri et al in 2012 and 2013 have studied the modulatory role of SNPs of genes of 

detoxification (Cyp1A1m1, Cyp1A2*F, NAT2 and GSTP1) in both hereditary and sporadic MTC 

patients in Brazilian population (110,111). Although in their sporadic MTC cohort they failed to 

establish any significant relationship between the genetic profiles of these SNPs and patient’s 

clinical outcome, they attributed  it to their small cohort size (47 sporadic MTC cases) (110). 

Further in their study on hereditary MTC cohort of 132 patients, they demonstrated a significant 

association between these SNPs and the MTC clinical behavior (111). They showed that 

Cyp1A2*FSNP was associated with lesser tumor burden in patients and GSTP1 SNP was 

associated with later age at MTC diagnosis (111). The same group also studied the role of cell 

cycle regulation gene SNPs (CDKN1A, CDKN1B, CDKN2A, CDKN2B and CDKN2C) in a small 

cohort of 45 sporadic MTC cases(128). They have reported that patients with wildtype CDKN1A 

presented extrathyroidal tumor extension more frequently (p=0.037) and patients with wildtype 



184 
 

CDKN2C presented larger tumors (p=0.032) whereas patients with polymorphic CDKN2B 

presented higher rate of distant metastasis (p=0.026). Pasquali et al.(2011) in an Italian cohort of 

84 sporadic MTC patients and 90 matched controls, demonstrated for the first time CDKN1B 

V109G polymorphism to be associated with more favorable disease progression than the wild-

type allele. Based on the protective role of this SNP in their study, they proposed this SNP can be 

considered a new promising prognostic marker in MTC (108). The Bradford-Hill criteria (155) 

established in 1965 for association studies comprehensively illustrates what aspects of the 

association should be considered before concluding upon the most likely interpretation in 

association studies. These include: (i) Strength of the association study; (ii) Consistency of the 

observed association with other studies; (iii) Specificity of the cause-effect relationships and; (iv) 

Biological credibility and plausibility of the study.  Although statistically significant associations 

were observed in some of these studies, their cohort size was comparatively small. A small 

cohort study is likely to produce false-positive results than the conclusions drawn from a larger 

cohort study. Also, majority of the association studies reported so far have failed to fulfill these 

criteria in order to establish their effect on MTC causation. 

In a large cohort study of 152 sporadic MTC cases, Machens et al in 2012 have investigated the 

clinical relevance of SNPs of RET gene (G691S, L769L, S836S & S904S) (153). They 

investigated the differences in clinic-pathological characteristics of sporadic MTC patients with 

or without these RET SNPs. They failed to identify any significant dose-response relationship 

between the RET SNPs and MTC clinical behavior and called for another comprehensive and 

larger cohort study for definitive conclusions.  

The present study of 438 MTC represents the largest MTC cohort reported from any centre in the 

world. . In this cohort, a comprehensive investigation of 13 SNPs of three major genetic 
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pathways was undertaken Although a few SNPs show a statistically significant association 

(p<0.01) with regional nodal metastasis (Table 5.11 & Table 5.12), they may not represent a true 

gene dose-response relationship as they were not associated with any other clinico-pathological 

parameters. Our findings on RET SNPs were consistent with Machens et al group as we too have 

failed to establish any gene dose-response relationship between the carriers and non-carriers of 

RET gene SNPs in our large MTC cohort. Further, we could not replicate the findings of the 

Italian study which had reported significant prognostic association of CDKN1B SNP in MTC 

cases. This may be possibly explained by the lack of follow-up data in our cohort unlike the 

Italian study.  

Taken together, in this largest SNP risk association study for MTC, a significant protective risk 

association of CDKN1ASer31Arg SNP with MTC was shown for the first time. Expanded meta-

analysis including our cohort identified significant risk association of 4 RETSNPs with MTC 

development, not observed in previous meta-analysis. The present study underscores the need for 

replicative risk-association studies for CDKN1A SNP as well as functional studies to understand 

molecular mechanisms through which these low penetrance alleles modulate MTC risk.   

Also, this study is the first single cohort study to perform a comprehensive analysis of 

modulatory role of 13 most frequently studied SNPs with clinical outcome of MTC patients.  We 

have extended our analysis on both the hereditary and sporadic MTC cohort and reported no 

significant association of these SNPs with clinical behavior of MTC. There is a need for 

additional genetic association studies on large cohort of MTC cases with clinic-pathological 

details and long-term follow-up data in order to draw consistent and definitive conclusions.  
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One of the limitations of our study is that unlike classical case control studies, instead of 

recruiting and genotyping matched controls, we used healthy gender and ethnicity matched south 

asian controls from the 1000 genome database. Matching for age was not possible as MTC, 

especially the hereditary MTC, is known to occur in childhood and recruiting minor subjects as 

healthy controls for genotyping study raises ethical issues. Of all the MTC case control studies, 

some have not reported whether controls were matched (107,129) whereas many have failed to 

obtain controls matched for age or gender (109,111,113). Moreover, in absence of clearly 

established lifestyle or environmental factors for MTC risk, none of the MTC SNP case control 

studies have described or matched for these factors, as is the case in our study. 
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6.1. Background  

Multiple Endocrine Neoplasia type 2B (MEN2B) is the most aggressive subtype of MEN2 

syndrome and accounts for 5% of all MEN2 syndrome cases (53). It is characterized by 

Medullary Thyroid Carcinoma (MTC), pheochromocytoma and syndrome associated phenotypic 

features such as mucosal neuromas, blubbery lips, thickened eyelids and prominent corneal 

nerves, intestinal ganglioneuromatosis  & skeletal abnormalities (Marfanoid habitus, narrow long 

facies) (44). MTC in MEN2B syndrome patients have an early age of onset and are more 

aggressive, metastasizing early to regional lymph nodes and other organs compared to MEN2A 

and FMTC. It is therefore important to establish the diagnosis of MEN2B at an early age when 

there is a possibility that thyroidectomy can be curative.  

 

In contrast to MEN2A which has over 100 reported RET variants, the most frequently found 

mutation in MEN2B patients is at codon 918 of exon 16 of RET (M918T)  & is found in 95% 

cases (51,102).The mutation produces a methionine to threonine substitution in the intracellular 

tyrosine kinase domain of the RET gene(156). This amino acid substitution occurs in the highly 

conserved substrate recognition pocket of the catalytic core of the tyrosine kinase domain and is 

postulated to alter substrate specificity. (157).Alteration in substrate specificity modifies the 

downstream intra-cellular signaling and when this occurs during embryonic and fetal 

development, the resulting phenotype is MEN2B (156).  

 

Around 2-3% MEN2B cases have mutation at codon 883 of exon 15 of RET(158,159) in the 

absence of M918T mutation. Little is known about the  clinical behavior of patients with the RET 

codon A883F mutation. Recent reports, however, suggest that patients with the A883F codon 
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mutation have a less aggressive MTC compared to patients with the M918Tcodon mutation. In 

addition to this, compound heterozygous mutations of codon 804, 768, 790, 791 also gives 

MEN2B phenotype which alone has a very low disease penetrance (102). Traditional Molecular 

Genetic Testing for MEN2 syndrome includes PCR amplification of 6 hotspot exons of RET 

(exon 10, 11, 13-16) followed by Sanger Sequencing for variant identification. American 

Thyroid Association guidelines task force recommends sequencing of the entire coding region of 

RET gene when no RET mutationis identified is identified in the hotspot exons, or there is a 

discrepancy between the MEN2 phenotype and the expected genotype(53). 

 

In this part of the study, we examined 3 classical MEN2B syndrome cases which were associated 

with syndrome specific phenotypic features such as mucosal neuromas, marfanoid features etc. 

and the initial genetic testing by Sanger Sequencing failed to identify most common MEN2B 

associated mutation M918T or any other mutation on full gene testing for RET (20 exons). 

However, since these were classical MEN2B cases we presumed that the negative genetic test 

result could either be because of genotyping error on initial genetic testing or the involvement of 

another yet to be reported mutation in other gene which could give rise to MEN2B phenotype in 

the absence of Mutation in RET gene. Since genotyping errors in monogenic hereditary diseases 

like MEN2 can have major clinical implications, a systematic literature search was undertaken 

and an algorithm was proposed for suspecting and investigating genotyping errors. The algorithm 

was then tested in these 3RET negative MEN2B cases to confirm the possibility of genotyping 

error during the initial genetic testing and its possible causes. 
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6.2. Methodology 

6.2.1 Clinical Data 

The 4 RET negative patients reported in this part of the study were enrolled in the Cancer Genetics 

Clinic, Tata Memorial Hospital, Mumbai, India, at different time point between 2009-2014. 

