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SYNOPSIS

Introduction: Li Fraumeni syndrome (LFS) (OMIM#151623) is an autosomal

dominant highly penetrant cancer predisposition syndrome first described by Li and
Fraumeni in 1969 (1). In contrast to other inherited cancer syndromes characterized
by site-specific cancers, LFS presents with a wide variety of tumor types. It is also
called as SBLA syndrome as the most common cancer types are Sarcomas; Breast
cancer, Brain tumors; Leukemia, and Adrenocortical carcinoma. LFS is defined by
strict clinical criteria, described by Li and Fraumeni in 1969, as: Proband with
sarcoma before 45yrs of age, a 1% degree relative with cancer before 45yrs of age,
another 1° or 2" relative with any cancer under 45yrs of age or with sarcoma at any
age. Relaxed cliical criteria by age of onset and tumour types are termed as Li-

Fraumeni-like (LFL) syndrome (2, 3). Mutations in TP53 gene are detected in about



70% of LFS families and in 20-40% of LFL families. Association of TP53 gene with

the syndrome was first reported by David Malkin in 1990. (4)

TP53 gene is located on chromosome 17p13.1 which consists of 11 exons with the
first exon being noncoding. TP53 gene encodes for a tumor suppressor protein which
plays an important role in various cellular mechanism like cell cycle arrest, apoptosis,
and DNA repair etc and is also called the “guardian of the genome” (5). In contrast to
normal p53 its mutant counterpart also has functions like gain of function, dominant
negative function (6, 7). Mutations that deactivate p53 in cancer usually occur in the
DNA binding domain (DBD), abrogating the ability of the p53 protein to bind to its
target DNA sequences and prevents transcriptional activation of these genes. TP53 is
mutated in 50% of tumors. LFS is associated with diverse type of tumors with varying
severity and mutations in TP53 gene are found throughout the gene, with mutational
hotspots in the DNA binding domain. TP53 mutation spectrum is well characterized

in other populations but so far there is no cohort based study from India.

Many studies have attempted to explain the correlation between the genotype and the
phenotype to explain the mechanism behind the phenotypic variability seen in LFS
families. The missense mutations in DBD of TP53 are associated with higher
incidence of cancers (particularly breast and CNS tumors) and earlier ages of onset
than in families with mutations leading to truncated or non-functional proteins (8, 9).
The role of low penetrance SNPs in certain genes in modulating the phenotype has
also been examined by various studies. Individuals carrying G allele of the MDM2
SNP309 and G allele of TP53 P72R have early age of onset as compared to those with

T allele and C allele of MDM2 and TP53 respectively in the LFS families (9). Many



common SNPs have been shown to be associated with cancer by genome-wide

association (GWA) studies (10, 11).

Hypothesis: We hypothesize that the genotype — phenotype correlation in the Indian
LFS families may be distinct from the well characterized Caucasian population (9, 12-
15) and this knowledge can help in understanding the molecular pathways in the
origin of diverse LFS tumors and devising population specific counseling and risk

management.

AIM: To identify germline TP53 gene mutation spectrum and its correlation with the
tumour spectrum and age at diagnosis in a large Indian cohort of hereditary LFS and

sporadic LFS associated cancers.

OBJECTIVES

1. Identifying LFS / LFL families and their detailed phenotypic characterization.

2. Comprehensive Genetic Analysis of TP53 & MDM2 in LFS / LFL & sporadic

sarcomas & establishing Genotype-Phenotype correlation

A. ldentification of germline point mutations and Large Genomic

Rearrangements in TP53 gene in LFS/LFL/suspected LFL families.

B. TP53 & MDM2 polymorphisms and clinical phenotype in LFS /

sporadic sarcoma

3. Establishing Lymphoblastoid cell lines from germline TP53 mutation carriers

for DNA repair studies & variant characterization.

METHODS

All patients were participants of studies approved by the Tata Memorial Centre-

ACTREC Institutional Review Board and had provided written informed consent for



biobanking and genetic analysis. For minors, the written informed consent was
provided by the parents. A cohort of cancer patients with personal or family history
suggestive of hereditary LFS or LFL syndrome were enrolled in the Cancer Genetics
Clinic of the Tata Memorial Hospital for genetic counseling and genetic testing.
Germline TP53 mutations were tested in a cohort of 500 LFS/LFL/Suspected LFL
families registered in Cancer Genetics Clinic, Tata Memorial Hospital and under Tata
International Sarcoma Kindred Study (TISKS). Of these, 197/500 families fulfilled
the defined criteria of LFS or LFL, while the remaining 303/500 families did not
fulfill the criteria for LFS or LFL but were tested as the proband or a family member
had an LFS associated cancer. DNA was extracted using QiaAmp Blood Mini kit or

by Phenol Chloroform method from the blood or Mouthwash samples of patients.

Mutation analysis of TP53 gene: PCR amplification of the coding region of TP53
gene was carried out using specific primers either designed or taken from literature
(16). Sanger sequencing of the amplified products was done after purification of PCR
products with EXO-SAP IT. Chromatograms were analysed using Chromas Lite
software and matched with reference sequences to identify the germline mutations.
MLPA analysis was carried out using SALSA MLPA kits from MRC-Holland; P056
(TP53) to detect large genomic rearrangements (LGRS) in cases where no point
mutation or small indels were identified through sequencing. Data was analyzed using

Coffalyser.Net software.

Next Generation Sequencing (NGS): Germline exome sequencing for LFS/LFL
cases was carried out using Nextera rapid capture kit (Illumina) and sequenced on
Hiseq2000 using manufacturer’s protocol. Sequencing was done using standard v2 kit

on Illumina MiSeq.



Genotyping by Restriction Fragment Length Polymorphism (RFLP): SNP 309
(rs2279744) in MDM2 was studied by RFLP using MspAl restriction enzyme. An
amplicons of 293bp digested into 193bp and 100bp in TT allele and 147, 100 and
46bp in GG allele. The amplicon has two restriction sites. One is created due to

change of allele from T>G.

Establishing EBV transformed Lymphoblastoid cell lines (LCLS) and DNA
damage repair studies: LCLs were established by EBV transformation of
lymphocytes from the peripheral blood on patients with different types of TP53
mutations and also from healthy controls using standard. Two million cells from
LCLs established from patients with TP53 mutation or healthy controls were given
2Gy *°Co gamma radiation and fixed with 3% PFA at 1hr, 4hr, 24 hr and 48hr.
Immuno-fluorescence images were captured in 63X, fluorescent intensity of
individual nuclei was recorded and mean fluorescent intensity was calculated for 30-

50 nuclei.

RESULT AND DlSCUSS|ON ) = |ARC R19 (N=2095) ®ACTREC (N=403) P
Objective 1: Identifying LFS / LFL
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A total of 500 families with LFS, LFL or Figure 1: Comparison of Tumor spectrum

suspected LFL were registered in the Tata Memorial Centre (TMC) Cancer Genetics
Clinic and under TISKS during the period 2003-2018. The frequency of several
tumour types in our cohort (403 tumours in 356 individuals from TP53 mutation

positive families) was significantly different from the frequency reported in the IARC



database which is predominantly a Caucasian / Brazilian database of TP53 +ve LFS

families (Figure 1).

Objective 2: Comprehensive Genetic Analysis of TP53 & MDM2 in LFS / LFL

and sporadic sarcomas with Genotype-Phenotype correlation

2A. ldentification of TP53 point mutations and Large Genomic Rearrangements:
TP53 germline mutation analysis was done in 500 families. After excluding known
polymorphisms & synonymous mutations, a total of 59 distinct mutations were
identified in 79 families. Of these, 24 mutations were novel germline mutations. After
further characterization based on co-segregation, in-silico prediction (AGVGD /
SIFT) and reported transactivation activity (17), 22/24 mutations were classified as
likely pathogenic while 2 mutations remained variant of unknown significance
(VUS). Of these 79 mutations, 4 distinct LGRs were identified in 7 families. As
expected, the mutation detection rate in families fulfilling the LFS criteria was
significantly higher (12/13) than those fulfilling only the LFL criteria (54/184). The
TP53 mutation detection rate in families not fulfilling even the LFL criteria was
(13/303). Surprisingly the mutation detection rate in families in which the proband
has LFS spectrum tumor but not fulfilling the criteria is high (10/74), highlighting the
need for further revision in the LFL criteria, which is often used to guide genetic
analysis of TP53 gene. Extended family screening in 119 members from these 79
families with likely pathogenic TP53 mutation identified the mutation in 46
individuals. Ten of these individuals tested positive of family mutation have already
developed LFS associated cancers and others are on intensive surveillance protocol.
As in the IARC database, majority of TP53 germline mutations in Indian LFS families

are in the DNA Binding Domain. However, LGRs and frameshift mutations are more

8



common while missense mutations are less frequent in the Indian cohort as compared
to the IARC database. R337H, the most frequent mutation in IARC database and a
Brazilian founder mutation was not identified in our Indian cohort. Of the suspected
LFL families 188 were of sporadic sarcoma cases and germline TP53 mutation was
identified in two cases with a detection rate of 1%. Previous reports have shown the
detection rate of 3-9% in sporadic sarcomas (18-20). A recently reported LFS
associated 3’UTR region TP53 variant (21) was not identified in the 120 LFS/LFL

cases screened.

In 3 classic LFS families in whom no germline TP53 mutations or LGRs were
identified, we performed germline exome sequencing to identify driver mutations in
other genes. Surprisingly a pathogenic TP53 mutation was identified in two of these
cases — one in exon 5 and the other in exon 7. Moreover, in four cases, a homozygous
pathogenic mutation was identified in exon 7, which led us to suspect sequence
dependent exon 7 allele drop out in these cases. In the third family where the proband
and his son both had sarcoma, exome sequencing did not identify any TP53 mutation
but identified 128 frameshift indels, 228 inframe indels and 31 missense variants that
were predicted to be deleterious by all the 7 in silico prediction tools. Interestingly, 2
of these 31 missense variants are in FGFR4 gene. Activating somatic mutation in
FGFR4 gene has been reported earlier in RhabdoMyoSarcoma (RMS) (22) and merits
further characterization as a germline inherited sarcoma susceptibility gene. In
addition to the FGFR4 mutations, indels and missense variants predicted to be
deleterious by at least one-four in silico prediction tools were identified in several
genes, including genes associated with sarcomas like ERBB (Leiyomyosarcoma) and

NSD1 (RMS).



Identification and characterization of TP53 gene Allele Dropout in Li-Fraumeni

syndrome

Allele Dropout (ADO) is a genotyping error arising from insufficient amplification of
one of the two alleles, keeping it below the detection threshold by sequencing.
Dropout of the mutant allele causes false negative result while dropout of Wild Type
(WT) allele makes a heterozygous mutation appear homozygous (23) Sequence
dependent ADOs arise from Primer Annealing Region (PAR) polymorphism (24), G-
Quadruplexes, methylation or allele size differences (25, 26). Sequence independent
ADOs arise from poor DNA quality as in forensics (27), Whole Genome
Amplification of scanty starting DNA (27) or some unknown PCR conditions (23).
TP53, which is the most frequently mutated gene in tumour tissues (Somatic) and its
germline mutation cause LFS is a good candidate to study the frequency and causes of
ADO. In two classical LFS families germline whole exome sequencing identified a
TP53 mutation that was previously missed on Sanger Sequencing and later confirmed
as ADO on repeat Sanger Sequencing. In four cases, ADO was suspected due to very
unusual finding of germline homozygous TP53 mutation in exon 7. These mutations
were later confirmed as heterozygous mutations on repeat sequencing with redesigned
primers to avoid a common polymorphism (IVS7=92T>G) in the annealing region of
exon 7 reverse primer. Repeat sequencing of exon 7 with redesigned primers in 150
LFL cases identified ADO in additional three cases. This highlights the need to
suspect and confirm ADO in TP53 as a false negative genetic analysis report has

major implications for the proband and the extended family.

Polymorphisms in TP53 gene and the Primer annealing region (PAR): TP53 gene

has 6148 polymorphisms in Homo sapiens. In the PAR of Bodmer group primer set
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that we used in our study, 58 polymorphic sites were identified. The exon 7 reverse
PAR has a high minor allele frequency (MAF) of 0.17. The PAR of the commonly
used IARC protocol primers has 83 polymorphisms with 4 having a MAF of >0.01.

(http://p53.iarc.fr/download/TP53 directsequencing iarc.pdf)

G-quadruplexes and methylation in TP53 gene: The full TP53 gene has 5931
regions including overlaps and 120 without overlaps G-rich sequences which can
form quadruplex. The range of QGRS score (28) for these 5913 regions is 0-61. No
CpG islands were found in any amplicon of TP53 gene except exon 1 which is the

promoter region

2B. TP53 & MDM2 polymorphisms and the clinical phenotype in LFS and

sporadic sarcoma

Germline single nucleotide polymorphisms (SNP) or other polymorphisms are known
to have a modifier role in the pathogenesis of many human cancers (29) and may
increase the risk of developing certain cancers or their aggressiveness (30). While
several studies have examined the association between developing a cancer and its
aggressiveness with the TP53 Arg72Pro - R72P (rs1042522), TP53 16bp duplication -
PIN3 (rs17878362) and MDM2 309 SNP (rs2279744) polymorphisms, only few have
examined their role in sarcomas.(31-34). Toffoli et al had shown that MDM2 309
T>G polymorphism increases the risk of osteosarcoma development in females and
the prognostic value of TP53 R72P SNP for overall survival in osteosarcoma (31). A
meta analysis showed the association of PIN3 with cancer risk (35). With very few
association studies of these SNPs in LFS or sporadic osteosarcoma, we studied their
association in the first Indian LFS and sporadic sarcoma cohort. From an ongoing

TISKS study, 311 sarcoma cases were analysed for the SNP genotype, phenotype and
11
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clinical outcome. Of these, 200 had Osteosarcoma of the bone, 63 had other bone
sarcomas and 48 had Soft Tissue Sarcoma (STS). Of these 265 cases received curative
treatment at TMC with chemotherapy followed by surgery +/- radiotherapy. Distant

metastases, mostly in lung were noted in 117 (37.5%) cases.

Age of sarcoma onset and genotype: The mean age of sarcoma onset in our cohort
was 23.9 £14.8 yrs (8- 89 yrs) with a significantly younger age of 21.3 (x12.5) yrs for
bone sarcomas as compared to 38.2 (£18.3) yrs for STS (p <0.001). In our cohort,
females were diagnosed with sarcoma at a younger age as compared to males at a
mean age of 22.4+15.2 yrs versus 24.6+14.6 years (p=0.003). While younger age of
sarcoma onset in females is known, the gender specific influence of these SNPs on
age of diagnosis has not been studied. Of the three polymorphisms studied, only R72P
GG genotype showed a strong association between younger mean age of sarcoma

onset in females at 18+10.3yrs as compared to males at 29.1+17.3yrs (P<0.001).

Tumor Size and genotype: The association studies of these 3 polymorphism with the
tumor size classified as <8 or >=8 cm revealed a significant association between R72P
C allele with larger tumours in the entire sarcoma cohort of 311 cases (P=0.038 with
all three genotypes and P=0.052 in dominant model) and in the bone sarcoma cohort
of 263 cases (P=0.024 with all three genotypes and P=0.035 in dominant model). In
the smaller osteosarcoma cohort of 200 cases, the trend of larger tumours with the C
allele did not reach statistical significance (p=0.089). The MDM2 and PIN3
polymorphisms were not found to be associated with tumor size. This is the first study

reporting significant association of R72P SNP with tumour size in any cancer.
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Association of genotype with chemotherapy response: No association was found
between these polymorphism and >90% response to chemotherapy in the entire cohort

and in osteosarcomas.

Overall and Metastases Free Survival and genotype: Kaplan Meier survival analysis
was done for Overall survival (OS) and Metastasis Free Survival (MFS) was
calculated for the whole group and in the OGS cases and the differences were
compared using log rank test. The P53 Intron 3 duplication (PIN3) was associated
with significantly worse OS at 3 years - 57.9% in 76 patients with heterozygous or
homozygous duplication versus 82.6% in 122 patients with wild type genotype
(p<0.01). The trend for better metastases free survival in wild type PIN3 did not reach
statistical significance. This is the first reported association of worse survival with

PIN3 duplication in Osteosarcoma.

Objective 3: Establishing LCL cell lines from LFS cases for DNA repair studies

& variant characterization.

Lymphoblastoid Cell lines, a good source of genetic material are also useful for
cytotoxic and DNA damage repair studies and show chromosomal aberration /
genomic instability after irradiation (36). Altered DNA repair kinetics after irradiation
of fibroblast cell lines from LFS cases has been seen (37) but it has not been studied
in the LCLs established from LFS patients. We successfully established LCLs in
54/75 (72%) individuals with different hereditary cancer syndromes. Of these, 17
LCLs are from LFS patients of which 12 have a germline TP53 mutation. Gamma
H2AX assay was performed on the LCLs made from 4 TP53 mutation positive cases
(2 missense, 1 frameshift and 1 splice site pathogenic TP53 mutation) and 4 healthy

controls. Significant difference between the DNA damage repair at 24 and 48 hrs after
13



2Gy radiation was seen between LCLs established from healthy control as compared

to the 4 LCLs with heterozygous TP53 mutations (<0.001).

The utility of our LCLs was established through studies on characterization of a silent
mutation (T125T, G>T substitution at the last base of exon 4) in the splice site region
identified in our cohort. In silico prediction of such variants is hazardous as they will
cause aberrant splicing only in the presence of a cryptic splice site and need
experimental evidence for aberrant splicing (38) which requires constant source of
fresh cells for repeated experiments. To express p53 in LCLs, they were treated with
puromycin to block nonsense mediated RNA decay, given 2Gy radiation and whole
RNA were extracted after 30 minutes. cDNA synthesis was performed and after PCR
sequencing was performed. Transcript analysis showed that this mutation leads to
aberrant splicing and skipping of 200bp of Exon 4 in the final transcript thus leading

to a truncated protein.

We could successfully establish a large panel of LCLs from LFS patients with
different germline TP53 mutations to serve as a continuous source of genetic material,
for DNA repair kinetics study and demonstrated its utility in characterizing a
synonymous variant identified in our cohort. In future, these LCLs can be used for
detailed functional studies comparing different types of TP53 mutations and for

cytotoxic studies.

SUMMARY AND CONCLUSIONS

This is the first report of tumor and mutation spectrum from an Indian LFS/LFL
cohort and the largest Asian LFS cohort studied so far. Findings of several distinct

difference in the tumor and mutation spectrum in the Indian cohort brings out the need
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for detailed genotype — phenotype correlation in different populations. In this Indian
cohort, ACC, skin, and sarcomas are less frequent but head and neck, Gl,
hematological and breast cancer are more frequent. Genotype-phenotype correlation
reveals that the cases with dominant negative missense mutation and truncating type
of mutations have significantly early age of onset with respect to other missense
mutations. Screening of TP53 gene mutation should not be restricted to the
classification criteria of LFS/LFL as the mutation detection rate is around 13% in
cases which do not fulfill the criteria of LFS/LFL. Our study raises an alert for all
genetic testing laboratory to take in to account the possibility of allele dropouts which
may lead to false negative results. In one of the largest sarcoma cohort reported from
anywhere and the first from India cohort evaluating association of TP53 and MDM?2
polymorphism with clinical phenotype and outcome, we identified several significant
associations between polymorphisms with clinical phenotypes and survival outcome.
This merits further studies in larger cohorts. Large numbers of LCLs were
successfully established from this rare syndrome as a source of genetic material and

characterization of TP53 variants and other functional studies.
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1.1 Genetics inheritance and Human diseases:

Genetics is the branch of science which deals with the study of material that helps in
the inheritance and explains the similarities and differences among individuals. The
foundation of modern genetics was laid by the work of Gregor Mendel, a monk who
discovered how traits are inherited in discrete units in 1865. This discovery of Mendel
remained unnoticed till 1900, when it was rediscovered by three scientists
independently DeVries, Correns, and von Tschermak in the background of better
understanding of cells and chromosomes (1). Meanwhile in 1869 Fredrick Miescher
isolated Deoxyribonucleic Acid (DNA) from pus cells and called it “nuclein” (2). In
1902 Walter Sutton observed that the segregation pattern of chromosomes during
meiosis matches with the segregation pattern of Mendel’s traits (3). In the same year a
British physician Archibald Garrod observed Mendelian autosomal recessive
inheritance pattern for the disease alkaptonuria (4). While it was well known that
characters, traits and diseases are passed on from one generation to other but the unit
of this inheritance was not known. In 1909 Wilhelm Johannsen coined the term ‘gene’
for this Mendelian unit of inheritance. He also used the term genotype for genetic
traits and phenotype for external appearance (5). These units of inheritance i.e. genes
being carried in chromosomes was first reported by Thomas Hunt Morgan in 1911
and discovered genetic linkage through studies in the fruit fly Drosophila
Melanogaster (6). The term DNA was coined as early as 1881 by Albrecht Kossel and
he also isolated the building blocks of DNA and Ribonucleic Acid (RNA) i.e.
Adenine (A), Cytosine (C), Guanine (G), Thymine (T) and Uracil (U) (7). However it
took several decades to arrive at the structure of DNA from the gene and

chromosome. William Astbury, a British scientist in 1943 first showed that DNA has
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a regular periodic structure through X-ray diffraction pattern of DNA and suggested
that the nucleotides are stacked upon each other (8). Later in 1953 James Watson and
Francis Crick proposed the model of double helical structure of DNA based on their
own work and previous findings reported in isolation by Phoebus Levene who
proposed the polynucleotide nature of DNA in 1919, Erwin Chargaff’s work that the
amount of purines (A+G) are equal to pyrimidines (T+C), Rosalind Franklin and

Maurice Wilikins’ demonstrated X-ray diffraction pattern of DNA (9).

In 1928 Frederick Griffith first suggested the phenomenon of transformation by
performing experiment on mice using two strains of Streptococcus Pneumonia. He
showed that mice infected with the virulent smooth (S) strain bacteria died whereas
the non virulent rough (R) strain did not kill the mice. The heat killed S strain did not
kill the mice but when it was mixed with the R strain, it killed the mice. This
suggested the presence of something in the killed virulent S strain that could
transform the non virulent R strain to a virulent strain (10). The ‘transforming
principle’ observed by Griffith was further confirmed by Avery, Macleod and
McCarty in 1944 who showed that the DNA and not the protein, transforms the
bacterial cell (11). Several lines of enquiries on the gene, DNA and proteins were
going on simultaneously and it was not clear what the genes were made of. The
breakthrough came in 1952 when Alfred Hershey and Martha Chase showed that, it is
only the viral DNA which enters into a bacterial cell to infect it which supported that
the genes are made of DNA (12). The field of cytogenetics evolved in the early 20"
century and after several conflicting reports, Joe Hin Tjio & Albert Levan reported

correctly the existence of 46 chromosomes in 1956 (13).
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In the second half of 20" century, there was a spurt of activity to understand how
DNA is synthesized in the cell. Various models of DNA replication were explained
like dispersive model, conservative model and semi-conservative model. Only semi-
conservative model of replication was accepted after Matthew Meselson and Franklin
Stahl proved it through an ingenious experiment which was published in 1958 (14). In
parallel to the advancements in the knowledge regarding genes and DNA, their role in
producing distinct clinical phenotypes and diseases started unraveling. In 1959,
Jerome Lejeune and his colleagues discovered that Down syndrome is caused by the

trisomy of chromosome 21 (15).

While several hereditary diseases were known since centuries, the use of laboratory
methods for their diagnostic confirmation or screening was initiated in second half of
20™ century. In 1961 Robert Guthrie developed a new method for the first time to test
newborns for the metabolic defect phenylketonuria (16). Perhaps the most important
discovery in the genetic research was DNA sequencing technique. It was first
discovered in 1975 by two groups independently, Fredrick Sanger & colleague and
Alan Maxam & Walter Gilbert. Sanger method is widely used even today (17, 18).
Though sequencing was discovered in 1975 but at that time the disease related genes
were identified by mapping studies as exemplified by the discovery of genetic marker
of Huntington’s disease in 1983 by Gusella et al (19). The most important discovery
which revolutionized the field of molecular biology was the polymerase chain
reaction (PCR) first described by Kary Mullis in 1983 (20). Through several studies
of genes, their transcripts and the coded proteins, the central dogma of molecular

biology was firmly established. The major advances in the concepts and techniques in
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genetics and molecular biology formed the basis of the most ambitious Human

Genome Project initiated in 1990 and completed in 2003.

With time, several major discoveries were made establishing the genetic basis of
various human diseases. In the year 1986, for the first time three specific genes were
shown to be the cause for human hereditary diseases. This was made possible by
mapping studies using positional cloning in DNA samples from patients with Chronic
Granulomatous Disease, Muscular dystrophy and Retinoblastoma (21-23). Since then
there have been major advancements in the techniques of molecular genetic analysis
which has provided newer insight in to the basic and mechanistic understanding of the
genetic basis of a large number of human pathologies. Molecular genetic analysis now
plays an important role in disease research and has led to the development of the new
branch of medicine — Molecular Pathology. While the genetic nature is clearly
explained and established for several diseases, it remains poorly understood for many
diseases or families showing Mendelian inheritance pattern Moreover, the existing
animal models, including the transgenic mice do not always recapitulate the human
phenotypic features (24). This underscores the need for detailed genetic analysis and
genotype — phenotype correlation in large and well characterized human cohorts with

specific disease phenotype.

1.2 Cancer

Cancer is a disease which occurs when a cell is transformed, and acquires the ability
to undergo uncontrolled growth, invade the surrounding tissues and metastasize to
distant organs of the body through the blood stream. Cancer can arise in any organ of

the body and from any cell or tissue type. Tumors can be benign or malignant in
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nature. Benign tumors do not metastasize and are not life threatening except in the
brain. Malignant tumors, which are also called cancer, has the ability to invade the
surrounding organs and metastasize to distant organs, which eventually results in
death of the patient. Cancer cells are different from normal cells in many ways and
summarized as ‘Hallmarks of Cancer’ by Wienberg and Hanahan (25, 26). The cancer
cell stops following the normal signaling pathway, is able to continuously proliferate,
invade and metastasize; evade apoptosis and immune system; secures continuous
supply of nutrients, oxygen and energy through tumor neo-angiogenesis and

deregulating cell energetics (27).

Cancer is a major public health issue in both, the developed and the developing parts
of world (28). It is a matter of concern that the burden of cancer is expected to grow
worldwide in coming years. Factors responsible for the increasing cancer incidences
include established risk factors like tobacco, alcohol, obesity, certain infections,
change of reproductive patterns and exposure to environmental and occupational

hazards including chemical carcinogens, ionizing and non-ionizing radiations (29).

In India, every year more than 1 million new cases of cancers are diagnosed. This
number is expected to double by 2035 (30). Most common cancers reported in Indian
men are oral, lung, stomach, colorectal, pharyngeal and esophageal cancers while in
women, breast, cervix and colorectum cancers are more common (30). Report of other
cancers is rare with an incidence of around five per 100000 individuals in both males
and females (30). In the developed world, while the cancer incidence is higher, the
relative mortality rate is decreasing across all age groups. However there is no such
evidence of decreasing mortality in developing countries like India (28). This may be

attributed to the contrasting etiology like recurrent infections, tobacco chewing habits,
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limited access to early diagnosis, treatment and lack of knowledge on preventive

measures and prophylactic intervention (30)

1.2.1 Types of cancer

There are more than 100 different types of human cancers and there are further
subtypes within a specific organ. There are various classifications of cancer including
those based on the tissue of origin, based on the primary site of tumor and more
recently based on molecular characteristics of the cancer. Cancers can be grouped into

nine major categories (31):

%+ Carcinoma: Cancer originating from the epithelial cell, which is the internal and
external lining of the body, is termed as carcinoma. These are the most common
type of cancers accounting for around 80-90% of cancers. Two major subtypes of
carcinoma are adenocarcinoma which originates in an organ or gland and

squamous cell carcinoma which originates from the squamous epithelium.

% Sarcoma: Cancers that originates from the supporting or connective tissues are
called as sarcoma. These types of cancers are mainly sub classified into bone
sarcomas and soft tissue sarcomas (STS). Bone sarcoma mainly occurs in the
younger age. Osteosarcoma is the most common sarcoma which is a type of bone
sarcoma. Chondrosarcoma classified under bone sarcoma originates from
cartilage. Some examples of STS are fibrosarcoma, liposarcoma, leiomyosarcoma,

synovial sarcoma etc. Sarcoma is discussed in detail in chapter 5.
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Myeloma: Cancer that originates in the plasma cells of bone marrow is termed

myeloma.

Leukemia: Cancer that originates from the blood forming tissue of the bone
marrow is termed leukemia. It produces a large number of immature white blood

cells and can be acute or chronic leukemia.

Lymphoma: Cancers of lymphatic tissue are termed as lymphomas. These may
develop in the lymph nodes or other organs rich in lymphatic tissue. These are of

two types, Hodgkin lymphoma and Non Hodgkin lymphoma.

Brain and spinal cord related: Tumors that originates in either brain or spinal cord
comes under this category. Names of different types of brain and spinal cord

tumors are based on the cell of origin.

Melanoma: Cancer of melanocytes is termed as melanoma which is the melanin
pigment producing cells. Melanoma originates in the skin but rarely, they arise in

other organs also.

Mixed Types: These have mixed features with components from different
histological categories. These include adenosquamous carcinoma, mixed

mesodermal tumor, carcinosarcoma, and teratocarcinoma.

Other types: Some other type of tumors which have different cell of origin like
Germ cell tumors occurring in germ cells, Neuroendocrine tumors occurring in

cells that release hormones in response to signals from the nervous system, etc.
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Hereditary Cancer Hereditary cancers show Mendelian autosomal pattern of
inheritance of one or more types of cancer within a family. In absence of family
history, hereditary cancer is considered if the patient has characteristic phenotypic
feature of a hereditary cancer syndrome e.g. Familial Adenomatous Polyposis or
Multiple Endocrine Neoplasia (MEN2B). In absence of Mendelian pattern of
inheritance or characteristic syndromic features, cancer is sometimes suspected to
be hereditary if the age of diagnosis is much younger for that cancer type, multiple
primary or bilateral cancers in an individual or cancers of certain specific
histological or molecular features. Hereditary cancers account for 2-5% of all
cancers in general. However for certain cancers like retinoblastoma it accounts for
25% of all cases. These are monogenetic Mendelian disorders due to high
penetrance germline mutation in one of the several dozen well characterized genes

(32).

Familial Cancer: This term is used when more cases of a specific type(s) of
cancers are seen within a family than is statistically expected, but no specific
pattern of inheritance is evident. In familial cancer the age of cancer diagnosis is
variable. Familial cancers account for 10-20% of all cancers and may result from

common genetic background, similar environment and or lifestyle factors (32).

Sporadic Cancer: These are the most common cancers accounting for over 80%
of all cancers. They are due to non-hereditary life style causes, which may or may
not be evident. They do not have a family history of cancer and tend to occur at

older age. These cancers may be due to the interaction of environmental or
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endogenous carcinogen with low penetrance genetic variation such as

polymorphisms in the xenobiotic metabolizing enzymes (33, 34).

1.2.2 Hereditary Cancer Syndromes

Highly penetrant germline mutations in one of the several known cancer associated
genes can result in specific inherited cancer syndromes. To date, more than 100 genes
have been reported to cause inherited predisposition to cancers. While most of the
syndromes are transmitted in an autosomal dominant fashion, certain syndromes
follow the autosomal recessive inheritance pattern. Table 1.1 summarizes the features

of some common hereditary cancer syndromes.

Table 1.1: Mendelian cancer predisposition syndromes

Syndrome Mode of Tumor spectrum Genes
inheritance involved

Hereditary Breastand | Autosomal Breast, Ovarian*, Prostate”, BRCAL,

Ovarian Cancer Dominant Pancreas BRCA2
(HBOC)

Lynch Syndrome (LS) = Autosomal Colorectum, Endometrium*, MLH1,
or Hereditary Dominant Stomach, small intestine, ovary*, MSH2,
Nonpolyposis liver, pancreas, ureter, brain MSHB®,

Colorectal Cancer (glioblastoma), breast*, prostate” PMS2
(HNPCCQC)
Li-Fraumeni Syndrome | Autosomal Sarcoma, Breast*, Brain, Blood, TP53
(LFS) Dominant Adrenal gland
Familial Adenomatous | Autosomal Colorectum, Upper G, Brain APC/
Polyposis (FAP)/ Dominant (medulloblastoma***), Papillary MUTYH
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Attenuated FAP Thyroid***, Hepatoblastoma***
(AFAP)

MUTYH-associated Autosomal Colorectum and rarely upper Gl MUTYH

polyposis (MAP) Recessive cancers
Multiple Endocrine Autosomal Thyroid (Medullary, Follicular), RET
Neoplasia (MEN1 and Dominant Pituitary, Parathyroid, Adrenal,
MEN2) Pancreas
Retinoblastoma Autosomal Retina, pituitary RB1
Dominant
Xeroderma Pigmentosa = Autosomal | Skin cancers (particularly of face, XPA-

Recessive | eyelids, lips and sometimes tongue XPG,
tip, eyes, scalp) XPV

Legend: *only in females, #only in males, ** preponderance in females, ***mainly
during childhood

1.3 Cancer- a genetic disease

The agents first reported to be responsible for transformation of cells were viruses.
The first virus of this series was Rous Sarcoma Virus (RSV) which causes
transformation in chickens (35). The cell free filtrate from the tumor of one chicken
was able to develop tumor in a healthy chicken due to which Dr. Rous concluded that
this filtrate causes cancer in chickens. This filtrate has viruses, later known as RSV in
the name of Peyton Rous. Though the virus first discovered to be responsible for
cancer was Avian Leukemia Virus (ALV) by two Danish scientists, Vilhelm
Ellermann and Olaf Bang in 1908 ignored as leukemia was not believed to be cancer.
ALV was not believed to be tumor virus for at least next 40 years (36-38). The
discovery by Rous was also ignored for many decades as it was thought that the

filtrate used by him may have got contaminated with the tumor cells and hence
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produced tumors in chicken. The focus assay developed in 1958 revolutionized the
field and helped in rapid advancement in virology (39). Many RSVs were
characterized, and it was found that some strains of RSVs were able to transform cells
and the other could not. By comparing the RNA of the transforming and non
transforming strains of RSVs, it was first identified that the RNA of viruses that could
transform cells was 20% larger in size than the RNA from the virus strains that could
not transform cells (40). Bishop and Varmus first showed in 1976 that the cDNA part
of the virus genome responsible for transformation was successfully hybridized with
the normal chicken cells. This was a strong evidence that the part of virus genome
responsible for transformation was actually a cellular gene (41). This led to the
hypothesis that retroviral infection is not sufficient for transformation but a mutation
in the proto-oncogene may lead to cancer. In 1979 Weinberg showed that transfection
of DNA and chromatin from human tumor cells could also transform the NIH3T3
cells indicating that there is something in the DNA that can cause cancer(42, 43). The
first human proto-oncogene was discovered in 1982 when different groups showed
that a point mutation in H-RAS leads to its activation and gain of oncogenic potential
(44-46). Proto-Oncogenes after acquiring gain of function mutations are called
oncogene. More than 70 proto-oncogenes of cellular origin have been identified so far

and most of these are related to either cell proliferation or apoptosis (47).

