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Abstract

While up to 25% of ovarian cancer (OVCA) cases are thought to be due to inherited factors,
the majority of genetic risk remains unexplained. To address this gap, we sought to identify
previously undescribed OVCA risk variants through the whole exome sequencing (WES)
and candidate gene analysis of 48 women with ovarian cancer and selected for high risk of
genetic inheritance, yet negative for any known pathogenic variants in either BRCA1 or
BRCAZ2. In silico SNP analysis was employed to identify suspect variants followed by valida-
tion using Sanger DNA sequencing. We identified five pathogenic variants in our sample,
four of which are in two genes featured on current multi-gene panels; (RAD51D, ATM). In
addition, we found a pathogenic FANCM variant (R1931*) which has been recently impli-
cated in familial breast cancer risk. Numerous rare and predicted to be damaging variants of
unknown significance were detected in genes on current commercial testing panels, most
prominently in ATM (n = 6) and PALB2 (n = 5). The BRCAZ2 variant p.K3326*, resulting in a
93 amino acid truncation, was overrepresented in our sample (odds ratio = 4.95, p=0.01)
and coexisted in the germline of these women with other deleterious variants, suggesting a
possible role as a modifier of genetic penetrance. Furthermore, we detected loss of function
variants in non-panel genes involved in OVCA relevant pathways; DNA repair and cell cycle
control, including CHEK1, TP53I3, REC8, HMMR, RAD52, RAD1, POLK, POLQ), and
MCMA4. In summary, our study implicates novel risk loci as well as highlights the clinical util-
ity for retesting BRCA 1/2 negative OVCA patients by genomic sequencing and analysis of
genes in relevant pathways.
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Introduction

Recent studies suggest that up to 25% of epithelial ovarian cancer cases arise due to an inher-
ited risk factor.[1][2] Hereditary breast and ovarian cancer (HBOC) syndromes are, for the
most part, autosomal dominant genetic disorders in which germline mutations elevate lifetime
risk of developing breast or ovarian cancer up to as much as 80% and 39%, respectively[3].
The risk of among the general population is 12% for breast and 1.4% for ovarian cancer[4].
Therefore, women with a personal or family history of OVCA and/or young onset and/or mul-
tiple cases of breast cancer are counseled to consider genetic screening per guidelines of the
National Comprehensive Cancer Network (NCCN) (Genetic/Familial High-Risk Assessment:
Breast and Ovarian www.nccn.org). Current testing panels mostly feature genes involved in
DNA repair and cell cycle control, such as BRCAI and BRCA2, which explain the majority of
inherited ovarian and breast cancer, as well as 22 other genes including TP53, PTEN, CDH],
ATM, CHEK2, PALB2, and mismatch repair genes, MSHI, MSH2

High-throughput sequencing using next generation technology allows for a more efficient
and unbiased approach in the discovery of novel cancer predisposition loci and has helped to
determine the frequency of germline mutations in HBOC. However, study participants are
rarely selected based on family history, meaning that most of the underlying etiology is spo-
radic, and the majority of the causal variants uncovered are in BRCA1 and BRCA2, genes that
already have well established roles in OVCA. The purpose of our study was to address the
issue of missing heritability in ovarian cancer by focusing on 48 women with a personal history
of OVCA and who were at high risk of genetic inheritance but had no known pathogenic vari-
ant in BRCA1/BRCA2. Whole exome sequencing followed by current panel and candidate
gene analysis identified four pathogenic germline mutations in current HBOC panel genes;
ATM and RADS51D, two of which are novel and not normally associated with OVCA. Addi-
tionally, a nonsense variant considered pathogenic in FANCM, a gene not featured on HBOC
testing panels was uncovered.

