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Background

Inhibition of poly (ADP-ribose) polymerase (PARP) activity induces
synthetic lethality in HRR (homologous recombination repair )
gene mutated cancers by selectively targeting tumor cells that fail
to repair DNA double strand breaks (DSBs). Gene mutations in
HRR genes can be divided into two distinct categories - germline
and somatic gene mutations.

1. Germline alterations include highly penetrant susceptible
mutations and common genetic variants that are heritable
from generation to generation. These types of variants are
present in all cells of an individual, and can be useful as
predictive biomarkers for drug response.

2. On a contrary, somatic mutations are acquired randomly
following exposure to agents that have the potential to
damage DNA in cells. In the context of cancer, these somatic
mutations accumulate in the cancer cells and are commonly
used as drug targets®.

Tumour tissue-based genetic testing can detect both - germline
and somatic variants. This is cost effective and saves time since
only one test needs to be performed to identify all patients with
deleterious variants that may benefit from PARPi (PARP inhibitor)
treatment®. The somatic analysis enables physicians to identify a
fraction of around 7% of ovarian cancer patients with a pathogenic
BRCA variant that would remain unknown if only a test in
peripheral blood is performed®, yet germline testing is routinely
pursued at diagnosis.

This white paper evaluates the ability to detect somatic and
germline variants from different solid tumor samples in Indian
context using a next generation sequencing (NGS) system.

PARP inhibitor and HRR gene mutations:

PARP plays a vital role in the repair of single-strand DNA breaks
through the base excision repair pathway.

PARPi are thought to become trapped at the sites of
single-strand DNA breaks leading to double-strand DNA breaks
when DNA replication is attempted®.

The double-strand DNA breaks would normally be repaired by
the process of homologous recombination repair (HRR), which is
a complex process including many proteins, notably BRCA1/2%),

Tumours with an HRR deficiency, such as those found in
BRCA-mutated cancers, cannot accurately repair DNA damage
when PARP protein function is also disrupted and both the base
excision and HRR DNA repair pathways are rendered
inoperative.

In these tumours, DNA repair by low fidelity repair mechanisms
such as non-homologous end joining can cause the accumulation
of genomic instability, ultimately resulting in cell death; a
concept referred to as synthetic lethality (Fig 1)©.

Additionally, preclinical data suggest that PARPi may also
benefit patients whose tumours are sensitive to platinum-based
chemotherapy and who have an HRR deficiency caused by
mutations other than those in the BRCA1/2 genes”.

The clinical and molecular profiles of high-grade serous ovarian
cancer (SOC) and metastatic castration resistant prostate
cancer (mMCRPC) appeared well matched to PARPi biology.
These tumors are noted for genome instability thought to be
driven by HRR deficiency, repeated and prolonged platinum
sensitivity, and a high frequency of deficiency in BRCA and other

candidate HRR proteins®.
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Figure 1: Mechanisms for PARPi activity in HRR-deficient cells. PARP inhibition impairs repair of single strain breaks (SSBs) by disrupting the
base excision repair (BER) pathway and causing PARP1 trapping by inhibiting auto-PARylation and/or PARP release from DNA. These result in
unresolved DNA double-strand breaks (DSBs) that in homologous recombination repair (HRR)-deficient cells lead to cell death. (Adopted from:
Mateo J, Lord CJ, Serra V, Tutt A, Balmana J, Castroviejo-Bermejo M, Cruz C, Oaknin A, Kaye SB, de Bono JS. A decade of clinical development of

® Several PARPi in clinical development have different
potencies as PARP1 catalytic inhibitors and as
PARP-trappers’.

@ It has been suggested that PARPi that are weak PARP1
trappers (e.g. veliparib), fail to elicit the same scale of
synthetic lethality in pre-clinical models, compared with
effective trappers (e.g. rucaparib, olaparib, talazoparib,
niraparib)®.

@ Clinical utility has been demonstrated with PARPi in four
tumour types (ovarian, prostate, breast, and pancreatic)
where patients were selected for tumours displaying
homologous recombination deficiency.