A DNA virus, Simian Virus 40 (SV40), was also shown to have transforming
capabilities which depend on the expression of viral large tumor (T) antigen (48-50).
In 1979 David Lane and colleagues using antibodies against the large T-antigen of
SV40 showed that along with the SV40 large T-antigen, another cellular protein was

also precipitated. This protein was called p53 as its molecular weight was
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approximately 53 KDa (51, 52). This was the first evidence that the DNA viruses
transform cells through interacting with the cellular proteins. As the p53 protein was
overexpressed in the tumor cell, it was believed to be an oncogene. Later VVogelstein
reported loss of heterozygosity of the p53 locus in human colorectal cancer and
suggested that it is a Tumor Suppressor Gene (53). The Tumor Protein 53 (TP53)
gene which codes for the p53 protein is the most commonly mutated gene in human
cancer tissue. This paved way for the discovery of several other tumor suppressor

genes in the next two decades.

These seminal studies spanning over 8 decades firmly established that cancer is a
genetic disease occurring due to mutations in two types of cellular genes - proto-

oncogenes and the Tumor Suppressor Genes (TSG).

1.3.1 Proto-oncogenes and Tumor Suppressor Genes

Accumulation of several genetic and epigenetic alterations in proto-oncogenes and
TSGs which participates in cell proliferation are drivers for the development of cancer
(54). Cells with these alterations have a growth and survival advantage over their
normal counterparts and are naturally selected to evolve into cancer (55). Genes
involved in the process of carcinogenesis are generally those that regulate cell

proliferation, apoptosis or involved in DNA damage repair process.

1.3.1.1 Oncogenes

Proto-Oncogenes encode for proteins which regulate cell proliferation. Gain of
function point mutations or amplification of these genes drives the cell for continued
proliferation and results in the neoplastic phenotype. The mutations that convert a
proto-oncogene to oncogene are dominant activating, gain-of-function mutations

46



which imply that mutation in one copy of the gene is sufficient to initiate
carcinogenesis. These mutations includes: (i) point mutations, resulting in
constitutively activated gene and its protein, (ii) gene duplications or amplification
leading to its over-expression or (iii) chromosomal rearrangements that brings a
growth-regulatory gene under the control of a different promoter resulting in altered
gene expression (56). All these alterations confer growth and survival advantage to

cells.

Based on the functional properties, oncogenes can be classified as: (i) Growth factors:
Constitutive activation of growth factor genes can lead to malignant transformation. A
well characterized example is Platelet-derived growth factor that stimulates
proliferation of fibroblasts. (ii) Growth factor receptors: Alterations in growth factor
receptor gene leads to their constitutive activation in the absence of ligand binding.
The examples include Epidermal Growth Factor Receptor (EGFR) (iii) Signal
transducers: Binding of ligand to its receptor leads to autophosphorylation of the
kinase domain of the receptor which in turn activates several downstream signaling
pathways. Many oncogenes encode members of signal transduction pathways such as
SRC, ABL, AKT, RAF etc. (iv) Transcription factors: They are members of
multigene families which regulate expression of several genes that control cell
division. The examples include Fos and Jun (v) Chromatin remodelers: Modifications
in chromatin structure and compaction play a critical role in the control of gene
expression, replication and repair and any alterations within these can lead to
neoplastic transformation. (vi) Apoptosis regulators: Various apoptotic regulator
proteins like c-Myc, c-Fos/c-Jun and bcl2 are involved in either pro or anti-apoptotic

regulation of cell (57, 58).
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1.3.1.2 Tumor suppressor genes

Activation of oncogenes represents only one of the two distinct genetic alterations
involved in tumor initiation and progression, the other is inactivation of TSGs (59).
TSGs can be defined as genes which encode proteins that regulate cell proliferation
by acting as the ‘brakes’ for cell division. Their normal function is to inhibit excessive
cell proliferation (59). In cancer, these genes are either lost or inactivated, leading to
removal of the brakes that act as negative regulators of cell proliferation resulting in
abnormal cell proliferation and tumor development. Therefore, mutations in TSGs are
termed as loss-of-function mutations. These have a recessive mode of inheritance at
cellular level which implies that both the copies of the TSG needs to be altered in a

‘two hit’ fashion to initiate tumorigenesis (Knudson two hit hypothesis) (60, 61).

The first insight into the discovery of TSGs came from Henry Harris and his
colleagues in 1969 during their somatic cell hybridization experiments, where they
fused normal cells with tumor cells generating hybrid cells with chromosomes from
both the parent cells. They observed that in most cases the hybrid cells were not
capable of forming tumors suggesting that the inhibitory effect could be because of
the normal copy of genes derived from normal parent cell that suppresses tumor

development (59).

The first TSG to be identified was Rb through studies on retinoblastoma, a rare
childhood eye cancer (62). This served as prototype for identification of several other
TSGs including TP53 as discussed later. Mutations in tumor suppressor genes are
loss-of-function mutations. The loss of function mutations are generally truncating
mutations such as nonsense or frameshift small insertion or deletions; splice site

mutations; and less frequently missense mutations or large genomic rearrangements.
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These mutations affect either the genes that directly regulate cell proliferation such as
Rb and p53 or those that do not directly control cell proliferation, but mutations in
these genes are compromised in their ability to repair DNA damage and thus can

acquire mutations in other genes.

Kinzler and Bert VVogelstein in 1997 grouped the TSGs into two classes: "caretakers”
and "gatekeepers” (63). A third classification of TSGs was proposed in 2004 as

"landscaper” genes (64).

. Gatekeeper genes: Encode gene products that act to prevent growth of
potential cancer cells and prevent accumulation of mutations that directly lead to
increased cellular proliferation. In many cases, gatekeeper genes encode a system

of checks and balances that monitor cell division and death.

. Caretaker genes: They encode products that stabilize the genome.
Fundamentally, mutations in caretaker genes lead to genomic instability. These
genes are critical for maintaining low mutation burden, failure of which leads to a

mutator phenotype in tumor cells.

. Landscaper genes: Encode products that, when mutated, contribute to
the neoplastic growth of cells by fostering a stromal environment conducive to
unregulated cell proliferation. Landscaper genes encode gene products that

control the microenvironment in which cells grow.
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1.4 TP53 gene and protein:

TP53 gene located on the short arm of chromosome 17 (17pl13.1) spans
approximately 20 kb of genomic DNA. It is composed of 14 exons which includes 10
coding exons (exon 2 to 11) which translates into the full length TP53 protein, one
non-coding exon (exon 1) and three alternative exons (exons 2/3, 9B, 9y) (65).
Interestingly, TP53 gene has a 10kb long Intron 1 which constitutes 50% of the total
genomic DNA of TP53 gene (20kb). The gene has three promoters of which two
promoters P1’° (located 250bp upstream of exon 1) and P1 (located in intron 1) encode
complete p53 and A40p53 respectively. The third promoter i.e. P3 lies in the intron 4
of TP53 and encodes protein A133p53. These three promoters encode 12 different
isoforms of p53 through alternative splicing and alternative use of these promoters

(66).

Tumor protein 53 (TP53) also known as p53 or cellular tumor antigen p53 (Uniprot
name), is a 393 amino acids long protein with several functional domains. The name
p53 describes the apparent molecular mass; SDS-PAGE analysis indicates that it is a
53-kilodalton (kDa) protein. However, the actual mass of the full-length p53 protein
(p53a) is only 43.7 kDa (67). This difference is due to the high number of proline
residues in the protein, which slow its migration on SDS-PAGE. The p53 protein
consists of an N-terminal transcriptional activation domain, proline-rich region (SH3
domain), DNA binding domain, tetramerization domain and C-terminal regulatory
domain (Figure 1.1). Each domain has specific functions and TP53 is therefore a
multifunctional protein. P53 protein functions in a tetramer form and this assembly of
proteins occur through the amino acid residues from 323 to 356 located in

tetramerization domain of the protein (68). The protein consists of 5 conserved
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domains locating in the N-terminal and central region of the protein. The first
conserved region is located in the transactivation domain of the protein and the other
four conserved domains of the protein is located in the DNA binding domain of the

protein(69).

The DNA binding domain of the protein consists of two antiparellel B-sheets which is
composed of four and five B-strands and a loop-sheet-helix motif is sandwiched in
between these B-sheets. Two large loops at the end of the B sandwich are held by
tetrahedrally coordinated zinc atom. DNA mainly interact with the loop-sheet-helix

motif and the two loops at the end of DNA binding domain (70).

Transactivation o ] Tetramerization Regulatory
domain SH3 domain DNA binding domain domain domain
(1-50) (63-97) (102-292) (323-356)  (363-393)
Cor_iserved || |!| |!” IV! \/!
regions (12-23) (117-142)  (171-181)  (234-258) (270-286)

Figure 1.1: p53 protein domains and conserved regions. Roman numerals represent five conserved

regions of protein. In bracket amino acid position are represented.

As many tumors were found to express higher levels of TP53 encoded protein (71,
72), it was initially proposed that TP53 is an oncogene. However, later it was shown
that there was mutational inactivation of one TP53 allele with loss of the second wild-
type allele in two colorectal cancers studied (73). In the same year, Finlay et al
showed that expression of wild-type TP53 could inhibit oncogene driven cellular
transformation (74). These studies collectively confirmed that TP53 is a tumor

suppressor gene and not an oncogene as it was thought initially.
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1.4.1 p53 and mechanism of action

TP53 gene is transcribed whenever the cells encounter any stress condition. Initially
Reich et al in 1984 have shown that on serum starvation the mRNA and protein level
goes down but on stimulation with serum the level rises and reach to its highest prior
to G1/S phase of cell cycle i.e. just before DNA replication so that if any damage
occurs then the guardian of the genome is ready to show its parental care (75). c-Myc,
WRAP53, C/EBPB, RBP-Jk etc are the reported proteins that participate in the
transcription of TP53 gene (76-78). The level of p53 in cell is also positively and

negatively regulated by various miRNAs (79).

In unstressed cells, the levels of TP53 protein are kept under check through a
negative-regulatory feedback mechanism which is mediated by Mouse Double Minute
2 homolog (MDM2), an E3 ubiquitin ligase whose expression is induced by TP53.
MDM2 interacts with the amino terminus of the p53 protein, then interacts with the
DNA Binding Domain (DBD) of p53 and further the lysine rich region present in the
C-terminal domain (CTD) are ubiquitinated for the p53 protein’s proteosomal
degradation (Figure 1.2). The biology of MDM2 interaction with CTD of p53 is not
well understood (80). Therefore under normal conditions in the cell, TP53 is very
unstable, with a half-life ranging from 5 to 30 min (81). However, whenever the cell
faces genotoxic stress, such as ionizing radiation or oxidative stress, TP53 and MDM?2
undergoes phosphorylation leading to a decrease in MDM2-TP53 interaction. This
decreased interaction further results in the reduced TP53 degradation, allowing the
accumulation of TP53 protein inside the cell. TP53 molecules then self-associate to

form the functional tetramers which induce the expression of numerous downstream
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target genes that regulate critical cellular processes, such as cell cycle arrest, apoptosis

and DNA repair.

UV Radiation  Hypoxia

DNA Damage Oncogenes
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Figure 1.2: Functions of TP53 (Taken from Ref (82))

(A) In response to cellular stress signals, wild-type TP53 tetramers bind to DNA (in green) and trigger
the activation of genes responsible for a myriad of functions including DNA repair, cell cycle arrest,
apoptosis and senescence. During the course of these activities, TP53 induces expression of MDM2,
leading to TP53 degradation through proteasomal degradation. (B) In contrast to wild-type TP53,
mutant TP53 proteins cannot bind effectively to DNA (in grey), resulting in impaired functions,
including poor induction of MDM2 and hence TP53 accumulation.

Activation of p53 depends on various types of stress. p53 after activation participates
in several vital cellular functions like cell cycle arrest, DNA damage repair, apoptosis
etc as shown in figure 1.3. p53 being a transcription factor activates many genes in
response to the cellular stress to save the cell or to send the irreparable cell to

apoptosis.
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In 2006 Wei et al have produced a global map for the p53 binding site in human
genome. They achieved this by performing chromatin immunoprecipitation assay to
isolate the DNA fragment where p53 binds and further by paired end tag sequencing
they identified around 542 binding loci with high confidence. Of these 542 loci, 98
genes were not known to be transactivated by p53 (83), highlighting the diverse role

of the TP53 gene.
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Figure 1.3: Diverse role of p53 (Guardian of the genome.)

1.4.2 TP53 mutations and cancer

TP53 gene is found to be mutated in more than 50% of tumors (84). Germline
mutation in TP53 causes Li Fraumeni Syndrome (LFS) as described later in chapter-3

(85, 86). International Agency for Research on Cancer (IARC) maintains a
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comprehensive database for all somatic and germline mutations in TP53 gene and its

clinical correlation.
1.4.2.1 Somatic mutations in TP53

Around 28000 somatic mutations are documented in IARC database. The figure 1.4
taken from IARC database shows the distribution of mutations codon (Figure 1.4A)
and exon (Figure 1.4B) wise. All hot spot codon 175, 245, 248, 249, 273 and 282 lie
in the conserved region (region 111, 1V, and V) of the p53 protein. Around 90% of the

mutations are in these highly conserved regions of the gene.

Codon distribution (N = 27850) Exonlintron Distribution (N = 23369)

Codon Number

Figure 1.4: Distribution of somatic mutations reported in IARC database (R19). (A) Codon ;
(B) exon / intron distribution

It is notable that 73% of the mutations reported in IARC R19 release are missense
mutations (Figure 1.5A). Of the point mutations, 86% are missense mutations (figure
1.5B). TP53 gene is very frequently mutated gene in almost all human cancers with
the highest somatic mutation frequency in colorectal cancers and head and neck

cancers (figure 1.6).
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B silent - 1046 (3.62%) I nonsense - 2357 (9.61%)
B splice - 694 (2.4%) B silent - 1046 (4.27%)

Figure 1.5: Types of somatic mutations reported in IARC R19. (A) Mutation Effect; (B) Point
mutations
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Figure 1.6: Mutation prevalence in different tumor types

1.4.2.2 Germline mutations in TP53

Germline mutations in TP53 gene are responsible for Li Fraumeni Syndrome (LFS) /

Li Fraumeni Like Syndrome (LFL). LFS is a highly penetrant cancer predisposition

56



syndrome in which diverse type of cancers are reported with the occurrence of
sarcoma, breast cancer, brain cancer, leukemia, and adrenocortical cancers with very
high frequency (87). The details of the syndrome described in chapter 3. Role of TP53
as the gene responsible for LFS was first reported by David Malkin and Srivastava in
1990 (85, 86). IARC database documents the distribution of germline mutations as

shown in figure 1.7.

A Codon distribution (N = 1923) B Exon/intron Distribution (N = 2095)

A 200 -

Codon Number

Figure 1.7: Distribution of germline mutations reported in IARC database (R19). (A) Codon ; (B)
exon / intron distribution

There are some remarkable differences in the somatic mutations and germline
mutations. Hotspot codons 175, 248, 273 and 282 are common in both types but the
codon 249 mutation is not found to be a germline hot spot while codon 337 is only a
germline hotspot and not a somatic one. Codon 337 is a germline founder mutation of
Brazilian population. Amongst germline mutations the types are almost similar to
somatic mutation with around 75% of mutations being missense (figure 1.8). Cancer
distribution in carriers of germline TP53 mutation in the IARC database is shown in

figure 1.9 and discussed later in chapter 3.
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Point mutation (N = 1717)

@ |IARC TP52 Database, R18, August 2018

Mutation effect (N = 2095)

© IARC TP52 Database, R10, August 2018
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Il nonsense - 166 (9.67%)
I silent - 9 (0.52%)

Figure 1.8: Types of germline mutations reported in IARC R19. (A) Mutation Effect; (B) Point
mutations
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Figure 1.9: Tumors associated with germline TP53 mutation. Tumors in carriers of TP53
germline mutation in IARC database (R19)

1.4.3 Function of mutant TP53

Unlike other TSGs where loss of function truncating mutations are more frequent,
majority of mutations in TP53 gene are missense mutations. Some missense mutations

give the p53 protein a functional advantage while other missense mutation leads to the
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loss of function. Different functional consequences of TP53 mutations can be broadly

categorized into:

» Loss of function mutations: These mutations lead to the complete loss of
function of the protein. These mutations are nonsense mutations, frameshift

mutations, missense mutations and large genomic rearrangements (88, 89).

» Gain of function (GOF) mutations: These are the mutations that give an extra
function to the protein. They may transactivate genes which are not otherwise
transcribed by p53; may gain the ability to transcribe some proteins in greater
abundance; or start interacting with the proteins which are not the interacting
partner of normal p53 protein. Till now all the reported GOF mutations of

TP53 are pathogenic (90-93).

» Dominant negative effect (DNE) of mutations: As described earlier the p53
protein functions in a tetrameric form. Mutations which hamper the function
of wild type protein by incorporating the mutant protein in the functional

tetramer form are called as DNE mutations (67).

1.4.4 Polymorphisms in TP53 and its negative regulator MDM?2

TP53 is a highly polymorphic gene. TP53 gene has 6148 polymorphisms in Homo
sapiens as documented in dbSNP database. After specifying the variation class to
Single Nucleotide Polymorphism (SNP), the total numbers of SNPs documented were
5311. But these variants are not filtered variants which give the exact count of SNPs
whose frequency is higher than 1% in population. Referring to IARC database there
are 439 validated SNPs reported in the R19 release of the IARC TP53 database whose
frequency is >1% based on 1000G, gnomAD, or ESP6500. Of all the SNPs, the P72R
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is the most studied SNP in TP53 gene while a SNP in the intron 1 of MDM2 gene i.e.
SNP309 is a widely studied intronic SNP. Polymorphism in the TP53 and its negative
regulator MDM2 has been shown to affect the function of the TP53 gene. A large
number of case control studies have examined the association of various TP53 or
MDM2 polymorphisms with cancer risk and its phenotype. Individual studies and

their meta-analysis have shown conflicting results in most human cancer (94-101).

1.5 Model Systems for TP53 study:

Earlier various cell lines were used as model system for studying the effect of mutant
TP53 (102). Later model organisms like mouse, Zebra fish, Drosophila melanogaster,
or Caenorhabditis elegans were developed and used for studying this protein and its
functions (102). Genetically the nearest model organism to humans is the mouse
which is extensively used for studies. p53 participates mainly in cell cycle regulation,
DNA damage repair pathway and apoptosis. All these aspects were studied using
above mentioned models. Few earlier studies have shown the use of fibroblast cell
lines and Lymphoblastoid Cell Lines (LCLSs) established from Li Fraumeni Syndrome
patients who carry the heterozygous TP53 mutations to study cell cycle, DNA damage
repair and apoptosis (103-106). However there was conflicting results related to cell
cycle check points in these studies (105, 107, 108). LCLs established from LFS
patients are a good model system as they can be a continuous source of DNA/RNA
and can also be use for various functional studies like cytotoxic studies, DNA damage

repair studies etc as described in detail in chapter 6.
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1.6 Genetic testing

A medical test done to identify any change in genes, chromosomes or protein to
confirm or rule out any suspected genetic condition in any individual is called genetic
testing. It helps to identify if any individual is at risk of developing a genetic disease.
Currently more than 1000 genetic tests are available. Various genetic tests include
testing of either single gene of a short segment of DNA, alteration in which may lead
to some genetic condition or chromosomal test for any chromosomal rearrangement
which may lead to some genetic condition or biochemical genetic test for checking
the activity and level of proteins which give an idea of change in the DNA that may

result into any genetic condition (32).
1.6.1 Types of genetic testing

Genetic test can only be performed after explaining to the individual about the test
during the counseling session and taking a written informed consent of the patient.
Genetic tests can be performed at different stages of life and can be for different
purposes. Based on the type and indication of genetic tests, they can be classified as

(32):

Preimplantation testing — Preimplantation genetic test or preimplantation genetic
diagnosis (PGD) is performed on in-vitro fertilization to select the embryo without
the pathogenic mutation for implantation. This helps parents with high penetrance

disabling or potentially lethal genetic disorders to have normal children.

Prenatal testing — Genetic testing performed during the pregnancy for the
identification of any disorder in the fetus which may help parents to make a

decision about the pregnancy.
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VI.

Newborn screening — These tests are performed immediately after birth for
diseases like phenylketonuria which leads to intellectual disability and congenital

hypothyroidism if left untreated.

Diagnostic testing — This test is performed to confirm the genetic condition by
identifying pathogenic genetic alterations in the gene/s known to be associated
with the condition. When phenotype of any individual reveals an underlying
genetic condition, molecular genetic analysis performed to identify alterations in a

gene could help in guidance and surveillance of the patient and the family.

Predictive and presymptomatic testing —In families with hereditary diseases and
an identified mutation, healthy family members can be tested for the carrier status
if this could help to institute preventive measures that can reduce the morbidity or
mortality from that genetic condition. In hereditary cancers, carriers of pathogenic
mutation can be kept on intensive surveillance for early detection or undergo
preventive measures. This test can also be performed in individuals who belong to
certain ethnic group in which there is a known high prevalence of germline

mutations as exemplified by the Ashkenazi Jews (109).

Forensic testing — This type of genetic testing is performed for legal purposes
like paternity dispute, to identify a suspect from the samples available from the

crime scene and to identify a dead when a situation warrants.

1.6.2 Genotyping assays and errors A variety of molecular genetic analysis methods
are currently used in research as well as clinical laboratory settings. The nature of
genotyping assay used depends on the type of genetic alterations expected, the

sensitivity / specificity desired, cost and turnaround time. In clinical genetics settings,
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accurate molecular genetic analysis provides very important information which is
used for guiding the clinical management of the proband and reflex testing of family
members. Hence these genotyping assays should have very high sensitivity and
specificity. The sample used for extracting DNA for genetic analysis is peripheral
blood, mouth wash or buccal swab. Extra care should be taken in laboratories that
offer genetic testing at every step of sample collection, sample processing and report
issuing. Various types of genotyping errors are known and are broadly classified as

following:

1. Pre-analytical errors: These errors consist of wrong labeling, sample mix-up,
cross contamination etc. These types of mistake should not happen in any kind of

laboratory setup (110).

2. Analytical errors: These errors consist of various genotyping errors like Allele
Drop Out (ADO) which may lead to false negative and false positive results

(111). This is discussed in detail in chapter 4.

3. Post-analytical errors: Errors while reporting the genetic test results (110).

1.7 Rationale:

Worldwide 1221 families with LFS and germline TP53 mutation have been reported
in the August 2018 release R19 of the IARC germline TP53 database of which only 6
are of Indian ethnicity. The IARC database shows differences in the TP53 mutation
spectrum and the tumor spectrum in different parts of the world. As there is paucity of
data from India there is a need to establish TP53 mutation spectrum and its clinical
correlation in large and well characterized Indian LFS families. Comprehensive
genetic analysis in populations not previously evaluated often results in identification
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of several novel and uncharacterized variants. This requires development of model
systems such as LCLs from patients with novel variants and from healthy individuals
from similar genetic background as controls. Moreover, the role of low penetrance
SNPs in MDM2 and TP53 P72R with clinical phenotype and response to treatment

have been studied in relatively small Indian cohorts consisting of diverse cancers.

1.8 Hypothesis: We hypothesize that the genotype — phenotype correlation in the
Indian LFS families may be distinct from the well characterized Caucasian population
(88, 94, 112-114) and this knowledge can help in understanding the molecular
pathways in the origin of diverse LFS tumors and devising population specific

counseling and risk management.

1.9 AIM: To identify germline TP53 gene mutation spectrum and its correlation with
the tumor spectrum and age at diagnosis in a large Indian cohort of hereditary LFS

and sporadic LFS associated cancers.

1.10 BJECTIVES

1. Identifying LFS / LFL families and their detailed phenotypic characterization
2. Comprehensive Genetic Analysis of TP53 & MDM2 in LFS / LFL & sporadic
sarcomas & establishing Genotype-Phenotype correlation.
A.ldentification of germline point mutations and Large Genomic
Rearrangements in TP53 gene in LFS/LFL/suspected LFL families
B. TP53 & MDM2 polymorphisms and clinical phenotype in LFS / sporadic
sarcoma
3. Establishing Lymphoblastoid cell lines from germline TP53 mutation carriers for

DNA repair studies & variant characterization.
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Chapter 2

Materials and Methods






2.1 Patient cohort

Patients with LFS/LFL/ suspected LFL or sporadic LFS associated cancer were
enrolled in this study and subjected to genetic analysis and genotype phenotype

correlation as described.

All the patients were enrolled in between 2003-2018 as part of studies approved by
the Tata Memorial Centre-ACTREC Institutional Review Board. Written informed
consent was obtained from all subjects for biobanking and genetic analysis. For
minors, the written informed consent was provided by the parents. All experiments
were carried out in accordance with the approved guidelines and regulations.
Germline TP53 mutation analysis was performed in two cohorts. The first cohort was
cancer patients with personal or family history suggestive of hereditary LFS or LFL
syndrome or suspected to be LFL (SLFL) and enrolled in the Cancer Genetics Clinic
(CGC), Tata Memorial Centre (TMC). Families enrolled under CGC were 300 for the
study. The second cohort consisted of sarcoma patients with or without family history
of cancer who were enrolled in an ongoing TMC International Sarcoma Kindred
Study (TISKS). Cases enrolled under TISKS were 311 sarcoma cases with or without
family history. All 311 sarcoma cases were taken for association study of clinical
outcome with TP53 and MDM2 polymorphisms. Germline TP53 mutation analysis
was performed in 500 families from these two cohorts. Of these, 197 families fulfilled
the defined criteria of LFS or LFL, while the remaining 303 families did not fulfill the

criteria for LFS or LFL as listed below.
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The detailed inclusion criteria for the screening of TP53 gene is geven below :
Group 1: Classical Li-Fraumeni Syndrome (LFS) cases: Using criteria originally
proposed by Li and Fraumeni and described in the earlier version of the thesis (table

3.1, page 105).

Group 2: Li Fraumeni Like (LFL) cases: Using LFL criteria proposed by Birch 1994,
Eeles 2001 or Chompret 2001, 2009 and 2015 and described in the earlier version of

the thesis (table 3.1, page 105).

Group 3: Suspected Li Fraumeni Like (SLFL) cases: Individuals who do not fulfill

the classical LFS or the existing LFL Birch, Eeles or Chompret criteria.

3A: Proband with early onset (<50 yrs) *Modified LFS spectrum cancer with 1st, 2nd
or 3rd degree relative with any cancer at any age OR proband with multiple primary

cancers of which at least one is a modified LFS spectrum cancer <50 years.

3B: Proband with early onset cancer (<50 years) other than modified LFS spectrum

cancer and family history of *Modified LFS spectrum cancer at any age.

3C: Sporadic sarcoma except Emryonal RMS at any age.

Group 4: Probands with familial cancer at any age and do not fulfill criteria for LFS,

LFL, suspected LFL (3A, 3B or 3C) or any other hereditary cancer syndrome.

*Modified LFS spectrum cancers: Includes *Haemato-Lymphoid malignancies and
*Malignant Phyllodes in addition to the previously described LFS spectrum cancers -

ACC, Sarcoma, CNS, Leukemia and Breast cancer
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2.2 Patient Recruitment and Genetic Testing

2.2.1 Pre and pot-test counseling: A counseling session prior to the testing was held
between the patients and their family members who accompanied them. During this
session, a trained genetic counselor explained to them about the genetic aspects of the
disease, what is genetic testing; expected outcomes of genetic analysis and its possible
implications for the proband and the family. A pedigree chart was drawn based on the
detailed family history as narrated by the patients and their family members. Detailed
medical records were also checked to document all the clinico-pathological
phenotypes. Based on these details, syndromic diagnosis of LFS/LFL was made.
Peripheral blood (3-6 ml) in Ethylene Diamine Tetra Acetic acid (EDTA) vacutainers
or 50 ml of mouthwash samples in Normal Saline were collected from the patient
after obtaining written informed consent. Germline TP53 genetic testing was
performed using methods described later. There were 14 mouth wash samples from
14 individuals from 12 families. For 9 of these cases, blood sample was also
available. Of these 14 individuals, TP53 mutation was identified in 5 individuals. The
mutation was confirmed in 4/5 cases in blood sample also but for one case blood
sample was not available for confirmation of the mutation identified in mouth wash
sample. In the post test counseling session, the genetic test results were explained to
the patients and printed report was given. Based on the report, mutation carriers were
advised appropriate surveillance and prophylactic measures were advised and
importance of the screening of the family specific mutation in first and second degree

relatives of mutation carriers was explained.

2.2.2 Comprehensive Germline TP53 Genetic Analysis: Genomic DNA was

extracted from peripheral blood lymphocytes or from mouth wash by Qiagen columns
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(QlAamp DNA Blood Mini Kit; Catalogue number 51106) according to
manufacturer’s protocol or by conventional phenol chloroform method for some
cases. All the exons of the TP53 gene (1-11) were PCR amplified and sequenced by
Sanger sequencing. If no germline TP53 mutation was identified, analysis for Large
Genomic Rearrangements (LGRs) was done by the Multiplex Ligation dependent
Probe Amplification (MLPA) kit (MRC Holland) as per manufacturer’s protocol. In
three LFS/LFL cases without an identified TP53 mutation on Sanger Sequencing and

MLPA, germline exome sequencing was carried out.

2.3 Genomic DNA extraction

In the earlier part of the study the preferred DNA extraction method was the manual
phenol chloroform method but since 2015, the DNA was extracted in almost all cases

using kit method.

2.3.1 DNA extraction by kit method

DNA was extracted from 200ul of blood or 50 ml of Mouthwash samples using the
QiaAmp Blood DNA Mini kit as per the manufacturer's protocol with some changes
in incubation time for better yield. The step wise procedure was as follows: For
mouth wash the cells from 50ml was pellet down and resuspended on 200 ul PBS and

the same steps followed from step 3.

1. Microcentrifuge tube (1.5ml) taken and 20 pul QIAGEN Protease (or proteinase K)

added into the bottom of the tube.

2. 200 pl blood sample to was added to the microcentrifuge tube.
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3. 200 pl Buffer lysis buffer (AL) was added to the sample and mixed by pulse-

vortexing for 10s.

4. Incubated at 56°C for 10-30 min.

5. The microcentrifuge tube briefly centrifuged to remove drops from the lid.

6. 200 ul of absolute ethanol was added to the sample, and mixed again by pulse-
vortexing for 15 s. After mixing, the tubes were briefly centrifuged to remove drops

from the lid.

7. The mixture from step 6 was carefully applied to the QIAamp Mini spin column (in
a 2 ml collection tube) without wetting the rim. The cap closed, and centrifuged at
6000 x g (8000 rpm) for 1 min. The QlAamp Mini spin column placced in a clean 2

ml collection tube (provided), and the tube containing the filtrate was discarded.

8. The QIAamp Mini spin column was carefully opened and 500 pl of AW1 Buffer
was added without wetting the rim. The tubes centrifuged at 6000 x g (8000 rpm) for
1 min. The QIAamp Mini spin column placed in a clean 2 ml collection tube

(provided), and the collection tube discarded containing the filtrate.

9. The QIAamp Mini spin column carefully opened and 500 pul of AW2 Buffer was
added without wetting the rim. Cap of the tube was closed and centrifuged at full

speed (20,000 x g; 14,000 rpm) for 3 min.

10. It is recommended to give a dry spin by placing the QIAamp Mini spin column in
a new 2 ml collection tube (not provided) after discarding the old collection tube with

the filtrate. Centrifuged at full speed for 1 min.
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11. The QIAamp Mini spin column transferred in a clean 1.5 ml microcentrifuge tube
(not provided), and the collection tube containing the filtrate was discarded. The
QIAamp Mini spin column was opened carefully and 200 pl of elution Buffer (AE) or
distilled water was added. Incubated at room temperature (15-25°C) for 1 min (can be
kept for longer time also for better yield), and then centrifuged at 6000 x g (8000 rpm)

for 1 min.

12. DNA was quantified using Nanodrop spectrophotometer and by loading the DNA

samples on 0.8% agarose gels.

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

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

2.3.2 Extraction by conventional Phenol-Chloroform Method

Lymphocytes were separated from whole 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 was as follows:

RBC Lysis Buffer:

1. Ammonium Chloride -82.9 ¢

2. Ammonium Bicarbonate — 7.89g

3.EDTA-0.37¢g
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Dissolved in 1 litre of distilled water for 10X concentration and can be stored at room

temperature. For use Diluted to 1 X concentration with distilled water.

Phosphate Buffer Saline : (PBS)

1.NaCL: 8¢

2. KCL: 0.2g

3. Na2 HPO4 : 1.44¢

4. KH2PO4: 0.24g

First Dissolved in 800ml of distilled water and pH was adjusted to 7.4. then volume
was make upto 1 litre with distilled water and autoclaved at 15 Ib for 15 mins. Stored

at room temperature.

Protocol :

1) Fresh blood collected in 3 ml EDTA vacutainer. Kept at room temperature until the

plasma is separated.

2) The blood was transferred to 15ml falcon tubes.

3) Three volumes of RBC lysis buffer was added and mixed by rotating for 10 mins.

4) Tubes were centrifuged at 1500rpm for 15 mins.

5) Supernatant was discarded leaving about 1ml behind to prevent loss of cells.

6) Again three volumes of RBC lysis buffer was added and steps 3 to 5 were repeated

until a clear supernatant and a clean white pellet is obtained (usually in 3 washes)
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7) After final centrifuge, the supernatant was discarded completely and the pellet was

re-suspended in 1 ml PBS.

8) The solution was transferred to two 1.5 ml fresh Eppendorf, distributing half the

volume in each.

9) The tubes were centrifuged at 12,000rpm for 10 mins.

10) The supernatant was discarded and the pellets were re-suspended in 500ul of fresh

PBS.

11) The tubes were centrifuged at 12000 rpm for 10mins and the supernatant was

discarded completely.

12) Cell lysis buffer (400ul) was added and mixed gently by rotating.

13) The tubes were incubated at 55-56° C in a water bath for an hour.

14) 10 ul of Proteinase K was mixed (10mg/ml stock) gently into the viscous solution

making sure no vortexing was done. .

15) The tubes were incubated overnight at 55-56 °C for proper lysis.

16) Equal volume of phenol (equilibrated with TRIS to get a pH above 7) was added

to the tube and mixed well by inverting/rotating for ten mins.

17) Centrifuged at 12000 g for 10 mins.

18) The aqueous upper layer was transferred to a fresh tube containing half the
volumes of phenol and chloroform: Iso-amyl alcohol (24:1), when transferring the
aqueous phase, The aqueous layer was drawn into the pipette very slowly to avoid

disturbing the material at the interface.
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19) Mixed well by inverting/rotating, for 10 mins and then centrifuge for 10 mins at

12,000 g.

20) The supernatant was transferred to a fresh tube and equal volume of chloroform:

iso-amyl alcohol (24:1 was added.