Results

Clinically actionable variants in sample

We performed WES on blood DNA from 48 women with a personal history of OVCA and
determined to be at high risk for inheritance of a germline predisposition mutation, but with
no known deleterious mutations in BRCAI/BRCA2 (Table 1). We identified a total of 5 patho-
genic loss of function variants. (Table 2.1) Four of which were in genes currently featured on
newer comprehensive HBOC panels; two novel frameshift variants in ATM (c.2503_2507del
and ¢.5697_5698insA) and two truncating variants in RAD51D (rs587781756 p.Q171*

and rs387906843 p.R206%, as well as a pathogenic variant in a non-panel gene, FANCM
(rs144567652 p.R1931*) previously found to be strongly associated with hereditary risk of
breast cancer[5]. ATM (Ataxia Telangiectasia Mutated) codes for a protein kinase important
for DNA damage recognition and activation of substrates including p53, BRCA1L, and other
homologous recombination repair factors. Homozygous mutations in ATM cause ataxia-telan-
giectasia, a rare inherited autosomal recessive disorder which affects the immune and nervous
system, and leads to increased sensitivity to radiation. Although heterozygous ATM mutation
carriers do not have ataxia-telangiectasia, they have a 17-52% lifetime risk of developing breast
cancer.[6] However, despite association of ATM with ovarian cancer in recent literature[7],
carriers are not routinely counseled for this risk as exact risks are unknown. One patient

with an ATM pathogenic variant in our sample (OCF28-1) had a family history of liver, lung
(n =2) and breast cancer, on the same parental side of the family. The proband herself was
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Table 1. Characteristics of ovarian cancer subjects (N = 48).

Mean Age at Diagnosis 52.8 (yrs) 25-81 (range)
Histology n= %
Serous 26 54
Endometrioid 5 10
Mixed 4 8
Adenocarcinoma, NOS 2 4
Clear Cell 1 2
Mucinous 1 2
Unknown 9 19
Stage n= %
| 8 17
Il 5 10
I 23 48
\Y 3 6
Unknown 9 19
Grade n= %
Grade 1- well differentiated 1 2
Grade 2- moderate 6 13
Grade 3- poor 24 50
Unknown 17 35
Personal and Family History n= %
personal BC/OVCA diagnosis < 50 yrs of age 15 31
personal second primary cancer diagnosis 12 25
personal/family history of BC 31 65
family history of OVCA 14 29
family history of epithelial cancer 47 98

https://doi.org/10.1371/journal.pone.0178450.t001

first diagnosed with breast cancer at the age of 48 before a secondary diagnosis of OVCA at 57.
The second carrier of an ATM frameshift mutation (OCL56) was diagnosed at 73, and had a
family history of OVCA (two additional cases besides herself) as well as two cases of breast
cancer, all on the maternal side.

The second gene featuring pathogenic variants in our sample, RAD51D (paralog of RAD51),
has recently been identified as a moderately penetrant gene in hereditary ovarian cancer[8][9]
[10]. RAD51D forms a complex with RAD51B, RAD51C and XRCC2 in order to bind single
stranded DNA, a necessary process for DNA repair by homologous recombination and is
required for RAD51 foci formation upon DNA damage induction[11]. Although rare among
familial breast cancer patients[9], loss of function variants in RAD51D have been associated
with a relative risk of OVCA of 6.30. (95% CI 2.86-13.85)[12]. Two pathogenic nonsense SNPs
in RAD51D were discovered in our sample. One carrier (OCH26) was diagnosed with OVCA at
the age of 61, and had a family history of prostate (n = 2), breast (n = 2) and ovarian cancer on
her paternal side, while the second carrier (OCK1), diagnosed at 67, had a comparatively weak
family history with a single diagnosis of colon cancer on her paternal side and lung cancer in a
maternal aunt.