Syndromic diagnosis was made by recording detailed personal and family history as well as the 

classical phenotypic features associated with MEN2B syndrome in the form of photographs. After 

detailed genetic counseling, they provided written informed consent for collection of photographs 

and for providing blood sample for genetic testing and biobanking as part of an Institutional Ethics 

Committee approved study. For minors, the consent was provided by the parents.  

 

 Case 1 

A 13 year old male with MEN2B associated phenotypic features (mucosal Neuromas and 

Marfanoid features) was diagnosed with synchronous MTC and Pheochromocytoma at the age of 

13 years (Figure 6.1 & Figure 6.2). Total Thyroidectomy revealed multifocal MTC with metastasis 

to bilateral neck nodes. CT scan revealed a nodule in left adrenal gland with elevated serum 

normetanephrine of 459 ng/ml suggestive of Pheochromocytoma. A family history of cancer of 

Head & Neck was present without complete information of the nature of cancer was recorded.  



192 
 

Figure 6.1: Patient showing classical MEN2B phenotype: Mucosal Neuromas, blubbery lips 

& Marfanoid features 

 

Figure 6.2: Pedigree of the classical MEN2B syndrome family with germline RET M918T 

mutation.  
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 Case 2 

A 40 year old male with characteristic phenotypic features of MEN2B syndrome.was diagnosed 

with synchronous MTC and pheochromocytoma at the age of 40 year (Figure 6.3 & Figure 6.4). 

Total Thyroidectomy revealed multifocal MTC with metastasis to bilateral neck nodes.Bilateral 

adrenalectomy confirmed pheochromocytomain both adrenal glands.  

Figure 6.3: Pedigree of the classical MEN2B syndrome family with germline RET M918T mutation.  

Figure 6.4:  Patient showing classical MEN2B phenotype: Mucosal Neuromas, blubbery lips 

and marfanoid features. 
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 Case 3 

A 17 year old male with characteristic phenotypic features of MEN2B (mucosal neuromas on lips, 

tongue, eyelids, Marfanoid features, blubbery lips) was diagnosed with MTC at the age of 15 years 

(Figure 6.5 & Figure 6.6). Total Thyroidectomy confirmed MTC. A part of intestine was also 

removed because of intestinal obstruction and history of constipation indicating 

ganglioneuromatosis, a clinical feature of MEN2B syndrome.  

 

 

Figure 6.5: Pedigree of the classical MEN2B syndrome family with germline RET M918T 

mutation identified through whole exome sequencing.  
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Figure 6.6: Patient showing classical MEN2B phenotype: Mucosal Neuromas, blubbery lips 

and Marfanoid features. 

 

6.2.2 Molecular Genetic Testing 

Blood sample was collected & DNA was extracted using QiagenQIAamp DNA Mini Kit 

(Cat#51304). Germline mutation analysis was carried out in three phases. Initially germline 

mutation analysis was carried out by bidirectional sequencing of the six hot spot exons of RET 

gene. When the cases were found to be negative for hotspot RET mutations, bidirectional 

sequencing of the remaining 14 exons of RET was performed. In the absence of mutation in the 

entire coding region of RET, germline whole exome sequencing was performed. Detailed steps of 

PCR reaction composition and thermal cycler conditions are described in chapter 2 (Materials and 

Methods).Primers for PCR were designed using Oligo Explorer version 1.5. Primer sequence for 

each exon of RET gene along with their annealing temperature is given in chapter 2 of Materials 

and Methods. Purification of PCR products was done using ExoSAP IT (USB Products, 
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Affimetrix). Sanger Sequencing was performed using BigDyes Terminator Cycle Sequencing kit 

v3.1 (Applied Biosystems)on ABI 3500 & 3730 DNA Sequencer (Applied Biosystems) and 

electropherograms were analyzed by chromas lite version 2.6.4.  

Paired end whole exome sequencing was performed for all the 3 cases with a read length of 150 

base pairs. Exome library was prepared from 50ng/μl gDNA using Nextera Rapid Capture Exome 

library preparation Kit following Illumina’s standard protocol. Sequencing was done on HiSeq 

2500 Genome Sequencer. Data Analysis was done using linux based standardized pipeline for 

exome data analysis which includes data quality check by FastQC, alignment withGRCh37/Hg19 

reference genome using BWA alignment tools, post alignment processing using PICARD Tools, 

Variant Calling by GATK/Samtools and variant annotation using Annovar. Integrated Genome 

Viewer (IGV) version 2.3 was used for visualization of the variants. 

 

6.2.3 Developing the algorithm for investigating genotyping errors 

A systematic review of literature was undertaken on Pubmed to identify human studies on 

genotyping errors and its causes. Key words used for search were “genotyping errors”, “false 

negative AND genetic testing”, “Allele Dropout”, “MEN2B AND RET negative”. The search was 

not restricted to language of publication or year of publication. Based on our analysis of different 

types of false negative genotyping errors and its underlying causes that are described in the 

literature, we developed an algorithm for suspecting and systematically investigating false-

negative genotyping errors in Mendelian diseases. 
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6.3 Results 

The 3 MEN2B cases were enrolled in the Cancer Genetics Clinic at different time points between 

2009 and 2014. Initial Sanger Sequencing was performed for exon 16 of RET gene which harbors 

the most frequently found mutation at codon 918 (M918T) associated with MEN2B. We failed to 

identify the M918T mutation in any of the 3 cases. We further tested all the hotspot exons of RET 

(exon 10, 11, 13, 14, 15 and 16) as there are reports of mutation at codon 883 (exon 15) or 

compound heterozygous mutations in the hotspot exons of RET which could also give classical 

MEN2B phenotypein the absence of M918T mutation. As we failed to identify any mutation in the 

hotspot exons, the entire coding region of RET (all 20 exons) was screened but had not revealed 

any mutation. Since these patients had an unambiguous clinical diagnosis of monogenetic MEN2B 

syndrome, we had a high index of suspicion for a false negative genetic test report for RET. Pre-

analytic errors like sample mix-up were ruled out by performing RET sequencing on a second 

independent blood sample collected carefully and with full traceability.  

Considering the characteristic MEN2B phenotype in absence of an identified RET mutation on 

multiple rounds of Sanger sequencing, and also since no mutation in any other gene is reported in 

literature which could give MEN2B phenotype in the absence of mutation in RET, germline whole 

exome sequencing was performed to identify any novel genotype phenotype association. However, 

exome sequencing unexpectedly revealed MEN2B specific RET M918T mutation in all these three 

patients Figure 6.7. RET codon 918 was sequenced at 92X, 102X and 158X depth in these patients 

as visualized on Integrated Genome Viewer (IGV) (Figure 6.8 – 6.10) 
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Figure 6.7: Exome Sequencing analysis data showing RET M918T mutation in all the 3 

samples 
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Figure 6.8: Exome  data (.BAM file) visualization on Integrated Genome Viewer (IGV)  showing 

read count of Wildtype (T) & Variant (C) allele for p.M918T mutation identified in exon 16 of RET 

gene.  

Total no. of aligned reads: 102 

Wildtype allele (T) frequency: 44% (45 reads) 

Variant allele ( C) frequency: 56% (57 reads) 
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Figure 6.9: Exome  data (.BAM file) visualization on Integrated Genome Viewer (IGV)  showing 

read count of Wildtype (T) & Variant (C) allele for p.M918T mutation identified in exon 16 of RET 

gene.  

Total no. of aligned reads:  158   

Wildtype allele (T) frequency: 49% (77 reads) 

Variant allele ( C) frequency: 51% (81 reads) 
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Figure 6.10: Exome  data (.BAM file) visualization on Integrated Genome Viewer (IGV) 

showing read count of Wild-type (T) & Variant (C) allele for p.M918T mutation identified in 

exon 16 of RET gene.  

Total no. of aligned reads: 93 

Wildtype allele (T) frequency: 51% (47 reads)  

 Variant allele ( C) frequency: 48% (45 reads) 
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Exome sequencing results confirmed our suspicion of the initial false negative genotyping result. 

The reason identified was allele dropout, a PCR based genotyping error where one of the two 

alleles of the gene is either underrepresented or completely absent. To confirm the results of 

exome sequencing, exon 16 primers were redesigned (Figure 6.11) and replicative Sanger 

sequencing was performed which identified the M918T mutation in all the three patients (Figure 

6.12). 