21) Mixed well by inverting, for 10 mins and then centrifuged at 12,000g for 10

mins.

22) The supernatant was transferred to a fresh tube.

23) Twice the volume of absolute alcohol was added and inverted gently a few times.

The DNA appeared as thread like structures.

24) The tubes were incubated at -20° C for approximately 4 hours to overnight to

allow for full precipitation of the DNA.

25) Two washes with 70% alcohol were given and the pellet was air dried.

The DNA was dissolved in appropriate amount of TE buffer and stored at 4° C.

2.4 Polymerase Chain Reaction (PCR)

PCR amplification of the entire coding region of TP53 gene and flanking intronic
region was carried out using specific primers designed for respective amplicons. PCR
amplification was carried out in a 25ul reaction with 10pmol of primers (Sigma),
100ng of DNA and using 1 unit of Tag polymerase (Finnzyme). The composition of

master mix is given in Table 2.1 and the cycling conditions are summarized in Table
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2.2. The primer sequences and annealing temperatures for various amplicons of TP53

gene is given in Table 2.3.

Table 2.1 Mastermix composition for PCR
Components Volume /reaction
10 X PCR buffer 2.5ul

2.5mM dNTP 1.0ul

10 pmoles/ul P (F) 0.5ul

10 pmoles/ul P (R) 0.5ul

20 ng/pl DNA template | 5.0pl

5U/ul Taq polymerase 0.5 ul

MilliQ 15.0 pl

Total volume 25 ul

Table 2.2 Cycling conditions for PCR

Step Temperatures Time
1. Initial Denaturation 95°C 5 mins
2. Denaturation 95°C 45 secs
3. Primer annealing* X°C 45 secs
4. Extension 72°C 45 secs
5. Final Extension 72°C 5 mins
6. End 4°C 2 mins

Go to Step 2-4: 35 cycles

* annealing temperature variable for various primer pairs
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Table 2.3 Primer sequences and annealing temperatures for TP53 gene

Amplicon Primer Annealing

Temp
Exon 1F CACAGCTCTGGCTTGCAGA

63.2°C
Exon 1R AGCGATTTTCCCGAGCTGA
Exon 2F AGCTGTCTCAGACACTGGCA

63.2°C
Exon 2R GAGCAGAAAGTCAGTCCCATG
Exon 3+4-P1-F | AGACCTATGGAAACTGTGAGTGGA | 58-51Touch
Exon 3+4-P1-R | GAAGCCTAAGGGTGAAGAGGA Down
Exon 3+4-P2-F* | AGACCTATGGAAACTGTGAGTGGA

68°C
Exon 3+4-P2-R* | AGGAAGCCAAAGGGTGAAGAGG
Exon 5+6F CGCTAGTGGGTTGCAGGA

63.2°C
Exon 5+6R CACTGACAACCACCCTTAAC
Exon 7-P1-F CTGCTTGCCACAGGTCTC

63.2°C
Exon 7-P1-R TGGATGGGTAGTAGTATGGAAG
Exon 7-P2-F* AGAATGGCGTGAACCTGGGC

66°C
Exon 7-P2-R* | TCCATCTACTCCCAACCACC
Exon 8+9F GTTGGGAGTAGATGGAGCCT

63.2°C
Exon 8+9R GGCATTTTGAGTGTTAGACTG
Exon 10F CTCAGGTACTGTGTATATACTTAC

57.8°C
Exon 10R* ATACACTGAGGCAAGAAT
Exon 11F TCCCGTTGTCCCAGCCTT

57.8°C
Exon 11R TAACCCTTAACTGCAAGAACAT
3’UTR_F* GCCAGCCAACTTTTGCAT G 60°C
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3’UTR R* GTCTCCAGCCTTTGTTCCCC

Table 1: + represents newly designed primers. Rest of the primers were taken
from reference (115)

2.5 Agarose Gel Electrophoresis

1. One gram of agarose was weighed to make a 1 % solution and was dissolved
in 100 ml 1X TBE (Tris, Boric acid, EDTA buffer).

2. The agarose solution was boiled in a microwave to enable complete digestion
of the powder. It was cooled to less than 50°C.

3. Ethidium bromide (EtBr from 10mg/ml stock) was added to a final
concentration of 0.5ug/pl.

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

5. The samples to be loaded were mixed with 1X loading dye.

6. The samples were loaded and the apparatus was run at the required voltage
(5V/cm?).

7. It was allowed to run until the dye traversed 3/4" of the gel.

8. The DNA bands were visualized using a Ultra Violet (UV) Transilluminator.

9. Pictures were taken and stored using Gel Documentation System (UVP
products). A representative picture of gel with all the amplicons of TP53 is

shown in figure 2.1.
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Well 1: TP53 Exon 1 (383bp)
Well 2: TP53 Exon 2 (319bp)
Well 3: TP53 Exon 3+4 (657bp)
Well 4: TP53 Exon 5+6 (550bp)
Well 5:100bp Ladder

Well 6: TP53 Exon 7 (283bp)
Well 7: TP53 Exon 8+9 (455bp)
Well 8: TP53 Exon 10 (348bp)
Well 9: TPS3 Exon 11 (476bp)

Figure 2.1: Amplicons of TP53 gene: 1% agarose gel showing standardized PCR products of all the
amplicons of TP53 gene.

2.6 Purification of PCR products

The PCR products were diluted to a concentration of 30-50ng of template. 1.5
microliter of EXO-SAP IT [USB Affimetrix] was added to 7ul of diluted PCR
product. This mix was incubated at 37°C for 15 mins followed by incubation at 80°C

for 15 mins.

2.7 Sanger sequencing

Amplified products were cleaned with Exonuclease and Shrimp Alkaline phosphatase
for sequencing to remove the unincorporated primers and dNTPs. 2ul of cleaned PCR
products with 1ul of 1.5 pmol of 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 Genetic Analyzer 8 capillary or 3730
DNA Analyzer 48 capillary (Applied Biosystems)

Chromatograms were analyzed using Chromas Lite and Sequencing Analysis
Software v.5.3.1. The threshold for mixed base for detection of heterozygous

mutations was set at a ratio of 0.3 of the wild type.
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(https://tools.thermofisher.com/content/sfs/brochures/seq-quantification-app-note.pdf,

accessed on 15" Mar 2018)

Step 1: Cycle sequencing
o 2ul of template and 1ul of primer (both in the desired concentration) were
added in the 96-well sequencing plate.
o Cycle sequencing reaction master mix was prepared as:
= MilliQ water - 4.75 pl
= 5X Sequencing Buffer - 1.75 pl
= Ready Reaction mix - 0.50 pl
o 7ul of mastermix was added to each sample
o Cycle sequencing reaction in the thermal cycler was set as:
1. 96°C for 2 minutes
2. 96°C for 10 seconds
3. 1°C/second to 55°C
4. 55°C for 0.05 minutes (5 seconds)
5. 1°C/second to 60°C
6. 60°C for 4 minutes
7. Go to steps 2-5 for 24 times
8. 4°C forever
Step 2: Post cycle sequencing cleanup
1. A mixture of the two BigDye XTerminator reagents (Premix) was prepared as:
= XTerminator Solution - 10ul
=  SAM solution - 45ul

2. 55ul of the premix was added to each sample and reaction plate was tap spun.
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3. The reaction plate was vortexed for 30 minutes
4. The reaction plate was centrifuged at 2500 rpm for 2 minutes
5. Tap spin and load The reaction plate was tap spun and loaded on the

sequencer.

2.8 Mutation analysis

The chromatograms were analysed by using Chromas Lite software [Technelysium
Pty Ltd]. The data was compared with the reference sequence of TP53 gene taken
from the NCBI (genomic DNA sequence) and University of California, Santa Cruz
(UCSC) (c.DNA sequences) databases to identify variants. Locus specific database

for TP53 gene — IARC database (http://p53.iarc.fr/) was used to check if the variants

were reported or not. All pathogenic or likely pathogenic germline mutations were
confirmed by bi-directional sequencing. Also, the mutations were confirmed on a
second independent sample, whenever available. The pathogenicity of the mutations
was inferred based on their previous characterization and description in the most
recent IARC germline database version R19. Novel variants not previously reported
were characterized using multiple software tools for in silico prediction of
pathogenicity. These included Align-Grantham Variation Grantham Deviation
(AGVGD), Polyphen, Sorting Intolerant From Tolerant (SIFT) and Rare Exome

Variant Ensemble Learner (REVEL).

2.9 Multiplex Ligation Dependent Probe Amplification (MLPA)
In patients without any mutation identified by Sanger sequencing, MLPA analysis

was carried out for the large genomic rearrangements study. SALSA MLPA P056
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TP53 Probemix kit from MRC Holland was used as per manufacturer’s protocol

described below.

2.9.1 MLPA for Large Genomic Rearrangement (LGR) analysis

Proced
Step 1:

1.

ure
Denaturation of DNA sample

5 pl of DNA sample added to each tube.

2. The tubes were placed in a thermocycler and the MLPA thermocycler

Step 2:

Step 3:

program was started (given at the end of protocol).

DNA denatured for 5 minutes at 98°C and cooled to 25°C.

Hybridization of Probes to sample DNA

Hybridization master mix was prepared for each reaction: 1.5ul MLPA buffer
+ 1.5ul probemix. Hybridization master mix was well mixed by pipetting or
vortexing.

After DNA denaturation, 3ul of the hybridization master mix was added
to each sample tube. Mixed well by pipetting up and down.

thermocycler program continued: incubation for 1 minute at 95°C, then for 16
— 20 hours at 60°C.

Ligation of hybridized probes

Ligase-65 master mix was prepared by adding 25ul H,O + 3ul Ligase buffer
A + 3ul Ligase buffer B for each reaction. Then 1ul Ligase-65 enzyme was
added. Mixed well by pipetting gently up and down. (Never vortex enzyme
solutions).

The thermocycler program was paused at 54°C.

When the samples are at 54°C, 32 ul of the ligase master mix was added to

each reaction tube. Gently mixed by pipetting up and down.
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4.

Step 4:

1.

2.

Step 5:

2.

3.

The thermocycler program was resumed: 15 minutes incubation at 54° (for
ligation), followed by 5minutes at 98°C for heat inactivation of the Ligase-65
enzyme and then at 20°C for 10 minute.

PCR amplification of Ligated Probes

A polymerase master mix was prepared by adding 7.5ul dH,0 + 2 pl SALSA
PCR primer mix + 0.5 pl SALSA Polymerase for each reaction. Mixed well
by pipetting up and down; vortexing should be avoided. Stored in ice until use.
At room temperature, 10 pl polymerase mix was added to each tube. Mixed
by pipetting up and down. Thermocycler program of 35 cycles: 30 seconds at
95°C; 30 seconds at 60°C; 60 seconds at 72°C. Program ended with 20
minutes incubation at 72°C and then paused at 15°C.

Fragment Separation by Capillary Electrophoresis

PCR products (1 ul), 0.15ul LIZ size standard and 10ul of Formamide were
mixed.

The samples denatured at 95°C for 5minutes and then placed on ice rapidly to
avoid renaturation.

Plate was loaded on the sequencer.

Table 2.4 Dosage Quotients values for copy number status in MLPA

Copy Number Status Dosage Quotient

Normal 0.85<DQ<1.15

Heterozygous duplication 1.35<DQ < 1.55

Homozygous duplication 1.70<DQ<2.20

Heterozygous deletion 0.35<DQ <0.65
Homozygous deletion 0
Equivocal copy number All other values
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2.9.2 MLPA Data Analysis

MLPA data was analysed for large genomic rearrangements using the Coffalyser.Net

Software created by MRC-Holland. This software calculates the Dosage quotient

(representative of the copy number) for each probe in the kit by (table 2.4):

e Intra-sample normalization: Peaks of probes specific for the gene of interest are
compared with the peaks of reference probes in a sample which are expected to
have a normal copy number.

e Inter-sample normalization: Peaks pattern of the sample of interest is compared to
that of the control DNA samples (derived from healthy volunteers) that were
included in the same experiment.

In this way, it is possible to detect abnormal probe signals that indicate deletions or

duplications of sequences detected by MLPA probes.

2.10 Whole Exome Sequencing: Germline exome sequencing was done for three
classical LFS cases in whome Sanger sequencing and MLPA had not identified any
TP53 mutation. The Nextera rapid capture kit (lllumina) was used for library
preparation and sequencing was done on Hiseq 2000 following manufacturer’s
protocol. The number of targated exons covered in this kit was 214,405 and 98.3% of
Refseq genome was covered.

(https://www.illumina.com/documents/products/datasheets/datasheet_nextera_rapid c

apture_exome.pdf)
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2.10.1 Steps of Exome Library preparation

1. Tagmentation of genomic DNA was done using Nextera transposomes.
Tagmentation is a process which fragments gDNA & adds adapter sequence to their
ends in a single step.

2. Index adapters were ligated to the ends of tagmented DNA & then amplified. Index
adapters provide unique identity to each sample.

3. After amplification of tagmented DNA library, its cleanup was done to remove
unwanted products which would otherwise interfere with downstream process.

4. The next step was 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.

5. Each library was pooled at a concentration of 500 ng. Once the pooling was done,
the probes were added to the library to bind to target region.

6. Next step was to capture hybridized probes using streptavidin magnetic beads &
non specific binding were washed from the beads which gives enriched library. This
process of probe hybridization and capture was done twice to ensure high specificity
of captured regions in enriched libraries and removal of nonspecific bindings.

7. Further clean up of enriched library wass done using sample purification magnetic
beads & then the purified & enriched library was amplified & purified to generate
final Exome library to be used for the subsequent steps of cluster generation and

sequencing.
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8. Sample Library was taken for Quality control analysis using Agilent Technologies
2100 Bioanalyzer as well as 1% Agarose gel. The DNA library should have fragments

ranging in size between 200 bp to 1 kbp.

2.10.2 Exome Data Analysis Pipeline

Data analysis was done using Genome Analysis Tool kit (GATK) standardized
pipeline. The steps of data analysis included:

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: For analyzing sequence data, alignment to
reference genome is necessary. Processed FastQ files were aligned to human
reference genome sequence, extracted from UCSC. Alignment was done using
Burrows-Wheeler Aligner (BWA) software/Mapping tool. After alignment .sai files
were generated and converted into readable text files i.e. Sequence Alignment Map
(SAM) files. Large SAM files are then compressed into Binary Alignment Map

(BAM) files (Binary version of SAM files) using SAMtools command.

3. Post-Alignment processing: After alignment with reference genome, post
alignment processing of BAM files was done which includes marking of PCR
duplicates using PICARD tools, local realignment and quality score recalibration

using GATK tools.

4. SNP Calling: This step produces raw SNP files from processed aligned reads. SNP
calling was done using GATK Unified Genotyper which Calls SNPs & short InDels at

the same time & gives well annotated Variant Call Format (VCF) file as an output.
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Various filters were applied at this step based on quality and depth of coverage of

alleles to filter out variants with low allele frequency.

5. Variant Annotation and visualization: VCF files were annotated using
ANNOVAR tool with different database & an excel sheet was generated as an output
summary which includes gene name, its chromosome location, function, rs ID,
pathogenicity prediction score using different in silico prediction tool etc. Variants

were further visualized using Integrated Genome Viewer (IGV) software.

Exome analysis was also performed by using Varscan where filtering was done on the
basis of allele frequency. Only those variants were called whose allele frequency was

greater than 20% as we have to look only for germline variants.
2.11 Germline Allele Drop Out (ADO) in TP53 gene

A germline TP53 ADO was suspected, if the TP53 variant identified through exome
sequencing was either not detected on Sanger sequencing or was detected with peak
height ratio of <0.3 on the chromatogram. In addition, whenever a pathogenic
germline mutation was detected in a homozygous state, we suspected a germline
TP53 ADO. Sanger sequencing was repeated for all suspected ADO samples in the
discovery cohort and in a validation cohort of 150 LFS/LFL cases negative for TP53
mutation on initial Sanger sequencing and MLPA. For exon 7 ADO, in which a
polymorphism was identified in the annealing region of the primers initially used,
sequencing was repeated with redesigned primers. Count of all TP53 polymorphisms
was searched in the National Centre for Biotechnology Information (NCBI)

(https://www.ncbi.nlm.nih.gov/snp, accessed on 5" Apr 2018). Presence of

polymorphisms in the binding region of the primers used in our study, was searched
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in the UCSC genome browser (https://genome.ucsc.edu/, accessed on 14™ Mar 2018)

Figure 2.2. For each polymorphism identified, its minor allele frequency (MAF) was

searched in the dbSNP database by their rs ids (https://genome.ucsc.edu/, accessed on

14™ Mar 2018)

G-quadruplexes:  For estimating G-quadruplexes in the TP53 sequence, the
Quadruplex forming G-Rich Sequences (QGRS) Mapper was used (116). Methylation
status of TP53 gene was checked in an available online tool named sequence

manipulation suite (117).
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Figure 2.2: UCSC genome browser showing primer annealing region polymorphisms: Sequence
within the red box is the primer sequence and below black highlighted regions mark the
polymorphisms with their rs-1Ds.

2.12 Genotyping for TP53 and MDM2 polymorphisms

Genotyping was done for 3 polymorphisms. The two TP53 polymorphisms - P72R
(rs1042522) and the 16bp duplication in intron 3 (PIN3-rs17878362) were genotyped

during full gene sequencing of TP53. The MDM2 SNP309 was genotyped using
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Restriction Fragment Length Polymorphism (RFLP). The PCR primers and

temperature for MDM2 SNP309 is shown in table 2.5

Table 2.5 Primer sequence of MDM2SNP309 amplicon

Primer Sequence Annealing Temp

MDM2SNP309_F | GTTTTGTTGGACTGGGGCTA
63.2°C

MDM2SNP309_R | CGGAACGTGTCTGAACTTGA

» MspALl restriction enzyme from New England Biolabs (NEB) was used for

RFLP

» The amplicon has two restriction sites. One is created due to change of allele

from T>G.

» 293bp digested into 193bp and 100bp in TT allele and 147, 100 and 46bp in

GG allele as shown in figure 2.3.

2% Agarose 500bp
193bp
147bp oo
p
100bp

Figure 2.3: RFLP of MDM3 SNP309: 2% agarose gel electropherogram showing the heterozygous
homozygous and wild type genotypes of MDM2 SNP 309; (bp-base pair).
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PROCEDURE:

1. The required volume of PCR product was taken and diluted with MilliQ 20-30

ng/ul.

2. 10ul of diluted PCR product was taken and 2ul of Buffer was added (provided
with the restriction enyme from NEB and the reaction volume was made up to

20ul by MilliQ.

3. Restriction Enzyme (MsplA1) was added 0.1U/reaction, and incubated at 37 ° C
for 30mins to 1 hour. (Note: Incubation time and temperature varies with

Restriction Enzyme used).

4. The digested products were visualized on 2% agarose gel electrophoresis followed

by confirmation of 5% genotyping results on Sanger Sequencing.

2.13 Establishment of Epstein Barr Virus transformed Lymphoblastoid Cell
Lines:

Epstein Barr Virus (EBV) transformed LCLs were established 3 ml freshly collected
peripheral blood from cancer patients with or without germline TP53 mutations and

from healthy controls with the following protocol.

Reagents

1. Media

2. Normal Saline

3. Ficol Hypaque (FH)

4. EBV soup

Plasticware: 15ml falcon tubes, Pasture pipettes, culture flasks
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Medium Preparation

Incomplete media: 1 packet of Iscove's Modified Dulbecco's Medium (IMDM) from
Gibco dissolved in 1lt of fresh MQ + sodium bicarbonate as mentioned in the packet
(0.3% of NaHCOg). It is then filtered using Millipore Express Plus Filters of 0.22um.
Incomplete media kept for 48 hours to check for any contamination. This incomplete
media is used for preparation of complete media. The composition of complete media

is given in table 2.6 below.

Table 2.6 Composition of complete medium

Components Volume
Incomplete media 83.5 ml
Fetal Bovine Serum (FBS) 15.0ml
Glutamine 1.0ml

penicillin, streptomycin, gentamycin and
0.5ml
amphotericin B (PSGA) Antibiotic

Total 100.0ml

Freezing Media: Used while freezing the established cell line.

FBS: Dimethyl Sulphoxide (DMSO) was used in a ratio of 9:1 (900ul+100ul) as
freezing media

Normal Saline (NS) preparation

9 gm of NaCl was dissolved in 1litre of water, autoclaved and stored at room
temperature.

Ficol-Hypaque:

Composition and preparation
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Ficol- 21.6gm of Ficol powder was dissolved in 80ml of Milli-Q.

Hypaque (Sodium Ditrizoate) 33.33 gm was dissolved in 200ml of Milli-Q. Both the

solutions mixed together after which the density of the solution was adjusted to 1.077.

This solution is stored at 4 °C until use.

Epstein Barr Virus Supernatant (Sup) Preparation:

> Initially the cell line B95.8 Monkey Marmoset was cultured in a minimal volume
of 5 mL medium in a 25 mL flask. On reaching the required density of viral
particles the culture was transferred to a 100 ml flask for further growth and
enrichment of viral particles.

Procedure:

» Three tubes were labeled, 3ml blood taken in one tube and volume made upto 10
ml by adding NS, FH (2.5ml) taken in another tube. The diluted blood was slowly
added over FH, after which it was centrifuged at 2000rpm for 20 min.

» The peripheral blood mononuclear cells (PBMNCSs) separate out at an interphase
as a white ring, which is collected in 10 ml saline (figure 2.4). The PBMNCs were
washed twice with NS.

» The supernatant was discarded completely, then 1 ml of EBV sup and 1 ml
complete media was added on the pellet and incubated in a CO; incubator in a

25ml T-flask at 37°C.
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Plasma
Normal Transferred
% slowly Centrifuge at 1500
> |
to Ficol RPM for 20 min
Hypaque a3, \WBCs
N
Blood diluted in Blood over Different layers of
Blood Normal saline Ficol Hypaque Blood components

Figure 2.4: WBC separation by Ficol Hypaque density gradient centrifugation: FH-Ficol
Hypaque; NS-Normal Saline; WBC-White Blood Cells; RBC-Red Blood Cells.

Freezing of Lymphoblastoid cell lines

Freezing of cell lines: Approximately half of the medium in the flask of the cell
culture was removed, discarded and replaced with fresh medium 24 hours prior to
freezing of the cell line. The cell suspension was gently mixed and centrifuged at
1500rpm for 10mins. The cell pellet was re-suspended in precooled freezing medium
(90% FBS+ 10% DMSO) while keeping the cell density at around 1 million cells/ml.
The cell suspension was then transferred to cryotubes and immediately frozen at -
80°C. Cryo vials containing the cells were transferred to liquid nitrogen after

approximately 24-48 hours.

2.14 DNA damage repair study- Gamma H2AX assay

EBV transformed lymphoblastoid cell lines were exposed to gamma radiation and the
Gamma H2AX foci were estimated at baseline and at different time points after

irradiation to estimate the DNA damage repair. The following protocol was used.
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Requirements

Plastic wares and Others: Culture plates, 25ml T-Flask, 15ml falcon tubes, Radiation

Source,

Reagents:

1. Incomplete and Complete media- Prepared as described above

2. NS and PBS- composition and preparation described above. All the components
dissolved in 800 ml of milli-Q and pH is adjusted to 7.4 and the final volume
made upto 1litre.

3. Para Formaldehyde (PFA): For fixation 3% PFA was made. 3gm of PFA
dissolved in 100ml of PBS.

4. FACS Buffer for processing cell line: Buffer is prepared by adding 1ml FBS in
99ml of PBS and 0.02 gm of Sodium Azide.

5. Triton-X-100: For perforation of cell 0.3% of Triton-X-100 was used. 300 ul of

Triton-X-100 was added in the 100 ml of buffer

Tween-20: Tween-20 was used at a concentration of 0.1% for antibody dilution.

100 ul of tween 20 added in 200ml of buffer for use.

Bovine Serum Albumin (BSA): 5% BSA prepared in PBS

Primary and Secondary Antibody: Anti-phospho-Histone H2A.X (Ser139), clone
JBW301 primary antibody was used from Merck Millipore (cat # 05-636, Lot #

2250524). Secondary antibody used was from invitrogen, by Life technologies.
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Catalogue # A11029 lot 1252783, 0.5ml, Alexa Fluor 488 goat anti mouse 1gG

(H+L).

9. 4',6-diamidino-2-phenylindole (DAPI)- 0.5 ug/ml concentration of DAPI was

used for counter staining.

Revival of Lymphoblastoid cell line

1. Cryovials from liquid nitrogen cylinder were taken out and immediately kept in

water bath previously set at 37°C

2. Culture from the cryovials was transferred to 15ml falcon with 10ml of
incomplete media for wash. Centrifuged at 1500 RPM for 10 mins. Supernatant

discarded.

3. After wash cultures were transferred to 25ml T-flask with 2ml of complete

medium

After successful revival the cells were split in two parts, one for freezing and the other
for experiment. Experimenting cells were again split into two parts and after reaching

the count of 10 million in each flask, cells were taken for irradiation.

Irradiation of cell lines

1. After achieving the 10 million count cells were pelleted down, old media

discarded and fresh complete media was added.

2. Cells were distributed into four culture plates from each flask with 2.5 million

counts in each plate for four different time points (1hr, 4hr, 24hr and 48hr). One
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set of plates was used for irradiation and the other set for no radiation control. All

steps were done simultaneously for LCLs from healthy controls.

3. lrradiation set were taken for both cases and controls. Source of radiation used
was ®Co and cells were exposed to 2Gy of radiation with a dose rate of 1.9

Gy/min at 80 cm Source Skin Distance (SSD) on Bhabhatron Telecobalt unit.

4. After irradiation cells were kept at 37°C in CO, incubator and fixed at different

time points.

Post irradiation processing
1. Cells were taken at appropriate time for processing and fixing.

2. Cells from culture plates were transferred to 1.5ml eppendorf tube and
centrifuged at 1500 rpm for 10 mins. Supernatant discarded and 1ml of FACS
buffer was added and pellet dislodged and pulse vortexed. Centrifuged at 1500

rpm for 10 mins and supernatant was discarded.

3. 1ml of 3% PFA was added for fixation at appropriate time. Incubated for 15 mins
at 4°C. Centrifuged after incubation at 1500 RPM for 10 mins and supernatant

discarded.

4. These steps were repeated at every time point. Cells were taken for staining at the
same time or kept at 4°C and taken for staining after fixing the cells from all time

points.
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Post fixation processing

1.

10.

Fixed cells were taken and a wash given by adding 1ml FACS buffer. Mixed and

centrifuged at 1500 rpm for 10mins and supernatant discarded.

Tap mixed and resuspended, then 500 ul of triton-x-100 added. Mixed by

vortexing for 10 sec and then 10 min incubation at room temperature.

Mixed well after incubation and centrifuged at 1500 rpm for 10 min and the

supernatant discarded carefully.

Tap mixed and 700 ul of FACS buffer was added. Again tap mixed and then

centrifuged at 1500 rpm for 10 mins.

Supernatant discarded. Mixed well. 50 ul of 1:200 diluted (1:200-Antibody-

diluted in 5% BSA in Tween 20) primary antibody was added.

Kept for overnight incubation in 4°C.

After overnight incubation, 700 pl of FACS buffer was added (mix well).

Centrifuged at 1500 rpm for 10 min, supernatant discarded.

Secondary antibody added in 1:200 dilution (diluted in 5% BSA in tween 20) in

dark room. Mixed and incubated at room temperature in dark for 1-2 hr.

FACS buffer (700ul) was added, mixed well and centrifuged at 1500 rpm for 10

min. Supernatant discarded and tap mixed (maintain darkness)

Pre cut coverslips were cleaned with methanol and properly wiped with tissue

paper.
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11.

12.

13.

14.

15.

16.

Sample volume of 20 ul were transferred from each tube to cover slip. Properly

spread and kept for air drying.

After air drying DAPI diluted to working concentration (0.5ug/ml) from stock
solution. DAPI (15ul) put on the parafilm. Coverslip was put over the drop by

keeping cell smear downwards. Kept for 10-15 mins.

PBS washes given four times by keeping the coverslip in 2ml PBS in stericups

and by shaking it (cell smear upside). Pipette out the PBS.

Then a methanol wiped slide is taken and a drop of mounting media (vecta
shield) were put on the slide. Coverslip from stericups kept over the slide keeping

cell smear downward over the mounting media drop.

Extra mounting media removed by putting tissue paper over the cover slip and by

rubbing it gently.

Coverslips sealed using transparent nail polish. Slide ready for imaging

Image interpretation and analysis

1.

3.

Images were captured in confocal microscope at 63X of at least 5-10 fields of

each coverslip covering around 30-50 nuclei for each time point.

Data was analysed using Zies software. Fluorescent intensity of each nuclei was

recorded and Mean Fluorescent Intensity was calculated for at least 30-50 nuclei.

A higher mean fluorescent intensity indicated higher number of cells with

unrepaired double stranded DNA damage.
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2.15 Use of Lymphoblastoid cell lines for variant characterization

In-silico prediction of variant was performed by Human Splice Finder (HSF). HSF
predicted it to be deleterious and thus we took it for functional characterization

(http://www.umd.be/HSF3/ ). LCLs of the case with TP53 variant and a healthy

control were revived using method described earlier. After achieving the count of 2.5
million cells, they were exposed to 2Gy gamma irradiation to achieve full expression
of p53 in the LCL. One hour prior to irradiation the cells were treated with Puromycin
for blocking Nonsense mediated decay (NMD) of RNA. Radiation was given for
puromycin treated as well as puromycin untreated cells. LCLs without radiation
exposure (0 Gy) were kept as controls. After irradiation, cells were taken for RNA

extraction after 3 hours.

2.15.1 RNA extraction

RNA was extracted using conventional TRIzol method as described below

1. Cells were taken in 1.5 ml eppendorf and centrifuged at 4°C and supernatant

discarded. 1 ml of TRIzol reagent was added and mixed well by pipetting.

2. Chilled chloroform (200ul) added to each tube and vortex at maximum speed for 1

min.

4. The vortexed mixture was kept on ice for 15 mins.

5. The Eppendorf tube was then centrifuged at 12000 rpm at 4°C for 15 mins to
ensure extraction of RNA into the aqueous layer. The interphase layer is the DNA of

the tissue and the organic phase is the protein and lipid content of the tissues.
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6. The aqueous phase was slowly pippetted out in one go without disturbing the

interphase to avoid DNA contamination and placed in fresh Eppendorf tube.

7. To the separated aqueous phase, isopropanol was added in 1:1 ratio and the mixture

was vortexed for 10 seconds.

8. Incubated the Eppendorf on ice for 15 mins to ensure complete precipitation of

RNA by isopropanol.

9. After 10 mins of incubation, the Eppendorf tubes were centrifuged at 12000 rpm

for 15 mins at 4°C and the supernatant carefully discarded.

10. Transparent RNA pellet in the bottom of the tube.

11. The RNA pellet was washed twice with 70% ethanol (prepared in DEPC water) at
4°C and 12000 RPM for 10 mins. After the wash with absolute alcohol, the pellet
was air dried in the hood for 10 mins. Care was taken that the pellet is not kept for

drying for more than 10 mins to prevent degradation of RNA.

12. The air dried pellet was now suspended in 20 ul of DEPC water.

13. The RNA was quantified by Nanodrop and integrity checked by 1% agarose gel

electrophoresis after which it is stored at -80 degrees.

2.15.2 First strand synthesis and PCR

First strand synthesis was done using Amersham Biosciences First-Strand cDNA
Synthesis Kit (Catalogue 27-9261-01). cDNA synthesis or Reverse Transcriptase PCR

(RT-PCR) is a PCR where the starting material is total RNA. Here, RNA is
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transcribed into complementary DNA (cDNA) by reverse transcriptase enzyme

followed by its amplification.

Template: Total RNA instead of mMRNA was used. The purity of RNA is important as

the contaminants (DNA, proteins and phenol) may affect the reaction.

Primers: For cDNA synthesis random hexamer primers provided with the kit were

used. These primers anneal to the mRNA to facilitate reverse transcription.

Steps:

1. 1-5ug RNA in a 20 pl reaction volume (RNAse free water) was heated at 65

degrees waterbath for 10 mins and then chilled on ice.

2. The bulk first-strand cDNA reaction mix was mixed properly by pipetting to obtain
a uniform suspension. The appropriate volume of the bulk first strand cDNA reaction
mix (11pl) was added to a sterile 1.5 ml microcentrifuge tube. To this tube 1ul of
DTT solution and 1pul of the random hexamer primers were added to heat denatured
RNA. Pipetted up and down several times to mix and incubated at 37°C for 1 hr. The

first strand cDNA was synthesized and ready for next steps of PCR.

PCR and gel loading

PCR is performed using the cDNA specific primers given in table 2.7 to amplify the

cDNA of TP53 to reveal any aberrant transcript.

Table 2.7 Primers for cODNA of TP53 gene covering the DNA binding Domain

Primer Sequence Properties Annealing Temp

TPS3_cDNA_F | GATGATTTGATGC | Present at Exon 4 55°C
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TGTCC

TP53_cDNA_R | GGATCTGAAGGG | Junctional primer

TGAAATATTC Exon 9-10

2.15.3 Sequencing of Aberrant transcript

The aberrant transcript visualized in gel was cut and cleaned using NucleoSpin
Extract kit 11 of Macherey-Nagel using the given protocol along with the kit. Cleaned
products were taken for sequencing as described in section 2.2.6.

2.16 Statistical methods:

All the statistical analysis was performed in Statistical Package for the Social
Sciences (SPSS) software version 21.0. Different statistical methods were used for
various genotype—phenotype correlations. For various association analysis of
polymorphisms with various clinical data and phenotypic data, chi square test was
used. To compare mean age at diagnosis in different genotypes, mean comparison t-
test or non parametric test was used depending on the distribution. The survival
probability was estimated using Kaplan Meier method and the differences were
compared using the log rank test. For subgroup analysis instead of p<0.05, a p-value
of <0.01 was considered as statistically significant in sarcoma cohort. For rest of the

analysis p<0.05 was considered as significant.
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Chapter 3

Comprehensive genetic analysis of
TP53 and MDM2 in the Indian Li-

Fraumeni Syndrome cohort
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3.1 Li-Fraumeni Syndrome an introduction

Li Fraumeni Syndome (LFS; Mendelian Inheritance in Man [MIM] #151623) is a
clinically and genetically heterogeneous inherited cancer predisposition syndrome.
LFS is characterized by an autosomal dominant inheritance pattern, diagnosis of
various tumor types at a young age, multiple primary tumors within an individual, and
multiple affected family members(118). LFS is distinct from other hereditary cancer
syndromes in that it is associated not with one (or a few) specific type(s) of cancer,
but with a broad spectrum of tumors, including several uncommon or rare cancers,

across all ages.