In addition, we also identified a pathogenic nonsense mutation in a non-panel gene,
FANCM (rs144567652, p.R1931*). This variant has been recently associated with increased
risk of breast cancer (OR of 3.93)[5], warranting contact for further counseling. FANCM is the
most highly conserved member of the Fanconi Anemia complementation group (FANCG)
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[13]. This group is associated with the autosomal recessive genetic disorder, Fanconi Anemia,
which is characterized by genomic instability, hypersensitivity to DNA damage induced by
crosslinking agents and substantial increased risk of leukemia and other cancers[14]. Other
members of the FANCG complementation group include breast and ovarian cancer associated
genes; FANCO (RAD51C), FANCS (BRCA1), BRCA2 (FANCD1), BRIP1 (FANC]J) and PALB2
(FANCN). FANCM encodes for an ATP-dependent helicase important for the resolution of
DNA:RNA hybrids, thus ensuring stability with genome duplication[13]. The nonsense vari-
ant identified here has been shown to affect protein function by also inducing exon skipping
[5]. The carrier (OCJ19) of FANCM rs144567652 was diagnosed with OVCA at 49 years of age
and had a family history of breast (n = 2), multiple myeloma, leukemia, and ovarian, all on the
maternal side of her family.

Variants of unknown clinical significance detected in HBOC panel genes

As most women in our sample were not found to be carriers of a clearly pathogenic mutation
upon WES, we next sought to identify potentially deleterious variants in HBOC panel genes.
We found that 23 women in our sample (37%) harbored one or more rare and predicted to be
damaging variants of unknown significance (VUS), in panel genes; ATM, BRCA1, BRCA2,
CHEK2, MHS6, MUTHY, NBN, PALB2, and PMS2. (Table 2.2, Fig 1) Analysis of the Human
Gene Mutation Database (HGMD)[15] revealed that 6 of these variants are annotated as “dis-
ease causing” (DM), ten as “possibly disease causing” (DM?) and 3 as “disease associated poly-
morphism” (DP) in the Human Gene Mutation Database (HGMD)[15].

Carriers of deleterious variants in either ATM, CHEK2, PALB2 or NBN are typically coun-
seled for their risk of breast cancer, but not ovarian cancer risk despite associations in current
literature[1][16][7][17]. In addition to the pathogenic ATM frameshift mutations discussed
above, we detected an additional six rare and predicted to be damaging missense variants of
unknown significance in ATM; rs1800054, rs138327406, rs28904919, rs1801673, rs56009889,
rs35203200. The ATM variant rs1800054 (p.S49C) has recently been implicated as associated
with a slightly increased risk for breast cancer (OR 1.08 (C.I .95-1.22) for heterozygotes, 1.44
(.39-5.32) for homozygotes [18]. ATM variant rs138327406 (p.F1463C MAF = 0.002) is listed
as a disease causing mutation in HGMD and was found in three of six women of Ashkenazi
Jewish (AJ) descent in our sample, always in combination with a second rare polymorphism
266 amino acids apart (rs2227922, p.P604S, MAF = 0.003) which was predicted to be benign.
These variants were not seen in any other women in our sample and linkage data suggests they
are not in disequilibrium (r* = 0.5, Haploreg v4, CEU). Therefore, we suspect that there may
be a founder effect resulting in the coupled segregation on a single haploblock in the AJ popu-
lation. We were able to confirm in one participant (OCG29) that both variants were inherited
on the same parental allele. We were not able to confirm co-segregation in the other two par-
ticipants as fresh peripheral blood samples were not available to prepare RNA for this analysis.
However, we did find that the unaffected daughter of OCD16 was wild type for both variants,
suggesting likely co-segregation.

Similarly, with PALB2, we detected a pair of rare SNPs inherited together, rs45532440 (p.
E672Q MAF = 0.02) and rs45551636 (p.G998E MAF = 0.02) r* = 0.69, in two unrelated indi-
viduals (OCH26 and OCE17-2). PALB2 (partner and localizer of BRCA2), physically interacts
with BRCAZ2, is critical for the localization and stability of BRCA2 in the nucleus. Females
with monoallelic germline loss of PALB2 have a 2-4 fold increased breast cancer risk[19][20].
CHEK?2 and NBN are also known breast cancer associated genes that were found to each have
an interesting variant of unknown significance in our sample. Female CHEK2 and NBN muta-
tion carriers are at an increased lifetime risk of developing breast cancer (2-fold for CHEK2
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52%