® The US FDA approved PARPI - olaparib for the maintenance
treatment of adult patients with deleterious or suspected
deleterious germline or somatic BRCA-mutated (gBRCAm or
sBRCAm) advanced epithelial ovarian, fallopian tube or
primary peritoneal cancer which are incomplete or partial
response to first-line platinum-based chemotherapy® and
for adult patients with deleterious or suspected deleterious
germline or somatic HRR gene-mutated metastatic
castration-resistant prostate cancer (nCRPC), which have
progressed following prior treatment with enzalutamide or
abiraterone?,

Thus, HRR gene testing has become important to
identify eligible patients who may benefit from
treatment with olaparib.
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HRR, involved genes and diagnostic tests:

® Homologous recombination repair is a form of DNA

recombination often used to repair DNA double strand
breaks (DSBs).

HRR predominantly acts in S and G2 phases of the cell cycle
and is a conservative process, restoring the original DNA
sequence at the site of damage.

During HRR, part of the DNA sequence around the DSB is
removed (resection), revealing regions of single stranded
DNA (ssDNA).

® The DNA recombinase RAD51 binds ssDNA and invades the

DNA sequence on a homologous sister chromatid, using this
as a template for the synthesis of new DNA at the DSB site.

Crucial proteins involved in mediating HRR include those
encoded by BRCA1, BRCA2, RAD51, RAD51C, RAD51D,
ATM, PALB2 etc!*2,

® A defect in DNA repair by hampered HRR is homologous

recombination deficiency (HRD). In cancers, this is often
caused by loss of function mutations in BRCA1, BRCA2,
RAD51C, RAD51D or PALB2, promoter hypermethylation of
the BRCA1 gene (leading to reduced expression of BRCA1) or
a series of yet to be defined causes?.




There are two principal approaches to detect tumours with defects in HRR capability
and the associated HRD phenotype (Fig 2).

HRR and HRD are important features in DNA damage response that relate to prognostic and treatment outcomes for patients

HRR: HRD:

Homologous Recombination Repair Homologous Recombination Deficiency

HRR is essential for error-free DNA damage repair and HRD is the consequence of losing HRR capability and

maintenance of genome integrity characterised by genomic instability

e HRR fixes DNA double-stranded breaks (DSBs), e Mutation and/or epigenetic changes in one or more
which is the most common genomic form of DNA of the HRR genes can compromise some tumor cells
damage ability to perform HRR

e HRR when compromised leads to genetic e Cells with malfunctioning HRR rely on error-prone
alterations and genomic instability pathways such as Non-Homologous End Joining to
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¢ HRD phenomenon is identified by HRD assay or
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Figure 2: What are HRR and HRD?

How to detect HRR gene variants and HRD Germline and somatic gene mutations:

phenotype?

A.One method is to sequence HRR genes to look for Cancer occurs from mutations, or harmful changes from
pathogenic, or deleterious, mutations that disrupt function. alterations in a gene’s DNA sequence. Most mutations involve
This is called an HRR gene panel test, which can be thought of changes in the sequence of the purine or pyrimidine bases,
as testing for mutations that cause HRD. HRR genes include including substitutions, deletions, additions, or frameshifts.
ATM, BRCA1, BRCA2, BRIP1, BARD1, CDK12, CHEK1, CHEK2, Mutations can be divided into two broad categories, germline or
FANCL, PALB2, PPP2R2A, RAD51B, RAD51C, RAD51D, and somatic. (Fig 3).

RAD54L.

B. Another approach is to detect and quantify the genomic
aberrations that result from loss of HRR capability and are
characteristic of the HRD phenotype. This is called an HRD
genomic instability assay/HRD Score, also known as a scar

test.




Germline mutation

Originate in germinal cells (eggs or sperm) and transmitted to conception to offspring, where they are replicated in
every cell of the body

Somatic mutations

Acquired during an individual’s life, present only in cells descended from the cel in which the mutation originated and
not heritable.

Because germline mulation(s) are present in all cells, a tumour
testor a blood test can be used to detect them
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Figure 3: Only tumour HRR gene testing enables the detection of both germline and somatic mutations

Germline mutation Somatic or Acquired mutations

® A germline mutation occurs in a sperm cell or an egg cell and ® Somaticor acquired mutations are the most common cause of
is passed directly from a parent to a child at the time of cancer.
conception.