LFS was initially described in 1969 by Frederick Li and Joseph Fraumeni. Using a
classic epidemiological approach, they retrospectively evaluated 280 medical charts
and 418 death certificates of children diagnosed with RhabdoMyoSarcoma (RMS) in
the United States from 1960 to 1964 (119). Four families were identified in which
siblings or cousins had a childhood sarcoma. In addition, a high frequency of diverse
cancer types was also observed among first and second degree relatives in these 4
families. Along with soft tissue sarcomas and premenopausal breast cancers,
carcinomas of the lung, skin, pancreas or adrenal cortex, leukemia, and various brain
tumors were observed. Li and Fraumeni suggested that the occurrence of diverse
neoplasms in these families might represent a previously undescribed familial cancer
syndrome, with transmission suggestive of an autosomal dominant gene. Subsequent
prospective studies confirmed a high risk in family members to develop tumor types
that comprise LFS (120, 121). This syndrome was once referred to as SBLA

syndrome, an acronym derived from the tumor spectrum in this hereditary syndrome:
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sarcoma, breast and brain tumors, leukemia, laryngeal and lung cancer, and adrenal

cortical carcinoma (122, 123).

The second milestone in the history of LFS was the simultaneous identification of
germline TP53 mutations as the genetic basis of LFS by two independent groups (85,
86). Based on earlier observations that somatic mutations of the p53 tumor suppressor
gene were observed in more than half of sporadic human cancers and that p53 mutant
transgenic mice developed a wide spectrum of tumors, p53 was examined in the
constitutional DNA of LFS kindreds identifying germline mutations in all the families

studied (85, 86).

3.1.1 Clinico-Pathological criteria for diagnosis of LFS

The first criteria for the diagnosis of classic LFS syndrome was established in 1988
based on the studies on 24 families (124). Since its initial description, the French LFS
working group has modified the LFS criteria to include the expanding tumor
spectrums associated with germline TP53 mutations and to facilitate its clinical
diagnosis (125-128). The criteria proposed by Birch et al in 1994, Eeles in 1995 and
Chompret in 2001 is more inclusive and termed as Li Fraumeni—like syndrome (LFL)
which has features of the Li Fraumeni syndrome but the strict definition of LFS is not
fulfilled. The criteria proposed by Chompret are more restrictive in terms of the
cancer types and age of cancer diagnosis in the proband, but it allow for the
possibility of absence of family history. Various criteria for the diagnosis of LFS and

LFL are outlined in Table 3.1
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Table 3.1 Clinical criteria for Li-Fraumeni and Li-Fraumeni-like syndromes.

Sarcoma diagnosed in childhood/young adulthood (< 45 years)
and

Criteria Description
Classical LFS o

(124)

Year 1969 °

LFL - Birch °
(125)
Year 1994 °

LFL — Eeles °

(129)
Year 2001

[ ]
LFL — .
Chompret (126)
Year 2001 .

LFL — Modified o
Chompret (88,

127, 128)

Year 2009 and o
2015

First-degree relative with any cancer in young adulthood (< 45
years) and

First- or second-degree relative with any cancer diagnosed in
young adulthood (< 45 years) or sarcoma diagnosed at any age.
Any childhood cancer (at any age) or sarcoma, CNS tumor, or
ACC in young adulthood (< 45 years) and

First- or second-degree relative with LFS-spectrum cancer
(sarcoma, BC, CNS tumor, ACC, leukemia) at any age and
First- or second-degree relative with any cancer diagnosed at age
< 60 years.

At least 2 first- or second-degree relatives with LFS-spectrum
cancer (sarcoma, BC, CNS tumor, ACC, leukemia, melanoma,
prostate cancer, pancreatic cancer) diagnosed at any age; or
Sarcoma diagnosed at any age and At least 2 other tumors
diagnosed in one or more first- or second-degree relatives: BC at
age < 50 years; CNS tumor, leukemia, ACC, melanoma, prostate
cancer, pancreatic cancer at age < 60 years; or sarcoma at any
age.

Diagnosis of sarcoma, CNS tumor, BC, ACC at age < 36 years
and

First- or second-degree relative with any of the above cancers
(except BC if proband had BC) or relative with multiple primary
tumors at any age or

Multiple primary tumors, including two of the following:
sarcoma, CNS tumor, BC, or ACC, with the first tumor
diagnosed at age < 36 years regardless of family history; or
ACC at any age, regardless of family history.

Index case with LFS-spectrum cancer (sarcoma, BC", CNS’
tumor, ACC® leukemia, bronchioloalveolar carcinoma)
occurring at age < 46 years and

First- or second-degree relative with LFS-spectrum cancer
occurring at age < 56 years (except BC if the index case has BC
as well), or multiple tumors; or

Index patient with multiple tumors, at least two of which are in
the LFS spectrum, the first occurring at age < 46 years; or

ACC or choroid plexus carcinoma occurring at any age or BC
occurring at age < 36 years without BRCAlor BRCAZ2
mutations.

RMS of embryonal anaplastic subtype, irrespective of family
history or Early-onset breast cancer < 31 yr included in 2015.

"BC-Breast Cancer; CNS- Central Nervous System related; $AcC-Adrenocortical Cancer
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Various studies have identified pathogenic or likely pathogenic germline TP53

mutations in nearly 70% of classic LFS cases and in 20-40% of LFL families (87).

3.1.2 Cancer spectrum in LFS/LFL syndromes

A wide spectrum of cancers is observed in the setting of LFS or LFL syndrome.
Breast cancer and sarcomas (bone and soft-tissue sarcoma), are the most common
cancers reported in LFS families. Sarcoma represent around 25% (130) and breast
cancer account for approximately 27% (131) of all LFS-related cancers. Other core
cancers associated with LFS include brain tumors, adrenocortical carcinoma (ACC)
and leukemia (131). In addition to these cancers, the incidence of lymphoma,
melanoma, lung, pancreas, prostate and ovarian cancers is also increased in LFS
families (118). The most common LFS associated childhood cancers are ACC, RMS,
choroid plexus carcinoma and CNS tumors like gliomas and medulloblastoma (124,
130, 132, 133). In addition, gastric and colorectal cancers can occur in LFS patients at
an early age, although the increased occurrence of these cancers in individuals from
LFS families with respect to the general population remains unclear (134, 135).
Similarly, lung, testicular, laryngeal, and head and neck cancers might be more
frequent in LFS than the general population (136); however, whether these tumor
types arise sporadically in LFS and/or LFL syndrome families or are truly part of LFS

cancer spectrum is not clear at present.

LFS patients are also at increased risk of developing multiple synchronous or
metachronous primary tumors. The risk of additional cancers is inversely correlated
with the age at diagnosis of the first malignancy (137). The risk of second primary

tumor according to the age of first diagnosis is described in Table 3.2. In a large
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clinical cohort of 525 consecutive patients with germline TP53 mutations, half of the
identified carriers had two or more primary cancers, compared with 32% in patients
without TP53 mutations (138). Moreover, the mean age of onset of first malignancy
was 21.9 years in the TP53 mutation carriers versus 31.6 years in those without
mutations in this gene (138). Similarly, another prospective study of 559 sarcoma
cases reported that 47% of the carriers of TP53 mutations had multiple cancers

whereas only 15% of mutation negative patients developed multiple cancers.

Table 3.2 Risk of second primary tumor in LFS/LFL families

Age at diagnosis of 1* Relative risk of a second primary
primary tumor (years) tumor (95%Cl)
0-19 83.0 (36.9-87.6)
20-44 9.7 (4.9-19.2)
>45 1.5(0.5-4.2)
All ages 5.3 (2.8-7.8)

This table is taken from reference (139)

3.2 Molecular basis of LFS and the role of TP53

LFS is associated with heterozygous germline mutations in the TP53 gene, which
codes for a transcription factor implicated in cell proliferation, apoptosis, and
genomic stability. Germline TP53 mutations seem to be highly penetrant in the setting
of classic LFS; TP53-associated cancer eventually develops in 73% of men and
almost 100% of women who carry such mutations, with the higher penetrance in the

latter predominantly attributable to breast cancer (140, 141).

3.2.1 Carcinogenesis due to TP53 mutations

Using the model of sporadic and hereditary retinoblastoma due to the RB1 tumor
suppressor gene (TSG), Knusdosn first described how two hits are required to

inactivate a TSG. The TP53 gene is also a TSG and follows the Knudson’s two hit
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model, in sporadic cancers, two hits in the gene are acquired after birth. In contrast, in
the hereditary LFS syndrome, a person is born with the first hit in TP53 gene and the
second hit acquired in the life time of individual making them more susceptible to
cancer (Figure 3.1). In the hereditary LFS syndrome, the key features of the
Knudson’s two hit model are clearly evident in terms of earlier age of onset, bilateral
and multiple primary cancers. These hits (mutations) in the gene leads to the loss of
function (LoF) (88, 89) or conversely, the acquisition of ‘dominant negative’ (DN)
(67) or ‘gain of function’ (GoF) (90-93) effects as defined in chapter 1. The loss of
tumor suppressor function is caused by reduced TP53 expression due to genomic
deletions or altered TP53 function due to missense mutations in the DBD. The
missense mutations produce mutant p53 proteins with impaired DNA binding and
thus altered regulation of downstream target genes. Regardless of the mechanism of
action, TP53 mutations lead to aberrant transcription or altered MDM2-TP53
interactions, mutant p53 accumulation, deregulated cell cycle progression and

impaired mechanisms of DNA repair.

Sporadic Cancer Hereditary Cancer
1st Acquired ond Acquired Inherited 15t Acquired
Normal Cell Mutgﬁon Mut:tion Mutation Mutation

Figure 3.1: Knudson two hit hypothesis. Two independent hits required for sporadic cancer while
only one hit can damage the function of gene. Yellow highlighted region-Normal gene; Red cross-
damaged gene.
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3.2.2 LFS associated germline TP53 mutations

Since the first two reports of germline TP53 mutations in LFS families by Malkin et
al and Srivastav et al in 1990, several cases reports, case series and cohorts of LFS
and LFL families have described the TP53 genotype and its associated phenotype
from different regions of the world (88, 112, 114, 127, 136, 139, 142, 143). Similar to
the somatic mutations, germline TP53 mutations are also clustered in the DNA
Binding Domain (Exon 4-8) of TP53. This region harbours six recurrent ‘hotspot’
germline mutations involving codons 175 (R175H), 220 (Y220C), 245 (G245S), 248
(R248Q, R248W), 273 (R273H) and 282 (R282W) (144). Functional studies have
revealed that majority of the deleterious mutations analysed so far exert their effect
through DNE (145). Several mutations in the intronic or regulatory regions of TP53
are reported but their functional significance or pathogenicity is not yet clearly

established.

The International Agency for Research on Cancer (IARC) located in Lyon, France has
collated and curated information from all publications and databases to create the
most comprehensive database of somatic and germline TP53 mutations (146) as
discussed in chapter-1. The IARC database provides detailed description for each
TP53 mutation including its pathogenicity as predicted by 4 in silico tools (AGVGD,
SIFT, Polyphen2 and REVEL) and its functional characterization, if known. It also
provides important and detailed phenotypic information on each individual with
germline TP53 mutation in these LFS/LFL families . This included geo-ethnicity,
pedigree information, maternal or paternal inheritance, whether affected with cancer,
age at cancer diagnosis, cancer site and its histology. The recently released August

2018 R19 version of IARC germline TP53 database (http://p53.iarc.fr) includes data
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for 456 unique TP53 mutations identified in 1221 families. Among the germline TP53
mutations included, missense alterations constitute 73.6%, nonsense 7.9%, splice site
7%, frameshift 7.3%, silent 0.4%, large deletions 1.1%, intronic 0.5% and other
mutations (complex rearrangement, insertions, deletions) 1.7% (Figure 1.8). The
higher frequency of missense mutations in TP53 is in stark contrast with other tumor
suppressor genes which are frequently inactivated by truncating (frameshift and

nonsense) mutations.

3.3 Genotype-Phenotype correlation in LFS/LFL

Several studies have evaluated the TP53 genotype-phenotype correlation in LFS /
LFL families and found some association between the location and the type of
germline TP53 mutation with the tumor type and age of cancer diagnosis. An early
study (147) on 34 LFS families reported higher penetrance and significantly younger
age at diagnosis for several cancers in families with DNA binding region missense
mutations as compared to families with nonsense or truncating mutations or when no
mutation was identified. More recently, Bougeard et al (2015) observed a
significantly earlier age of cancer diagnosis in patients with missense mutations
compared to those with truncating mutations(88). The difference was even greater
when missense mutations were compared to genomic rearrangements. Additionally,
patients with mutations exerting a dominant negative effect were associated with an
even earlier age at cancer diagnosis. Interestingly, ACC appear to be the only LFS-
associated cancer that is consistently associated with germline mutations outside the
DNA-binding domain, with the majority of patients carrying mutations that are not

dominant-negative missense mutations (88).
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3.4 LFS associated TP53 Genotype-Phenotype differences across various

populations

We examined the R19 release of the germline TP53 IARC database for difference in
the LFS tumor spectrum and the TP53 mutation spectrum between Caucasians,
Central / South Americans and the Asian population. Majority of the families in this
IARC database are Caucasian and account for 826/1221 families with germline TP53
mutation. South / Central American countries and Asian countries are
underrepresented. Surprisingly, only 6 families are from south Asia which includes
India. A comparative data on the tumor and mutation spectrum in LFS is described in

Figure 3.2 and 3.3 and Table 3.3 and 3.4

Table 3.3 Geo-ethnic differences in tumor spectrum in families with TP53
mutation (Data from R19, IARC)

Tumor C‘X‘;r:rlii?%th Caucasian (%) | Asia (%) ( d?g ;)q;va;ie
ACC 90 (25%) 136 (5%) 14 (3%) <0.001
Sarcoma (Bone | 4 g0 497 (20%) | 63 (14%) <0.001
& STS)
CNS 37 (10%) 355 (14%) | 38 (9%) <0.01
Breast 70 (19%) 706 (28%) 177 (40%) <0.001
Lung 14 (4%) 85 (3%) 17 (4%) <08
Hemato Lymph 10 (3%) 127 (5%) 27 (6%) <0.08
Gynaecological 7 (2%) 81 (3%) 9 (2%) <0.2
&1 including 45 (13%) 161 (6%) | 58 (13%) <0.001
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Hepatobilliary

Head Neck 11 (3%) 37 (1%) 9 (2%) <0.8

Skin 7 (2%) 52 (2%) 3 (1%) <0.14
Others 31 (9%) 146 (6%) 16 (4%) -
Unknown site 3 (1%) 124 (5%) 10 (2%) -

359 (100%) | 2507 (100%) | 441 (100%)

"Degree of freedom

mC & S America (359) mCaucasian (2507) w Asia (441)
45%

40%
35%

30%

25%

20%

15%

10%
5%

0%

Figure 3.2 Geo-ethnic differences in tumor spectrum in families with TP53 mutation (IARC R19)
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Table 3.4 Geo-ethnic differences in TP53 mutation (Data from R19, IARC)

South & Central C . Asi
America aucasian sia

Chi-

No. of cNa(r)'ri(t)afr No. of cl:?;‘i?r No. of cli?;’ioefr square
individuals .. lindividuals .. lindividuals o | (df =2)

families families families

pvalue

MS | 354 (83%) 115 1840 591 366 (80%)| 125 |<0.0001
(73%) '

FS 9 (2%) 2 192 (8%) 57 45 (10%) 15 <0.0001
NS 13 (3%) 1 201 (8%) 74 37 (8%) 7 <0.01
Splice| 18 (4%) 3 258 (10%) 68 6 (1%) 4 <0.0001
LGR| 30 (7%) 4 38 (2%) 12 2 (0.4%) 2 <0.0001
Total 424 125 2529 802 456 153

* Degree of Freedom
m S&C America mCaucasian Asia
90%
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% -
0% -
FS NS SS LGR

Figure 3.3 Comparison of mutation spectrum in various populations (IARC R19). MS-Missense;
FS-Frame Shift; NS-Non Sense; SS-Splice Site; LGR- Large Genomic Rearrangement
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3.5 Role of other genes in LFS

Several studies have failed to identify TP53 germline mutations in a proportion of
classic LFS and LFL families, thus raising the possibility of involvement of other
genes. Various studies investigated the contribution of germline mutations in genes of
the P53 pathway, apoptosis, or cell cycle control such as p63, BCL10, CDKNZ2A,
PTEN, and CHEK1/CHEK?2 in LFS(148-154). However, none of these studies could
identify genes other than TP53 in classic LFS families. Few studies reported possible
role of germline mutations in CHEK2 gene which encodes a kinase that
phosphorylates Cdc25c¢ and p53 in 3 LFS/LFL families (152, 155, 156). However, one
of the reported mutation in CHEK2 1422delT, was subsequently shown to be on a
duplicated exon and the other two reported germline mutations 1le157Thr and
1100delC were found to be reported as both pathogenic and variant of unknown
significance (VUS) in ClinVar database. Taken together, these data argue against a
major role of CHEK2 in LFS. Another locus that was reported to be linked to LFS
was chromosome 123, but the association of this locus to LFS remains to be
confirmed by further studies (157). The syndromic features of LFS and LFL partly
overlap with few other syndromes such as HBOC syndrome, constitutive mismatch
repair deficiency (CMMRD) syndrome and Neurofibromatosis type 1. Hence in some
TP53 negative LFS/LFL families, the germline mutation may be in genes like
BRCA1, BRCA2, PMS2, MLH1, MSH2, MSH6 or NF1. In CMMRD syndrome the
presentation of multiple early onset and childhood cancers may mimic LFS but the
distinguishing factor is the homozygous mutation in PMS2 or other mismatch repair

genes and presence of café-au-lait spots (158).
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3.6 Genetic modifier effect of TP53 and MDM2 polymorphisms in LFS

The phenotypic variability in terms of type of cancers and age at diagnosis in carriers
of specific TP53 mutation within and between families has supported the notion that
the larger genetic background of a germline TP53 mutation carrier influences the
phenotype to some extent. To date, a number of polymorphisms have been identified
as having possible roles in determining the clinical outcome in carriers of germline
TP53 mutations. Further recognition of such genetic modifiers may prove helpful in
defining the surveillance and management strategies for families with TP53

mutations.

In LFS cases with germline pathogenic TP53 mutation, the MDM2 gene SNP309
(NM_002392.3:¢.14+309T>G; SNP309; rs2279744) has been shown to be associated
with an earlier age of tumor onset (94, 159, 160) and multiple primary cancers (159).
In a study conducted on 88 LFS patients, an earlier age of cancer diagnosis was
observed in association with MDM2 SNP309 (159, 161). Specifically, individuals
with the heterozygous G/T or homozygous G/G genotype developed STS at an age 12
years earlier and breast cancer 10 years earlier than those carrying the homozygous
wild-type T/T genotype. Also, the number of primary tumors was higher in STS
patients with SNP309 G/T or G/G genotype. Studies conducted to understand the
mechanism behind this correlation revealed that the G allele for SNP309 results in
increased expression of MDM2 protein by increasing the binding of Sp1 transcription
factor. This eventually leads to increased degradation of TP53 and thus defective
TP53-mediated apoptosis (159, 161). The modifier effect of MDM2SNP309
polymorphism is further enhanced by the presence of an additional SNP in codon 72

of TP53 (NM_000546.5 (TP53): ¢.215C>G; rs1042522) in which the proline (P) at
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codon 72 is replaced by arginine (R). The presence of MDM2 SNP309 and TP53 R72
was shown to have a cumulative effect and associated with earlier age of cancer onset
(87). This effect can be explained by the observation that as compared to the TP53
containing P72, TP53 protein with R72 binds MDM2 with higher affinity, resulting in
enhanced degradation. Another MDM2 polymorphism, SNP285G>C (rs117039649),
was reported to be strongly linked with the SNP309G allele in a cohort of 195 LFS
patients. An earlier age of onset was observed in LFS cases with the MDM2 285-309
G-G haplotype as compared to other haplotypes (162). However, the interaction
between the MDM2 285-309 G-G haplotype and the TP53 codon 72 polymorphism

was not examined.

Other polymorphisms within TP53 have also been reported to modify the penetrance
of germline mutations in TP53. This include a 16bp duplication in intron 3 (PIN3;
rs17878362) that was shown to be particularly important in determining the cancer
risk in Brazilian carriers of the Arg337His (R337H) TP53 mutation. The age of onset
of cancer in the R337H carriers was observed on average 19 years earlier in
individuals homozygous for the non-duplicated Al allele compared with those with
the A1A2 PIN3 genotype, who were heterozygous for the A2 allele containing the
16bp duplication (163). Another polymorphisms with modifier effect include a SNP
within a microRNA known as miR-605 (rs2043556) (164) and germline DNA copy

number variants (87).

3.7 Germline TP53 mutations in sarcoma or breast cancer cases not fulfilling

LFS/LFL criteria

A small number of studies have investigated the frequency of germline pathogenic

TP53 mutation in patients with the two most common LFS associated cancer in
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absence of family history of cancer or a family history which does not fulfill the
criteria for LFS/LFL syndrome. Mitchell et al (2013) identified TP53 mutation in
7/465 (1.5%) sporadic adult onset sarcomas (99). Evans et al (2002) identified TP53
mutation in 1/21 (5%) breast cancer cases with a family history of sarcoma but not
fulfilling the classical LFS criteria (165). Diller et al in 1995 identified germline TP53
mutation in 3/33 (10%) children with rhabdomyosarcoma in absence of family history

or multiple primary cancers (166).

These studies suggest that LFS associated caners, especially sarcoma and breast
cancers, when presenting as adult onset sporadic cancers or with some family history
which does not fulfill the LFS/LFL criteria, germline TP53 mutation may be
identified in <5% cases. Identification of germline TP53 mutation has major
implications in subsequent surveillance of the proband and also for the genetic
counseling and screening of the family. However due to limited number of studies,
the role of TP53 genetic testing in such cases is not clearly established. This
highlights the need to establish the prevalence of TP53 germline mutation in larger
cohorts of sarcoma and other LFS associated cancers with or without family history of

cancer that does not fulfill the current LFS/LFL criteria.

3.8 Study objectives

The geo-ethnic variation in the TP53 genotype-phenotype correlation in different
population is well known but the Indian population has not been studied. We
hypothesize that the genotype — phenotype correlation in the Indian families may be
distinct from the well characterized Caucasian population and other Asian population
and this knowledge can help in developing population specific risk estimation,

counseling and risk management strategies. This study aims to identify germline TP53
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gene mutation spectrum and its correlation with the tumor spectrum and age at
diagnosis in a large Indian cohort of hereditary LFS / LFL and sporadic LFS

associated cancers.

3.9 Results

Germline TP53 mutation analysis was conducted on 500 LFS/LFL/Suspected LFL
families registered in Cancer Genetics Clinic, Tata Memorial Hospital and under Tata
International Sarcoma Kindred Study (TISKS) during the period 2003 to 2018. Of
these, 197/500 families fulfilled the defined criteria of LFS or LFL. Of the remaining
303 cases, in 281 cases we suspected LFL based on expanded LFL spectrum cancers by

including Malignant Phyllodes and any Haematolymphoid malignancy and by relaxing age
cut off from <46 years (Chompret, 2015) to <50 years and described in methods section (page
68). Of these 303 non LFS / LFL cases, 22 cases were screened even though they were not on
our suspected LFL group as they had familial cancers not fulfilling criteria for suspected LFL
(3A, 3B or 3C) or any other hereditary cancer syndrome. TP53 mutation frequency in each of

these groups is shown in Figure 3.4 and described in table 3.8. An example of the
classic LFS, LFL and sLFL families are given in Figure 3.5, 3.6 and 3.7a and 3.7b.
Deleterious germline TP53 mutations were identified in 79 out of the 500 probands

studied resulting in an overall mutation detection rate of 15.8%.

Cases taken for 7P53 germline mutation analysis

Mutation - 79/500 (15.8%)

(LFL/LFS)
Group1 &2
Mutation-66/197(33.5%)

Suspected LFL (SLFL)
Group 3
Mutation- 13/281 (4.6%)

Group 3A

Group 3B
Mutation-1/19
(53%)

Group 1
Mutation-12/13
(92.3%)

Group 2
Mutation-54/184
(29.3%)

Mutation - 10/74
(13.5%)

Figure 3.4 TP53 screening groups and mutation frequency.
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|E| Genetic Testing.Test Result = Mutation JZF O

?'Ca Brain|
65 Ca Breast (left) Ca Brain ?Ca
44 18 25 34 34 23
Ca Brain Ca Oral cavity Ca Stomach 0GS 19 Ca Oral cavity

Ca Retinoblastoma U/L

Figure 3.5 Pedigree of a classical LFS (Group 1) family with germline TP53 mutation
(c.272G>A)

D Cancer History.Cancer Diagnosis = Ca Breast EI (Genetic Testing.Test Result = Mutation g Cancer History.Cancer Diagnosis = 0G5

8 & >80 = No Consanguinity

200909900

Ca Breast 42

LEBLE

OGS 13 right hand

55 38(17) 0 59

Figure 3.6 Pedigree of a LFL family (group 2) with germline TP53 mutation
(c.672+1G>T)

Py %) Py )

S OO EFOE 68 S

54 (54)

000 Q Q

Figure 3.7A: Pedigree of a suspected LFL (Group 3A) family with germline TP53
mutation (Promoter duplication)
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E] Genetic Testing.Test Result = Mutation 2 )

Ca Oral cavity| Organ ? Ca 75 Ca Lung—g

55 Ca Ovar 75

D0 S

42 36 50 45 27 Ca Stomach

5 Ca Anal 3, Sarcoma-abdomen

18, Caecum

Figure 3.7B: Pedigree of a suspected LFL (Group 3B) family with germline TP53
mutation (c.817C>T)

3.9.1 Tumor spectrum in the Indian cohort with TP53 mutation

Phenotypic characterization was carried out in 356 individuals from the 79 TP53
mutation positive families. As in the IARC database, we included tumors not only in
confirmed TP53 mutation carriers but also in the obligate carriers or other untested
members in these LFS/LFL families with an identified TP53 mutation. A total of 403
cancers were recorded in these families with breast cancer being the most common
cancer type. Sarcoma was the second most common cancer followed by CNS tumors
identified in 16% and 14% of the cases respectively. As expected, breast cancer
accounted for 121/246 (49.2%) of all female cancers in these 79 families. Multiple
primary tumors were identified in 40/356 (11%) individuals. In males, sarcoma was
the most common cancer and accounted for 34 (21.7%) of the 157 cancers in males.
The mean age of cancer diagnosis in the entire cohort was 32.1 years (range: 1-85
years). The frequency of various tumors types identified in our cohort is given in

Figure 3.10 and 3.11.
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Unknown (25)

Others (22)

Gynaecological (16)

H&N (15)

ACC (7)

Gl (32)

Lung (16)

Hemat (29)

CNS (54)

Sarcoma (66)

Breast (121)

00% 50% 10.0% 15.0% 20.0% 250% 30.0% 35.0%

Figure 3.8 Spectrum of 403 cancers in 356 individuals from 79 TP53 mutation

positive familes

We also analysed our data for tumor spectrum in mutation positive members and
obligate carriers. Of the 79 mutation positive families 132 members were either
mutation positive or the obligate carriers. Of these 132 cases 34 are unaffected and
98/132 members were affected with 132 cancers with maximum frequency of breast
cancer (38%) followed by bone and soft tissue cancers (32.6%) followed by haemato-
lymphoid tumors (6.1%) and so on as shown in figure 3.9 and 3.10. Of the 132 carrier
individuals (either mutation or obligate) 84 were females and 48 were males. Of the
84 female carriers 72 were affected with 101 cancers and of 48 males, 26 were
affected with 31 cancers. In females 50/101 (50%) cancers were breast cancers as

shown in figure 3.11.
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Tumor spectrum in mutation positive and obligate
carriersin TMC cohort

40.0%
35.0%
30.0%
25.0%
20.0%
15.0%
10.0%

5.0%

0.0%

A (=) N W S = < &
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Q)Q' & o Qg; c,°\ [e)
< & @ &
€ © ¥

Figure 3.9: Spectrum of 132 cancers in 103 individuals with confirmed TP53

mutation and obligate carriers.

Tumor spectrum of TP53 mutation carriers and obligate carriers of TMC cohort were
compared with IARC data of all mutation and obligate carriers (N=2095) as shown in
figure 3.10. Tumor spectrum varies significantly for bone and soft tissues cancers

p<0.01), CNS tumors (p<0.01) and adrenocortical cancers (p<0.05) in comparison to

IARC database.

NIARC % ®TMC%

P<0.01

Figure. 3.10: Comparison of cancer spectrum between IARC (n=2095 tumours) &

TMC (n=132 tumours) in confirmed carriers of TP53 mutation and obligate carriers
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Table 3.5: Comparison of tumor spectrum of mutation carriers and obligate carriers
Between IARC and TMC cohort

IARC IARC % ACTREC TMC%
BREAST 618 29.5% 50 37.9%
Soft Tissue & bone 468 22.3% 43 32.6%
CNS 253 12.1% 5 3.8%
ACC 217 10.4% 6 4.5%
Hemato-Lymphoid cancers 90 4.3% 8 6.1%
Gl & hep.Bil. 94 4.5% 4 3.0%
Lung 57 2.1% 4 3.2%
Others 209 10.0% 8 6.1%
H&N 7 0.3% 1 0.8%
Gynecological 33 1.6% 3 2.3%
Skin 49 2.3% 0 0.0%
Total 2095 132

As compared to the tumor spectrum reported in the IARC database (R19), we found
significant difference in the frequency of various tumor types between our cohort and
various other populations (Figure 3.12). In our cohort no skin cancers were seen and
ACC were rare, accounting for only 7/403 (~1.7%) tumors. This is in stark contrast to
the Central and South American cohort where ACC account for 90/359 (25%) of all
cancers and the Caucasian population where they account for 136/2507 (5%) tumors

(Figure 3.12).
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Figure 3.11: Frequency of tumors gender wise in TMC-LFS cohort

The other cancers which show significant differences in comparison to other
populations includes sarcoma, head & neck cancers, gastro-intestinal cancers (Figure
3.12; table 3.6). In our cohort, there were 5 cases of malignant phyllodes of the breast
in confirmed TP53 mutation carriers whom we included in the breast cancer group for
analysis. Of the 9 cases with Malignant Phyllode tumor of the breast we tested, TP53
mutation was identified in 5 cases, all were affected with cancer under the age of 30

years.
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Figure 3.12 Comparison of tumor spectrum in different populations in IARC R19 and TMC

Table 3.6 Comparison of tumors of different populations along with TMC cohort

Central & Caucasian _ Chi—square
Tumor South_ (%) Asia (%) [TMC (%) |(df =3)

America (%) pvalue
ACC 00 (25%)  [136 (5%)  [14 (3%) [7 (1.7%) [<0.00001
Bone + ST [34 (9%) 497 (20%) |63 (14%) |66 (16.4%) |<0.00001
CNS 37 (10%)  [355 (14%) [38 (9%) |54 (13.4%) |<0.006
Breast 70 (19%)  [706 (28%) [177 (40%) [121 (30%) |<0.00001
Lung 14 (4%) 85 (3%) 17 (4%) |16 (4%) [<0.8
E;g;;o 10 (3%) 127 (5%)  [27 (6%) |29 (7.2%) |<0.04
Gynaecologicall7 (2%) 81 (3%) 0 (2%) 16 (4%) [<0.2
bGi:ﬁa':;p 45 (12%) 161 (6%) |58 (13%) [32 (7.9%) [<0.00001
H&N 11 (3%) 37 (1%) 0 (2%) |15 (3.7%) |<0.008

“df-Degree of Freedom
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3.9.2 Germline TP53 mutation spectrum

TP53 gene mutation analysis was carried out in the 500 LFS/LFL/SLFL cases using
PCR-Sanger sequencing approach. A total of 59 unique mutations were identified in
79 families leading to an overall mutation detection rate of 15.8% in our cohort.
Mutation in fourteen families out of these 79 was identified earlier and were re-
sequenced and reanalyzed for the mutation and included in the 79 count. Out of the
197 LFS/LFL cases analysed, deleterious germline TP53 mutations were identified in
68 families. The 79 families with germline TP53 mutations hailed from various parts

of south Asia and with different geo-ethnic backgrounds as shown in Figure 3.13

The point mutations and frameshift mutations were mostly between Exon 4 to 10
while LGRs were identified across the TP53 gene. Majority of TP53 germline
mutations were in the DNA Binding Domain (Figure 3.14) which is comparable to the
IARC data. As compared to the IARC R19 database, missense mutations were
significantly less frequent and LGRs more frequent in our cohort (Figure 3.15). Five
known hotspot mutations at codon 175, 220, 248, 273 and 282 were found to be
recurrent mutations in our cohort also and identified in a total of 19 families. As
expected, the Brazilian founder mutation R337H was not identified in our Indian

cohort.

Similar to other populations, with the exception of the Brazilian population with an
exon 10 founder mutation, 58/79 (73.4%) mutations in our cohort were in the DNA
binding domain spanning exon 4 — 8 in (Figure 3.14). Frequencies of various types of

mutations were compared with IARC database is shown in figure 3.15.
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Distribution of various type of
mutation LFS families in India.

MS (47) ®
FS (9) *

: \ q NS 8) &£ i
’ " Ss (8) i :

LGR (7)3

o

o,
o 2

<

NB. Dots do not represent exact location
or districts but only counts in each state (-j

The Blank Map 1s taken from-
http://www freeusandworldmaps.com/html/Countries/Asia%2 0 Countries/IndiaPrint hitml

Figure 3.13 Geo-ethnic origin of 79 TP53 mutation carrier families in south Asia. MS-Missense;

FS-Frame Shift; NS-Non Sense; SS-Splice Site; LGR- Large Genomic Rearrangement
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Exon-Intron distribution of Mutations
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Figure 3.14 Distribution of TP53 mutations in IARC R19 and our cohort

m|ARC(2033) mACTREC(79)
80%

0.002

70% -

60% -
50% -

40% |

20%

10%

0% -

MS NS FS 88 LGR

Figure 3.15 Frequency of different types of TP53 mutation in TMC cohort and IARC R19.
MS-Missense; FS-Frame Shift; NS-Non Sense; SS-Splice Site; LGR- Large Genomic

Rearrangement
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Of the 59 distinct mutations that we identified, 24 were novel germline mutations.
After further characterization based on co-segregation, in-silico prediction (AGVGD /
SIFT) and the reported transactivation activity (17), 22/24 novel germline mutations
were classified as likely pathogenic while 2 mutations remained VUS. Type of
mutations compared with different populations with the TMC cohort which showed
significant differences (Figure 3.16 and table 3.7). In addition, a variant was identified
in the 3’UTR region of TP53 gene in a suspected LFL case and considered as a VUS

as discussed later.