Fig 1. Summary of variant findings amongst our 48 subjects of high risk for genetic inheritance of OVCA. Ten percent of subjects were found to
harbor a clear pathogenic variant, while 37% harbored a variant of unknown clinical significance (VUS) in a gene featured on current HBOC testing panels.
52% of subjects were found to be negative for either a clear pathogenic variant or a VUS in a known breast or ovarian cancer predisposing gene.

https://doi.org/10.1371/journal.pone.0178450.9001

and 3-fold for NBN carriers)[21]. Both patients had a family history of breast cancer and
the carrier of CHEK2 had a secondary diagnosis of breast cancer herself. The p.1232V
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(rs587780185) variant in CHEK? is extremely rare (MAF = 00001) and SIFT and PolyPhen
predict this alteration as deleterious and probably damaging. NBN p.I171V (rs61754966) has
contradictory annotations among various bioinformatics assessment tools, but is called as a
disease causing mutation in HGMD.

Numerous potentially deleterious VUSs in Lynch syndrome and familial adenomatous pol-
yposis associated genes were detected in our sample. Lynch syndrome (hereditary nonpolypo-
sis colorectal cancer), is an autosomal dominant inherited disorder caused by mutations in
mismatch repair genes; MLHI, MSH2, MSH6, PMS2, or EPCAM which lead to high risk of
colorectal cancer (80% lifetime risk) among others, including cancer of the ovaries (10-15%
lifetime risk) and endometrium (71% lifetime risk)[22]. Skin cancer, in the form of Muir-
Torre syndrome (a variant of Lynch) is another non-colonic phenotype observed in some
Lynch families[23][24]. A rare (MAF = 0.007), highly conserved (GERP = 5.35) and predicted
as deleterious VUS was found in the Lynch associated gene, MHS6 (p.V509A rs63751005).
The carrier of this SNP (OCD16) was diagnosed with OVCA at the age of 25, followed by a
secondary diagnosis of colon cancer at the age of 65 and had a family history of colon and
skin cancer as well. Two patients in our sample were heterozygous for very rare missense
MUTHY mutations considered to be pathogenic and the cause of MYH-associated polyposis
(MAP) in homozygote carriers (rs34612342 p.Y179C MAF = 0.002 and rs36053993 p.G396D
MAF = 0.003). Although it is possible that a second pathogenic MUTHY variant occurred
sporadically in the other parental allele, tissue was unavailable to detect this change in these
patients. Biallelic mutations in MUTYH have been shown to mimic Lynch syndrome by dis-
rupting base excision repair and resulting in a somatic loss of function of mismatch repair[25].
The carrier of the MUTYH variant, rs34612342, (OCE17-2) had a family history of skin and
breast cancer and was a carrier of an additional VUS in the Lynch gene PMS2 as well. The car-
rier of MUTHY rs36053993 (OCQ15) was also diagnosed with melanoma, and had a family
history of colon (n = 2) skin (n = 2) and ovarian cancer.