 

Figure 6.11: Sequence of Exon 16 of RET gene highlighted with region of old and new 

primers sites 
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Figure 6.12: RET M918T allele dropout. Upper panels: M918T mutation not seen on Initial 

Sanger sequencing. Lower panels: M918T mutation identified on replicative Sanger 

Sequencing. 

 

Various known causes of allele dropout were systematically evaluated. Any variant in the 

annealing region of exon 16 primers which may have hampered primer annealing was ruled out. 

For this, we sequenced the 80bp region of exon 16 and flanking regions that covered the 

annealing region of the primers used initially. We ruled out G-Quadruplexes by the QGRS 

mapper tool (160), hairpin structures by Oligocalc: Oligonucleotide properties calculator 

(http://biotools.nubic.northwestern.edu/OligoCalc.html) and CpG methylation sites by Sequence 

Manipulation suite: CpG islands(http://www.bioinformatics.org/sms2/cpg_islands.html). To 

identify the G-Quadruplexes, 300bp sequence of the exon 16 of RET and its flanking region 

covering both the old and redesigned primer sequences was submitted to QGRS mapper tool. We 

identified 17 QGRS sequences (including overlaps) and 3 QGRS sequences (without overlaps) 

but with very low QGRS score suggesting them to be neutral sequences and not involved in allele 

dropout. (Table  6.1 and Table 6.2) 
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Table 6.1:  QGRS sequence in exon 16 of RET without overlaps. 

 

Position Length QGRS 
G-

Score 

18 30 GGTTACTGAAAGCTCAGGGATAGGGCCTGG 11 

117 26 GGGTCGGATTCCAGTTAAATGGATGG 10 

212 10 GGGGTGGAGG 20 

 

 

 

Table 6.2: QGRS sequence in exon 16 of RET including overlaps. 

 

Position Length QGRS 
G-

Score 

18 30 GGTTACTGAAAGCTCAGGGATAGGGCCTGG 11 

18 30 GGTTACTGAAAGCTCAGGGATAGGGCCTGG 10 

18 30 GGTTACTGAAAGCTCAGGGATAGGGCCTGG 9 

18 30 GGTTACTGAAAGCTCAGGGATAGGGCCTGG 9 

117 26 GGGTCGGATTCCAGTTAAATGGATGG 10 

118 25 GGTCGGATTCCAGTTAAATGGATGG 10 

197 22 GGGTGTTGCTCTCTTGGGGTGG 8 

197 25 GGGTGTTGCTCTCTTGGGGTGGAGG 8 

197 25 GGGTGTTGCTCTCTTGGGGTGGAGG 9 

197 25 GGGTGTTGCTCTCTTGGGGTGGAGG 8 

197 25 GGGTGTTGCTCTCTTGGGGTGGAGG 7 

198 21 GGTGTTGCTCTCTTGGGGTGG 9 

198 24 GGTGTTGCTCTCTTGGGGTGGAGG 9 

198 24 GGTGTTGCTCTCTTGGGGTGGAGG 10 

198 24 GGTGTTGCTCTCTTGGGGTGGAGG 9 

198 24 GGTGTTGCTCTCTTGGGGTGGAGG 8 

212 10 GGGGTGGAGG 20 
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Since a specific mutant allele was dropped out in all four patients, possibility of this M918T 

mutation itself causing a hairpin or a secondary structure that may cause allele dropout was 

examined. For secondary structure prediction, ‘Predict a secondary structure web server’ was used 

(https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html). No secondary 

structure or any significant differences in hairpins between two alleles was observed.  

 

After ruling out sequence dependent factors as a potential cause of  allele dropout, we investigated 

various sequence independent factors sequentially. Replicative Sanger sequencing on the same 

DNA samplesas used for exome sequencing using old primer sets could identify the M918T 

mutation that was missed initially. This suggested that this allele dropout was a result of some 

sequence independent factors interfering with PCR amplification of the mutant allele during the 

initial rounds of Sanger sequencing performed several years ago. To investigate this, several 

variables were examined sequentially. First we checked the quality of DNA and then performed 

PCRs with different concentration of DNA (25, 37.5, 50, 75 and 100ng)as variations in DNA 

concentration & quality is also reported to be a cause of allele dropout. Further, different primer 

annealing temperature with a gradient PCR (65°C to 55°C); different concentration of dNTPs and 

PCR buffer; and spiking with different concentration of normal DNA was done. But this time the 

M918T mutation could be reliably identified with all different conditions described above. 

 

6.4 Discussion 

Identification of genetic variants in cancer have not only helped in molecular sub classification of 

different cancers but have also revealed the hereditary nature of certain cancers. Although the 

burden of hereditary cancer is less & accounts for 5% of all cancers(30), it is important to identify 
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such patients where appropriate genetic testing helps to identify a pathogenic or likely pathogenic 

mutation in a relevant gene for genetic counseling and risk management of the proband and for 

extended family testing. 

For highly penetrant and potentially lethal hereditary diseases like MEN2, a false negative genetic 

test report may increase the risk of cancer morbidity and mortality for the proband as well as the 

healthy carriers in the family who do not get the benefit of reflex genetic testing(161). While 

failure to identify germline RET mutation in MEN2 syndrome cases has been reported in several 

studies(66,156,162–164), we report a  systematic investigation for suspected false negative RET 

gene testing. The cause identified  in our study was Allele Dropout, a genotyping error resulting 

from preferential amplification of one of the two alleles of a gene where the other allele is either 

under-represented or completely absent(165). Allele dropout can result from either allele specific 

sequence variations or sequence independent factors (Table 6.3). 

 

Table 6.3:  Types and causes of Allele Dropout 

Type Cause Mechanism Reference 

Sequence 

Dependent 

Allele 

Dropout 

Single Nucleotide variant 

(SNV) in the primer 

annealing region 

Prevents annealing of the primer 

leading to amplification failure of 

that particular allele. 

Haque 

2018, Ward 

2006, Laios 

2008 

Non-primer annealing site 

SNV 

 

Causes a strong secondary hairpin 

structure formation of the PCR 

products and leads to 

amplification failure 

Lam 2013 
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G-Quadruplexes in the GC-

rich region 

Causes arrest of DNA polymerase 

during PCR amplification 

Stevans 

2014,     

Stevans 

2017 

Methylated cytosines at 

CpG Islands 

 

Causes polymerase arrest on the 

methylated template during PCR 

amplification leading to allele 

dropout 

Stevans 

2017 

Sequence 

Independent 

Allele 

Dropout 

Sample Quality/Quantity 

 

Insufficient or degraded DNA for 

PCR amplification 

Nagy 2005,        

Hedell 2015 

Biochemical Artifacts 

 

Variation in Taq polymerase 

quality/activity or low quality 

reagents 

Pompanon 

2005, Blais 

et al 

Equipment Artifacts 

 

Imprecisions in thermal cycler 

temperature, evaporation or 

concentration of reaction mixture 

Pompanon 

2005, Blais 

et al 

Experimental Errors 
Pipetting errors or sample 

contamination 

Pompanon 

2005, Blais 

et al 

 

Our study highlights the importance of considering characteristic syndromic features in known 

monogenetic conditions while interpreting genetic test results. As these four cases had 

characteristic MEN2B phenotype, their RET negative report raised a strong suspicion of it being 

false negative. There could be several reasons for genotyping errors and a false negative genetic 

analysis report. These include (i) Pre-Analytical errors due to sample mix up (166), poor quality 
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or degraded DNA; (ii) Analytical error arising from lack of standardization or validation of the 

assay, use of less sensitive or specific assay, variability in  samples, and rarely due to Allele 

Dropout; (iii) Post analytical errors of incorrect interpretation arising from human interpretative 

errors or use of inappropriate bio-informatic approaches or in-silico tools or databases; (iv) 

Mosaicism with low copy number or absence of mutation in tissues tested(167,168). Taking into 

consideration various underlying causes, we propose an algorithm for suspecting and evaluating 

genotyping errors, including allele dropout (Figure 6.13).  