® These mutations occur from damage to genes in an individual
As the embryo develops, the mutation from the initial sperm cell during a person’s life.

or egg cellis copied into every cell in the body. @ Somatic mutations are not found in every cell in the body and

Because the mutation affects reproductive cells, it can pass they are not passed from parent to child.

from generation to generation. . .
& & ® Some common carcinogens that cause these mutations

Germline mutations are present in all the cells of an individual include tobacco use, ultraviolet radiation, viruses, chemical

thus, buccal cells in saliva or peripheral blood cells are exposures, and aging.

convenient to utilize as samples in a genetic testing to identify . . .
i @ Somatic mutations are present only in the cancerous cells

these mutations. thus, tumor samples used for detection of these mutations.

Presence of cancer predisposition germline mutations

increases the risk of developing malignancies in an individual.

An individual may carry a germline mutation and not get

malignancy in his/her lifetime however, the presence of these

mutations increases the relative risk of developing cancer.




DNA sequencing techniques can identify both germline and germline analysis to assess the existence of the mutation in
somatic mutations by comparing the sequence of DNA with that germline DNA, a finding affecting familial risk®®.

in normal cells. Germline mutations can be identified by utilizing . . . .
. . . During the clinical laboratory study of somatic cancer causing
a saliva sample that contains buccal cells or a peripheral blood . . . . .
. . . X . mutations, it is important to distinguish acquired somatic
sample. Genetic testing in the tumor can be utilized to identify . . . . . . .
. . . variants from inherited germline variants. Germline variants are
genetic changes in cancer cells that may be driving the growth of . . . o .
Lo : L . . inherited variants that are passed down from their biological
an individual’s cancer. This information may help determine . . X X
. . . . . . parents and can be inherited through generations. The germline
which therapies might be most effective for treating a particular . . . . . .
. . . o variants typically is present in 100% of cells, leading to allelic
malignancy. Testing the tumor samples can in principle detect . . . . .
. . . o fractions of nearing 50% in heterozygous mutations and 100% in
both somatic and germline variants. The limitations of tumor . . . .
. . L L homozygous mutations. Somatic variants are acquired after
testing must, however, be considered. It is difficult to distinguish . . . L .
. . . . birth and typically result from errors in DNA replication or repair
between germline and somatic mutations by analyzing tumor . . . . .
. L. . . . . or from environmental insults. Allelic fractions for somatic
tissue in isolation and it is therefore inappropriate to draw any .
. . L . . variants are usually <50% because of the presence of
conclusions concerning familial risk based on this analysis alone. L . .
. . L contaminating normal tissue, even in apparently pure tumor
Any patient found to have a deleterious BRCA1/2 mutation in a . . .
. . . samples*®. Although in some samples with high tumor content
tumor specimen should be offered genetic counseling to undergo . .
may show high allele fraction.

Tumor testing Blood testing

Adva ntages Can detect both somatic and germline Validated methods are available and
mutations professionals are experienced in testing and

. . interpreting variants
Identifies a greater number of patients who

may benefit from PARPi therapy Patient protocols, pathways and procedures

. . . . are well established
Potentially requires less extensive genetic

counselling at the outset, and less Evidence is strong for the association
involvement for the wider family between BRCA germline mutations and

. . . response to PARPi therapy
Reverted BRCA1/2 mutations can identify

patients resistant to treatment Sample is easily obtained and contains
high-quality DNA

Analysis feasible in 100% of cases

Disadva ntages Validated methods not yet widely available Does not identify patients with somatic

. mutations who could benefit from PARPi

Types of mutations not well defined
therapy
Only preliminary data are available on the .
. . . . Genetic profile of the tumor may change
response to PARPI associated with somatic L .
. with disease progression and chemotherapy

mutations
Sample with sufficiently high percentage of
tumor cells/quality of DNA may be hard to
obtain, leading to the need for repeat testing

and/or biopsy

Analysis not always possible for technical
reasons. Investment in new NGS technology
may be required as most traditional methods
are unsuitable due to limited DNA

Requires additional expertise in pathology to
determine sample adequacy

Table 1: Advantages and disadvantages of tumor testing versus blood germline testing.?
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Recommendations for tumor based HRR testing:

Cancers are characterized by a complex and changing genetic
profile; consequently, tumor based HRR gene panel testing
results can potentially vary depending on disease stage, sample
and testing methodology. Tumor testing be performed on
primary tumors, as this is the most likely sample type available.
However, it should be noted that the analysis of metastatic tissue
at the time of progression may provide a more accurate
indication of tumors likely to respond to PARPi treatment, due to
the evidence supporting the association of revertant mutations
and treatment resistance.