Another conspicuous finding in our sample was the occurrence of a specific BRCA2 trun-
cating mutation in four unrelated individuals. The BRCA2 variant p.K3326* (rs11571833)
results in a 93 amino acid truncation and has a minor allele frequency (MAF) of 0.009 (EXAC
non-Finnish). The odds ratio of observing this mutation in our sample relative to its MAF in
the EXAC cohort is 4.95 (Fisher’s Exact test p-value = 0.01). It is worth noting that this allele is
much more frequent in the Finnish population (MAF = .01). However, even using this more
frequent MAF as our reference, our test indicates that the allele is still significantly overrepre-
sented in our sample. p = 0.03, OR = 3.71. Although the role of BRCA2 has been established in
breast and ovarian cancer, the K3326* variant is considered to be benign by commercial test-
ing and therefore was not identified in the initial BRCA 1/BRCA2 screening. However, recent
literature is in disagreement with this classification and established that this SNP is a risk factor
for lung, oral and pancreatic cancers,[26-28] all of which were observed in the family histories
of the four K3326* carriers; throat (OCP36), lung (OCK1 and OCF28-1) pancreatic (OCN22),
and esophageal cancer (OCN22). The accepted risk for breast cancer in carriers of this SNP is
low but significant (p = 0.047, OR 1.53, 95% CI 1.00-2.34)[29]. Two of the four carriers had a
family history of breast cancer, one of which had a primary diagnosis of breast cancer prior to
ovarian cancer. Furthermore, analysis of the GAME-ON database[30][31], (>15000 OVCA
cases and >30,000 controls) indicates that this SNP is also associated with OVCA with a p-
value of 2.7x10* and OR (95% CI) = 1.31 (1.22-9.32) for all histologies, and for 8,864 invasive
serous OVCA cases versus controls, the p-value was 7.11x10® and OR (95% CI) = 1.57 (1.44—-
1.70). This data was provided by the Ovarian Cancer Association Consortium (OCAC) (http://
apps.ccge.medschl.cam.ac.uk/consortia/ocac/). These findings indicate that BRCA2 K3326* is
likely a low risk allele in ovarian cancer.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178450 June 7, 2017 8/21


https://ghr.nlm.nih.gov/gene/MLH1
https://ghr.nlm.nih.gov/gene/MSH2
https://ghr.nlm.nih.gov/gene/MSH6
https://ghr.nlm.nih.gov/gene/PMS2
https://ghr.nlm.nih.gov/gene/EPCAM
https://ghr.nlm.nih.gov/art/large/female-reproductive-system.jpeg
http://apps.ccge.medschl.cam.ac.uk/consortia/ocac/
http://apps.ccge.medschl.cam.ac.uk/consortia/ocac/
https://doi.org/10.1371/journal.pone.0178450

@° PLOS | ONE

Genetic variation in hereditary ovarian cancer

High impact mutations in DNA repair and cell cycle control genes, not
currently on HBOC testing panels

A portion of the missing heritability in OVCA is likely due to risk factors in genes not cur-
rently on testing panels. The implication of even a highly penetrant mutation would be diffi-
cult to interpret if rare, even in a mechanistically relevant gene not previously associated with
the disease. Despite selecting for patients with high risk of genetic inheritance, half of the sub-
jects in our sample were not found to harbor a pathogenic variant, nor a variant of unknown
significance in any of the 24 panel genes currently tested in HBOC syndromes. (Fig 1) We
therefore sought to identify rare (MAF<0.02) mutations in our sample of high functional
impact (frameshift or stop gain) in candidate genes not currently featured on testing panels.
Our candidate list includes 115 genes involved DNA repair and/or cell cycle control, the two
pathways most commonly associated with HBOC, in addition to 64 genes having a disease
causing variant (DM) in HGMD for ovarian cancer. A full list of non- panel candidate genes
analyzed is provided in supplementary information (S2 Table).

In total, 11 high impact mutations were identified in four cell cycle control genes, CHEK1,
RADI, TP5313 (n = 2), MCM4, and six DNA repair genes, FANCM, HMMR, POLK, POLQ,
RAD52 (n =2), and RECS8 (Table 3). Importantly, this analysis resulted in the discovery of a
clinically actionable pathogenic nonsense variant in FANCM (rs144567652) previously dis-
cussed. Most of these non-panel genes are not featured in HGMD, and are they are not ana-
lyzed during clinical testing. Therefore, we have provided the mouse phenotype seen in mouse
knock-out studies when possible. A common phenotypic presentation of many known cancer
predisposition genes, such as BRCA1/2, includes embryonic lethality in homozygote knockouts
and increased cancer incidence in heterozygotes, which are reported in mouse model studies
of some of these genes (Table 3).