 

Figure 6.13: Algorithm for investigating suspected genotyping errors in Hereditary 

syndromes.AD: Autosomal Dominant, MLPA: Multiple Ligation dependent Probe 

Amplification. 
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In this algorithm we suggest that in cases with an unequivocal clinical diagnosis of a specific 

hereditary syndrome based on specific phenotypic features or strong family history,  negative 

genetic test result could be false negative. Suspected false negative genetic test result may be 

resolved using the approach mentioned in the proposed algorithm. Using this algorithm in our 

cases, we first ruled out pre-analytical errors by replicative Sanger sequencing on an independent 

DNA sample collected with full traceability. Further we ruled out 2-5% probability of a single or 

double mutation in the remaining 14 exons of RET which could also explain the MEN2B 

phenotype (53). As this failed to identify any RET mutation in 3 cases, expanded genetic analysis 

to identify mutation in other gene was considered. As none of the genes included in the 

commonly used NGS multi-gene cancer panels have ever been associated with MEN2 syndrome, 

we directly performed exome sequencing. While in our study, whole exome sequencing led to the 

serendipitous finding of a RET Allele dropout, in few other studies on RET negative MTC cases 

which are mostly represented by familial MTC kindreds (102,162,163), exome sequencing 

identified germline mutations in other genes which may have a role in inherited predisposition to 

MTC. Recently, Smith et al., (162) reported a novel frameshift mutationc.948delT, 

p.Gly318Alafs*22 in ESR2 gene in a family with two generations affected with MTC/CCH.The 

mutation was identified in affected individuals as well as the family members who were 

diagnosed with C-cell hyperplasia and was absent in individuals with normal thyrioid histology. 

In another Italian family with two siblings affected with MTC, exome sequencing revealed a 

possibly pathogenic germline MET proto-oncogene mutationp.Arg417Glnin its extracellular Sema 

domain(163). The authors have shown that ectopic expression of MET p.Arg417Gln in MET-

negative T47D breast cancer cells restores mutant receptor's functionality and its ability to 

enhance cell migration and invasion(163). Pathogenic mutations inESR2 or MET gene were not 
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identified on exome analysis in our MEN2B cases, though a few Single Nucleotide 

Polymorphisms (SNPs) were identified in both the genes. 

Several causes of sequence dependent Allele dropout have been reported in literature. These 

include single nucleotide variant (SNV) within primer binding region(169–171), SNV at non-

primer binding site which results in formation of hairpin structure (172), G Quadruplex formation 

due to high GC content (173) or methylation at CpG islands which stabilizes the G quadruplexes 

(174). In contrast, causes of sequence independent allele dropout are difficult to predict or 

reproduce. These include low template or poor quality DNA(175); biochemical artifacts such as 

variation in Taq polymerase quality or activity (176); low quality reagents or equipment artifacts 

such as imprecisions in thermal cycler temperature; evaporation or concentration of reaction 

mixture; or experimental errors in pipetting or sample contamination (176).  

Sequence independent Allele dropout are generally non reproducible and may be uncovered by 

replicative analysis with same or different PCR conditions (165). While we were able to confirm 

allele dropout in our cases, its cause could not be identified despite changing several PCR 

conditions and varying the concentration of different reagents and DNA. The only variable which 

could not be matched in replicative analysis was the batch of reagents as several years had lapsed 

between the initial Sanger Sequencing with false negative report and the replicative Sanger 

Sequencing which identified the allele dropout. It is therefore quite likely that allele dropouts 

observed in our study was due to the quality of reagents used for initial rounds of sequencing or 

due to equipment artifacts. Our failure to identify the exact cause of the Allele dropout despite a 

very systematic examination is not surprising as others have also reported that sequence 

independent Allele Dropouts  are usually unpredictable, non reproducible and their exact cause 

remains unknown (165). 
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Of the 18 cases of germline allele dropouts reported so far in a cancer predisposing gene 

(169,171,177–181) (Table  6.4) only one was sequence independent (169) and was reported in the 

p53gene. Since this was a sequence independent allele dropout, the exact cause of it remained 

unknown. The only Allele dropout reported previously in RET gene was a sequence dependent 

dropout of the wildtype allele resulting in the RET Y791F mutation appearing incorrectly as 

homozygous germline mutation(171).  This is the first series of four cases of clinically relevant 

sequence independent allele dropout in any cancer predisposing gene.  

Table 6.4: Reports of germline Allele Dropout in cancer predisposing gene 

 

Germline Allele 

Dropout in cancer 

predisposing gene 

 

No. of Cases 

with allele 

dropout 

 

Gene/s 

involved 

 

Type of Allele 

Dropout 

 

Mechanism of Allele 

dropout 

 

 

 

Coulet et al 2010 

(179) 

 

 

 

3 cases 

BRCA1, 

BRCA2 

Sequence 

dependent Allele 

dropout 

 

Case 1: SNP at primer 

binding region (BRCA2)               

Case 2 : 104bp exonic 

deletion (BRCA1)                         

Case 3 : Insertion of Alu 

sequence (BRCA2) 

Mullins et al. 2007 

(178) 
1 case CDH1  

 

Sequence 

dependent Allele 

dropout 

SNP at primer binding 

region 

Haque et al. 2018 

(169) 
9 cases p53  

Both Sequence 

dependent  and  

Sequence 

Independent 

Allele dropout 

 

8 cases: SNP at primer 

binding region leading to 

sequence dependent 

allele dropout.      

 

1 case: Sequence  

independent allele 

dropout due to unknown 

genotypic error. 
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Rondot et al. 2004         

(171) 
1 case RET  

 

Sequence 

dependent Allele 

dropout 

SNP at primer binding 

region 

Silva et al. 2017 

(177) 
1 case BRCA1  

 

Sequence 

dependent Allele 

dropout 

SNP at primer binding 

region 

Chong et al. 2014 

(180) 
2 cases BRCA1 

 

Sequence 

dependent Allele 

dropout 

SNP at primer binding 

region 

Ellison et al.2017 

(181) 
1 case BRCA2  

 

Sequence 

dependent Allele 

dropout 

Deletion at the primer 

binding region 

 

 

The only comprehensive study determining the frequency of allele dropout in clinical diagnostic 

setting was carried out by Blais et al in 2015 in which they assessed the risk of misdiagnosis in 

PCR based genotyping approaches by analyzing 30,769 patient’s genotypes. Their study 

identified allele dropout in 135 (0.44%) of the 30769 genotypes and affected 1:227 genotype 

which shows that it is a rare event. They have also shown that majority of times (94%) these 

artifacts are associated with non reproducible PCR failures rather than sequence specific variants 

suggesting that careful design of PCR primers cannot always prevent such errors. Sequence 

dependent allele dropouts were also rare in their study as the genotyping was done with allele 

specific assays.Considering the extreme rarity of reported germline allele dropouts in cancer 

predisposing genes, it is very likely that these are not suspected or investigated as a cause of false 

negative genetic test report.  
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Based on this series of four cases with allele dropout we raise an important alert about their 

existence and the need for systematically preventing, suspecting and confirming allele dropouts in 

different clinical and technical contexts. If suspected false negative testing status remains 

unresolved on replicative Sanger Sequencing or mutation in other genes is a possibility, multi-

gene panel or clinical exome analysis using hybrid capture with deep target coverage can be 

considered. This could help in detecting and minimizing genotyping errors which are observed in 

PCR based genotyping assays. In hybrid capture based assay sequence specific probes are used 

which are specific for target regions in the genome. Since these probes are longer in size than 

PCR primers they can tolerate single nucleotide mismatches in their target binding region 

preventing genotyping errors like allele dropout. Considering that MEN2 is a high penetrance 

monogenetic disorder and the known occurrence of genotyping errors, MEN2 families previously 

reported to be RET negative may be retested for RET mutations with Sanger sequencing or 

directly with NGS multi-gene panels including RET gene.  

In conclusion, our study serves as an alert to systematically address the issue of sequence 

independent allele dropout in cases with Mendelian inheritance discrepancy. Through our 

proposed algorithm we explain when to suspect a false negative genetic test report which may 

require retesting of cases by appropriate methods.This study also highlights the importance of 

syndromic diagnosis based on phenotypic characterization, the strongest indication of genotyping 

errors such as allele dropout in cases showing Mendelian inheritance discrepancy.  
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Chapter 7 

Conclusion & Future Directions 
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In the largest Indian cohort of MTC cases reported so far, through comprehensive genotype-

phenotype correlation studies, we have established the mutation spectrum of RET and its 

phenotypic manifestations. Our findings of specific RET gene mutations being associated with 

more aggressive and early onset MTC in Indian families, as has been previously reported in the 

Caucasian population, will help in clinical management of MTC patients and risk management of 

pre-symptomatic RET mutation carriers.  