Surgeons responsible for patients need to be made aware of the
potential need for tissue testing further down the line and thus
the need for adequate collection of tumor samples prior to
surgery (ie, multiple biopsy specimens with a high tumor
content) (Table 2)?. Moreover, a validated molecular testing
should be performed in an accredited facility using the most
recent available tumor tissue®?.

Sample recommendations for tumor based HRR testing:

Parameter considerations Recommendations

Fixation method

Fixation time

Prevention of cross-contamination

Use of DNAzap wipes or bleach on
microtome blades

Percentage of neoplastic cells

Selection of tumor area

Thickness of section

Macro-dissection

DNA extraction

Use of decalcification

10% buffered formalin

8-48 hours, depending on size of specimen

Replace knife blades before each new FFPE tissue block is cut

Use disposable plasticware to transfer sections to glass slides

Should be avoided, as are likely to degrade DNA and inhibit PCR

3X the limit of detection of the method

Avoid areas of inflammation or immune infiltrate, areas of necrosis, and selecting
many different small regions

5-10 pm sections are normally suitable. The amount is dependent on the surface
of the dissected area

Careful dissection under a magnifier glass is recommended. Pre-wet the scalpel
or pipette tip to avoid flakes of tissue coming off the slides

Any method including a purification step suitable for small DNA fragments can

be used

Not advised - reduces DNA yield and quality. If decalcification is needed (ie,
bone biopsies), EDTA must be used instead of acidic decalcification

Abbreviations: DNA, deoxyribonucleic acid; EDTA, ethylenediaminetetraacetic acid; FFPE, formalin fixed paraffin embedded; PCR,

polymerase chain reaction

Next generation sequencing (NGS) is highly recommended as
the sequencing method of choice for tumor testing, due to the
less quantity of DNA available from tumor samples and the
size of the coding regions and ultrasenstivity of NGS.

® Sanger sequencing should not be used in tumor testing, as it is
not sensitive enough for tumor tissue sample analysis,
especially in samples with <50% tumor cells, and it also
requires a large amount of DNA for the screening of this large

gene panel (2).




The accuracy of tumor testing is influenced by multiple variables, including

Specimen’s percentage of neoplastic cells and the sensitivity

Bioinformatic approaches using NGS data analysis of copy number
variation from capture-enrichment strategies are recommended
for identification of large deletions and duplications, if previously
validated (2).

Assessment methodology:

1. The HRR gene (BRCA1, BRCA2, ATM, BRIP1, BARD1, CDK12,
CHEK1, CHEK2, FANCL, PALB2, PPP2R2A, RAD51B, RAD51C,
RAD51D, and RAD54L) variants were studied in 9 tumor tissue
samples and matched peripheral blood samples collected from a
random set of five prostate and four ovarian cancer samples to
understand the tumor specific somatic and germline variants.

2. In the current study, paired blood and tumor tissue samples
from the same patient were subjected to HRR genes
sequencing. Germline testing of variants in HRR genes was
performed with peripheral blood. DNA was extracted from the
peripheral blood using standard column-based extraction
methods using commercial kits. Tumor specific variants of HRR
genes were identified from formalin fixed paraffin embedded
(FFPE) tissue blocks. Tissue sections (8 pm) were made from the
FFPE block and subjected to tumor content estimation. Blocks
with more than 20% tumor content were selected for DNA
extraction using commercial kits. The extracted DNA was
subjected to QC check for quantity and quality. Highly fragment
DNA samples were rejected from this analysis.

3. The captured DNA was utilized for Illumina sequencing
compatible library preparation. The libraries were sequenced to
mean >250X coverage for tumor DNA and 80-100X coverage
for blood DNA on lllumina sequencing platform. For germline
data, the raw reads were adapter trimmed and mapped to the

Specificity Lower limit of detection®

With this background, diagnostic yield of germline and somatic
variant testing in paired tumour and blood samples from the same
patient has been compared.

human reference genome (GRCh37.p13/hg19) using the BWA
algorithm following the GATK protocol using the Sentieon
(v201808.01) analysis package(22). Gene, disease, prediction of
impact and population allele frequency annotations of the
variants were performed using in-house variant annotation
pipeline - VariMAT 2.4.4. Gene annotation of the variants was
performed using VEP program against the Ensemble release 91
human gene model. Somatic mutations were identified using
LoFreq (version 2) variant caller. Only non-synonymous and
splice site variants found in the coding regions were used for
clinical interpretation.