B S&C America(125) HCaucasian (802) Asia (153) ®ETMC(79)

100%

80% -

60% -

40% -

20% -

0% -
MS FS NS SS LGR

Figure 3.16: Comparison of types of mutations of TMC cohort with other populations. MS-
Missense; FS-Frame Shift; NS-Non Sense; SS-Splice Site; LGR- Large Genomic Rearrangement

Table 3.7 Comparison of types of mutation of TMC cohort with various
populations as given in IARC R19

S&C

. Caucasian Asia T™MC
America
Indivi [Famil|Individ|{Famil|Individ[Famil{Individ|Famil| Chi-square(df=3)
duals| ies [ uals | ies | uals | ies | uals | ies pvalue
354 1840 366 75
MS (83%) 115 (73%) 591 (80%) 125 (58%) 47 <0.0001
FS [9 (2%)| 2 192 | 97 45 15 13 9 <0.0001
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(8%) (10%) (10%)

NS (31;)) 1 ég/i) 74 BTEW 7 |1ogy 8 <0.002

S'Z“C (415/0) 3 (125;) 68 |6(1%)| 4 |7 co| 8 <0.001

LGR (73090) 4 (23(?/0) 12 (0.421%) 2 | o3| 7 <0.001
424 | 125 | 2529 | 802 | 456 | 153 | 129 | 79

MS-Missense; FS-Frame Shift; NS-Non Sense; SS-Splice Site; LGR- Large Genomic Rearrangement

Mutations were classified as dominant negative based on their transactivation activity

in previous studies (Kato et al) and as mentioned in the IARC database. Extended

family screening in 119 members from these 79 families with likely pathogenic TP53

mutation identified mutation in additional 50 individuals. Of these 50 individuals, 16

individuals with family specific mutation have already developed cancer. The

remaining 34 carriers are as yet unaffected and on intensive surveillance protocol.

Detailed description of TP53 mutations identified in our cohort is given in Table 3.8

Table 3.8 TP53 mutations in TMC LFS cohort

No  Evo Ti

Mutatio c.DNA . of 0/ D(_)ma or
n fa in

m Intr. Tv

Missense mutations with DNE

p.R175H ¢.524G>A 3 5 DBD Ti
p.H179R  ¢.536A>G 1 5 DBD Ti
p.C242F  ¢.725G>T 1 7 DBD Tv
p.G244D c.731G>A 1 7 DBD Ti
p.G245S c.733G>A 2 7 DBD Ti

132

Novel/
Report

Reported

Novel
germline
Novel
germline

Reported

Reported

SIFT  Vans-
activati
result *
n
Deleteri NE
ous
Deleteri NE
ous
Deleteri NE
ous
Deleteri NE
ous
Deleteri NF
ous




P-R248  copcsT 3 7 DBD Ti Reported DM Np
W ous
p.R248Q <¢c743G>A 2 7 DBD Ti Reported Df)'ﬁtse“ NF
p.R273C ¢817C>T 4 8 DBD Ti Reported Df)'ﬁtse“ NF
pR273H c818G>A 1 8 DBD Ti Reported Df)'ﬁtse“ NF
Missense mutations with moderate DNE
p.Cl4lY <c422G>A 1 5 DBD Ti Reported Deo'ﬁtse“ NF
pH193R Cc578A>G 1 6 DBD Ti Reported De(:ﬁtse“ NF
D.Y220C C659A>G 3 6 DBD Ti Reported De(:ﬁf” NF
p.Y236C ¢707ASG 1 7 DBD Ti Reported De(:ﬁtse” NF
P-R267  799c5T 1 8 DBD Ti Reported DS N
w ous
P-R282  omac>T 3 8 DBD Ti Reported DO N
w ous
Missense mutations with DNE status not available
pPo8R  c203c>6 1 4 O v Nowel Deleteri o
e ous
0.F109S ¢c326T>C 1 4 DBD Ti Novel = Deleteri .
germline ous
PRIOL ¢329G>T 1 4 DBD Tv Reported De(:ﬁtse“ NF
pL111P ¢332T>C 1 4 DpBD Ti Novel = Deleteri .
germline ous
Novel Deleteri
pAIOG c356C>G 1 4 DBD Tv. oo SRS PF
pTI25R ¢374C>G 1 4 DBD Tv Reported De(:ﬁtse” NF
pH168L C¢503A>T 1 5 DBD Tv g(’;'r?n"lfr']e Neutral ~ NF
pR175C ¢523C>T 1 5 DBD Ti Reported D‘Z'ﬁtse” PF
Novel Deleteri
pCIT6G  c526T>G 1 5 DBD Tv o O NF
PR196Q c587G>A 1 6 DBD Ti Reported D%'Etse” PF
Novel Deleteri
pR2I3L 638G>T 1 6 DBD Tv. oo NF
p.C242R  ¢.724T>C 1 7 DBD Ti Reported Deleteri NF
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ous

D.M246L c736A>C 1 7 DBD Ty Novel - Deleteri
germline ous
0.R249T ¢746G>C 1 7 DBD Tv Novel  Deleteri
germline ous
DE258A c773A>C 1 7 DBD Tv Novel  Deleteri
germline ous
. Novel
p.E287K  ¢.859G>A 1 8 DBD Ti ) Neutral F
germline
0K29IR c872A>G 1 8 oDBD Ti Novel  Deleteri
germline ous
DR342P c102565C 2 10 OUS' 1y Reported DM N
de ous
Nonsense mutations
DWOL*  c272G>A 1 4 Outside Ti \ovel NA NA
germline
DY163* c489C>G 1 5 DBD Tv _Novel NA NA
germline
R196* c.586C>T 1 6 DBD Ti Reported NA NA
p.R213*  ¢.637C>T 1 6 DBD Ti Reported NA NA
p.R306*  ¢.916C>T 2 8 Outside Ti Reported NA NA
p.Q331*  ¢.991C>T 1 9 Outside Ti Reported NA NA
p.R342* ¢.1024C>T 1 é Outside Ti Reported NA NA
Frameshift mutations
p.147del Novel
G fs169* .439delG 1 5 DBD NA germline NA NA
p.250del Novel
C fs3a4% .748delC 1 7 DBD NA germline NA NA
p.264del Novel
C fs344* €.790delC 2 8 DBD NA germline NA NA
p.282del
G fs344% .846delG 1 8 DBD NA Novel NA NA
p.28lins c.844_845in Novel
C fs305* sC 18 DBD NA germline NA NA
p.30lins ¢.902_903in . Novel
C fs305* sC 18 Outside NA germline NA NA
10bpdel 1 9 Outside NA OVl NA NA
germline
37bpdel 1 5 DBD NA _Novel NA NA

germline
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Splice site mutations

T125T
(Silent)

c.375G>T

c.560-1G>A

€.672+1G>
T

C.783-2A>G

€.919+1G>
A

€.993+1G>
A

€.994-1G>C

1

1

EX4

IN5

IN 6

IN 7

IN 8

IN9

IN9

Large Genomic Rearrangements

Full gene

Duplicati
on of 4
exons
Deletion
of 5
exons
Promote
r
Duplicati
on

1

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

Tv

Ti

Tv

Ti

Ti

Ti

Tv

NA

NA

NA

NA

Reported
Reported
Reported
Reported

Reported

Reported

Reported

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

*Based on transactivation studies done (167); F: Functional protein; NF: non-
functional protein; PF: partially functional protein; Ti: transition; Tv: tansversion;
DBD: DNA Binding Domain; NA: Not applicable. DNE classifications was taken
from the IARC database which is based on the functional validation of the variants.

3.9.3 Large genomic rearrangements in TP53 gene

MLPA analysis was carried out in 202 cases where no mutation was identified in

TP53 gene through Sanger sequencing. LGRs were identified in 7 families (4 distinct

LGRs). The frequency of LGR in our cohort is relatively higher as compared to the

IARC database. The identified LGRs include a deletion of entire TP53 gene in a
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LFS/LFL family; duplication of 5 exons and deletion of 4 exons in 2 families each

and promoter duplication in 2 families.

LGR 1: Deletion of entire gene

A large deletion was in a classic LFS case (pedigree in Figure 3.17). Proband is a 17
year old girl who was diagnosed with Osteogenic Sarcoma (OGS) at the age of 16
years. The LGR identified is about a 72kb deletion on chromosome 17p
encompassing entire TP53 gene (except Exon 1) and its adjoining genes; ATPB1 and

a part of SHBG (Figure 3.18 and Figure 3.19)

D Cancer History.Cancer Diagnosis = Ca Breast [E] Genetic Testing.Test Result = Mutation E] Cancer History.Cancer Diagnosis = 7 Ca

E Cancer History.Cancer Diagnosis = Brain tumor ; Cancer History.Cancer Diagnosis = OGS B Cancer History.Cancer Diagnosis = Ca Jaw

7 No Consanguinity

o LB g s

eavly age (35) old age old age

Brain lumor ) S Ca 20 Ca Jaw 41
) g E
20

Ca 8!935! 35 OGS 16

New
B

31

Figure 3.17 Pedigree of classic LFS family with deletion of TP53 gene
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Sex hormone-binding globulin (SHBG)

A glycoprotein that binds to sex
hormones, specifically, androgens and

estrogens.

SHBG:

Integral membrane protein - establishing

and maintaining the electrochemical
gradients of Na and K ions across the

ATPase, Na+/K+ transporting, beta 2
plasma membrane.

polypeptide.

ATP1B2:

72kb deletion encompassing whole
neighboring genes; ATP1B2 (entire
gene) & a part of SHBG gene

TP53 gene (except Exon 1) and
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Figure 3.18 Coffalyser output showing reduced copy number for probes of TP53 Exon 2-

ATBP1 and SHBG genes
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Figure 3.19: Schematic representation of LGR showing the arrangement of deleted genes on

chromosome 17p.



was diagnosed with brain tumor at the age of 26 years (Pedigree in Figure 3.21). The
other case with this duplication is a girl from an unrelated family diagnosed with ACC

at the age of 13 years. She also had first and second degree relatives with diverse

This duplication LGR (Figure 3.20) was identified in two cases. The first case was
diagnosed with rhabdomyosarcoma of the right elbow at the age of 6 years. His father
cancers and a diagnosis of LFL syndrome was made in this family (Pedigree in Figure

LGR 2: Duplication of Exon 2-6 of TP53

3.22).
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Figure 3.20: Coffalyser output showing duplication of Exon 2-6 of TP53 gene
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Figure 3.21 Pedigree of the LFL family with duplication of exons 2-6 of TP53 gene
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Figure 3.22 Pedigree of LFL family 2 with duplication of exons 2-6 of TP53 gene
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LGR 3: Deletion of Exon 2-5 of TP53

This 4 exon deletion was identified in two unrelated families. In the first case,
proband was a 39 year old female who was diagnosed with breast cancer at the age of
38 years. She had a strong family history of LFS associated cancer (Figure 3.23). The
other family with this LGR is a LFL family in which the proband was diagnosed with
breast cancer at the age of 32 years (Pedigree in Figure 3.24). The Coffalyser output

showing the Dosage Quotient for this LGR is given in Figure 3.25
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Figure 3.23: Pedigree of the LFL family with deletion of exons 2-5 of TP53 gene
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Figure 3.25: Coffalyser output showing deletion of Exon 2-5 of TP53 gene
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LGR 4: Duplication of TP53 promoter

Promoter duplication was identified in 2 LFL/LFS families (Pedigrees in Figure 3.26

and 3.27). This Coffalyser output is given in Figure 3.28
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Figure 3.26: Pedigree of the Family 1 (Group 3A) with TP53 Promoter duplication
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Figure 3.27: Pedigree of the Family 2 (Group 3A) with TP53 Promoter duplication
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Figure 3.28: Coffalyser output of promoter duplication

3.9.4 Germline TP53 mutations in sporadic sarcoma cases

Out of the 281 suspected LFL cases who underwent germline TP53 analysis, 188

cases had sporadic sarcoma. We identified 2 distinct mutations in 2 sarcoma cases

leading to a mutation detection rate of 2/188 (1.1%) in sporadic sarcoma. Both the

mutations identified in sarcoma cases are codon 196 mutations; p.R196Q and

p.R196* (Figure 3.29 & 3.30).

p.R196Q mutation was identified in a 42 year old male with chondrosarcoma
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Figure 3.29: Chromatogram showing ¢.587G>A (R196Q) mutation in Exon 6 of TP53 gene
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The p.R196* mutation was identified in a 20 year old male diagnosed with

osteosarcoma
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Figure 3.30: Chromatogram showing ¢.586C>T (R196*) mutation in Exon 6 of TP53 gene

3.9.5 TP53 Mutation detection rates in different subgroups

As expected, the TP53 mutation detection rate varied significantly between the
different groups of patients. Of the 13 classic LFS families (group 1), germline
mutations were identified in 12 (92%) families. In the 184 families that fulfilled the
LFL criteria (group 2), mutations were identified in 54/184 (29.35%) families. In the
281 families who did not fulfill the LFL criteria but were considered as suspected
LFL or sLFL (group 3), germline pathogenic TP53 mutation was detected in 13
(4.6%) families. Within the sLFL cohort of 281 families, TP53 mutation were
identified in 10/74 (13.5%) families in group 3A where the proband had a modified
LFS associated tumor below 50 years of age. Table 3.9 describes the mutation

detection rates in various groups studied in this study.

Table 3.9 TP53 mutation detection rates in TMC LFS/ LFL /sLFL cohort

Classic LFS

} 0
Group 1 B e i
LFL families i 184 54 29.35.%

Group 2
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3A 74 10 13.5%
Suspected LFL

0
Group 3 3B 19 1 5.3%
3C 188 2 1%
Others - 22 0 0%
Group 4

3.9.6 Genotype — Phenotype Correlations in Indian LFS/LFL cohort

The phenotypic clinical data of 356 cancer affected individuals from the 79 mutation
carrier families was analysed for its correlation with the TP53 genotype. The
mutations were classified as DNE as previously described, other missense mutation
(OMS), truncating mutations, splice site mutation and LGRs. Missense mutations
which have been described to have moderate dominant negative effect in the IARC
databases were included in the OMS group. Association between the type of mutation

and the age at cancer diagnosis and the tumor type was examined.

Age at diagnosis

In 356 individuals with 403 tumors, information regarding age of diagnosis was
known for 379 tumors. The mean age of cancer diagnosis in carriers of DNE missense
mutations was 30.6 years as compared to 35 years for carriers of other missense
mutations (p=0.053) and shown in figure 3.31. No difference was observed in the age
of cancer diagnosis between carriers of DNE missense mutations and truncating
mutations (30.6 years vs 30.9 years). The mean age of cancer diagnosis was 36.5
years for carriers of large genomic rearrangement carriers versus 30.6 years for DNE
and 30.9 years for truncating mutation but the difference did not reach statistical

significance.
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Tumor type

Correlation between tumor type and the mutation type was made only for cases with
female breast cancer (n=121) as for other cancer sites, number of cases for each
mutation type were too few for statistical analysis. Breast cancer as a proportion for

all cancers was highest in females

Mean Age
40
P=0.053 P=0.058

35 f
30
25
20
15
10

5

0 :

DNE (82) OMS (148) Trunc (73) SS (41) LGR (35)

Figure 3.31 Comparison of mean age of cancer onset across all mutation types. MS-Missense; FS-

Frame Shift; NS-Non Sense; SS-Splice Site; LGR- Large Genomic Rearrangement

with truncating mutation - 34/56 (60%) as compared to those with DNE — 17/43
(39.5%) and other missense mutation — 42/94 (44.6%). The differences when
compared across all three groups was of borderline significance (p= 0.07) but the
difference between truncating versus DNE mutation was significant (p=0.04) as

shown in figure 3.32.
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Figure 3.32 Breast cancer versus other cancers in different mutation groups

3.9.7 Association of TP53 and MDM2 polymorphisms with tumor occurrence

and age of cancer diagnosis in carriers of germline TP53 mutations

Association of three polymorphisms (P72R, PIN3 and MDM2SNP309) was studied
with respect to occurrence of cancer and age of cancer diagnosis in carriers of
germline TP53 mutation. Polymorphisms data was available for 93 mutation positive
individuals for P72R and 94 individuals for the other two polymorphisms. Of these 93
individuals with P72R genotype data, 73 were affected with cancers; of the 94
individuals with PIN3 genotype data, 74 were affected with cancer and of 94 with
MDM2 SNP genotype data, 72 were affected with cancer. No significant association
was identified for occurrence of cancer or the age of diagnosis of cancer with the

genotype of these three polymorphisms (Table 3.10 and figure 3.33).

Table 3.10: Association of polymorphisms with the occurrence of cancer in TP53 mutation carriers

R72P SNP CcC CG GG Chi-square (df=2)
Cancer affected (73) 15 36 22
0.138
Cancer unaffected (20) 7 5 8
PIN3 Duplication Wt Htz Dup
0.855
Cancer affected (74) 52 17 5
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Cancer unaffected (20) 13 5 2

MDM2 SNP309 TT TG GG
Cancer affected (72) 18 39 15 0.684
Cancer unaffected (22) 5 14 3

401 401 40.007

0 307 30.007 I

20.007

Mean Age
Mean Age
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MDM2SNP309 PT2R PN

Figure 3.33: Mean age of cancer diagnosis in TP53 mutation carriers for various SNP genotypes

3.9.8 Exome sequencing to identify driver mutation in classic LFS cases

No pathogenic TP53 germline mutations or LGRs was identified in initial Sanger
sequencing or MLPA in 3 classical LFS families (Figure 3.34 —3.36) Hence germline
whole exome sequencing (WES) was performed in the probands of these 3 LFS
families to identify driver mutations in other genes that could explain LFS associated
cancers. WES was carried out at 30X coverage on lllumina Hi-Seq 1500 platform
using Nextera Rapid Capture Exome Kit. The detailed procedure is described in the

Materials and Methods section.
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Figure 3.34 Pedigree of classic LFS family #1 (Group 1) for WES
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Figure 3.35 Pedigree of classic LFS family #2 (Group 1) for WES
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Figure 3.36 Pedigree of classic LFS family #3 (Group 1) for WES

STS

Bio-informatic analysis using tools and pipeline described earlier in chapter 2, we
identified pathogenic TP53 mutation in two cases, indicating dropout of this mutant
allele in the initial Sanger sequencing. The investigation into the causes of allele
dropout and its characterization is discussed in chapter 4. The mutations identified
were p.R248Q and p.Y163X. The IGV image showing the TP53 mutations in these

cases is given in Figure 3.37 and 3.38.
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Figure 3.37 IGV image showing ¢.743G>A change (p.R248Q) in Exon 7 of TP53

In the third classic LFS family, a total of 30260 germline variants were identified in
different genes but not in TP53. After variant annotation and filtering, we identified a
total of 128 frameshift indels, 228 in-frame indels (Table 3.11) and 31 missense
variants that were predicted to be deleterious by all the 7 in-silico prediction tools
(Table 3.12). The prediction tools used were SIFT, Polyphen2, LRTpred,
MutationTester, MutationAssessor, Functional Analysis through Hidden Markov

Models (FATHMM) and PROVEAN.
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Figure 3.38 IGV image showing ¢.489C>G change (p.Y163*) in Exon 5 of TP53

Table 3.11 Variants identified through WES in the classic LFS family 3

Single nucleotide variants (N = 29823)

Nonsynonymous SNVs 12266
- SNVs predicted as deleterious with at least 3 in silico tools 292
- SNVs predicted as deleterious with all 7 in silico tools 31
Indels (N =356 )

- Frameshift deletion 67
- Frameshift insertion 61
- In-frame deletion 121
- In-frame insertion 107
Stop-gain mutations 1
Unknown (effect not predicted) 80

SNVs: Single nucleotide variants
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Out of the 31 non-synonymous missense variants predicted to be deleterious by all the

7 in-silico prediction tools, 2 were in FGFR4 gene (table 3.12). FGFR4 has been

reported to be associated with certain cancers like prostate cancer, neuroma and

rhabdomyosarcoma (168-170).

Table 3.12 Nonsynonymous missense variants predicted as pathogenic by all 7 tools

Chr. | Ref | Alt | Func.ref | Gene.refG | ExonicFunc.ref | Disease association
Gene ene Gene
chrl C A Exonic EXTL1 nonsynonymous | Hereditary Multiple
SNV Exostoses and Exostosis
chr2 G T Exonic CAD nonsynonymous | Epileptic Encephalopathy, Early
SNV Infantile, 50
chr5 | G T Exonic FGFR4 nonsynonymous | Prostate Cancer, Neuroma,
SNV Rhabdomyosarcoma
chr5 | G T Exonic FGFR4 nonsynonymous | Prostate Cancer, Neuroma,
SNV Rhabdomyosarcoma
chré G T Exonic ALDH5AL | nonsynonymous | Succinic Semialdehyde
SNV Dehydrogenase
Deficiency and Gamma-Amino
Butyric Acid Metabolism Disorder
chr6 C A Exonic GRM1 nonsynonymous | Spinocerebellar Ataxia, Autosomal
SNV Recessive 13 and Chondromyxoid
Fibroma
chr8 T A Exonic ADAM18 nonsynonymous | No disease reported
SNV
chr9 A G Exonic AQP7 nonsynonymous | Chronic Closed-Angle
SNV Glaucoma and Meniere's Disease
chr9 C A Exonic LHX3 nonsynonymous | Pituitary Hormone Deficiency,
SNV Combined, 3 and Lhx3-Related
Combined Pituitary Hormone
Deficiency.
chrl2 | G C Exonic LRP1 nonsynonymous | Keratosis Pilaris
SNV Atrophicans and Atrophoderma

Vermiculata
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chrl2 | T C Exonic KMT5A nonsynonymous | No disease reported
SNV
chrl4 | G C Exonic KLHDC2 nonsynonymous | Osteochondrosis and Ischemic Bone
SNV Disease
chrl7 | T c Exonic MYH10 nonsynonymous | May-Hegglin
SNV Anomaly and Lymphangioleiomyo
matosis
chrl7 | G A Exonic KCNJ12; nonsynonymous | Smith-Magenis
KCNJ18 SNV Syndrome and Andersen Syndrome
chrl7 | C A Exonic KCNJ12; nonsynonymous | Smith-Magenis
KCNJ18 SNV Syndrome and Andersen Syndrome
chrl7 | G A Exonic KCNJ12; nonsynonymous | Diseases associated with KCNJ12
KCNJ18 SNV include Smith-Magenis
Syndrome and Andersen Syndrome
chr20 | C T Exonic PPP1R16B | nonsynonymous | No disease reported
SNV
chr22 | G A Exonic MLC1 nonsynonymous | Megalencephalic
SNV Leukoencephalopathy With
Subcortical Cysts and Mlc1-Related
Megalencephalic
Leukoencephalopathy With
Subcortical Cysts
chrX | C A Exonic ATP11C nonsynonymous | Congenital Hemolytic Anemia.
SNV

3.10 Discussion

We report the first Indian cohort and the largest Asian LFS/LFL cohort of 79 families

with germline pathogenic or likely pathogenic TP53 mutation. Based on detailed

phenotypic characterization, pedigree analysis and comprehensive genetic analysis

including LGR analysis we could draw important conclusions. This large cohort

provides important insight on the LFS/LFL genotype—phenotype correlation in the

South Asian population, which has not been studied earlier. With a wide referral base

of rare cases to our apex cancer centre, these 79 mutation positive families hail from
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different regions and communities of the Indian sub-continent. Thus, our cohort is

fairly representative of the south Asian population.

The tumor spectrum in our cohort was different from other populations reported in the
IARC database, especially for ACC, sarcoma, skin neoplasms, breast cancers and
head & neck cancers. ACC is a rare paediatric cancer, the age standardized population
incidence of adrenocortical cancer is not described in the Indian population. However,
the lower incidence of ACC in our germline TP53 cohort may be true as the Brazilian
Founder mutation (R337H) which has the highest incidence of ACC was not
identified in our cohort. Head and neck cancer incidence is indeed higher in the Indian
population and when we compared incidence of H&N cancer in TP53 mutation
positive families irrespective of mutation confirmation in each case, we noted
significantly higher incidence of H&N cancer in our Indian cohort as compared to the
IARC global cohort (table 3.5, page 125). However when we analysed cancer
spectrum only in confirmed mutation carriers and obligate carriers, the incidence of
H&N cancers in our cohort is not significantly different from IARC global cohort

(shown in figure 3.9 and 3.10, page 124).

The TP53 mutation spectrum in our cohort is also significantly different from other
populations in certain aspects. In our cohort, missense mutations accounted for 59.5%
of all unique mutations identified, which is significantly lower than the global
database (IARC R19) (Figure 3.15). The 8.8% frequency of LGRs in our study is also
significantly higher than the 1.1% frequency in the combined global cohort as shown
in figure 3.15 (IARC R19). This is unlikely to be a true difference but due to
infrequent use of LGR analysis in earlier studies. This highlights the importance of

LGR analysis as part of comprehensive TP53 genetic analysis. It is important to note
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that Next Generation Sequencing (NGS) multigene panels may not identify or report
TP53 LGRs. In a large French cohort reported recently, LGRs accounted for 9/133
distinct mutations (82, 88). Hence in LFS/LFL families in whom NGS panel testing
has not identified any pathogenic or likely pathogenic mutation in a cancer associated

gene, TP53 LGR analysis should be done.

While we recommend comprehensive TP53 genetic analysis, the reality of resource
constraint setting of developing world and access to genetic testing cannot be ignored.
Not surprisingly, only 7 TP53 mutation positive families from south Asia and Africa
are reported in the large IARC R19 database. In such settings, all families fulfilling
the LFS or LFL criteria should have sequencing for at least the 4 exons of the DNA

binding domain which is expected to identify 75-85% of all TP53 mutations (84).

Another striking finding of our study was a very high rate of novel germline
pathogenic or likely pathogenic TP53 mutations. The IARC R19 release has 456
distinct germline TP53 mutations but 24/59 distinct germline mutations identified in
this Indian cohort have never been reported as germline mutation in any study or
database. This underscores the need for studying each population to expand the
germline TP53 mutation spectrum. The known TP53 germline hotspot mutations were
also observed in our cohort and accounted for 24% of all TP53 positive families in
our cohort. The frequency of the hotspot mutations is in accordance with published
studies (144). As expected, the R337H hotspot mutation was not identified in our

cohort as it is a Brazilian founder mutation (171).

The significantly younger age of cancer diagnosis in carriers of dominant negative
missense mutations in our cohort is in accordance with findings from a French LFS

cohort (88). But in our cohort the age of diagnosis is almost same for DNE mutations
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and truncating mutations and the age of diagnosis in both DNE and truncating
mutations are less than other missense mutations with borderline significance.
However earlier studies have shown that the age of diagnosis is earlier in missense

mutations and DNE missense mutations with respect to truncating mutations (88).

Our observation of significantly higher proportion of breast cancers in females
carriers of truncating TP53 mutations as compared to DNE missense mutations has
not been previously reported. The significant differences in the mutation spectrum and
genotype-phenotype correlation between the Indian cohort with other population
brings out the need for clinical and genetic characterization of this syndrome in every
population. This could help in developing population specific genetic counselling,
genetic testing and surveillance guidelines for TP53 mutation carriers. No significant
association was identified with the various polymorphisms along with the TP53

mutation in cancer occurrence and at age of diagnosis of cancer.

The very high mutation detection rate of ~90% in classical LFS families and ~29.35%
in LFL families in our cohort reflects the detailed phenotypic characterization and
family information used in our cohort for making syndromic diagnosis. The mutation
detection rate in our study is in accordance with previous studies which showed high
mutation detection rates of around 70% in classic LFS cases and 20-40% in LFL cases

(87).

Our cohort also included 303 patients who could not be classified as LFL by the
existing criteria but were categorized as suspected LFL (SLFL-281) and familial
cancers (22) as described in page 68 and subjected to comprehensive TP53 genetic
analysis. While the overall mutation detection rate in the sLFL group was 13/281

(4.6%), in the group 3A of 74 probands with a modified LFS spectrum tumor below
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50 years of age and family history of any cancer at any age, TP53 mutation was
identified in 10/74 (13.5%) cases. These cases do not fulfill the classical LFS or the
existing LFL Birch, Eeles or Chompret criteria but were Suspected Li Fraumeni Like
(SLFL) cases if proband has early onset (<50 yrs) *Modified LFS spectrum cancer
with 1st, 2nd or 3rd degree relative with any cancer at any age OR proband has
multiple primary cancers of which at least one is a modified LFS spectrum cancer <50
years. *Modified LFS spectrum cancers: Includes *Haemato-Lymphoid malignancies
and *Malignant Phyllodes in addition to the previously described LFS spectrum
cancers - ACC, Sarcoma, CNS, Leukemia and Breast cancer. By expanding the LFL
spectrum cancers to include Malignant Phyllodes and any Haematolymphoid
malignancy and by relaxing the age cut off from <46 years (Chompret) to <50 years,
we could identify TP53 mutation in 13.5% cases who would have been missed even

by the relaxed LFL Eeles and Chompret 2015 criteria.

While this needs to be confirmed in larger independent cohorts, previous studies by
Birch et al have shown that in TP53 mutation positive families, the greatest increase
in the risk relative to the general population was for Malignant Phyllodes ((136)). In
the same study it was found that all other LFS spectrum cancer were strongly
associated but Leukemia when taken alone was only weakly associated. It is possible
that if all haematolymphoid malignancies are considered as one entity a stronger
association may be seen. Moreover, LFS spectrum cancers is not limited to acute
leukemia and there is overlap between diagnostic features and management of some
chronic leukemias and lymphomas e.g. Chronic Lymphocytic Leukemia and Small

Lymphocytic Lymphoma.
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In suspected LFL category 3B, 3C and Group 4 (familial cancers not fulfilling criteria
of any hereditary cancer syndrome) the TP53 mutation detection rate was only 5.3%,
1% and 0% respectively. Hence we do not recommend these to be included in
modified LFL criteria. Based on such high mutation detection rate in this group, we
suggest that the current LFL criteria could be revised to include patients with
modified LFS spectrum tumor below 50 years of age along with a family history of
any cancer at any age. Based on our data we also suggest that similar to other rare
tumors such as adrenocortical carcinoma and choroid plexus tumor, malignant
phyllodes under the age of 50 years can also be considered as LFS associated cancer
and acriteria for defining LFL. This recommendation is suggested based on
identification of TP53 mutation in 5/9 cases with malignant phyllodes of breast in our
cohort and all were <30 years of age. The IARC R19 release has 14 cases of
phyllodes tumor of the breast with germline TP53 mutation and all cases for whom

the age information was available were <30 years of age.

All the TP53 LGRs identified in our study originated from intron 1 which is around
10kb long. Intron 1 of TP53 is reported to be the hot spot for LGRs. Earlier reports
have shown frequent occurrence of LGR originating from TP53 intron 1 in sporadic
osteosarcoma (172, 173). Similar to the high frequency of LGR in our study,
Bougeard et al in 2015 also reported that LGRs accounted for 9/133 (6.8%) of all

TP53 mutations in their cohort (88).

We identified germline TP53 mutations in only 2/188 cases with sporadic sarcoma in
our cohort. Similar to our findings, Mitchell et al (2013) identified TP53 mutation in
only 7/465 (1.5%) sporadic adult onset sarcomas (99). Diller et al in 1995 identified

germline TP53 mutation in 3/33 (10%) sporadic sarcoma cases but these were all
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children and the sarcoma was rhabdomyosarcoma (166). These findings suggest that
in sporadic adult onset sarcoma, routine TP53 genetic analysis may not be required in

low income or developing countries.

After a recent report of LFS associated variant in the 3’UTR region of TP53 (174), we
also screened this region but did not identify this 3’UTR variant in the 120 LFS/LFL
cases we screened. Instead, another variant, 15bp downstream of the reported variant
was identified. While it is possible that the 3’UTR variant we identified may interfere
with the transcription of TP53 gene, as its functional effect was not studied, we

consider it as a VUS.

Germline exome sequencing in 3 classic LFS cases without an identified TP53
mutation on initial round of Sanger sequencing led to the serendipitous finding of
TP53 allele dropout in 2 cases. The nature of this genotyping error and the corrective
actions are discussed in chapter 4. In the third case with classic LFS, exome
sequencing did not identify any TP53 mutation but variants in certain other genes that
have been previously reported to be associated with sarcoma (Table 3.12). This
includes 2 missense variants in FGFR4 gene which were predicted to be pathogenic
by all 7 in silico tools (SIFT, Polyphen2, LRTpred, MutationTester,
MutationAssessor, FATHMM and PROVEAN). Activating somatic mutation in
FGFR4 gene has been reported earlier in rhabdomyosarcoma (170) and merits further

characterization as a germline inherited sarcoma susceptibility gene.
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Table 3.13 Nonsynonymous missense variants predicted as pathogenic by 2 or
more tools in genes reported previously to be associated with sarcoma
predisposition

Structural
RECS maintenance
) (exon8:¢c.681_682insGAA) of
RECQLA  DNArepair  Osteosarcoma Chromosome
CDKN2AIP .
(exon3:c.722_724del) DNA repair
Activates
HRAS Gs-Ii-Pr?:le’ RMS RASGEFLC HRAS,
ransauction (exon3:c.181G>T; p.A61S) KRAS,
NRAS
Chromatin NSD1 (exon5:¢c.2176T>C; Chromatin
NSD1 organization RMS p.S726P) organization
WNT _ _ WNT
APC signaling Desmoids APC (exonl4:c.5411T>A; signaling
p.vV1804D)
pathway pathway
RTK; signal RTK; signal
ERBB3 transduction, Leiomvosarcoma ERBB3 transduction,
cell y (exon27:¢.A3355T:p.S1119C) cell
proliferation proliferation

A lower threshold of considering variants as pathogenic even if only two of the 7 in-

silico prediction tools predicted them to be deleterious, identified 5 other genes which

are associated with sarcoma (table 3.13). There is need to validate the findings of

exome sequencing in a larger cohort of TP53 negative sarcoma cases and undertake

functional characterization.
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Chapter 4

Ildentification and characterization of
TP53 gene Allele Dropout in Li-

Fraumeni syndrome cohort
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4.1 Allele Drop Out

Accurate molecular genetic analysis is important in research setting as well as in
clinical genetic testing. Genotyping errors in germline or somatic mutation testing
could have major clinical consequences for cancer patients and their families. Genetic
analysis should be highly sensitive as well as specific. False negative or false positive
results due to genotyping errors may occur due to several reasons. These include (i)
Pre-Analytical errors due to sample mix up (175), poor quality 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 the samples, and rarely due to Allele
Drop Out; (iii) Post analytical errors of incorrect interpretation arising from human
interpretative errors or use of inappropriate bioinformatics approaches or in-silico
tools or databases. Almost all genotyping studies are based on Polymerase Chain
Reaction (PCR) for initial amplification of the target region of DNA followed by
Sanger sequencing, RFLP or other genotyping assays. In spite of its robustness, PCR
has its own limitations which may lead to genotyping errors. Sometimes one of the
allele of dsDNA does not get amplified either due to sequence dependent reasons or
sequence independent reasons. This phenomenon where one of the allele of target
region is not amplified and not detected on sequencing is known as Allele Drop Out

(ADO).

There are several known experimental and other factors which may cause ADO and
summarized in table 4.1. These include the DNA sequence, sample quality, reagents,
equipment and human factors (111). In current clinical molecular diagnostics, the pre
and post analytical errors have been greatly reduced with good laboratory practices

and accreditation of laboratories. The analytical errors have also been reduced with
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careful design and validation of genotyping assays and external quality assurance
(QA) programme (110). However, ADO remains an important analytical error in
genotyping. ADO arises from insufficient amplification of one of the two alleles and
the dropped allele remains below the detection threshold of sequencing. Dropout of
the mutant allele causes false negative result while dropout of the Wild Type (WT)
allele makes a heterozygous mutation appear homozygous. The sequence dependent
ADO occurs due to certain features within the sequence of the DNA being amplified.
These include variants in the annealing region of the primers (176-178), presence of
tertiary structures like G-Quadruplexes and i-motifs, (179, 180) methylation (180) or
allele size differences (181). The sequence independent ADOs arise from poor DNA
quality as in forensics (111), Whole Genome Amplification of scanty starting DNA as
used in Single Cell Sequencing or Preimplantation Genetic Diagnosis (182) and from

unknown PCR conditions (181, 183).