We have studied the modulatory role of 13 SNPs of 3 distinct genetic pathways in a cohort of 436 

Indian MTC cases with risk of MTC development as well as its clinical behavior. This is the 

largest MTC cohort ever reported and unlike previous studies, examines all three important 

genetic pathways. We show for the first time a significant protective association of CDKN1A 

Ser31Arg SNP with MTC development. Further, in our meta-analysis we have identified a 

significant risk association of all the 4 RET SNPs with MTC. It is noteworthy that these 

significant associations were not observed in previously reported meta-analysis.  

We report the first comprehensive somatic genomic analysis on MTC tumors in patients with 

germline RET driven hereditary MTC. High quality exome analysis of paired normal and tumor 

tissue revealed an extremely low somatic mutation burden of 0.124/Mb similar to some rare forms 

of single gene or single genetic pathway driven brain tumors including pilocytic astrocytoma and 

rhabdoid tumor. 

Our study has also for the first time reported a series of clinically relevant sequence independent 

allele dropout in any cancer predisposing gene which we identified in 3 classical hereditary MTC 

cases. This study highlights the importance of syndromic diagnosis based on phenotypic 

characterization, the strongest indication of genotyping errors such as allele dropout in cases 
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showing Mendelian inheritance discrepancy. Based on a systematic review of literature, we have 

also developed an algorithm for suspecting and investigating different types of genotyping errors 

including allele dropout. Through our proposed algorithm we explain when to suspect a false 

negative genetic test report which may require retesting of cases by appropriate methods. 

The molecular mechanism through which the CDKN1A SNP or RET gene SNPs modifies the risk 

of MTC development needs to be further elucidated through functional studies. Although 

germline RET driven MTC is a rare tumor with very low tumor mutation burden, comprehensive 

somatic genomic analysis on a larger cohort of such tumors may identify recurrently mutated 

gene and the genomic landscape of germline RET driven MTC.  
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Abstract
Background: Medullary thyroid carcinoma (MTC) is a rare subtype of thyroid can-
cer. Other than gain‐of‐function RET mutations, no other genetic, lifestyle or envi-
ronmental risk associations have been established for MTC. Several case‐control 
studies and meta‐analysis have examined the risk association of different SNPs with 
MTC in different populations but with contradictory or inconclusive results.
Methods: In a large cohort of 438 Indian MTC cases and 489 gender and ethnicity 
matched healthy controls from 1000 genome project, a comprehensive risk associa-
tion of 13 SNPs of three pathways—detoxification, cell cycle regulation and RET 
was performed along with meta‐analysis of RET SNPs.
Results: Multivariate logistic regression analysis identified a protective risk as-
sociation of CDKN1ASer31Arg SNP with both hereditary (OR 0.26; 95% confi-
dence interval [CI] 0.13‐0.55; P <  .001) and sporadic MTC (OR 0.53; 95% CI 
0.36‐0.78; P = .001). An increased risk association was identified for NAT2Y94Y 
SNP (OR 1.62, 95% CI 1.17‐2.25, P = .004) and CDKN2A3′UTR SNP (OR 1.89, 
95% CI 1.19‐2.98, P =  .006) with sporadic MTC and RET S904S with heredi-
tary MTC (OR 2.82, 95% CI 1.64‐4.86, P < .001). Meta‐analysis of RET SNPs 
including our cohort identified increased risk association of all four RET SNPs 
with MTC.
Conclusion: In this largest SNP risk association study for MTC and the only 
risk association study of the 13 most commonly studied MTC associated SNPs 
in a single cohort of this rare cancer, a significant protective risk association of 
CDKN1ASer31Arg SNP with MTC was shown for the first time. Meta‐analysis 
identified significant risk association of all four RET SNPs, not observed in previ-
ous meta‐analysis.
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1  |   INTRODUCTION

Thyroid cancers are broadly divided into less aggressive dif-
ferentiated cancers—Papillary and Follicular thyroid cancer; 
and very aggressive poorly differentiated cancers—Medullary 
and Anaplastic Thyroid Cancer. Unlike the more common 
differentiated Thyroid Cancers, the risk factors for the less 
common but more aggressive thyroid cancers (medullary thy-
roid carcinoma [MTC] and ATC) are not well known. MTC 
originates from the parafollicular C cells of the thyroid. MTC 
is curable only if it is diagnosed and treated surgically when 
the disease is confined to the thyroid with or without limited 
regional nodal spread.1 Current systemic treatment including 
Receptor Tyrosine Kinase Inhibitors such as sorafenib or cy-
totoxic chemotherapy does not produce long lasting disease 
control or cure. In the US SEER database, of the 793 MTC 
cases diagnosed between 1993 and 2002, the 10 year Disease 
specific survival was 96% for patients with MTC localized to 
the thyroid, 71% for patients with regional nodal spread and 
26% in patients with distant spread.2-4

Around 75% MTC cases are sporadic while the remaining 
25% cases are hereditary in nature and occur as part of an 
autosomal dominant inherited cancer syndrome called multi-
ple endocrine neoplasia type 2 (MEN2).5,6 MEN2 syndrome 
which affects multiple neuro‐endocrine organs, has three 
clinical subtypes: MEN2A, MEN2B and Familial MTC.7 
MTC is the common clinical feature of all the three subtypes.

Mutations in RET gene have been identified as the pri-
mary susceptibility factor for MTC development. RET is a 
proto‐oncogene that encodes a receptor tyrosine kinase ex-
pressed in neural crest derived cells.8 In hereditary MTC 
cases germline point mutations in RET are identified in 
95%‐98% cases5,9-11 whereas 40%‐60% sporadic MTC cases 
have somatic RET mutations.8,12,13 Other than the high pene-
trance gain‐of‐function germline or somatic RET mutations, 
no other genetic, lifestyle or environmental risk associations 
have been clearly established for MTC.

A few small studies which have examined certain life-
style related risk associations with MTC have either failed to 
show any risk association or have paradoxically identified a 
protective role of tobacco smoking and alcohol.14-16 Several 
case‐control studies have examined the risk association of 
SNPs in RET and a few other genes involved in xenobiotic 
metabolism and cell cycle regulation with MTC in different 
populations.6,17-38 However, most of these studies and their 
meta‐analysis were either inconclusive or showed contradic-
tory results. The possible reasons for not finding significant 
and consistent risk association could be the small cohort size 
of this rare cancer, geo‐ethnic differences or poorly matched 
controls. Moreover, none of the studies have examined the 
risk association of SNPs in all these three pathways together 
in a single cohort. Hence, using the largest cohort of 438 
MTC cases (361 sporadic and 77 hereditary) and gender and 

ethnicity matched 489 healthy controls from the 1000 Genome 
Project,39 South Asian population, a comprehensive analy-
sis of risk association of SNPs in all the three known MTC 
genetic modifier pathways was undertaken. These include a 
total of 13 SNPs from genes of detoxification (Cyp1A1m1, 
Cyp1A2*F, NAT2, GSTP1), cell cycle regulation (CDKN1A, 
CDKN1B, CDKN2A, CDKN2B, CDKN2C) and the RET gene 
(G691S, L769L, S836S, S904S) (Table S1). Further, a meta‐
analysis of all the case‐control studies examining risk asso-
ciation of the four RET gene SNPs with MTC, including the 
present study, was conducted to derive definitive conclusions.

2  |   MATERIALS AND METHODS

2.1  |  Study subjects
The study was conducted on 438 Indian MTC cases enrolled 
between 2006 and 2018 at the Cancer Genetics Clinic; Tata 
Memorial Hospital as part of Institutional Ethics Committee 
approved study. Personal and family history with clinico‐path-
ological details was recorded. Blood sample was collected with 
written informed consent. The inclusion criteria were histologi-
cally confirmed diagnosis of MTC with raised serum calcitonin 
in patients of any age or gender. Exclusion criteria included a 
previous history of another cancer except pheochromocytoma 
which is a part of MEN2 syndrome. The hereditary MTC group 
consisted of those patients with germline RET proto‐oncogene 
mutation, irrespective of family history or syndromic features. 
Those without a germline RET mutation were considered as 
sporadic MTC. In our cohort of 438 MTC cases, we have 77 
hereditary and 361 sporadic MTC cases. Detailed lifestyle or 
exposure data were not systematically collected and analyzed 
as their risk association with MTC has not been established in 
earlier studies. A majority of the large studies on MTC risk 
association have not taken in to account the demographic or 
lifestyle factors of MTC patients.27,28,40 Genotyping data for 
healthy controls were extracted from the South Asian popu-
lation of the 1000 Genome Project (http://www.ensem​bl.org/
Homo_sapie​ns/Info/Index). This South Asian cohort included 
all major ethnicities of Indian origin—Punjabis from Lahore, 
Gujarati from Houston, Telugu from UK, Bengali from 
Bangladesh and Sri Lankan Tamil from UK.