4. Clinically relevant mutations were annotated using published
variants in literature and a set of diseases databases ClinVar,
OMIM, GWAS, HGMD, SwissVar, cBioPortal, OncoMD
(MedGenome’s lab curated somatic database, that includes
TCGA and COSMIC). Common variants were filtered based on
minor allele frequency (MAF) in 1000 Genome Phase 3, EXAC,
gnomAD, dbSNP141, 1000 Japanese Genome and our internal
Indian population database. The biological effect of a
non-synonymous variant is calculated using multiple prediction
algorithms such as PolyPhen, SIFT, Mutation Taster2, and LRT.
Reportable mutations were prioritized and reported based
ACMG/AMP-ASCO-CAP guidelines.

Outcome of HRR gene panel variant analysis from tumor and matched blood samples:

Tumor cellularity was assessed by an in-house pathologist prior to
sequencing. Samples with a tumor content >20% included in this
analysis. HRR gene panel NGS analyses were successful in all nine
blood samples and 7 matched FFPE tumor specimens. Two tumor
samples failed at NGS library QC analysis due to poor quality of

Sample 1 Sample 2 Sample 3 Sample 4
Sample type Prostate Prostate Prostate Prostate
gHRR
tHRR
Not Detected Detected Failed gHRR
tHRR

DNA materials however, both the failed samples passed the DNA
QC (Table 3). Among the seven NGS successful samples six genetic
variants were identified in four genes (BRCA1, BRCA2, RAD54L
and BARD1) in five samples - three ovarian cancer samples (No. 5,
6 and 7) and two prostate cancer samples (No. 3 and 4) (Table 3).

Sample 5 Sample 6 Sample 7 Sample 8 Sample 9

Ovary Ovary Ovary Prostate Ovary

Blood based Germline HRR Gene Panel result
FFPE block based Tumor-specifc HRR Gene Panel results

Table 3: Sample types and mutational variant characteristics of HRR gene panel testing in matched tumor and blood samples
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Out of nine NGS successful blood samples, one sample (No. 7) been classified as pathogenic variant and BARD1 variant
detected two germline variants in two different genes (BRCA2 classified as uncertain significance (VUS).
and BARD1) (No. 7) (Table 4). The variant detected in BRCA2 has

Somatic

Amino Acid Variant/

S e D Variant Classification

Amino acid variant/Exon no

Sample 3 BRCA2 p.Glu908Ter/Exon 11 30.70% Tierl: variant of strong clinical
ENST00000544455.1 significance

Sample4  BRCA2 p-Tyr2997CysfsTer2/Exon23 34.80% Tierd: variant of strong clinical
ENST00000544455.1 significance

Sample 5 BRCA1 p.Glu237Ter/Exon10 74.90% Tier1: variant of strong clinical
ENST00000471181.2 significance

Sample 6 RAD54L P,Cys391Ter/Exon10 15.40% Tier1: variant of strong clinical
ENST00000371975.4 significance

Sample 7 BRCA2 p.Asn718lle/Exon11 42.80% Tier1: variant of strong clinical
ENSTO0000544455.1 significance

Sample 7 BARD1 p.Asn718lle/Exon11 52.50% VUSs*
ENST00000260947.4

Germline

Amino Acid Variant/

Amino acid variant/Exon no Variant Classification

Exon No/Transcript ID

Sample3  BRCA2 Not Detected
Sample 4 BRCA2 Not Detected
Sample 5 BRCA1 Not Detected
Sample 6 RAD54L Not Detected
Sample 7 BRCA2 P.Lys1777SerfsTer4/Exon11 44.40% Pathogenic

ENST00000544455.1

Sample 7 BARD1 p.Asn718lle/Exon11 46.20% VUS
ENST00000260947.4

Table 4: Cases with germline and tumor specific HRR mutations

The same variants are also identified in the corresponding tumor variants of strong clinical significance (Tier 1 variants) in three
sample. The allelic fraction of the variants in the tumor sample different genes (BRCA1, BRCA2 and RAD54L) (Table 4) with
were 42.8% (BRCA2) and 52.5% (BARD1), also suggesting allelic fraction <50%, except BRCA1 variant (c.709G>T;
germline origin. Tumor testing provided additional information on p.Glu237Ter/Exon 10) was having allelic fraction of 74.9%. The
clinically actionable variants when germline testing was unable to sample 5 had a high allele fraction of 74.9% that may be
identify any variants. Four tumor samples detected with four attributable to the high tumor content is tissue (>60%).