Table 4.1 Factors and causes of ADO

Factors Cause Mechanism
Primer SNP or variant in Prevents annealing of the
Annealing PAR primer and subsequent
Region (PAR) amplification of one allele
Sequence Heterozygous Different size of allele may
dependent insertion or deletion | hamper amplification of one
DNA sequence Allele
Different GC Less amplification of higher
content in GC content allele due to less
heterozygous efficient denaturation.
sample qualit Low quality or Amplification of shorter
Sequence ple quaity quantity of DNA allele or only one allele
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independent Contamination Amplification of
contaminant allele

Buffer, Tag Due to presence of inhibitor
L or Taq slippage only one
allele is amplified

Reagents .
g equipment etc

Mislabeling All these leads to

Human Errors ]
genotyping errors

Experimental error

ADOs as a cause of incorrect genotyping has been highlighted in diverse molecular
diagnostic contexts (110, 178, 183-185), but have not been systematically evaluated in
oncology. It assumes greater importance in oncology as genetic analysis is being
increasingly used for prognostication, precision medicine, hereditary risk assessment
and cancer prevention. In the first systematic study of ADO in any cancer related
gene, we have examined TP53 gene which harbours a large number of well annotated
germline and somatic mutations that are catalogued in the IARC TP53 database. TP53
is the most frequently mutated gene in diverse cancer tissues (186) and germline

mutation in TP53 is responsible for LFS or LFL syndrome (85)

4.2 Method

The genomic DNA was extracted from peripheral blood lymphocytes by Qiagen
columns (QlAamp DNA Blood Mini Kit; Cataloque number 51106) according to
manufacturer’s protocol or in some cases by phenol chloroform method as described
in chapter 2. The entire coding region of the TP53 gene was sequenced by Sanger
sequencing. If no germline TP53 mutation was identified, Large Genomic
Rearrangement analysis was done by the Multiplex Ligation dependent Probe
Amplification (MLPA) kit (MRC Holland) as per manufacturer’s instructions. In
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selected LFS/LFL cases without an identified TP53 mutation on Sanger Sequencing
and MLPA, germline exome sequencing was done (n=3). Detailed methodology is

given in chapter-2

4.3 Results:

4.3.1 Discovery Set:

Germline TP53 mutations were tested in a cohort of 500 families. Of these, 197
families fulfilled the defined criteria of LFS or LFL(87), while the remaining 303
families did not fulfil the criteria for LFS or LFL but were tested as either the proband
had an LFS associated cancer below 50 years with any cancer in family (281/303) or
the family had various cancers which do not fit into any criteria (22/303) (Table 3.7).
A total of 79 probands in this TP53 tested cohort were found to carry a germline
heterozygous mutation in TP53. In two classical LFS families germline whole exome
sequencing was done as previous Sanger Sequencing and MLPA had not identified
any TP53 mutation. In both these cases, a deleterious TP53 germline mutation was
identified on whole exome sequencing and later confirmed as ADO on repeat Sanger
Sequencing (figure 4.1 #G1-2). One of the cases had mutation in exon 5, missed
earlier due to low peak height and the other had a mutation in exon 7 that was

detected by redesigned primers.

In four cases (#G3-6), ADO was suspected due to mutation homozygosity and
confirmed on repeat sequencing with redesigned primers for exon 7 to avoid a

common polymorphism as shown in figure 4.2. Therefore a total of 6 cases in the
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discovery set suspected of ADO were confirmed to have a heterozygous mutation on

Sanger Sequencing.

#G1 LFS case: c.489C>G detected
on exome sequencing

SS: mutant allele >29% of WT detected

Repeat SS: detected Ht mutation
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(complete overlap peaks)

#G3 LFS case: c.750delC

ADO of WT allele=> Hmz deletion
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Figure 4.1 Germline TP53 ADO in nine LFS/LFL cases: #G-Germline case number and syndromic

diagnosis. #G1-6: ADO in discovery Set; #G7-9: ADO found in validation cohort; WT-Wild Type; Ht-

Heterozygous; Hmz-Homozygous; LFS-Li Fraumeni Syndrome; LFL-Li Fraumeni like Syndrome;

ADO-Allele Drop Out; SS-Sanger Sequencing. #G1- Exon 5 and #G2-G9- Exon 7.
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Figure 4.2 TP53 Germline Allele dropout in an LFS family due to annealing region SNP: (A)
Homozygous deletion in two sarcoma affected siblings. Mother unaffected and WT. Father who died of
cancer was not tested. ADO of WT allele suspected and SNP (rs12951053) detected in the reverse
primer (P1R) binding region. Chromatogram of the SNP is shown. The mutant allele is in the trans to
the T allele of IVS7+92T>G polymorphism and cis to the G allele.(B) Resequencing with redesigned
primers (P2F and P2R) avoiding the SNP region confirmed ADO and detected heterozygous deletion

mutation in the two siblings.

4.3.2 Validation cohort: This consisted of 150 cases fulfilling the defined criteria of
LFS or LFL in whom TP53 full gene Sanger sequencing and MLPA had not identified
any pathogenic mutation. In these 150 cases, chromatograms of the initial Sanger
sequencing were read again to identify any possible variant that was not called earlier
because the variant peak height ratio was <0.3 or it was >0.3 with background noise.
Reanalysis of the chromatograms identified 28 such suspected variants. However on
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repeat Sanger sequencing using same conditions, none of these suspect variants could

be detected and were considered to be artefacts (Figure 4.3).
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Figure 4.3: Suspected variants (N=28) in Sanger Sequencing in various exons of TP53: Repeat

Sanger sequencing was done using same conditions. None of these suspected variants could be detected

and considered as artifacts.

For exon 7, sequencing was repeated with redesigned primers in these 150 cases.

Three additional germline ADOs (#G7-9) were identified. For exon 4-9 which has the

DNA Binding Domain and harbours about 85% of all germline TP53 mutations (146),

sequencing was repeated using same primers and conditions in 50 cases from the

validation cohort. No additional ADO was identified in these 50 cases. A total of 9

germline ADO were detected, 6 from discovery set and 3 from validation set. The

detail of all the cases in which ADO was identified is given in table 4.2.
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Table 4.2: The details of all the cases in which ADO was identified

Case | Clinical Family Reason for Allele dropout
No. | details history suspecting detected (method)
(Syndromic | Allele dropout on
diagnosis) SS
1 22 year Family TP53 Sanger Exome sequencing to
female with 4 | history of sequencing of full identify any other
primaries at 9 | breast, brain | gene and MLPA gene mutation
months, 12 and blood negative in a detected allele
years, 14 cancer classical LFS case. | dropout of the TP53
years and 22 Later mutation exon 7 mutant allele
years detected (p.R248Q; | and reconfirmed by
c.743G>A) SS using different
primers
2 43 Year Seven family | TP53 Sanger Exome sequencing to
female with members sequencing of full identify any other
two primaries, | affected with | gene and MLPA gene mutation
Sarcomaand | breast, lung negative in a detected allele
Breast cancer | and brain classical LFS case. | dropout of the TP53
at 22 and 38 cancers exon 5 mutant allele
years and reconfirmed by
SS
3 20 year male | Family Homozygous Repeat SS with
with history of deletion mutation different primers
Osteosarcoma | Sarcoma and | (p.P250delCfs353*; | revealed that an Exon
at 20 years. stomach €.750delCfs353*) 7 WT allele was
cancer. and mother (37) not | dropped earlier.
Classic LFS | carrier of this
variant
4 15 year Family Homozygous Repeat SS with
female history of deletion mutation different primers
With Sarcomaand | (p.P250delCfs353*; | revealed that the WT
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Osteosarcoma | stomach €.750delCfs353*) allele was dropped
at 13 years. cancer. and mother not earlier.
Classic LFS | carrier of this
variant
17 year Male | Family Homozygous Repeat SS with
with history of missense mutation different primers
Lipoblastoma | brain tumor. | (p.R248W; revealed that the WT
at 17 years. c.742C>T) allele was dropped
earlier.
7 year male No Family Homozygous Repeat SS with
with RMS at | history missense mutation different primers
18 months. (p.G245S; revealed that the WT
€.733G>A) allele was dropped
earlier.
30 years 11 members | Resequencing of exon 7 with different
Female with in family primers in a cohort of 150 LFS/LFL cases in
Breast cancer | affected with | whom no TP53 mutation was identified
at 26 and 30 | various earlier on full gene SS & MLPA. Allele
years cancers like | dropout of TP53 Exon 7 mutant allele
breast cancer, | (p.Y236C; c.707A>G) detected
brain tumor
etc
55 year Male | 10 members | Resequencing of exon 7 with different
with two affected with | primers in a cohort of 150 LFS/LFL cases in
primaries various whom no TP53 mutation was identified
sarcoma & cancers like | earlier on full gene SS MLPA. Allele dropout
Lung cancer | Breast of TP53 Exon 7 mutant allele
at 53 and 55 cancer, (p.G244D;c.731G>A ) detected
years leukemia,
brian, uterine,
etc
44 year 8 members Resequencing of exon 7 with different
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female with affected with | primers in a cohort of 150 LFS/LFL cases in
breast cancer | various whom no TP53 mutation was identified

at 44 years cancers like | earlier on full gene SS MLPA. Allele dropout
Lung, Breast, | of TP53 Exon 7 mutant allele (p.M246L;
Bone cancers | ¢.736A>C) detected

etc.

4.3.3 Polymorphisms in TP53 gene and primer annealing region
In the dbSNP polymorphism database (NCBI), the TP53 gene has 6148
polymorphisms in Homo sapiens. After specifying the variation class to SNP, a total

of 5311 SNP were listed.

In the annealing region of the Bodmer group primer set that were used in our study,
58 polymorphic sites were identified. High minor allele frequency (MAF) of >0.01
was noted for one polymorphism in reverse primer of exon 7. In comparison, the
annealing region of the most commonly used IARC protocol primer set

(http://p53.iarc.fr/download/TP53 directsequencing iarc.pdf, accessed on 12" Mar

2018) harbours 83 polymorphisms and 4 of these have a MAF of >0.01 and affect five

primers as shown in Table 4.3.
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Table 4.3: Comparison of polymorphisms in primer annealing region of Bodmer

group Primers and IARC primers and their MAFs

Primers used in the study

(Bodmer group primers)

IARC primers

Number of Polymorphisms in

PAR (MAF range)®

Number of polymorphisms in PAR

(MAF range)®

1F 1 (0.0007) -

1R 3 (0.00003) -

2F 2 (0.00003-0.0001) -

2R 7 (0.00003-0.0002) -

2-3F - 2 (0.00002-0.00003)

2-3R - 7 (0.000008-0.0853*) rs17883323
3+4F 3(0.000008-0.0012) -

3+4R 2 (0.00003) -

4AF - 7 (0.000008-0.0113*) rs35117667
4R - 2 (0.000008-0.0002)

i |4F |- 7 (0.000008-0.0853*) rs17883323
set 4R | -- 1 (0.0001)

5F - 4 (0.000009-0.0002)

5R - 6 (0.000008-0.0002)

5+6F 2 (0.0018-0.0073) 4 (0.00001-0.00003)

5+6R 10 (0.00001-0.0034) 8 0.000009-0.0088)

6F - 3(0.00002)
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6R - 8 (0.000009-0.0088)

7F 4 (0.0001-0.0002) 3 (0.000008-0.0002)

7R 3(0.0001-0.178%) rs12951053 | 2 (0.00003)

ond [7F |- 3 (0.00002-0.0127*) rs17880604
set 7R | -- 5 (0.000008-0.0025)

8F - 4 (0.00002-0.0013)

8R - 3 (0.000008-0.0002)

8-9F 2 (0.0002) 1 (0.0002)

8-9R 2 (0.000008-0.00002) 3(0.000008-0.0002)

9F - 5 (0.000008-0.0002)

9R - 3(0.00002)

10F 6 (0.00001-0.0002) 0

10R 6 (0.00003-0.00007) 1 (0.0016)

11F 1 (0.0002) 3(0.00002-0.0112*) rs17881850
11R 4 (0.00007-0.0001) 3(0.0002-0.0014)

Total 58 98

Note: * indicates the polymorphisms with MAF > 0.01

4.3.4 G-quadruplexes and methylation in TP53 gene: The full TP53 gene has 5931
regions including overlaps and 120 without overlaps G-rich sequences which can
form quadruplex. The range of QGRS score for these 5913 regions is 0-61. The
coding DNA sequence of TP53 gene has 192 regions including overlaps and 5
without overlaps having QGRS score ranging from 3-33. G-rich sequences in the

different amplicons of TP53 gene is described in the table 4.4. The maximum QGRS
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score for a 30bp long sequence can be achieved upto 105 (116). No CpG islands were

found in any amplicon of TP53 gene except exon 1. Exon 1 being the promoter region

has the CpG island.

Table 4.4: G-quadruplex in TP53 gene

Without | QGRS Including | QGRS
overlaps | score range | overlaps | score
range
Full gene (19149 ntds) 120 5-61 5931 0-61
CDS (1182 ntds) 5 3-33 192 3-33
1(439ntds) | 2 18 75 2-18
2 (319ntds) 3 16-21 122 1-21
3+4 (651ntds) | 4 8-40 2482 0-40
5+6 (550ntds) | 4 11-41 322 0-41
Amplicon
7 (283ntds) |1 14 2 14
8+9 (455ntds) | 2 16 15 10-16
10 (348ntds) | 2 18-33 200 5-33
11 (476ntds) | 2 17-21 100 0-21

Table 4.4: G-Quadruplex in TP53 gene: Calculated through Quadruplex forming G-Rich Sequence
(QGRS) Mapper (http://bicinformatics.ramapo.edu/QGRS/index.php). Amplicons according to

Bodmer group primers. CDS- Coding DNA Sequence, ntds- nucleotides.

4.4 Discussion

The risk of wrong genotyping due to ADO exists in all amplification based

genotyping methods. These include Fragment Length Polymorphism analysis, Sanger

sequencing and NGS based assays which are done after target amplification (187). In

177



http://bioinformatics.ramapo.edu/QGRS/index.php

several fields such as forensics, population genetics, molecular ecology, single cell
sequencing and prenatal genetic diagnosis, the possibility of misgenotyping due to
ADO is always considered and remedial actions are taken to the extent possible. In
forensics and molecular ecology, the risk of ADO is due to the poor DNA quality or
trace amounts of DNA with possible admixture of DNA from other individuals. In
forensics there is a debate on the vagaries of Low Copy Number typing and its
implications (188, 189). Ewens et al have proposed three main strategies to identify
genotyping errors - checking for Mendelian inheritance discrepancies, replicate
analysis of samples and independent allele calling (190). Using this strategy in the
first systematic study of germline ADO in a cancer related gene, we report that ADOs
resulted in missing ~7% pathogenic TP53 germline mutations in Li Fraumeni
syndrome cohort.

In contrast to several systematic studies of somatic ADOs in oncogenes or tumor
suppressor genes (185, 191-193), very scanty information exists regarding germline
ADOs in genes responsible for hereditary cancers. Worldwide, a million or more
cancer patients would have undergone germline genetic testing in the last two
decades. However our systematic literature review could identify only 7 cases of
germline ADO in any cancer predisposing gene (176, 178, 194, 195). This extreme
rarity of reported germline ADOs in cancer genes is possibly a reflection that
germline ADOs are usually not suspected and consequently not not confirmed and
reported. It is important to note that the seemingly high 7% false negative rate for
germline TP53 mutation in our study was established only through a systematic ADO
evaluation in a large cohort of the monogenetic LFS/LFL syndrome and the presence
of an exon 7 PAR SNP (IVS7+92T>G) with a high MAF of 0.16 in our cohort as

discussed later (Table 4.5). More importantly, these ADO would have remained
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unnoticed without the serendipitous finding of homozygous deleterious TP53
mutations in few families and Mendelian inheritance discrepancy in one family

(Figure 4.2).

Table 4.5: Minor Allele Frequency of 1VS7+92T>G (rs12951053) in TMC cohort
(N=112)

Genotype Count Allele Calculation MAF
TT 80 T 80*2+28=188

TG 28 G 4*2+28=36 0.16
GG 4 Total 224

So far only two studies have systematically examined germline ADOs in molecular
diagnostics (110, 183). In the multi-centre eMERGE-PGXx study, genotyping errors for
SNPs in 6 genes of pharmacogenomic relevance (VKORC1, TMPT, SLCO1B1,
DPYD, CYP2C9 and CYP2C19) were determined in 1792 cases. Each sample was
genotyped independently in the participating research laboratories using NGS panel
PGRNSeq at a mean depth of 496x and in clinical laboratories using orthogonal
genotyping platforms like commercial ADME panels, Sanger sequencing or TagMan
or some other assays. All clinical laboratories were Clinical Laboratory Improvement
Amendments (CLIA) approved. The overall genotyping discordance between research
labs and the CLIA approved clinical labs was 2.8%. The research laboratories
performing next generation sequencing on the Illumina Hiseq 2000 or 2500 platform
had no analytical errors or ADO. However in these labs, wrong genotyping occurred
in 11/1792 (0.06%) samples due to pre-analytical errors like sample switching. In the

CLIA approved clinical laboratories, wrong genotyping occurred in 26/1702 (1.5%)
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samples and 24 of these were due to ADO caused by polymorphism in the binding

region of commercial genotyping assays (110).

Another large Canadian study of patients with various hereditary disorders studied the
prevalence of germline ADOs in 30769 genotyping assays using Allele Specific
Oligonucleotide (ASO) PCR for 8 specific mutations in CFTR, CHE, FAH and
SLC12A6 genes (183). These ASO PCR assays were carefully designed and validated
as per College of American Pathologist (CAP) guidelines. While no ADO was
observed during external quality assurance (EQA) with CAP, allele dropout or dropin
later occurred in 135/30769 (0.44%) genotype assays. Unlike the eMERGE-PGXx
study, 94% ADOs were due to sequence independent factors and only 6% were due to
sequence dependent factors like polymorphism in the PAR. The rarity of sequence
dependent ADO in this study is probably due to the allele specific oligonucleotide

based PCR used for genotyping.

In our LFS/LFL cohort, of the 79 pathogenic germline TP53 mutations identified so
far, 5 mutations were initially missed and 4 heterozygous mutations were incorrectly
genotyped as homozygous due to ADOs. The redesigned exon 7 primers resolved 8/9
ADOs by avoiding the polymorphism IVS7+92T>G which was found to have a high
minor allele frequency of 0.16 (N=112; TT=80;TG=28 & GG=4) in our cohort and
0.17 in the 1000 genome database. The P1-7R primers we used, were initially
described by Bodmer’s group (115, 196) and have been widely used, including the
Children Oncology Group study correlating TP53 mutations with sarcoma outcomes
(197), St Jude’s Children Hospital glioma study (198) and several other studies (199-

203). As compared to the Bodmer group primers we used in our study, the annealing
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regions of the widely used IARC protocol primers (204-207) has a higher number of
polymorphisms and polymorphisms with MAF of >0.01(Table 4.3 and Table 4.6 and
4.7). However, none of IARC primers had a MAF of >0.1 unlike the MAF of 0.17 for
the SNP rs12951053 in exon 7 primer of the Bodmer group. Unfortunately the primer
sequence is not described in majority of the recent publications and in commercial
assays (110). Hence it is difficult to estimate ADO probability in cohorts of
individuals tested by different laboratories or institution and institute corrective

measures.

Table 4.6: Specific polymorphisms and their minor allele frequencies in the

Bodmer group primers and redesigned primers

Prime | rs-Id Primer sequence (5°—3°) Minor allele
r frequency
1F rs542205900 | CACAGCTCTGGCTTGC*A*GA -=0.0006/3
(1000
Genomes)
-=0.0007/21
(TOPMED)
1R rs759135662 | AGCGATT*T*TCCCGAGCTGA NA
rs950173336 | AGCGATTTTC*C*CGAGCTGA NA
rs934950040 | AGCGATTTTCCCGA*G*CTGA T=0.00003/1
(TOPMED)
2F rs946807916 | AGCTGTCTCAGA*C*ACTGGCA A=0.00003/1
(TOPMED)
rs104421165 | AGCTGTCT*C*AGACACTGGCA T=0.0001/3
1 (TOPMED)
2R rs105142596 | *G*AGCAGAAAGTCAGTCCCATG NA
9
rs747908393 | GA*G*CAGAAAGTCAGTCCCATG A=0.000008/1
(EXAC)
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A=0.00003/1

(TOPMED)
rs910296194 | GAGCA*G*AAAGTCAGTCCCATG NA
rs769791585 | GAGCAGAAAGT*C*AGTCCCATG G=0.000008/1

(EXAC)
rs943163238 | GAGCAGAAAGTCAGT*C*CCATG NA
rs368444215 | GAGCAGAAAGTCAGTCCC*A*TG G=0.00002/2

(EXAC)

G=0.0002/2

(GO-ESP)

G=0.00003/1

(TOPMED)
rs745951235 | GAGCAGAAAGTCAGTCCCAT*G* A=0.00003/3

(EXAC)

A=0.00003/1

(TOPMED)

3+4F | rs748527030 | AGACCT*A*TGGAAACTGTGAGTGG | C=0.000008/1
A (EXAC)

rs1800369 AGA*C*CTATGGAAACTGTGAGTGG | A=0.0006/73
A (EXAC)

A=0.0012/6

(1000

Genomes)
rs786201754 | *A*GACCTATGGAAACTGTGAGTGG | NA

A
3+4R | rs1794286 GAAGCC*T*AAGGGTGAAGAGGA G=0.00003/1

(TOPMED)
rs888713050 | GAAGC*C*TAAGGGTGAAGAGGA T=0.00003/1

(TOPMED)

5+6F | rs145153611 | CGCTAGTGGGTTGCAGG*A* A=0.0018/9

(1000

Genomes)
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A=0.0017/49
(TOPMED)

rs35850753

C*G*CTAGTGGGTTGCAGGA

T=0.0056/28
(1000
Genomes)
T=0.0073/213
(TOPMED)

5+6R

rs766876306

CA*C*TGACAACCACCCTTAAC

T=0.00001/1
(EXAC)

rs101427467
5

CACT*G*ACAACCACCCTTAAC

NA

rs763417136

*C*ACTGACAACCACCCTTAAC

T=0.00001/1
(EXAC)

rs751098447

CACTG*A*CAACCACCCTTAAC

G=0.00001/1
(EXAC)

rs17884607

CACTGA*C*AACCACCCTTAAC

T=0.0019/179
(EXAC)
T=0.0034/17
(1000
Genomes)
T=0.00007/2
(TOPMED)

rs752280122

CACTGACAACCAC*C*CTTAAC

A=0.00001/1
(EXAC)

rs755937328

CACTGACAACCACCCT*T*AAC

A=0.00001/1
(EXAC)

rs777498958

CACTGACAACCACCCTT*A*AC

T=0.00001/1
(EXAC)

rs749063728

CACTGACAACCACCCTTA*A*C

G=0.00001/1
(EXAC)
G=0.00003/1
(TOPMED)
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rs587778001

CACTGACAACCACCCTTAA*C*

A=0.00001/1
(EXAC)
A=0.00003/1
(TOPMED)

7F

rs559230724

CTGCTTGCCAC*A*GGTCTC

C=0.000008/1
(EXAC)
C=0.0002/1
(1000

Genomes)

rs866409111

CTGCTTGCCA*C*AGGTCTC

NA

rs949871368

CTGCTTGC*C*ACAGGTCTC

A=0.0001/3
(TOPMED)

rs530001801

CTG*C*TTGCCACAGGTCTC

A=0.0002/1
(1000

Genomes)

7R

rs753873488

TGGATGG*GTA*GTAGTATGGAAG

NA

rs12951053

TGGATGGGTAGTAGTATGG*A*AG

C=0.1783/893
(1000
Genomes)
C=0.1012/294
7 (TOPMED)

rs767106291

TGGATGGGTAGTAGTATGGAA*G*

T=0.0001/3
(TOPMED)

8+9F

rs189582361

GTTGGGAGTAGATGGA*G*CCT

T=0.0002/1
(1000
Genomes)
T=0.00003/1
(TOPMED)

rs546697065

*G*TTGGGAGTAGATGGAGCCT

NA

8+9R

rs749446092

GGCATTTTG*A*GTGTTAGACTG

G=0.00002/2
(EXAC)

rs757347555

GGCATTTTGAGTGTTAGAC*T*G

A=0.000008/1
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(EXAC))

10F rs774628036 | CTCAGGTACTGTGTATA*T*ACTTAC | G=0.00002/2
(EXAC)
rs2856754 CTCAGGTACTGTG*T*ATATACTTAC | NA
rs759914394 | CTCAGGTACT*G*TGTATATACTTAC | T=0.000010/1
(EXAC)
rs555791463 | CTCAGGTA*C*TGTGTATATACTTAC | A=0.00003/3
(EXAC)
A=0.0002/1
(1000
Genomes)
rs868745759 | CTCAGG*T*ACTGTGTATATACTTAC | NA
rs753236134 | C*T*CAGGTACTGTGTATATACTTAC | C=0.00001/1
(EXAC)
C=0.00003/1
(TOPMED)
10R rs993124613 | *A*TACACTGAGGCAAGAAT NA
rs951972108 | *AT*ACACTGAGGCAAGAAT =0.00007/2
(TOPMED)
rs984707200 | ATA*C*ACTGAGGCAAGAAT G=0.00007/2
(TOPMED)
rs750659817 | ATAC*A*CTGAGGCAAGAAT NA
rs102615361 | ATACAC*T*GAGGCAAGAAT NA
6
rs910384618 | ATACACTGAGGCAAGAA*T* C=0.00003/1
(TOPMED)
11F rs562130162 | TCCC*G*TTGTCCCAGCCTT T=0.0002/1
(1000
Genomes)
T=0.0001/3
(TOPMED)
11R rs771579509 | TAACCCTTAAC*T*GCAAGAACAT NA
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rs102726784 | TAACCCTTAAC*T*GCAAGAACAT C=0.00007/2
3 (TOPMED)
rs897923545 | TAACCCTTAACTG*C*AAGAACAT NA
rs953090502 | TAACCCTTAACTGCAA*G*AACAT A=0.0001/3
(TOPMED)
Redesigned primers
3+4- rs105751759 | AGACCTATGGAAACTGTGAGTGG*A | NA
P2-F 3 *
rs776933919 | AGACCTATGGAAACTGTGAGTG*G* | T=0.000008/1
A (EXAC)
rs748527030 | AGACCT*A*TGGAAACTGTGAGTGG | C=0.000008/1
A (EXAC)
rs1800369 AGA*C*CTATGGAAACTGTGAGTGG | A=0.0006/73
A (EXAC)
A=0.0012/6
(1000
Genomes)
rs786201754 | *A*GACCTATGGAAACTGTGAGTGG | NA
A
3+4- rs888713050 | AGGAAGC*C*AAAGGGTGAAGAGG | T=0.00003/1
P2-R (TOPMED)
rs1794286 AGGAAGCC*A*AAGGGTGAAGAGG | G=0.00003/1
(TOPMED)
rs781734539 | AGGAAGCCAAAGGGTGA*A*GAGG | G=0.0001/3
(TOPMED)
7-P2-F | rs100817960 | AGAATGGCGTGAACCTGGG*C* C=0.00003/1
2 (TOPMED)
rs187553272 | AGAATGGC*G*TGAACCTGGG T=0.0014/7
(1000
Genomes)
T=0.0014/41

(TOPMED)
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7-P2-R | 5986535183 | TCCATCTACTCCCAACCAC*C* T=0.00003/1
(TOPMED)

rs546697065 | TCCATCTACTCCCAA*C*CACC NA

Table 4.6: Specific polymorphisms and their minor allele frequencies in the Bodmer group
primers and redesigned primers: Nucleotides in between two ‘*’ is the polymorphic site. Rows

designated with “9” indicates the MAF of polymorphism is >0.01 from any one of the database.

A false negative test for a high penetrance germline mutation or an actionable
oncogenic mutation could have major clinical implications (185) as exemplified in
our cohort. As a consequence of undetected germline TP53 ADO, five of our families
would not have been offered LFS screening for the probands and reflex testing for the
extended family. It is therefore imperative to minimize the possibility of ADO during
the design, validation and quality assurance of the genotyping assays. It is important
to note that since ADOs originate during amplification process, some of the NGS
assays which employ amplification based target capture are as prone to sequence
dependent ADOs as Sanger sequencing (187). NGS assays which use non-
amplification methods like hybrid capture could minimize ADO probability and as in
our study, they are useful for confirming sequence dependent ADO. Use of primer
tiling with overlapping primers could minimize sequence dependent ADOs (187) .
However, a recent report revealed that primer tiling without primer trimming had
resulted in missing 2/174 germline BRCA1/BRCA2 mutations (195). Rarely, variants
outside primer binding site can also cause ADO (195, 208, 209). As ADO could arise
with a wide range of PCR based Sanger sequencing and NGS assays, bio-informatic

flagging for homozygosity of rare variants is recommended to raise ADO alert (187).
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Table 4.7: Specific polymorphisms in the annealing region of IARC protocol

primers
Primer | rs-1d Primer sequence (5°—3”) Minor allele
frequency
2-3F Rs759055064 TCTCATGCTGGATCCC*C*ACT | T=0.00002/2
(EXAC)
rs922854842 TCTCATG*C*TGGATCCCCACT | A=0.00003/1
(TOPMED)
2-3R rs757827281 AGTCAGAGGACCAGGTCCT*C* | - =0.000008/1
(ExXAC)
rs1052483026 AGTCAGAGGACCA*G*GTCCTC | A=0.0001/3
(TOPMED)
rs754228616 AGTCAGAGGA*C*CAGGTCCTC | T=0.000008/1
(ExXAC)
rs764517800 AGTCAGAGG*A*CCAGGTCCTC | G=0.000008/1
(ExXAC)
rs17883323 AGTCAGAGGACCAGGTC*C*TC | T=0.0659/7954
f((same polymorphism as in 2" 4F (EXAC)
primer) T=0.0777/389
(1000 Genomes)
T=0.0853/2483
(TOPMED)
rs200989844 AGTCAG*A*GGACCAGGTCCTC | T=0.000008/1
(ExXAC)
T=0.0002/1
(1000 Genomes)
rs772244589 AG*T*CAGAGGACCAGGTCCTC | C=0.000008/1
(ExXAC)
4F rs786203749 TGCTCTTTTCACCCATCTA*C* NA
rs746791390 TGCTCTTTTCACCCATCT*A*C A=0.000008/1
(ExXAC)
rs768373702 TGCTCTTTTCACCCATC*T*AC C=0.000008/1
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(EXAC)

rs35117667
ﬂ

TGCTCTTTTCACCCAT*C*TAC

A=0.0025/303
(EXAC)
A=0.0076/38
(1000 Genomes)
A=0.0113/330
(TOPMED)

rs202217267

TGCTCTTTTCACC*C*ATCTAC

A=0.0001/16
(EXAC)
A=0.0002/2 (GO-
ESP)
A=0.00007/2
(TOPMED)

rs769697802

TGCTCTTTTCA*C*CCATCTAC

A=0.00002/2
(ExXAC)

rs374547451

TGCTC*T*TTTCACCCATCTAC

G=0.000008/1
(ExXAC)
G=0.00008/1
(GO-ESP)

4R

rs530718177

ATACGGCCAGG*C*ATTGAAGT

T=0.0001/16
(ExXAC)
T=0.0002/1
(1000 Genomes)

rs759403255

ATA*C*GGCCAGGCATTGAAGT

A=0.000008/1
(ExXAC)

2" 4F

rs772244589

TGAGGACCTGGTCCTCTG*A*C

C=0.000008/1
(EXAC)

rs200989844

TGAGGACCTGGTCC*T*CTGAC

T=0.000008/1
(ExXAC)
T=0.0002/1
(1000 Genomes)

rs17883323

TGAGGACCTGGTC*C*TCTGAC

T=0.0659/7954
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f
Same as in 2-3R

(EXAC)
T=0.0777/389
(1000 Genomes)
T=0.0708/921
(GO-ESP)
T=0.0853/2483
(TOPMED)

rs764517800

TGAGGACCTGG*T*CCTCTGAC

G=0.000008/1
(EXAC)

rs754228616

TGAGGACCTG*G*TCCTCTGAC

T=0.000008/1
(ExXAC)

rs1052483026

TGAGGAC*C*TGGTCCTCTGAC

A=0.0001/3
(TOPMED)

rs757827281

*TG*AGGACCTGGTCCTCTGAC

-=0.000008/1
(EXAC)

2" 4R

rs781734539

*A*GAGGAATCCCAAAGTTCCA

G=0.0001/3
(TOPMED)

SF

rs747705704

TTCAACTCTGTCTCCTTCC*T*

C=0.000009/1
(EXAC)

rs376713749

TTCAACTCTGTCT*C*CTTCCT

A=0.00004/4
(ExXAC)
A=0.0002/2 (GO-
ESP)

rs756417643

TTCAACTCTGTC*T*CCTTCCT

A=0.000009/1
(ExXAC)

rs773029752

TTCAACT*C*TGTCTCCTTCCT

A=0.00002/2
(EXAC)

SR

rs748298015

CA*G*CCCTGTCGTCTCTCCAG

A=0.00002/2
(ExXAC)
T=0.00003/1
(TOPMED)

rs778145407

CAGCCCT*G*TCGTCTCTCCAG

C=0.00002/2
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(EXAC)

rs56181208

CAGCCCTGTC*G*TCTCTCCAG

A=0.0002/26
(EXAC)
A=0.00008/1
(GO-ESP)
A=0.00007/2
(TOPMED)

rs774831915

CAGCCCTGTCG*T*CTCTCCAG

C=0.000008/1
(EXAC)

rs547244762

CAGCCCTGTCGTCT*C*TCCAG

T=0.00006/7
(EXAC)
T=0.0002/1
(1000 Genomes)

rs772637453

CAGCCCTGTCGTCTCT*C*CAG

G=0.000008/1
(EXAC)

6F

rs76962868

GCCTCTGATTCCTCAC*T*GAT

NA

rs869158731

GCCTCTGAT*T*CCTCACTGAT

NA

rs757029874

GCCTCT*G*ATTCCTCACTGAT

T=0.00002/2
(EXAC)