2.2  |  Molecular genetic testing

2.2.1  |  RET gene sequencing
From the peripheral blood sample, DNA was extracted using 
Qiagen QIAmp DNA Mini kit (Cat#51304). Germline RET 
mutation analysis was performed for six hotspot exons of RET 
(10, 11, 13, 14, 15 16) using polymerase chain reaction (PCR) 
and Sanger Sequencing. For PCR, 5 µL (20 ng/µL) gDNA 
was amplified in a 25 µL PCR reaction volume containing 

http://www.ensembl.org/Homo_sapiens/Info/Index).This
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0.5 µL of each Forward and Reverse primer (10 pmol), 1 µL 
dNTPs (2.5  mmol), 0.5  µL Taq Polymerase (2  U/µL—
Thermo Scientific), 2.5 µL Taq Buffer (10X) and the total 
volume was adjusted to 25 µL with molecular biology grade 
water. Primers for PCR were designed using Oligo Explorer 
version 1.5. Purification of PCR products was done using 
ExoSAP IT (USB Products, Affimetrix). Sanger Sequencing 
was performed using BigDye Terminator Cycle Sequencing 
kit v3.1 (Applied Biosystems) on ABI 3500 and 3730 DNA 
Sequencer (Applied Biosystems) and electropherograms 
were analyzed using Chromas Lite version 2.6.4 using refer-
ence sequence of RET gene extracted from National Center 
for Biotechnology Information NG_007489.1.

2.2.2  |  SNP genotyping
SNP genotyping was done using Restriction Fragment 
Length Polymorphism (RFLP) for 10/13 SNPs. For the re-
maining three SNPs, genotyping was done using TaqMan as 
no restriction site for a single cutter restriction enzyme was 
identified either for the wild type or variant allele. For both 
genotyping methods, 10% of the genotyping results were 
confirmed to be true using Sanger Sequencing. SNP geno-
typing using RFLP was done for Cyp1A1m1, Cyp1A2*F, 
GSTP1, NAT2, CDKN1A, CDKN1B, CDKN2A, RET L769L, 
S836S and S904S polymorphisms and using TaqMan for 
CDKN2B, CDKN2C and RET G691S polymorphisms. For 
RFLP, 100  ng gDNA was PCR amplified followed by re-
striction digestion using reaction conditions as per the manu-
facturer's protocol. The digested products were visualized on 
2% agarose gel and the genotypes were inferred from band 
sizes in the gel. For TaqMan SNP genotyping, 1 µL gDNA 
(10 ng/µL) was mixed with 2.5 µL TaqMan universal master 
mix II with UNG (Applied Biosystems, cat#4440038) and 
0.1  µL probe mix (Applied Biosystems) designed for each 
SNP. TaqMan realtime PCR was performed on QuantStudio 
5.0 and genotypes were inferred from amplification plot and 
allelic discrimination plots. About 5% of all the genotyping 
results were validated using Sanger Sequencing.

2.3  |  Statistical analysis
All Statistical analysis was performed on SPSS v21.0. SNP 
genotypes were tested for Hardy‐Weinberg equilibrium 
(HWE) using Chi‐square HWE test calculator for biallelic 
markers (http://www.oege.org/softw​are/hwe-mr-calc.shtml​) 
(Table S2). Genotypic frequency was calculated for all 13 
SNPs and compared between cases and controls using chi‐
square test (Table S3). As the homozygous status of several 
SNPs was either absent or very low in either cases or con-
trols, analysis was performed only for the dominant model 
which compares the variant allele either as heterozygous or 
homozygous form (Aa+aa) with the homozygous wild type 

allele (AA). Logistic regressions were used to analyze the 
association between these polymorphisms and MTC risk and 
odds ratio (ORs) was calculated with 95% confidence inter-
val (CI). All SNPs showing a trend for association on uni-
variate analysis with P < .1 were included in the multivariate 
logistic regression analysis. As multiple comparisons were 
made for 13 SNPs in a single cohort, a P‐value of <.01 was 
used to consider an association as statistically significant.

2.4  |  Literature search and meta‐analysis
PUBMED search was conducted to identify eligible stud-
ies for meta‐analysis using the following search words: 
“Polymorphism AND MTC”, “SNPs AND MTC”, “RET 
Polymorphisms AND MTC”. All published case‐control stud-
ies examining the risk association of these SNPs with spo-
radic or hereditary MTC were included in the meta‐analysis, 
the details of which are provided in Table S4. Meta‐Analysis 
was performed with R‐Software package using minor allele 
frequency data as the genotype frequencies were not available 
for several studies. We applied both the fixed effect41 and the 
random effect42 model for meta‐analysis. The significance of 
overall OR was calculated using Z test. Heterogeneity between 
studies was investigated using I2 and τ2 statistics. The results 
of meta‐analysis were reported as conventional Forest plots.

3  |   RESULTS

The 438 MTC cases in our cohort included 239 males 
(54.5%) and 199 (45.4%) females. The mean age at MTC 
diagnosis was 40.64  ±  14.24, Median: 40  years with the 
range of 8‐80 years. The 489 controls used for the risk as-
sociation study included 260 males (53.2%) and 229 females 
(46.8%). Both the cases and controls were matched for gen-
der (P = .67) and ethnicity. The genotype frequencies of all 
the SNPs included in the study are summarized in Table S2. 
HWE was maintained for all 13 SNPs in the controls and for 
11/13 SNPs in the MTC cases (Table S2).

3.1  |  Risk associations

3.1.1  |  Present study
On univariate logistic regression analysis, CDKN1A SNP 
showed consistent and significant association with re-
duced risk of MTC in both hereditary (OR  =  0.52; 95% 
CI  =  0.27‐0.99; P  =  .048) and sporadic MTC groups 
(OR = 0.63; 95% CI = 0.45‐0.88; P = .007). The variant al-
lele A was overrepresented in the control population (26.2%) 
as compared to both the hereditary cases (15.6%) and the 
sporadic cases (18.3%) (Tables 1 and 3). The strong associa-
tion of CDKN1A SNP with reduced MTC risk was further 
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confirmed on multivariate logistic regression analysis in both 
the hereditary (OR = 0.27; 95% CI = 0.13‐0.55; P < .001) 
and sporadic MTC groups (OR = 0.53; 95% CI = 0.36‐0.78; 
P = .001) (Table 2 and 4).

Multivariate logistic regression analysis also identi-
fied significant risk association for the RET S904S SNP 
in the hereditary MTC group (OR  =  2.82; 1.64‐4.86; 
P  <  .001) (Table 2) whereas for CDKN2A (OR  =  1.89; 
95% CI = 1.20‐2.98; P = .006) and NAT2 SNP (OR = 1.62; 
95% CI = 1.17‐2.25; P = .004) in the sporadic MTC group 
(Table 2).

3.1.2  |  Meta‐analysis including 
present study
We identified 23 case‐control studies examining risk as-
sociations of one or more of these 13 SNPs with MTC. 
However, for nine SNPs in the cell cycle regulation 
(CDKN1A, CDKN1B, CDKN2A, CDKN2B, CDKN2C) and 

detoxification pathway (CYP1A1m1, CYP1A2*F, NAT2, 
GSTP1), only single small cohort studies had examined 
their risk association with MTC.23,25-27 Hence the meta‐
analysis was performed only for the four RET gene SNPs 
(G691S, L769L, S836S, S904S) one or more of which are 
reported in 19 case‐control studies. This included a total of 
346 cases and 1555 controls in the hereditary MTC group 
and 1640 cases and 2968 controls in sporadic MTC group 
(Table S4). The ORs with 95% CIs calculated for the al-
lelic distribution of SNPs for each study is shown in their 
respective Forest plots (Figures 1-4).