*VUS:- Variant of uncertain significance
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The observations from the outcome of HRR gene panel test:

@ In India, PARPi Olaparib is now approved for clinical use in
different indications of ovarian and prostate cancers with
impaired HRR function. Hence, the introduction of a diagnostic
test able to identify both germline and somatic HRR variants
including BRCA1/2 alterations in tumor specimens has become
critical to guide treatment choice.

e Traditionally, the genetic testing (e.g. BRCA1/2 gene testing) has
been performed in peripheral blood/saliva to detect pathogenic
variants. Recent reports demonstrated, blood based germline

testing may miss the tumor tissue specific somatic variants (23).

® The HRR gene panel testing in tumor and matched blood sample
demonstrated the feasibility of detecting somatic variants as
well as germline variants from tumor samples.

® Somatic variants are specific to the tumour samples and hence
will not be detected by blood based germline testing. Thus,
tumor testing maximizes the identification of eligible patients
for treatment with PARPI.

® Presence of germline variants in a patient may have familial
implications. Tumor testing can identify both somatic and
germline variants however, cannot differentiate. Thus, a
targeted blood based germline testing by Sanger sequencing is
recommended post tumor testing to confirm the origin of the
identified variant.

® The allelic fraction of a variant may provide a preliminary
indication about the origin of the variant. Allelic fractions for
germline variants are usually >50% because of the presence in
all the cells. However, this needs to be confirmed through a
blood sample testing.

® Large gene panel testing increases the diagnostic yield and
simultaneously increases the prevalence of a variant of
uncertain significance (variant of no known clinical significance).
Clinical decision should not be taken based on VUS. The patient
should be referred to a genetic counsellor to be aware of the
impact.

® FFPE tissues may undergo extensive degradation and chemical
modification of DNA resulting from formalin fixation and
paraffin embedding®?®. The failure of NGS analysis is mainly
related to the quality of DNA which is derived from archival
samples. In the context of an organised healthcare network, it is
important to verify the suitability of FFPE specimens from each
pathology unit referring samples to the reference laboratory??),

Tumor HRR gene panel test workflow in clinical diagnostic setting:

Tumor based HRR gene panel testing is feasible, effective, to
detect both germline and somatic mutations in a single test. Tumor
specific somatic variants cannot be detected in DNA from blood,
testing tumor DNA as the first step can maximize the identification
rate of patients who stand to benefit most from PARP inhibitors.
Pujol et al. proposed a model (Figure 4) of a genetic testing

pathway starting from tumor analysis based on oncologist
information given to the patient before the test?®. The model
portrays the schemes for managing patients with mutations in
tumor analyses and a multidisciplinary approach involving an
oncologist, molecular biologist/pathologist, and geneticist in case
of germline findings®?.

Negative ;
Conventional
therapy
Test Performed
Positive .
PARPi therapy
Tissue sample Somatic
. . e
for HRR testing testing
Familial screening
Positive | |and prevention
> strategies
No result/ Germline |
Test Not Performed testing Negative _
Conventional
— " therapy
Figure 4: HRR gene panel testing for targeted therapies. PARPi: poly(ADP)ribose polymerase inhibitors. Not contributive: insufficient
quantity of tumor cells or uninterpretable results. [Modified from Pujol P, et al. Diagnostics. 2019 Jul 26;9(3):83].
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Under current practice of germline testing first, up to 85-90% of
patients would receive two genetic tests because they are negative
for a hereditary germline variant and would need a subsequent
tumor test to identify tumor specific somatic variants. On the other
hand 22-29% of ovarian and prostate cancer patients harbour a
tumor specific (includes both germline and somatic) mutation.
Thus, only they will undergo a germline testing to confirm the
presence of germline mutations to address familial implications.
Thus, tumor testing first approach reduces the number of patients
receiving an unneeded and expensive double-test procedure 2327,
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