6R

rs755937328

T*T*AACCCCTCCTCCCAGAGA

A=0.00001/1
(ExXAC)

rs777498958

TT*A*ACCCCTCCTCCCAGAGA

T=0.00001/1
(EXAC)

rs749063728

TTA*A*CCCCTCCTCCCAGAGA

G=0.00001/1
(ExXAC)
G=0.00003/1
(TOPMED)

rs587778001

TTAA*C*CCCTCCTCCCAGAGA

A=0.00001/1
(EXAC)
A=0.00003/1
(TOPMED)

rs778894743

TTAAC*C*CCTCCTCCCAGAGA

G=0.00002/2
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(EXAC)

rs34949160

TTAACCCC*T*CCTCCCAGAGA

C=0.0088/880
(EXAC)
C=0.0050/25
(1000 Genomes)
C=0.0037/48
(GO-ESP)
C=0.0041/118
(TOPMED)

rs200372146

TTAACCCCT*C*CTCCCAGAGA

T=0.0002/1
(1000 Genomes)
T=0.0002/5
(TOPMED)

rs762077893

TTAACCCCTCCTCCCAGA*G*A

C=0.000009/1
(ExXAC)

5-6F

rs576912263

TGTTCACTTGTGCCC*T*GACT

G=0.00001/1
(ExXAC)

rs770686190

TGTTCACTTG*T*GCCCTGACT

G=0.00001/1
(EXAC)

rs994417264

TGTTCA*C*TTGTGCCCTGACT

A=0.00003/1
(TOPMED)

rs774330271

TGT*T*CACTTGTGCCCTGACT

C=0.00001/1
(EXAC)

5-6R

(same as 6R)

TTAACCCCTCCTCCCAGAGA

7F

rs559230724

CTTGCCAC*A*GGTCTCCCCAA

C=0.000008/1
(EXAC)
C=0.0002/1
(1000 Genomes)

rs866409111

CTTGCCA*C*AGGTCTCCCCAA

NA

rs530001801

*C*TTGCCACAGGTCTCCCCAA

A=0.0002/1
(1000 Genomes)

7R

rs1642786

AGGGGTCAG*A*GGCAAGCAGA

NA
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rs1036988722

AGGGGTCAGA*G*GCAAGCAGA

A=0.00003/1
(TOPMED)

2" 7F

rs769521263

AGGCGCACTG*G*CCTCATCTT

T=0.00003/3
(EXAC)

rs17880604
Il

AGGC*G*CACTGGCCTCATCTT

G=0.0127/1527
(EXAC)
G=0.0050/25
(1000 Genomes)
G=0.0102/296
(TOPMED)

rs374907737

AGG*C*GCACTGGCCTCATCTT

A=0.0003/31
(EXAC)
A=0.0002/1
(1000 Genomes)
A=0.0004/5 (GO-
ESP)

2" 7R

rs756510290

*T*GTGCAGGGTGGCAAGTGGC

C=0.000008/1
(ExXAC)

rs201930255

TGTGCA*G*GGTGGCAAGTGGC

T=0.00006/7
(EXAC)
C=0.0002/1
(1000 Genomes)
T=0.0001/4
(TOPMED)

rs17880172

TGTGCAGGGT*G*GCAAGTGGC

A=0.0006/71
(ExXAC)
A=0.0014/7
(1000 Genomes)
A=0.0018/52
(TOPMED)

rs17881780

TGTGCAGGGTGGCAA*G*TGGC

A=0.00007/8
(EXAC)
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A=0.0002/6
(TOPMED)

rs200277687

TGTGCAGGGTGGCAAGT*G*GC

A=0.00002/2
(EXAC)
A=0.0002/1
(1000 Genomes)

8F

rs113302588

TTCCTTAC*T*GCCTCTTGCTT

G=0.0002/14
(EXAC)
G=0.0013/37
(TOPMED)

rs376988747

TTCCTTA*C*TGCCTCTTGCTT

A=0.00002/1
(EXAC)
A=0.00007/2
(TOPMED)

rs776659879

TTCCTT*A*CTGCCTCTTGCTT

C=0.00007/4
(EXAC)
C=0.0001/4
(TOPMED)

rs761687865

TTCCT*T*ACTGCCTCTTGCTT

NA

8R

rs144496254

AGGCATAAC*T*GCACCCTTGG

A=0.00002/2
(ExXAC)
C=0.0002/1
(1000 Genomes)

rs945036538

AGGCATAACT*G*CACCCTTGG

A=0.00007/2
(TOPMED)

rs747431888

AGGCATAACTGCACC*C*TTGG

G=0.000008/1
(EXAC)

8-9F

rs189582361

TTGGGAGTAGATGGA*G*CCT

T=0.0002/1
(1000 Genomes)
T=0.00003/1
(TOPMED)

8-9R

rs749446092

*A*GTGTTAGACTGGAAACTTT

G=0.00002/2
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(EXAC)

rs757347555 AGTGTTAGAC*T*GGAAACTTT | A=0.000008/1
(EXAC)
rs149983651 AGTGTTAGACTGGAAA*C*TTT | T=0.00002/3
(EXAC)
G=0.0002/1
(1000 Genomes)
9F rs768950740 GACAAGAAGCGGT*G*GAG T=0.000008/1
(EXAC)
rs376079415 GACAAGAAGC*G*GTGGAG T=0.00007/8
(EXAC)
T=0.0002/6
(TOPMED)
rs549731874 GACAAGAAG*C*GGTGGAG A=0.000008/1
(EXAC)
A=0.0002/1
(1000 Genomes)
A=0.00003/1
(TOPMED)
rs936119541 *G*ACAAGAAGCGGTGGAG -=0.00003/1
(TOPMED)
rs769211481 *G*ACAAGAAGCGGTGGAG A=0.000008/1
(ExXAC)
9R rs769817504 *C*GGCATTTTGAGTGTTAGAC | NA
rs567351657 CGGC*A*TTTTGAGTGTTAGAC NA
rs749446092 CGGCATTTTG*A*GTGTTAGAC | G=0.00002/2
(same polymorphism as in 8-9R) (ExAC)
10F No polymorphism | CAATTGTAACTTGAACCATC
10R rs375905156 GGATGAGAATGGAATCCT*A*T | G=0.0008/4
(1000 Genomes)
G=0.0016/46

(TOPMED)

195




11F rs750853458 AGACCCTCTCA*C*TCATGTGA | A=0.00002/2
(EXAC)

rs17881850 AGACC*C*TCTCACTCATGTGA | A=0.0112/1359
1 (EXAC)
A=0.0076/38
(1000 Genomes)
A=0.0064/185
(TOPMED)

rs767047551 AGA*C*CCTCTCACTCATGTGA | A=0.00002/3
(ExXAC)

11IR | rs375913211 TGA*C*GCACACCTATTGCAAG | T=0.0002/6
(TOPMED)

rs35919705 TGAC*G*CACACCTATTGCAAG | A=0.0014/7
(1000 Genomes)
A=0.0014/40
(TOPMED)

rs886053513 TGACGCACAC*C*TATTGCAAG | NA

Table 4.7: Specific polymorphisms and their minor allele frequencies in IARC
protocol primers: (http://p53.iarc.fr/download/TP53_directsequencing_iarc.pdf):
Nucleotides in between two ‘*’ is the polymorphic site. Rows designated with “g”
indicates the MAF of polymorphism is >0.01 from any one of the database.

With regards to the TP53 gene, there are several factors which could influence the
probability of ADO. While the relatively smaller size of the gene and minimal
repetitive sequences in TP53 would have a lower ADO risk, it may be more than
offset by the large number of polymorphisms (Table 4.3) and an abundance of G-
Quadruplexes (Table 4.4) in TP53. Hence the prevalence and nature of ADOs in TP53
may not be applicable for other genes. Nevertheless, our findings should prompt
systematic large studies of ADO in TP53 and other genes in diverse cancer cohorts,

genotyped with different methods. This will provide better insight on the various
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clinical, genetic and technological contexts where ADOs could be a special
consideration or require systematic corrective actions. ADO should be suspected
whenever a homozygous germline mutation is identified in a Mendelian Dominant
condition. Similarly, a false negative report due to ADO should be suspected in
patients with classical syndromic diagnosis in whom no likely pathogenic mutation is
identified in the relevant genes on amplification based genotyping and MLPA. Such
cases or families, whether tested now or in the past, may be recalled for retesting by
appropriate methods. Retrospective retesting of individuals with redesigned primers
should be considered whenever any polymorphism with a significant allele frequency
is identified in the annealing region of the primers used. The TP53 exon 7 primers
used in several studies, including ours, should never be used for somatic or germline

TP53 analysis.

In conclusion, we show that germline allele dropouts in TP53 are not extremely rare
and this may be true in other cancer genes. Considering the major clinical
implications of a false negative genetic analysis report due to ADOs, a systematic
evaluation of ADOs in different clinical, genetic and technological contexts with

appropriate remedial actions or retesting is warranted.
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Chapter 5

TP53 & MDM?2
polymorphisms and clinical
phenotype In sporadic
sarcoma






5.1 Sarcoma

Sarcoma is a rare type of cancer of the connective tissues predominantly involving
bone, cartilage, fat, muscles and ligaments. Two major types of sarcoma include the
bone sarcoma and soft tissue sarcomas, each of which are further classified into many
subtypes. Bone sarcoma accounts for only about 0.2% of all cancers yet it is the third

leading cause of death in adolescents (210).
5.1.1 History

The term sarcoma is originated from the Greek word “sarx”, which means flesh.
Initially ‘Fungus’ a term derived from the Latin word Spongos or Sponge which
means an abnormal spongy outgrowth was also used for sarcoma but the word
sarcoma became more popular (211). Till the 19™ century sarcoma lesions were
studied along with other cancers as there were no techniques to distinguish between
them. With the advent of cellular pathology, different classification of tumor
terminology started to appear from the 19™ century (211, 212). Alexis Boyer from
Paris was the first to differentiate between tumors like exostosis, gumma of bone,
spina ventosa and osteosarcoma and was the first one to coin the term osteosarcoma in
19" century. Rapid progress was made after the work of Jean Cruveilhier and J. C. A.
Recamier who published the gross anatomy and pathology of bone and soft tissue
sarcomas and differentiation of bone primary and metastatic tumors respectively.
Samuel Weissel Gross and Albert Ferguson had major contribution in the field of
sarcoma and its treatment including limb amputation for cure (211, 212). Subsequent
advancement in biological understanding of different sarcomas, diagnostic and
therapeutic techniques, the classification system and the treatment outcome of

sarcoma improved over the decades.
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5.1.2 Epidemiology

Bone and soft tissue sarcomas are uncommon malignancies in both genders as
reported by the IARC Globocan in 2012 and the American Cancer Society in 2015
report (American Cancer Society. Global Cancer Facts & Figures 3rd Edition.
Atlanta: American Cancer Society; 2015). However there are some notable
exceptions. In children, after haemato-lymphoid and central nervous system
malignancies, bone and soft tissue sarcomas are the third most common cancers as
seen in Figure 5.1. The other striking difference is in the geographical differences in
the prevalence of Kaposi Sarcoma. Being an Acquired Immuno Deficiency Syndrome
(AIDS) defining cancer, Kaposi Sarcoma is the most common cancer in certain
countries in East Africa where HIV AIDS incidence is very high. Excluding the
Kaposi Sarcoma, soft tissue sarcomas are more common than bone sarcoma with their
prevalence being 73% and 27% respectively in the USA as reported recently by USA
Surveillance, Epidemiology, and End Results (SEER) Program

(https://seer.cancer.gov/csr/1975_2015/).

Uganda, Kyadondo 1993-1997

Australia 1997-2006
. Leukemia
B ymphomas

[ Nervous system tumors
(CNS and neuroblastoma)

[ Retinoblastoma
[ wilms and other renal tumors
. Kaposi sarcoma

. Bone and other soft tissue
sarcomas

China, Shanghai 2002-2005

Argentina 2000-2008

. Germ cell tumors

D Epithelial neoplasms and

Iran, Golestan 2004-2006
melanoma

D Other and unspecified

1 | L 1 J
0 25 50 75 100 125 150 175 200

Figure 5.1: Distributions of Cancer in Children 0-14 Years of Age in Selected Populations (age-
standardized incidence rates per million). Reproduced from Global Cancer Facts & Figures, 3rd
Edition.
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Of the bone tumors, osteosarcoma is the most frequently occurring tumor followed
by chondrosarcoma (213, 214). Both STS and osteosarcomas have bimodal peak
incidence. The incidence of STS, especially the embronal type, is high in early
childhood upto the age of 5 years, then it dips and starts rising again from middle age.
In contrast, the incidence of bone tumors increases during adolescence and then again

in old age (figure 5.2).

Age-Specific (Crude) SEER Incidence Rates
By Cancer Site
All Ages, All Races, Both Sexes
2006-2015
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Figure 5.2: Incidence of bone and joints cancer, soft tissue cancer and Kaposi sarcoma in
USA. Taken from (https://seer.cancer.gov/csr/1975_2015/)

Incidence of osteosarcoma below 24 years of age is same worldwide which is around
3-5 per million in males and 2-4 per million in females (213). Incidence of
osteosarcoma in males is maximum during the age of 15-19 year and in females
during the age of 10-14year. Osteosarcoma is more common in males than in females

(213).
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There are few reports from India which show trends in the incidence rate over time. In
a 1998 report by Yeole and Jussawala from the Bombay Cancer Registry, bone cancer
accounted for 0.9% of all the cancers, with Ewing sarcoma being the most common
bone tumor (215). In 1996 Rao et al reported that in the Dakshina Kannada district of
Karnataka, of the 523 bone tumors, 39% were malignant and of these malignant
tumors 45.7% were Osteogenic Sarcoma (OGS) and 19.4% were Ewing sarcoma
(216). In this Indian study, the incidence of bone tumors was maximum in the second
and third decade of life with a higher incidence in males (216). Gulia et al have
recently reported on patients registered with bone or soft tissue tumors registered from
1% January 2010 to 31 December 2010 at the Tata Memorial Hospital. They found
that 65% of the patients were males and 35% were females. During this period, bone
tumors were more frequent (60%) as compared to the soft tissue tumors (36%) which
are in contrast to SEER database where the soft tissue tumors are more prevalent. This
is possibly due to the referral bias in a hospital based report. A recent review by
Ramaswamy et al covering most of the publication from India on sarcoma revealed
that OGS is the most common bone tumor followed by Ewings’sarcoma and

chondrosarcoma (210).
5.1.3 Classification

Sarcoma is broadly classified into bone sarcoma and soft tissue sarcoma. The most
common subytpes of bone sarcomas include osteosarcoma, chondrosarcoma and
Ewing’s sarcoma while fibrosarcomas, chordomas, and undifferentiated pleomorphic
sarcoma (UPS) being the other rare subtypes. Soft tissue tumors have multiple
classification of which the most common type of soft tissue sarcomas are spindle cell

sarcoma, synovial sarcoma, leiomyosarcoma, Liposarcoma etc. The prevalence of
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different soft tissue sarcoma varies according to age with Rhabdomyosarcoma being
more common in children (217). World Health Organization (WHO) classification of
soft tissue and bone tumors published in 2002 and modified in 2013, classified soft
tissue tumors into 9 sub categories and bone tumors in to 12 subcategories (218). A
brief outline of WHO classification of bone and soft tissue tumors along with few

examples of malignant/benign type of each category are given in the table 5.1.

Table 5.1: WHO classification of Bone and Soft tissue tumors:

Bone Tumors Soft Tissue Tumors

Dedifferentiated

liposarcoma
Cartilage Chondrosarcom Adipocytic _
1 1 Myxoid liposarcoma
tumors a tumors
Round cell
liposarcoma

chondroblastic _
Adult fibrosarcoma

Osteosarcoma ) )
) i i Fibroblastic/
Osteogenic fibroblastic ] ] )
2 2 | myofibroblasti Myxofibrosarcoma
tumors Osteosarcoma
i ¢ Tumors
Osteoblastic Low grade
Osteosarcoma fibromyxoid sarcoma
Pleomorphic ‘MFH’ /
Undifferentiated
pleomorphic sarcoma
Giant cell ‘MFH’ /
) ) So-called ) ]
Fibrogenic ) ) S Undifferentiated
3 Fibrosarcoma | 3 | fibrohistiocyti )
tumors pleomorphic sarcoma
c tumors

with giant cells

Inflammatory ‘MFH’ /
Undifferentiated

pleomorphic sarcoma
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with

prominent
inflammation
_ S Malignant )
Fibrohistiocytic ) Smooth Leiomyosarcoma
4 fibrous 4 _ )
tumors o muscle tumors (excluding skin)
histiocytoma
Ewing
sarcoma/primiti Pericytic
) _ Glomus tumor (and
5 ve Ewing sarcoma | 5 | (perivascular) _
variants)
Neuroectoderm tumors
al tumor
Embryonal
rhabdomyosarcoma
6 Haematopoietic Malignant 6 Skeletal Alveolar
tumors lymphoma muscle tumors | rhabdomyosarcoma
Pleomorphic
rhabdomyosarcoma
Epithelioid
haemangioendothelio
. Giant cell Malignant giant . Vascular ma
tumor cell tumor tumors
Angiosarcoma of soft
tissue
Mesenchymal
Chondro-
Notochordal chondrosarcoma
8 Chordoma 8 0SSeous
tumors Extraskeletal
tumors
osteosarcoma
Synovial sarcoma
Tumors of _
Vascular ) ) Epithelioid sarcoma
9 Angiosarcoma | 9 uncertain
tumors ) o Alveolar soft part
Differentiation
sarcoma
10 Myogenic, Leiomyosarcom
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Lipogenic, a
Neural, and Liposarcoma
Epithelial Neurilemmoma
Tumors Adamantinoma
Fibrous
Tumors of dysplasia
Undefined Osteofibrous
H Neoplastic dysplasia
Nature Langerhans cell
histiocytosis
Li-Fraumeni syndrome
Beckwith-Wiedemann syndrome
Bloom syndrome
Congenital and Inherited Syndromes Maffucci syndrome (sporadic)
12 | Associated with Bone and Soft Tissue Paget disease of bone, familial
Tumor Retinoblastoma
Rothmund-Thomson syndrome
Rubinstein-Taybi syndrome
Werner syndrome

5.1.4 Tumor distribution

Sarcomas are distributed throughout the body. A large study with soft tissue sarcoma
revealed that 40% of tumors originated in the extremities and 38% in visceral or
retroperitoneal areas (219). One third of extremity and trunk sarcomas are superficial
with a median diameter of 5cm and the remaining two third are deep seated with a
median diameter of 9cm (218). Osteosarcoma occurs more frequently in younger age
group and in this age group 80% of the tumors occur in the long bones. Incidence rate

of tumor in bone extremity in the older age group is one third of the younger age
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group (218). Chondrosarcoma are also more common in long bones with other
common sites being pelvis and ribs. Ewing’s sarcoma has similar epidemiological
features as osteosarcoma but tends to occur in the diaphysis of long bones as

compared to metaphyseal areas for OGS

5.1.5 Etiology

Exact cause of bone and soft tissue sarcomas are not known though there are many
risk factors associated with these types of tumors (220-223). Various risk factors
include genetic and environmental factors such as exposure to ionizing radiation,
infection and immune deficiency. While few studies have shown the association of
chemical carcinogens with sarcoma occurrence (218, 224, 225), their results have not
been replicated. About 0.1 to 1% of sarcoma cases are due to prior radiation exposure
during treatment and occur after a median time of 10 years after exposure (218, 226).
Immune deficient individuals such as those with HIV AIDS are prone to sarcoma,
specifically Kaposi sarcoma (227). While majority of sarcoma cases are sporadic in
nature, they are also associated with various hereditary syndromes like Li Fraumeni
Syndrome (22%), Retinoblastoma (less than 15%), Rothmund Thompson syndrome
(7-32%), neurofibromatosis (17-67%), Costello syndrome (20%) etc (228). In Li-
Fraumeni and Li-Fraumeni like syndrome (LFS/LFL), sarcoma is the second most

common cancer in females after breast cancer (146) and most common in males.

5.1.6 Diagnosis, grading and staging of sarcomas

Exact diagnosis of any cancer is very important for their proper treatment. Sarcoma
being very diverse in nature, needs to be diagnosed and staged accurately. Important

parameters for diagnosis are tumor location, size, type of matrix, and nature of tumor
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whether it is benign or malignant. Age is also an important consideration in making
the diagnosis of sarcomas as certain sarcomas are age specific. The Radiological
features also helps to suggest possible histological type and tumor aggressiveness

(218).

Due to nonspecific clinical features of bone tumors, early diagnosis is difficult. The
initial presentation may be pain and swelling. Along with age, location and size the
radiological features of type of cortical destruction and periosteal reaction is an
important parameter for the diagnosis of bone tumors. It is important to find out the
axis of the lesion while diagnosing the bone sarcomas. . National Comprehensive
Cancer Network (NCCN) provide the guidelines for cases below 40 years of age with
abnormal radiograph to be referred to orthopedic oncologist and individuals above 40
years should undergo an investigation for bone metastasis (229, 230). European
Society for Medical Oncology (ESMO) guidelines recommends an Magnetic
Resonance Imaging (MRI) followed by radiograph and CT scan if MRI results are not

equivocal (231).

MRI is the recommended technique for the initial diagnosis of soft tissue sarcoma as
it is superior to other imaging modalities in terms of differentiating between normal
and abnormal tissue and in visualizing neuro-vascular structures for the purpose of
surgical planning. For the diagnosis of sarcoma, biopsy is necessary for identifying

the specific histology and its grading (218).

Histological grading of tumor is done for predicting the behavior of a malignant
tumor based on its histological feature. The French Federation of Cancer Centers
Sarcoma Group (FNCLCC) system and the National Cancer Institute (NCI) system

are the most widely used grading system. Tissue differentiation, tumor necrosis and
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mitotic activity are considered in the FNCLCC grading system (232) and histology,

location and necrosis are considered in NCI grading system (233).

For bone tumors various staging systems are used. Tumor-Node-Metastasis (TNM)
classification recommended by American Joint Cancer Committee and Union for
International Cancer Control (AJCC/UICC) (234) and surgical staging system by

Musculoskeletal Tumor Society (MTS) (235) are followed by NCCN.

5.1.7 Treatment

Most sarcomas require multimodality treatment combining surgery, radiotherapy and
chemotherapy in different sequence based on the tumor size, location, and histological
subtype and patient’s age. Traditionally, extremity sarcomas were treated with
amputation. However with better techniques of radiotherapy and surgical refinements
and better endo-prosthesis, it is often possible to do limb sparing surgery for sarcomas
followed by radiotherapy. Primary line of treatment for low grade sarcomas is wide
excision with or without radiotherapy. For OGS neoadjuvant chemotherapy with high
dose methotrexate is used followed by surgery (229). Histological response to
chemotherapy is an important prognostic factor in OGS. For,high grade soft tissue
sarcomas, in addition to surgery and radiotherapy, adjuvant chemotherapy may be
used (230). For childhood rhabdomyosarcoma, chemotherapy is the mainstay of

treatment along with appropriate local treatment with surgery or radiotherapy.

5.2 Genetics of sarcoma

Genetic basis of Sarcoma is not well defined. Recently, Ballinger M. et al have
reported the genetic landscape in 1162 sarcoma patients enrolled in the International
Sarcoma Kindred Study (ISKS) from various parts of the world. The ISKS study

210



identified germline monogenic and polygenic variants in 55% sarcoma patients,
highlighting the role of genetic factors in sarcoma genesis (236). Variant in these
genes were correlated with earlier diagnosis of disease. The reported variants included
pathogenic and likely pathogenic variants as well as VUS. In addition to mutations in
the tumor suppressor genes like TP53, BRCA2 and ATM, mutations in the ERCC2
gene were observed with high frequency. The ERCC2 gene encodes a helicase helps

in nucleotide excision repair.

Over the last few decades, a large number of studies have reported conflicting results
of the association of several polymorphic gene variants with cancer risk (97, 98, 237-
240). Several studies have also evaluated the modifier effect of low penetrance
polymorphic variants on clinical outcome of some cancers (145, 240). While several
TP53 polymorphisms like Arg72Pro polymorphism (rs1042522) and MDM2 309 SNP
(rs2279744) have been extensively studied in different cancers (145) only few studies
have examined their role in sarcomas. Toffoli et al have shown the prognostic value
of TP53 Arg72Pro SNP for event free and overall survival in osteosarcoma and the
risk association of MDM2 SNP309 for osteosarcoma development in females (241).
Pauline et al have reported risk association of G allele of MDM2 309SNP with higher
grade and node positivity in breast cancer in the Scottish population (242). Lum et al
found association of T allele of MDM2 309SNP with early onset of breast cancer in
the Chinese population (243). Polymorphism of Intron 3 (PIN3), a 16 base pair
duplication TP53 polymorphism has been studied in various cancers. Risk association
of PIN3 with breast cancer development has been reported in two meta-analysis in
2010 and 2013 (237, 239). However the risk association of the PIN3 polymorphism

with sarcoma risk or the clinical phenotype or clinical outcome and survival in
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sarcoma has not been reported. Overall, very few studies have evaluated the impact of
TP53 and MDM2 polymorphisms on the clinical outcome in sarcoma patients. In the
Indian population, the TP53 and MDM2 polymorphisms have not been studied for
sarcoma risk or its clinical phenotype and outcome. We have therefore undertaken the
first study of TP53 and MDM2 polymorphism in a large cohort of sporadic and

hereditary sarcoma patients. .

5.3 Aim: To study the impact of common TP53 and MDM2 polymorphisms in Indian

sarcoma patients.

5.4 Methodology: Sarcoma cases were enrolled from the TMC International Sarcoma
Kindred Study (TISKS) at the Tata Memorial Centre. The cases were enrolled
between June 2010 to September 2016 and follow-up data available uptil January
2018. All demographic, clinical, histopathological and treatment details were noted
and blood sample was collected after taking written informed consent. Response to
chemotherapy and disease status during follow up was recorded. Genotyping was
performed on the genomic DNA extracted from blood for 3 polymorphisms (TP53
R72P, TP53 PIN3 and MDM2 SNP309) as per the methodology described in chapter
2. Genotype of these 3 polymrphisms was correlated with age at sarcoma diagnosis,
maximum tumor dimension, response to chemotherapy, metastases free and overall
survival. Different statistical methods were used for various genotype— phenotype
correlations. To compare mean age at diagnosis in different genotypes, mean
comparison t test or non parametric test was used depending on the distribution. For
response to chemotherapy (>90% or <90% response) and maximum tumor size (> or
< 8 cm), chi square test was used. The metastases free and overall survival probability

was estimated using Kaplan Meier method and the differences were compared using
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the log rank test. As subgroup analysis was done, instead of p<0.05, a p value of

<0.01 was considered as statistically significant.

5.5 Results

A total of 311 sarcoma cases enrolled in the ongoing TMC International Sarcoma
Kindred Study (TISKS) in between December 2010 till July 2018 were genotyped for
3 polymorphisms (TP53 R72P, TP53 PIN3 and MDM2 SNP309). These genotypes
were correlated with various clinico-pathological characteristics and the clinical
outcome including survival in these sarcoma patients treated with multimodality
treatment at the Tata Memorial Hospital. The demographic detail of these 311 cases is
shown in table 5.2. Of the 311 cases enrolled, 302 are from India, 8 from Bangladesh
and 1 from Nepal. Majority (N=127) of the cases were from Maharashtra (n=127),
followed by 43 cases Uttar Pradesh (n=43), West Bengal (n=35) and rest of India as

shown in figure 5.3 . Of the 311 cases, 100 were female and 211 were males.

Table 5.2 Demographics and clinical details

Country Frequency Percent
Bangladesh 8 2.5
India 302 97.1
Nepal 1 0.3
Gender
Female 100 32.2
Male 211 67.8
Family History
No 282 90.4
Yes 29 9.3
Tumor Type
Bone 263 84.3
Soft Tissue 48 15.4
Religion
Hindu 246 78.8
Muslim 56 17.9
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Others 9 2.9
Tumor Size*
<8 61 19.6
>8 238 76.3
Not Available 12 3.8
Tumor response to chemotherapy”
<90 73 235
>90 81 26
Not Available 157 50.5
Intent of Treatment
Curative 265 84.9
Paliative 26 8.3
Not Available 20 6.4
Metastasis at presentation and followup
No 168 53.8
Yes 117 375
No Record 26 8.3

*Tumor size is represented as the maximum dimension of the tumor and the scale is
in cm. * Response to chemotherapy is shown in percentage (%) of tumor
shrinked.

Family history of cancer in a first or second degree relative was noted in 29 cases but
none of these had a strong family history of a classical Li-Fraumeni Syndrome. Bone
sarcomas accounted for 84.5% (n=263) cases with only 15.4% (n=48) cases having
STS. Around 76% (n= 238) of tumors had the maximum tumor dimension of >8cm
and 20% (n=61) had <8 cm. Tumor size was not known for 12 cases. Majority of
these cases had curative treatment at the Tata Memorial Hospital. Distant metastasis
was noted in 57 cases at presentation. Of the remaining 254 cases, 168 cases remained
metastases free till their last follow up, 60 developed metastases during follow up and

the metastatic status was not known in the remaining 26 cases.

Overall mean age of sarcoma diagnosis was 23.9yrs (+14.8) for all sarcomas, 21.3yrs
(x12.5) for bone sarcomas and 38.2yrs (x18.3) for STS. The mean age for OGS was

18.8yrs (£8.8). The mean age of sarcoma diagnosis was 22.4yrs (£15.3) in females as
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compared to 24.6yrs (£14.6) in males. Similarly for OGS, the mean age of diagnosis

in females was 17.3yrs (+£9.5) as compared to 19.4yrs (£8.4) in males.

The trend of early age of sarcoma diagnosis in females did not reach statistical

significance

Distribution of Sarcoma types

00

NB. Dots do not represent exact location
or districts but only counts in each state

The Blank Map 1s taken from- Q
http://www.freeusandworldmaps.comy/html/Countries/Asia%20Countries/IndiaPrint html

Figure 5.3: Distribution of Sarcoma Type in India
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5.5.1 Allele frequency of three polymorphisms:

The genotyping results in 311 cases were analysed to estimate the allele frequency of ,

Arg72Pro, PIN3 and MDM2SNP 309 polymorphism as shown in Table 5.3. All the

polymorphisms were found to be in Hardy Weinberg Equilibrium.

Table 5.3 Genotypic frequency of three polymorphisms

TP53 Arg72Pro Counts (N=311) Allele frequency
CC 65 (20.8%) C=47.59%

GC 166 (53.2%) G=52.41%

GG 80 (25.6%)

MDM2 SNP309

GG 85 (27.2%) G=50.96%

TG 147 (47.1%) T=49.04%

TT 79 (25.3%)

TP53 PIN3 (Intron 3 Duplication)

WT 197 (63.1%)
Htz 105 (33.7%)
DUP 9 (2.9%)

A1*=80.22%

A2*=19.77%

Table 2: *Al represents single 16 bp stretch (not duplicated and *A2 represents duplication of 16bp

5.5.2 Polymorphisms and age

The mean age at diagnosis of all sarcomas (n=311) or only OGS (n=200) was

correlated with different genotypes as shown in Table 5.4. There was a trend for early

age of sarcoma diagnosis in cases with PIN3 duplication but did not reach
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Table 5.4: Age of sarcoma diagnosis with various genotypes in entire sarcoma cohort

TP53 R72P Age at diagnosis MDM2SNP309 | Age at diagnosis PIN3 Age at diagnosis

GG (80) Mean 25.49 TT(79) Mean 22.58 WT (197) Mean 24,03
Median 18.00 Median 17.00 Median 18.00
Std. Std. 14.025 Std. 14.904
Deviation Tha Deviation Deviation

GC (167) Mean 23.29 TG (147) Mean 2461 Htz (105) Mean 24.14
Median 18.00 Median 20.00 Median 19.00
Std. 14135 Std. 15.264 Std. 14.848
Deviation ' Deviation Deviation

CC (64) Mean 23.63 GG (85) Mean 23199 DUP (9) Mean 19.11
Median 18.00 Median 18.00 Median 17.00
Std.. . 14580 Std.l . 14.840 Std.' . 13.186
Deviation Deviation Deviation

Combined Genotype Combined Genotype Combined Genotype

GG (80) Mean 25.49 TT(79) Mean 22.53 WT(197) Mean 24.03
Std. 16,399 Std. 13.946 Std. 14.904
Deviation ' Deviation Deviation

GC+CC(231) [ Mean 23.39 TG+GG (232) Mean 24.41 Htz+Dup(114) | Mean 23.75
Std.. . 14229 Std.‘ . 15.108 Std.. . 14.734
Deviation Deviation Deviation

CC (64) Mean 2357 | [TT+TG(226) | Mean 2390 | Wt+Htz(302) | Mean 24.07
Std. Std. Std.
Deviation Vi Deviation 14843 Deviation 1450

CG+GG (247) |Mean 24.02 GG (85) Mean 23.99 | Dup(9) Mean 19.11
Std. Std. Std.
Deviation 1o Deviation 30 Deviation 1519

significance due to small number of cases with duplication (n=9). Correlation between

age of sarcoma diagnosis and different genotype is shown in table 5.4 and figure 5.4.

5.5.3 Polymorphisms and tumor size

Information on the maximum tumor size was available for 299 cases and was

categorized as <8 cm or >8 cm. For the R72P SNP, the GC and GC+CC genotype

showed a trend for larger tumors with a p value of 0.038 and 0.052.
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Table 5.5: Association of Tumor size in entire sarcoma cohort with various

polymorphisms

Tumor size in entire sarcoma cohort
Chi-square Chi- Chi-
P72R i’ f(j2) P72R square P72R square
N (df=1) (df=1)
cc GC GG CC CG+GG CC+CG GG
<8 16 24 21 16 45 40 21
(n=61)
P=0.038 P=0.156 P=0.052
>8
= 46 137 55 46 192 183 55
(n=238)
MDM2SNP309 SNP309 SNP309
TT TG GG TT TG+GG TT+TG GG
<8 16 27 18 16 45 43 18
(n=61)
P=0.822 P=0.467 P=0.397
>8
= 58 116 64 58 180 174 64
(n=238)
PIN3 PIN3 PIN3
WT Htz DUP WT Htz+Dup Wt+Htz Dup
<€ 20 1 0 21 60 1
(n=61)
P=0.764 P=0.416 P=0.421
>8
= 150 80 8 150 88 230 8
(n=238)

The MDM2SNP309 and PIN 3 polymorphisms did not show any significant

association with the tumor size in the entire sarcoma cohort and in the OGS cohort.
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Table 5.6: Association of tumor size in OGS with various genotypes

Tumor size in OGS cohort
Chi- Chi-
P72R square P72R square
(df=2) (df=1)
CC GC GG CC CG+GG
€ 5 13 1 8 24
(n=32)
P=0.151 P=0.341
8 33 96 35 33 131
(n=164)
MDM2SNP309 SNP309
TT TG GG TT TG+GG
6 5 16 8 8 24
(n=32)
P=0.981 P=1.0
28 43 78 3 43 121
(n=164)
PIN3 PIN3
WT Htz DUP WT HtZ;D”
€ 0 12 o0 20 12
(n=32)
P=0.602 P=0.406
28 401 s8 s 101 63
(n=164)

Chi-square
P72R (df=1)
CC+C
G GG
21 11
P=0.089
129 35
SNP309
TT+T
G GG
24 8
P=1.0
121 43
PIN3
Wt+H
7 Dup
32 0
P=0.544
159 5

5.5.4 Polymorphism and chemotherapy response

Histological response of >90 or <90 seen in the tumor after chemotherapy was

analaysed for 134 OGS cases for whom this information was available.

significant association was seen with any polymorphisms.
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Table 5.7 Tumor response in OGS cohort

Tumor response in OGS cohort(N=134)

Chi- Chi-
P72R square P72R square P72R
(df=2) (df=1)
CC GC GG cc C%;G CC+CG GG
>90
oy 164115 16 56 57 15
P=0.504 P=1.0
<90
gy 14 %0 18 14 48 4 18
MDM2SNP309 SNP309 SNP309
TT TG GG TT TG+GG TT+TG GG
>90
oy 183 20 18 54 52 20
P=0.683 P=0.562
<D 49 25 18 19 43 4 18
(n=62)
PIN3 PIN3 PIN3
WT Htz DUP WT HtZ;D“ Wt+Htz Dup
>90
oy B2 70 2 45 27
P=0.889 P=1.0
<90
ey 0 21 61 1 0 2

Chi-
square
(df=1)

P=0.317

P=1.0

P=.858

5.5.5 Polymorphism and distant metastasis

Information on distant metastasis was available for 285 cases. Of these 117/285 who

had metastasis 57 had metastasis at presentation and 60 patients developed metastases

at follow up. Association of all these polymorphisms were analysed with the

occurrence of metastasis in the entire sarcoma cohort (table 5.8) and in OGS cohort.