The meta‐analysis identified a significant association be-
tween RET L769L and S836S SNPs with risk of hereditary 
MTC (Figures 2B and 3B).The RET S836S variant allele was 
found to be associated with increased susceptibility to MTC. 
The effect was observed under both the fixed effect model 
(OR = 1.69; 95% CI = 1.17‐2.43; P <  .01) and random ef-
fect model (OR = 2.19; 95% CI = 1.02‐4.71; P = .04).For RET 
L769L variant, a significant protective risk association with 

T A B L E  1   Univariate logistic regression analysis for association between SNPs and risk of hereditary MTC development (hMTC: hereditary 
MTC; Wt: Wild type; Hz: Heterozygous; Hm: Homozygous)

Gene/SNP

Genotype frequency—hMTC 
cases (n = 77)

Genotype frequency—Controls 
(n = 489)

OR 95% CI P‐valueWt Hz + Hm Wt Hz + Hm

Cyp1A1m1 37 (48.1%) 40 (51.9%) 218 (44.6%) 271 (55.4%) 0.870 0.537‐1.407 .570

Cyp1A2 28 (36.4%) 49 (63.6%) 145 (29.7%) 344 (70.3%) 0.738 0.446‐1.220 .236

NAT2 31 (42.2%) 46 (59.7%) 167 (34.2%) 322 (65.8) 0.770 0.470‐1.259 .297

GSTP1 35 (45.5%) 42 (54.5%) 251 (51.3%) 238 (48.7% 1.266 0.781‐2.050 .339

CDKN1A 65 (84.4%) 12 (15.6%) 361 (73.8%) 128 (26.2%) 0.521 0.272‐0.995 .048

CDKN1B 35 (45.5%) 42 (54.5%) 224 (45.8%) 265 (54.2%) 1.014 0.626‐1.643 .954

CDKN2A 67 (87%) 10 (13%) 439 (89.7%) 50 (10.2%) 1.310 0.634‐2.708 .465

CDKN2B 46 (59.8%) 31 (40.2%) 266 (54.4%) 223 (45.6%) 0.804 0.493‐1.311 .382

CDKN2C 62 (80.5%) 15 (19.5%) 387 (79.1%) 102 (20.8%) 0.918 0.501‐1.680 .781

G691S RET 37 (48.1%) 40 (51.9%) 283 (57.8%) 206 (42.1%) 1.485 0.917‐2.404 .108

L769L RET 35 (45.5%) 42 (54.5%) 178 (36.4%) 311 (36.6%) 0.687 0.423‐1.115 .129

S836S RET 64 (83.1%) 13 (16.9%) 411 (84%) 78 (15.9%) 1.070 0.562‐2.037 .836

S904S RET 36 (46.8%) 41 (53.2) 285 (58.3%) 204 (41.7%) 1.591 0.982‐2.578 .06

Values in bold indicates significant associations.
Abbreviations: CI, confidence interval; MTC, medullary thyroid carcinoma; OR, odds ratio.

T A B L E  2   Multivariate logistic regression analysis for association between SNPs and risk of hereditary MTC (hMTC) development (SNPs 
with significance <0.1 from univariate analysis were included in multivariate analysis)

Gene/SNP

Genotype frequency—hMTC 
cases (n = 77)

Genotype frequency—Controls 
(n = 489)

OR 95% CI P‐valueWt Hz + Hm Wt Hz + Hm

CDKN1A 65 (84.4%) 12 (15.6%) 361 (73.8%) 128 (26.2%) 0.266 0.129‐0.549 <.001

S904S RET 36 (46.8%) 41 (53.2) 285 (58.3%) 204 (41.7%) 2.821 1.636‐4.862 <.001

P‐value in bold indicates significant associations.
Abbreviations: CI, confidence interval; MTC, medullary thyroid carcinoma; OR, odds ratio.
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MTC was observed under both fixed effect model (OR = 0.77; 
95% CI  =  0.60‐0.98; P  =  .04) and random effect model 
(OR = 0.77; 95% CI = 0.60‐0.98; P = .04). Further in the spo-
radic MTC group, meta‐analysis showed significantly increased 
risk of MTC with the RET G691S and S904S (Figures 1A and 
4A). For G691S, the association was observed under both fixed 
effect model (OR = 1.21 95% CI = 1.07‐1.37; P < .01) and ran-
dom effect model (OR = 1.24; 95% CI = 1.04‐1.47; P = .02). 
For S904S, this effect was observed under only fixed effect 
model (OR = 1.16; 95% CI = 1.03‐1.30; P = .02).

4  |   DISCUSSION

In hereditary cancer syndromes, highly penetrant germline 
mutations in proto‐oncogene or tumor suppressor genes confer 

a very high lifetime risk of cancer development.17 However 
in several sporadic cancers, in addition to environmental or 
lifestyle factors there is a component of weak genetic suscep-
tibility conferred by low penetrance genetic variants. While 
there are no clearly established lifestyle or environmental risk 
factors for susceptibility to MTC, several SNPs in RET as 
well as other genes have been reported to slightly increase or 
decrease the risk of MTC development.18,26,30,36,43 However, 
the findings of these studies are inconsistent. Of the four pre-
viously reported meta‐analysis of RET gene SNPs,6,17,28,32 
two demonstrated a significant risk association of RETG691S 
SNPs with MTC.17,28 No other significant risk association has 
been observed in the other two studies.

Like previous case‐control studies in MTC,43 we have 
analyzed the risk association of SNPs independently in the 
hereditary and sporadic MTC groups for our cohort as well 

T A B L E  3   Univariate logistic regression analysis for association between SNPs and risk of sporadic MTC development (sMTC: sporadic 
MTC)

Gene/SNP

Genotype frequency—sMTC cases 
(n = 361)

Genotype frequency—Controls 
(n = 489)

OR 95% CI P‐valueWt Hz + Hm Wt Hz + Hm

Cyp1A1m1 161 (44.6%) 200 (55.4%) 218 (44.6%) 271 (55.4%) 0.999 0.760‐1.314 .996

Cyp1A2 117 (32.4%) 244 (67.6%) 145 (29.7%) 344 (70.3%) 0.879 0.655‐1.179 .390

NAT2 103 (28.5%) 258 (71.5%) 167 (34.2%) 322 (65.8) 1.299 0.967‐1.745 .082

GSTP1 208 (57.6%) 153 (42.4%) 251 (51.3%) 238 (48.7% 0.776 0.590‐1.020 .069

CDKN1A 295 (81.7%) 66 (18.3%) 361 (73.8%) 128 (26.2%) 0.631 0.452‐0.882 .007

CDKN1B 182 (50.4%) 179 (49.6%) 224 (45.8%) 265 (54.2%) 0.831 0.633‐1.092 .184

CDKN2A 310 (85.9%) 51 (14.1%) 439 (89.7%) 50 (10.2%) 1.444 0.953‐2.190 .083

CDKN2B 206 (57%) 155 (42.9%) 266 (54.4%) 223 (45.6%) 0.898 0.682‐1.180 .439

CDKN2C 297 (82.2%) 64 (17.7%) 387 (79.1%) 102 (20.8%) 0.818 0.578‐1.157 .256

G691S RET 201 (55.7%) 160 (44.3%) 283 (57.8%) 206 (42.1%) 1.094 0.831‐1.439 .523

L769L RET 146 (40.4%) 215 (59.6%) 178 (36.4%) 311 (36.6%) 0.843 0.637‐1.115 .231

S836S RET 311 (86%) 50 (13.9%) 411 (84%) 78 (15.9%) 0.847 0.577‐1.244 .398

S904S RET 194 (53.7%) 167 (46.3%) 285 (58.3%) 204 (41.7%) 1.203 0.914‐1.582 .187

Values in bold indicates significant associations.
Abbreviations: CI, confidence interval; MTC, medullary thyroid carcinoma; OR, odds ratio.

T A B L E  4   Multivariate logistic regression analysis for association between SNPs and risk of sporadic MTC (sMTC) development (SNPs with 
significance <0.1 from univariate analysis were included in multivariate analysis)

Gene/SNP

Genotype frequency—sMTC cases 
(n = 361)

Genotype frequency—Controls 
(n = 489)

OR 95% CI P‐valueWt Hz + Hm Wt Hz + Hm

NAT2 103 (28.5%) 258 (71.5%) 167 (34.2%) 322 (65.8) 1.622 1.168‐2.251 .004

GSTP1 208 (57.6%) 153 (42.4%) 251 (51.3%) 238 (48.7% 0.741 0.540‐1.018 .065

CDKN1A 295 (81.7%) 66 (18.3%) 361 (73.8%) 128 (26.2%) 0.526 0.357‐0.776 .001

CDKN2A 310 (85.9%) 51 (14.1%) 439 (89.7%) 50 (10.2%) 1.888 1.197‐2.978 .006

Values in bold indicates significant associations.
Abbreviations: CI, confidence interval; MTC, medullary thyroid carcinoma; OR, odds ratio.
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as for the meta‐analysis. In our cohort, multivariate logistic 
regression analysis identified a highly significant (P < .01) 
protective risk association of CDKN1A SNP for hereditary 
MTC as well as sporadic MTC (Tables 1-4). Two SNPs 
(NAT2 and CDKN2A) had a significant increased risk as-
sociation with sporadic MTC (Table 2) while another SNP 
(RET S904S) had a significant increased risk association 
with hereditary MTC (Table 2). With the inclusion of 346 
hereditary MTC cases in the meta‐analysis for 4 RET gene 
SNPs, a significant protective risk association was ob-
served for RET L769L SNP while a significant increased 
risk association was seen with RET S836S SNP (Figure 
2B and 3B). For the 1640 sporadic cases included in the 
meta‐analysis, significant increased risk association was 
seen for the RET G691S and S904S SNPs (Figures 1A 
and 4A). A few functional and in‐silico studies have pos-
tulated and examined how different RET SNPs modulate 
the risk of MTC development. These include their effect 
on RNA stability or its expression, creation of a new alter-
native splicing site18,21,22,36 or changes in phosphorylation 

sites.17 However, the findings of these studies have been 
inconclusive.

Univariate and multivariate logistic regression analysis in 
our cohort also demonstrated a strong protective association 
between CDKN1A SNP with hereditary and sporadic MTC. 
The CDKN1A gene, also known as p21CIP1/WAF1, encodes a 
cyclin‐dependent kinase inhibitor which binds to and inhibits 
the activity of Cyclin‐CDK2 or CDK4 complexes regulating 
cell cycle progression at G1 stage.44,45 CDKN1A activity is 
regulated by p53 which binds to its promoter and induces 
cell cycle arrest in response to various stimuli.45 This gene 
is often deregulated in human cancers with altered expres-
sion reported in several cancers including cervical, breast, 
ovarian, liver, uterine, and head and neck cancers.46 The 
CDKN1A SNP (rs1801270) at codon 31 (Ser31Arg) reported 
in the present study falls in a highly conserved N‐termi-
nal region of the protein, which is demonstrated to contain 
tumor suppressor function.44 Functional studies suggested 
that while the CDKN1A‐Ser and Arg variant possess sim-
ilar kinase inhibitory and growth suppression abilities,47 

F I G U R E  1   Forest Plot for meta‐analysis on allelic association of RET G691S SNP with (A) Sporadic MTC; (B) Hereditary MTC [The total 
for cases and controls are allelic count (2n)]
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their transcriptional efficiency is significantly different.48 
The allelic frequency of this SNP varies significantly among 
different populations with minor allele frequency of 15% in 
the South Asian Population (1000 Genome Project). Several 
molecular epidemiological studies of CDKN1A Ser31Arg 
SNP show conflicting results with some studies reporting 
increased risk association with tobacco related upper aerodi-
gestive tract cancers,49 while showing a protective effect in 
human papilloma virus related cervical cancers.50,51 The 
only study of this SNP in MTC has been reported by Barbieri 
et al27 in a small cohort of 45 sporadic MTC cases. Even 
though no significant risk association for MTC development 
was identified, perhaps due to the small sample size, extra-
thyroidal tumor extension was significantly less in patients 
with the CDKN1A SNP as compared to those with wild type 
CDKN1A (50% versus 92%, P = .037). In our study of much 
larger cohort of this rare cancer, univariate and multivariate 
logistic regression analysis shows the highly significant pro-
tective effect of CDKN1A SNP on risk of MTC development 
in sporadic as well as hereditary MTC.

The significant risk association of the variant allele C 
of CDKN2A 3’UTR SNP (rs11515), identified in our spo-
radic MTC cohort has also been reported as a risk allele in 
a Brazilian cohort of 45 sporadic MTC by Barbieri et al in 
2014.27 We have also identified a significantly increased risk 
association of the variant allele T of the NAT2 Y94Y SNP 
(rs1041983) in our sporadic MTC cohort, as reported previ-
ously in a Brazilian cohort of 132 hereditary MTC cases.26 
However the same Brazilian group in their cohort of 47 spo-
radic MTC cases, found the variant allele T of this NAT2 
SNP to be protective. This could be due to the small cohort 
size or difference in the frequency of alleles in the admixture 
population.25

The significant risk association of CDKN2A3’UTR 
SNP (rs11515) identified in our sporadic MTC cohort has 
also been reported in a Brazilian cohort of 45 sporadic 
MTC by Barberi et al in 2014.27 For the NAT2 Y94Y SNP 
(rs1041983) we identified a significantly increased risk 
association of the variant T allele in 361 sporadic MTC 
cases, as previously reported in a Brazilian cohort of 132 

F I G U R E  2   Forest Plot for meta‐analysis on allelic association of RET L769L SNP with (A) Sporadic MTC; (B) Hereditary MTC [The total 
for cases and controls are allelic count (2n)]
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hereditary MTC cases.26 Paradoxically, in a study with 47 
sporadic MTC cases, reported from the same Brazilian 
group,25 the wild type C allele was associated with in-
creased risk of MTC, the reasons for which have not been 
elaborated.

This is the first study to examine the MTC risk associa-
tion of 13 different SNPs in genes of three distinct pathways 
in a single cohort, which is also the largest cohort of this 
rare cancer reported so far. The meta‐analysis conducted 
by us, with the inclusion of MTC cases from our cohort, 
has increased the total sporadic MTC cases to 1640 and 
hereditary MTC cases to 346 (Table S4). While the pre-
vious meta‐analysis by Figlioli et al in 2013 had failed to 
identify significant risk association with any of these four 
RET SNPs,6 in our expanded meta‐analysis cohort, we 
could identify significant risk association of RET L769L 
and S836S in hereditary MTC and of G691S and S904S in 
sporadic MTC.

One of the limitations of our study is that unlike classi-
cal case‐control studies, instead of recruiting and genotyp-
ing matched controls, we used healthy gender and ethnicity 
matched South Asian controls from the 1000 genome da-
tabase. Matching for age was not possible as MTC, espe-
cially the hereditary MTC, is known to occur in childhood 
and recruiting minor subjects as healthy controls for geno-
typing study raises ethical issues. Of all the MTC case‐con-
trol studies, some have not reported whether controls were 
matched22,43 whereas many have failed to obtain controls 
matched for age or gender.24,26,28 Moreover, in the absence 
of a clearly established lifestyle or environmental factors for 
MTC risk, none of the MTC SNP case‐control studies have 
described or matched for these factors, as is the case in our 
study.

Taken together, the findings from comprehensive ge-
notyping of 13 SNPs in our large MTC cohort, we showed 
for the first time, a significant protective risk association of 

F I G U R E  3   Forest Plot for meta‐analysis on allelic association of RET S836S SNP with (A) Sporadic MTC; (B) Hereditary MTC [The total 
for cases and controls are allelic count (2n)]
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CDKN1A SNP (rs1801270) with MTC and through meta‐
analysis of expanded cohort, we also showed a risk asso-
ciation of four RET SNPs with MTC. Identification of one 
or more low penetrance alleles in risk association studies in 
diverse cancers could provide some biological insight into 
cancer development but are not useful as biomarkers of prog-
nosis or predisposition. However study of a large number of 
low penetrance alleles in large case‐control studies could help 
in developing polygenic risk scores. The present study there-
fore underscores the need for large replicative risk associa-
tion studies using a control group from the local population 
with well‐defined characteristics to understand the molecu-
lar mechanisms through which these low penetrance alleles 
modulate MTC risk.
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Supplementary Table S1: List of SNPs of genes of distinct pathways selected for the study 

based on detailed literature search 

 

Supplementary Table S2: Hardy-Weinberg Equilibrium (HWE) Calculations for Cases (n=438) 

and Control (n=489) [MAF: Minor Allele Frequency]   

 



Supplementary Table S3: Genotype frequency comparison between: (A): hereditary MTC 

(hMTC) cases and controls; (B): sporadic MTC (sMTC) cases and controls    
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Supplementary Table S4: (A): Details on sporadic MTC studies included in the meta-analysis. 

(B): Details on hereditary MTC studies included in the meta-analysis. 
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