221



No significant association was identified. Metastases free survival calculated with
Kaplan Meir method also did not show any significant differences between different

genotype (Figure 5.6).

Table 5.8: Association of metastasis occurrence with polymorphisms

SNP association with metastasis

Chi- Chi-square Chi-square
P72R square P72R ( df‘_‘l) P72R ( df‘ﬂl)
(df=2) - -
Mets CC GC GG CC CG+GG CC+CG GG
Yes
(117 B 68 26 23 94 91 26
P=0.512 P=0.327 P=0.486
No
(=168 B 86 4 38 130 124 44
MDM2SNP309 SNP309 SNP309
TT TG GG TT TG+GG TT+TG GG
Yes
ne17) ¥ 4T 3 37 80 84 33
P=0.237 P=0.075 P=0.786
No
=168 37 8 4 37 131 124 44
PIN3 PIN3 PIN3
WT Htz DUP WT Hiz+Dup Wt+Htz Dup
Yes
ey 84 3 73 44 114 3
P=0.977 P=1.0 P=1.0
No
(=168 105 58 5 105 63 163 5
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Kaplan-Meier survival estimates entire sarcoma cohort
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Figure 5.5: Overall survival with three polymorphisms: Survival curves are shown in 3 rows and 3
coloumns. First row is for P72R, second for MDM2 SNP309 and the third for PIN3. First column is for
all 3 gennotypes, 2" and 3" for recessive and dominant models of the three polymorphisms.

5.5.6 Polymorphisms and overall survival

Information on survival was available for 305 cases in whom date of death or date of
last follow up was recorded. Association of these polymorphisms with overall
survival was studied for the entire sarcoma cohort and for OGS group. P72R and

MDM2SNP309 were not found to be associated with Overall Survival (figure 5.5).

The PIN3 duplication polymorphism was associated with a highly significant inferior
overall survival in OGS cases and a trend for inferior survival was seen in the entire

sarcoma cohort. In 76 OGS cases with a Homoygous or Heterozugous intron 3
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duplication, the 3 year probability of survival was 57.9% as compared to 82.6% for
the 122 OGS cases wild type for this polymorphism (p=0.009). No significant

association was identified with MFS but similar trend was seen (figure 5.6).

Kaplan-Meier OS estimates
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Figure 5.6: Overall and metastatic free survival in OGS cases. OS- Overall Survival; MFS-Metastatic

Free Survival

5.6 Discussion

In our study, we did not genotype healthy controls, association of these three TP53 /
MDM2 polymorphisms with the risk of sarcoma development could not be examined.
However, this is one of the largest sarcoma cohort where the modifier effect of these
polymorphism on the clinical phenotype (age at diagnosis and tumor size),
chemotherapy response and survival outcome has been studied. While a trend towards
association between certain genotypes and clinical phenotypes were observed in our
sarcoma cohort, they did not reach the predefined significance level of p<0.01, except
for the PIN3 duplication. This is the first reported association of highly significant
worse overall survival with PIN3 duplication in Osteosarcoma.
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Jian-Ying Ru et al examined 5 TP53 SNPs for risk association and survival in
Chinese osteosarcoma patients. They reported a shorter median survival time of 19
months in patients with P72R GG genotype as compared to 28 months in patients with
CC genotype with a hazard rate of 1.94 (95% confidence interval 1.03-3.65).
However the PIN3 duplication polymorphism was not studied by them (100). Another
study by Ohnstad HO et al. did not find any association of P72R and MDM2 with the
survival (96). In our cohort also we did not find any significant association of P72R

and MDM2SNP309 with the survival of sarcoma cases.

Though PIN3 polymorphism has never been studied in sarcoma, there are reports
with its risk association with other cancers (244, 245). Functional studies on this
polymorphism show that the duplication polymorphism affects the expression of p53
protein. More expression of full transcript of TP53 protein was observed in the
presence of wild type allele (246). Duplication of PIN3 also leads to
haploinsufficiency of TP53. Due to addition of 16bp the length of intron 3 increases
by about 16% which stabilize the formation of G-quadruplexes (247). This results into
the less expression of the protein which may explain the worst survival in the
duplication polymorphism. A meta-analysis also supports the finding that the
duplication polymorphism is associated with increased risk of cancer. Geographically
this association was found in Indian, Mediterranean and Northern Europe populations
but not in the Caucasian population of the United States. In this meta-analysis with
cancer type, the increased risk was found with breast cancer and colorectal cancer but
not with lung cancer (248). All these studies supports our finding and to further
confirm this finding there is a need for detailed functional studies of the effect of

PIN3 duplication in the OGS cell lines, sarcospheres and animal models.
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The observations from our study highlight the need of further studies in larger cohort
of patients with different types of sarcoma and with longer follow up. This could help

in confirming the progrnostic role of PIN3 duplication polymorphism in OGS, other

types of sarcomas and other cancers.
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Chapter 6

Establishing lymphoblastoid cell lines
from LFS TP53 mutation carriers for
DNA repair studies and
characterization of variants
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6.1 Introduction

Establishment of human cell lines in mid twentieth century is considered as a
milestone in biological research as it allowed mechanistic and functional studies on
human pathologies. One of the first human cell line to be successfully established was
in 1951 when George Gey at Johns Hopkins University established a cell line from
the cervical cancer tissue of a patient named Henrietta Lacks. Though the donor of the
tumor tissue was never remembered but her cell line was named as HeLa (Henrietta
Lacks). The HeLa cell line growing all over the world is perhaps the most extensively
used cell lines for cancer research (249). After the establishment of HeLa cell line
various other tumor cell lines were established. In 1964, Epstein and Barr for the first
time found that a herpes like virus was present in the lymphoblast cultures established
from Burkitt’s lymphoma patient (250). Subsequently, this particle was seen in other
studies with Burkitt lymphoma tumors (251-253). This particle was later known as
EBV, which is antigenically different from other herpes viruses. The frequent
association of this virus with lymphoblastoid cells in long term cultures raised the
possibility of the lymphoproliferative nature of this virus. Co-culture experiment with
irradiated Burkitt’s lymphoma cells with leukocytes provided evidence, that these
viruses have some stimulatory effect on growth (254). In 1968 Pope et al showed the
transformation ability of these viruses by transforming foetal human leukocyte (255)
and in 1969 Gerper et al showed the transformation of normal human leukocyte
cultures (256). These studies established the fact that EBV has transforming
capabilities of EBV on human B-lymphocytes and that it can be used for establishing

transformed lymphoblastoid cell lines.
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EBV has a structure similar to that of herpes viruses (Figure 6.1A). It is round
structured with surface glycoproteins, a nuclear envelop, viral tegument,
nucleocapsid, and genetic material. It belongs to the y herpesvirus subgroup. The
genetic material is linear dSDNA as found in other herpes viruses. Its genome is about
170kb long with around 94 genes. In the latent phase it remains in the circular form as

shown in figure 6.1B. Important genes of this virus are EBNA, LMP, EBER, BARF.

-
EBERT

EBER2
) ™,
LMP2A 1

Envelope protein BamHlIA regon~", \ S CporWp
K
SN2

Envelope

Viral genome
= Double-stranded DNA episome

Nucleocapsid EBNAT

Viral tegument

EBNA3C
EBNA3B
EBNA3A

Figure 6.1: EBV particle (A) and its genome(B) image taken from-(https://www.genome.jp/dbget-
binf'www_bget?refseq:NC_007605)

These viruses can infect both B-Lymphocytes and epithelial cells but the underlying
mechanisms to invade both the cells are different. To infect B lymphocytes the viral
glycoprotein gp350 encoded by BLLF1 gene binds with the C21 B-cell receptor.
After this interaction gp42 a membrane protein binds with MHC class 1l molecules
which trigger the fusion of viral particle with the B-cell allowing the viral genome to

enter the B-cell. In CD21 negative cells gp350/220 interacts with CD35 which is also
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known as complement receptorl to invade the cells (257). EBV invades epithelial
cells by a different set of proteins. EBV surface protein BMRF2 interacts with 1
integrins then viral glycoprotein H encoded by the gene BXLF2 and glycoprotein L
encoded by BKRF2 interacts with host cell integrins which results in the fusion of the
viral particle with the host epithelial cell membrane. This results in the release of viral
genome into the epithelial cell. After the entry into the host cell the viral capsid gets

dissolved and the dsDNA of virus gets transported to the nucleus of host cell (257).

There are various strains of this virus, of which a strain isolated from a patient with
mononucleosis due to transfusion has been used to immortalize monkey blood
leukocytes in vitro (258). The virus produced from this cell line was called B95-8
strain and the cell line is marmoset cell line (B95-8 cell line). DNA profiling later
revealed that this cell line has most probably originated from Cotton-Top Tamarian
Monkey’s peripheral blood lymphocytes (259). This cell line is a large producer of
EBV and currently used for production of the virus for transforming and establishing
Lymphoblastoid cell lines. Lymphoblastoid cell lines can be established with standard
protocols as described in the methodology chapter. These cell lines have been

extensively used in a wide variety of research, including cancer research.

6.2 Utility of Lymphoblastoid cell lines

Lymphoblastoid cell line (LCL) became the choice for various types of studies as they
are relatively easy to establish and maintain and serve as a continuous source of
precious genetic material including RNA. In the last few decades these cell lines have
been extensively used for genetic studies, functional studies, cytotoxicty assays and
for genotype phenotype correlation (260). In a review of published literature from

2001 — 2010, Hussain et al showed that over this period of 10 years, LCLs was used
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as a model system in 65% research studies, and in the remaining studies they were
used for understanding basic virus biology (Figure 6.2A). During the same period
15% of the studies were related to DNA damage and repair, 29% for cytotoxic studies
and the remaining 56% for other functional studies (Figure 6.2B) (261). Recently,
Satish et.al. have shown the utility of LCLs for generating induced pluripotent stem

cells (262).

A B

[ oNA damage and repair studies
- EBV LCLs used as model system - Other cytotoxicity studies

[ other EBV LCL reports Model system for any other studies

Figure 6.2: Use of Lymphoblastoid cell lines in various studies. Taken from Reference (261)

6.3 DNA damage and repair

The integrity of DNA, the store house of genetic information, has to remain intact.
Alteration in DNA could result in changes in the cellular make up and function. DNA
is a very dynamic molecule in cell which undergoes replication in every cell division,
and all expressing genes in the respective cell synthesize their RNA from the DNA
molecule keeping it functioning every time. This chemical entity is prone to get

damaged by various means and the DNA of a single cell may be affected by one
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million changes per day (263). In every cell division the DNA makes a copy of itself
by the replication process and this process is not error free. Despite several proof
reading and repair mechanisms, few residual mutations may remain in the DNA. The

mutation rates vary for different genes and in different organisms (264).

The DNA damage can be divided into two types (i) Endogenous damage due to
intracellular events e.g. replication errors and damages due to Reactive Oxygen
Species. (ii) Exogenous damage- Damage occurs due to external agents like UV light,

ionizing radiation and various chemicals which forms adducts with DNA.

The DNA damage repair process takes place in a stepwise manner. Firstly, the cell
senses the damage in the DNA and transcribes various proteins to halt the cell cycle.
Secondly proteins at repair site get phosphorylated and various signaling cascades
start to recruit various other proteins at the damaged site which helps in preparing the
endogenous cellular environment for repair to occur. Finally the damaged DNA is
repaired. If the damage is irreparable then the signaling cascade of apoptosis starts
and ultimately leads to the death of the cell (265). There are various repair
mechanisms which deals with different types of damages. These include, mismatch
repair, base excision repair, nucleotide excision repair and Double Strand Break
(DSB) repair. Different DSB repair pathways include the homologous recombination
(HR) repair, Non Homologous End Joining repair (NHEJ) and Microhomology
mediated End Joining (MMEJ) repair. The choice of DSB repair mechanism depends
on various factors. HR mostly takes place in the S phase during the replication
process as the cell cannot tolerate error while replication. In the remaining phases,
NHEJ takes place. There are other factors also like complexity of the break influences

which repair mechanism takes place (266).
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Study of DNA damage and its repair has allowed researchers to explore the function
of many proteins and their mutant counterparts. In these experiments, first the damage
is induced in the cell and the various assays are used to study the kinetics of repair

and function of any repair protein.

6.4 Gamma H2AX assay

H2AX is a variant of histone protein H2A. This variant of H2A has a unique motif
called SQ motif at the C-terminal end and this motif is highly conserved from plants
to humans (267). In 1998 it was first reported by Emmy et al that the serine residue,
Ser 139 gets immediately phosphorylated after the DNA damage in human cells
(268). After phosphorylation it is called as YH2AX as it was first observed by
irradiating the cells with y-irradiation. After the damage H2AX is phosphorylated by
P13-Kinases like ATM, ATR, DNA-PK depending on the type of damage (268-270).
Phosphorylation of H2AX is one of the earliest events after DNA damage which starts
with in minutes and is at its highest level 30 minutes after the damage (267). Using
YH2AX as a target of research many important findings have been made like the
phosphorylation of H2AX at the damaged site and subsequently hundreds to
thousands YH2AX molecules surrounds the DSB to form foci which further help in
the recruitment of various proteins for the repair process. After the discovery of
YH2AX , it was used to discover various other proteins involved in the DNA repair

process, through interaction and colocalization.

This assay was used to study DNA repair defects in cell lines with different p53
status. Van Oorsschot et al have reported that the colorectal cancer cell line RC10.1

which is p53 null shows delayed repair with greater number of residual H2AX foci in
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comparison to the p53 wild type RKO cell line (271). Many studies have shown the
effect of mutant p53 in the cell cycle checkpoint post irradiation (103-105, 108).
These studies were done in either fresh peripheral blood lymphocytes or fibroblasts
from LFS cases. LCLs from LFS patients have been used in only one mechanistic
study, where the TP53 mutation status did not correlate with G1 arrest (108).
However, other studies have shown the effect of TP53 mutation on cell cycle check
points (103, 107). The effect of TP53 mutation on radiosensitivity of cell lines have
been reported in few studies using YH2AX assay or 53BP1 foci formation post
irradiation (106, 272, 273). However, the kinetics of DNA damage repair in LCLs
established from TP53 mutation carriers has not been studied. We undertook a pilot
study to see the difference in the repair kinetics of TP53 mutant LCLs and the LCLs

established from the healthy individuals post irradiation.

6.5 Purpose of establishing LCLs in LFS cases

LCLs derived from patients with rare and lethal hereditary syndromes could be
especially useful if a novel gene variant is later identified in those patients and the
subject is not available for obtaining repeated fresh blood samples. Our lab focuses on
various hereditary cancers which led us to establish LCLs from different cancer
syndromes. These cell lines are a continuous source of genetic material for further

studies like characterizing any novel variant and for DNA repair studies.
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6.6 Results
6.6.1 LCL establishment

Detailed protocol for LCLs establishment is given in materials and methods chapter
from the peripheral blood of 75 inherited cancer syndrome cases and unaffected
healthy individuals, 54 lymphoblastoid cell lines were successfully established, with a
success rate of 72%. Of these 54 cell lines, 17 LCLs were from LFS families of which
12 had a germline TP53 mutation and 5 were not carrying any TP53 germline
mutation. The LCL culture at different time points is shown in figure 6.3. Details of
the LFS/LFL cases from whom these cell lines were established are provided in table
6.1. Other LCLs successfully established were from families with HBOC, MENZ2,

HNPCC, Peutz—Jeghers syndrome, VVon Hippel-Lindau (VHL) syndromes.

Growth after 2 weeks Growth after 3 weeks Established cell lines

Figure 6.3: EBV transformed LCLs

The LCLs grow in suspension in loose aggregates. The protocol used for establishing
the LCLs took 20 days to 40 days for successful establishment of the cell lines. The
average population doubling time observed for the cells was 24 hours ranging from

12-36 hours.
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Table 6.1: Details of LFS/LFL cases from whom LCLs were established

Sr. Case | Tumor (Age) Gender | Mutation in TP53 | Mutation
No. status
1 1 Osteosarcoma (16) Female | around 72kb LGRY
Deletion
2 2 Osteosarcoma (13) Male c.672+1G>T Splice
3 2A Breast (42) Female | c.672+1G>T Splice
4 3 Rhabdomyosarcoma | Male Duplication of 4 LGR
(5) Exons
5 4 Renal cell carcinoma | Male Negative
(41)
6 5 Sarcoma (3) Female | c.846delG Novel
fs;282delG fs 344* | Frameshift
7 6 Breast (30) Female | Negative
8 6A Adreno Cortical Female | Negative
Carcinoma (4)
9 7 Breast (26) Female | Y236C Missense
Moderate
DNE
10 8 Breast (34) Female | ¢.902_903insC; Frameshift
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301insC fs 305*

11 9 Osteosarcoma (20) Male R196* Nonsense

12 10 Breast (38), Breast Female | R175H* Missense
(38) (DNE)

13 11 Ovary (18) Female | R273C* Missense

(DNE)*

14 12 Acute lymphoid Female | T125T Silent/Splice

Leukemia (15), Germline
(c.375G>T)

Breast (33)

15 12A | Unaffected relative | Male T125T Silent/Splice

of case #12 (11)

16 12B Unaffected relative | Female | Negative

of case #12 (23)

17 13 Acute Myeloid Male Negative

Leukemia (14)

+DNE- Dominant Negative effect; 1 LGR- Large Genomic Rearrangement

6.6.2 DNA damage repair study

DNA damage repair study was conducted on LCLs established from four cases (case
#5, #10, #11, and #12 in table 6.1) with different germline TP53 mutation - missense
mutations in two, frame shift mutation and splice site mutation in one each. LCLs

from 4 healthy individuals were used as controls.
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The 4 TP53 mutant and 4 healthy control LCLs were exposed to 2 Gy irradiation
(2Gy), and then fixed at different time points of 1hr, 4hr, 24hr and 48hr. For every
time point, LCLs not exposed to radiation (0Gy) were taken as controls. Fluorescent
intensity of 30-50 nuclei was recorded from 6-7 fields and their mean intensity was
calculated. A significant difference in the repair kinetics between the mutation carriers
and the controls was observed. In the TP53 mutant LCLs the DNA repair was delayed
with significantly higher mean floursecent intensity at 24 and 48 hours. Figure 6.4
showed the representative image of case and control. Residual foci are clearly visible

in LCLs with TP53 mutation even after 48 hour.
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Figure 6.4: Gamma H2AX assay of a case and control at different time points. The case has the
mutation R273C. Upper panel-without radiation (0Gy). Lower panel- with y-irradiation (2Gy).
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The data was analyzed by combining the MFI of all the 4 TP53 mutant LCLs and
compared with the 4 TP53 wild type LCL controls. At 24 and 48 hour, there is
significant higher MFI in the TP53 mutatnt LCLs indicating delayed DNA damage
repair (Figure 6.5). At 24 hour the MFI of cases is around 24 and in controls is around
16 and the difference is significant (P<0.001). At 48 hour the MFI of cases is around
23 and of controls is around 15 showing the presence of more fluorescence in cases
representing residual foci with a significant difference (P<0.0001) as shown in figure

6.5 and the table of standard error of mean in table 6.2.

50.00
40.00

I
30.00

I
20.00 .
I

« il o 4 i
0.00

Lhr dhr 24hr 48hr

B0gycontrol  MOgycase m2gycontrol W2gy case

Figure 6.5: Mean fluorescent intensity at different time points.

Table 6.2: The value of standard errors:

Standard Errors

1hr 4hr 24 hr | 48hr

Ogy control | 0.6458 | 0.7252 | 0.7341 | 1.0121

Ogy case 0.6275 | 0.5446 | 0.5123 | 0.6935

2gy control | 1.8599 | 1.1909 | 0.8309 | 0.8829

2Qy case 1.7819 | 1.4411 | 1.1063 | 1.0838
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6.6.3 Characterization of a germlineTP53 variant (T125T)

In our LFS/LFL cohort we screened a family which fulfilled the Chompret criteria of
LFL for TP53 mutation. Multiple members of the family were affected with various
types of tumors and the proband was affected with two primary cancers, one Acute
Lymphoid Leukemia (ALL) at the age of 15 and then breast cancer at the age of 31
years (figure 6.6). With such a strong history of LFS spectrum cancer the family was

tested for TP53 mutation.

(D] CancerHistory.Cancer Diagnosis = Ca Breast [ Cancer History.Cancer Diagnosis = ALL (2] Cancer History.Cancer Diagnosis = ?Ca [ Cancer History.Cancer Diagnosis = Osteosaroma
(0] GeneticTesting.TestResult = Mutaion ] Cancer History.Cancer Diagnosis = Ca Lewkemia [[] Affected? = Yes

[ e

(ni) Ca Breast

50 Ca Breagt Uterine ? Ca %

0vary7Ca |
A8 0 h l % So—%

4 40 48 49 3 4 28 26 38 40

40 Ca Leukemw (Uni) CaBreast Osteosarcoma 15 ALL 40 CaBreast
31 left CaBreast
17 10 25 21 19 CaLeukemia 11 5 3 2 20 15 15 411

Yes
2

Figure 6.6: Pedigree of T125T mutation carrying family (LFL-Group 2)

A variant T125T (¢.375G>T), TP53 was identified in this family. This variant is a
silent mutation. No other mutations were identified in the TP53 gene. This is a
reported mutation and a study characterized the variant to affect splicing (274). Using
the LCLs available from T125T mutation carrier we independently characterized this

variant to see if it causes aberrant splicing and is pathogenic.. The variant was also
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found to be co-segregating with the disease in this family. To address this, first in
silico prediction of the variant by Human Splice Finder (271) was carried out. The
prediction scoring showed that the variant may affect the splicing of the TP53
transcript (Figure 6.7). To confirm the finding of in silico prediction, the variant was

functionally characterized.

1 gtaaggacaa gg

acctggaggyg Cctggggggct ggggggctga ggacctggte CTtCTtgactge tcettttcac

101 catctacagT

401 gaggggetgg cttccatgag acttcaatge ot T T TT T Tg Qg Tt

501 agtgrctttt tatagtttac ccacttaatg tg T gactcctgtc ccaaagttga atattccccc cttgaatttg ggetttta
Substitution at position 388 (G>T)

1 gtaaggacaa gggttgggct ggggacctgg agggetgggg acctggaggg ctggggggct ggggggctga ggacctggte Ctctgactgc tcttttcace

401 gaggggetgg ¢

TTccatgag acttcaatge c
501 agtgtttttt tatagtttac ccacttaatg tgtgatctct gactcctgtc ccaaagttga atattcccce cttgaatttg ggetttta

ctgg

The sequences analyzed in HSF are underlined

HSF Matrices

Positions are fixed for +4 and +5 intronic nucleotides. Experimental

3 oNA |soilcesi If cryptic site General Matrix Specific +3 position Matrix
equence | ¢ plice site : o use, — = =
Position | Position |  type Motif New splice site | . length | Wild [yp oo [Variation| Nucleotides at +4 | Wild |, - IVariation
variation | Type (%) +5 positions | Type (%)
382 c.272 Acceptor |TTGCEH ttgcactgtcagT]| -284 81.07| 839 | +3.49
386 ¢.276 Donor ACTgtcagt -309 89.27 | 784 | 1217

Figure 6.7: Insilico prediction for aberrant splicing by Human Splice Finder (275).

To study the aberrant splicing due to this variant we revived the LCLs of this case and
a healthy control. In normal condition the p53 expression may be low. Hence we
irradiated the cells with Gamma irradiation from ®°Co. One hour prior to irradiation
the cells were treated with puromycin to block the NMD (276). Irradiated cells were
incubated in CO, incubator for 3 hours and then RNA was extracted as the
accumulation of p53 in the cell after any stress is reported to be maximum from 1-24

hour (277, 278). The quality and quantity of RNA was checked on Nano drop and
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agarose gel electrophoresis as shown in left gel of figure 6.8. About 2.5 pug of RNA

was taken for first strand synthesis of cDNA using Amersham 1% strand synthesis kit .

Control Case Control Case
1 1
A A [ \ | \
[ |f |
Rad®  Rad* Rad®  Rad* Rad Rad* Rad Rad* Rad- Rad®*  Rad® Rad® Mol Wt Rad® Rad* Rad" Rad*
pwo  pyo- Puo"  pugt  puro Puror Puro*  Purot puro-  Puro  Puro®  Puro* Marker puro-  Puro-  Puro*  Puro*

Figure 6.8: Agarose gel showing RNA yield (Left gel) and aberrant spliced product (Right
gel)

The cDNA was amplified by using a primer set (sequence given in Materials and
Methods) designed to amplify exons 4-10. The forward primer was designed at the
start of exon 4 and the reverse primer was located at the junction of exon 9 and 10,
amplifying a cDNA product of size 877 bp. The amplified products shown in right
gel of figure 6.8 indicates three bands of cDNA which are the normal cDNA and the

smaller sized aberrantly spliced cDNA between exons 4-10 of TP53.

The PCR amplicons electrophoresed on agarose gels were cut, eluted and sequenced

to confirm the splicing defect. Sequencing results showed a deletion of 200 bp in the
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aberrant transcript. Detailed analysis revealed that due to mutation in the last base of
exon the splice donor site was lost and a cryptic splice site was created (red font) in

figure 6.9 from which the alternative
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ne
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Upper (Normal) transcrlpt in the gel |

Forward Primer Exon 4
...gatgatttgatgctgtccecggacgatattgaacaatggttcactgaagacccaggtecagatgaagctcccagaatgecaga
gthGLtccccccotggLLutcrcauacrc¢10Ltutacauggcgguutacauaoccccctcctgg cctgtcatcttetg

tcectteccagaaaacctaccagggcagetacggtttecgtetgggcttcttgcattctgggacagecaagtctgtgacttgeacg
TACTCCCCTGCCCTCAACAAGATG........

Exon 5 Mutation site

Deletion of 200 bp of exon 4 in the transcript

Figure 6.9: Sequencing data to confirm aberrant splicing

splicing occurred leading to a loss of 200bp of exon 4 in the transcript. In silico
analysis of the aberrant sequence was carried by Expert Protein Analysis System

(EXPASY) translate tool (www.web.expasy.org). In silico translation result showed a

changed amino acid sequence after the cryptic splice site and protein truncation due to
a premature stop codon 44 amino acids downstream of the cryptic splice site (figure

6.10).
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Tanslation of Aberrrant transcript
MetEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAMetDD

LMet LSPDDIEQCTPLPSTRCFANWPRPALCSCGLIPHPRPAPASA

PWPSTSSHST Stop

Translation of Normal wild type sequence
MetEEPQSDPSVEPPLSQETFSDLWKLLPENNVLSPLPSQAMetDD
LMetLSPDDIEQWFTEDPGPDEAPRMetPEAAPPVAPAPAAPTPA
APAPAPSWPLSSSVPSQKTYQGSYGFRLGFLHSGTAKSVTCTYS
PALNKMetFCQLAKTCPVQLWYVDSTPPPGTRVRAMetAIYKQSQ......

Figure 6.10: Translation of the aberrant transcript using ExPASYy translate tool
(https://web.expasy.org/translate/)

6.7 Discussion

In this study, a large panel of LCLs from healthy controls and LFS patients with
different germline TP53 mutations was successfully established. Of several methods
that could be used for characterizing novel variants identified in cases with rare
syndromes, best results could be obtained by performing functional studies on
growing cells or on mRNA which not only has the same uncharacterized variant but
also the same genetic background. LCLs derived from patients with rare and lethal
hereditary syndromes could be especially useful if a novel gene variant is later
identified in those patients. Moreover, these LCLs could be used for other
mechanistic studies on TP53, cytotoxicity assays and other aspects of cancer biology.
While genomic mutations are reported to accumulate in cultured cells, LCLs are

found to be relatively stable for mutation accumulation (277-281). Due to their
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relatively stable nature LCLs were used in various large genomic studies like Human
Genome Diversity Project, Hap Map Project (282) and 1000 genome project (

http://www.internationalgenome.org/category/cell-lines/). Of the LFS cases from

whom we could establish LCLs, one individual harboured novel germline TP53
variants. The novel variant in the LFS case was a frameshift mutation where in silico
prediction of a truncated protein is sufficient to characterize it as a likely pathogenic
mutation. However the second germline variant (c.375G>T)was a point mutation
resulting in a synonymous change. This variant was in the splice site region and in
silico analysis predicted that it may affect TP53 splicing as reported earlier (274).
Further evidence from functional studies was desirable as the prediction of aberrant
splicing may have been hazardous since aberrant splicing would require activation of
a cryptic splice site (275). We could clearly establish aberrant splicing caused by this
variant by cDNA sequencing. This required repeated studies over a period of one year
which would have been difficult without the LCLs from this case as a source of RNA.
Earlier studies have used fibroblasts from LFS patients to study chromosomal
aberration, genomic instability and DNA repair. For making fibroblasts cell lines,
invasive skin biopsy is required where as LCLs can be easily established from
peripheral blood lymphocytes (PBL). Fresh PBLs from LFS cases have also been
used for various studies (272). However, unlike LCLs, fresh PBLs have much limited
utility and can be used for very limited experiments conducted soon after their

collection (106, 272).

In this pilot study we found the significant difference between the DNA repair
kinetics of LCLs with germline TP53 mutations as compared to LCLs from healthy

controls with wild type TP53. The model system established through this study can
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be used for detailed investigation of TP53 mutation status with cell cycle check
points, apoptosis and DNA damage repair mechanisms. This is particularly relevant as
earlier reports have shown conflicting results. Using LCLs from LFS cases, Gilchrist
et al did not find correlation between the TP53 mutation status and cell cycle arrest.
However Williams et al found TP53 mutation results in cell cycle arrest. Boyle et al
reported that lesser percentage of TP53 mutation positive fibroblast cells from LFS
patients underwent G1 arrest in comparison to fibroblast cell line from healthy
controls. These conflicting results may be due to different type of mutations of TP53
gene. It is well known that different TP53 missense mutations affect the gene function
differently. Dominant negative mutations have more severe effects in comparison to
other type of missense mutations. In 2017 Suchankova J et al have shown that the
accumulation of 53BP1 at the damage site varies with different types of TP53
mutations (273). They have shown that in R273C mutants the accumulation occurs
during 10-30 minutes post irradiation, in R282W it occurs immediately after radiation
and in L194F mutants it occurred during 60-70 minutes. We have established LCLs
from various types of mutations like missense, nonsense, Frameshift, Splice site and
LGRs in TP53gene and can be used as model systems to study several questions
related to cell cycle check points, DNA damage repair kinetics and apoptosis. The
effect of different TP53 mutation can be examined individually and previously
uncharacterized variants in the TP53 gene can be subjected to detailed functional

studies, some of which may result in establishing their pathogenicity.
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Chapter 7

Summary and Conclusion






Comprehensive genotype-phenotype correlation in this first Indian cohort and the
largest Asian LFS/LFL cohort and comparison with other populations allow us to
draw important conclusions on this syndrome and the TP53 germline mutation. The
tumor spectrum as well as the mutation spectrum in the Indian LFS cohort is quite
distinct from all three major populations in the IARC databases — Caucasians, Central

and South American and rest of Asia.

Of the 59 distinct TP53 mutations identified in this Indian cohort, 40% have never
been reported as germline mutation in any other study or database. When compared to
the global IARC database, the Indian cohort has significantly higher frequency of
LGR mutations and relative abundance of certain cancers like head neck,
gynecological, and hematological cancers and absence or rarity of skin and
adrenocortical cancers. A clear association between dominant negative mutations and
earlier age of cancer diagnosis was seen in our cohort. This underscores the need for
studying each population as the mutation as well as the tumor spectrum may be very

different.

This study also brings out the need for comprehensive genetic analysis including large
genomic rearrangements assays and when to suspect and confirm allele drop outs. The
findings of this study highlight the need for carefully designing primers and avoiding

polymorphisms with high allelic frequency in their annealing region.

The very high TP53 mutation detection rate of ~90% in classical LFS and ~30% in
LFL families is a reflection of the detailed phenotypic and family data obtained in the
cohort and strict criteria used for classification of the LFS and LFL syndrome. The
major contribution of this study is the identification of a group of patients who do not

fulfill any LFL criteria but have a mutation detection rate of >10%. In our 74
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suspected LFL group 3A cases the mutation detection rate was 13.5%. Suspected Li
Fraumeni Like (sLFL) Group 3A cases included proband with early onset (<50 yrs)
*Modified LFS spectrum cancer with 1%, 2" or 3" degree relative with any cancer at
any age OR a proband with multiple primary cancers, of which at least one is a
*Modified LFS spectrum cancer <50 years. *Modified LFS spectrum cancers:
Includes *Haemato-Lymphoid malignancies and *Malignant Phyllodes in addition to
the previously described LFS spectrum cancers - ACC, Sarcoma, CNS, Leukemia and
Breast cancer. By expanding the LFL spectrum cancers to include Malignant
Phyllodes and any Haematolymphoid malignancy and by relaxing the age cut off from
<46 years (Chompret) to <50 years, we could identify TP53 mutation in 13.5% cases
who would have been missed even by the relaxed LFL Eeles and Chompret 2015
criteria.  Similarly we identified a high mutation detection rate of 55% in the
Malignant Phyllodes tumour of the breast. Based on our study we suggest that the
current LFL criteria could be revised to include patients with an modified LFS
spectrum tumour at an age below 50 years with a family history of any cancer. Similar
to other rare tumours such as adrenocortical carcinoma and choroid plexus tumour
which are considered in the 2015 definition of LFL by Bougeard et al, we suggest that
malignant phyllodes under the age of 50 years could be considered as LFS associated

cancer and criteria for defining LFL.

Another major finding of our study was the strong adverse impact of the TP53 intron
3 duplication polymorphism on survival in sporadic sarcoma. This study highlight the
utility of Lymphoblastoid cell lines established from LFS cases with different

germline TP53 mutations. These could serve as a model system to study several

questions related to TP53 biology and for functional characterization of novel TP53

mutations.
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