The frameshift mutation in CHEK1 (Checkpoint Kinase 1) is notable because much like
panel gene CHEK?, it encodes for serine/threonine protein kinase required for checkpoint-
mediated cell cycle arrest and activation of DNA repair by homologous recombination repair
(HRR). We also discovered a frameshift variant in RADI, a gene whose protein product func-
tions as part of the 9-1-1 cell cycle checkpoint complex to arrest cellular proliferation in the
presence of incomplete DNA replication or damaged DNA, as well as in MCM4 (Mini-chro-
mosome maintenance complex component 4), a highly conserved helicase protein required
for genome replication by initiation of replication fork formation[32]. The TP5313 (TP53
inducible protein 3) nonsense SNP (rs145078765 p. S252* MAF = 0.0009 is also of great inter-
est as it was observed in two unrelated individuals in our sample. TP5313 is an oxidoreductase-
like protein and an inducer of ROS, that is transcriptionally activated by the tumor suppressor
p53 and likely to be involved in p53-mediated apoptosis[33].

Among DNA repair genes, we observed high impact mutations in those encoding DNA
polymerases, POLK (c.1336del), a translesion polymerase which initiates the continuation of
replication through DNA lesions in damaged DNA, and POLQ (p.Q2513* rs148626322), a
gene associated with micro homology-mediated end-joining pathway (MME]), both in a single
patient. We also identified truncating variants in chromatid cohesion REC8, whose protein
product binds sister chromatids during meiosis, and HMMR (hyaluronan mediated mobility
receptor), which encodes for a cell motility protein that forms a complex with tumor suppres-
sors BRCAI and BRCA2. Common missense variations in HMMR have been shown to modify
the penetrance of breast cancer risk in BRCAI pathogenic mutation carriers[34]. Further-
more, we discovered two RAD52 truncating SNPs; rs4987207 p.S346* and rs4987208 p.Y415*.
RAD52 mediates complementary ssDNA annealing and recruits RAD51 recombinase to pro-
mote recombination and homology directed DNA repair However, the RAD52 truncating
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Table 3. High impact mutations in DNA repair and cell cycle control genes, not Featured on HBOC testing panels.

3. High Impact Variants in DNA Repair and Cell Cycle Control Genes

ID

OCL60

0OCJ19

OCK1

OCNB37

0CG24

0CG24

0CG23

OCL11
OCL60
OCL56

0OCG14
0OCJ19

Gene

CHEK1

FANCM

HMMR

MCM4

POLK

POLQ

RAD1

RAD52
RAD52
REC8

TP53I3
TP53I13

Consequence

FRAMESHIFT

STOP

STOP

FRAMESHIFT

FRAMESHIFT

STOP

FRAMESHIFT

STOP
STOP
STOP

STOP
STOP

Amino
Acids

G>GA
Exon7

R1931*

E352*

GGC>G
Exon 12

GA>G
Exon 10

Q2513*

CT>C
Exon 6

Y415*
S346*
W365*

S252*
S§252*

dbSNP ID Variant
N/A c.1564-
1565insA
rs144567652 | c.5713C>T
rs146791423 | ¢.1054G>T
N/A c.1610-
1611del
N/A ¢.1336del
rs148626322 | ¢.7537C>T
N/A c.1154del
rs4987208 c.1245T>G
rs4987207 c.806C>A
N/A c.1622G>A

rs145078765 | ¢.755C>G
rs145078765 | ¢.755C>G

MAF

N/A

0.0009

0.0035

N/A

0.0006

0.0002

N/A

0.019
0.012
N/A

0.001
0.001

OBS Mouse Phenotype

+/-

enhanced
tumorigenesis of
WNT-1 transgenic
mice[37]

none[38]

none[39]

mammary
adenocarcinomas in
80% of females [40]

none [41]

none [42]

larger, more
numerous, earlier
onset skin tumors
with DMBA-TPA
treatment [43]

none[44]

none[45]

No knockout mouse
found in the
literature for this
gene.

Mouse Phenotype -/- | OVARY

embryonic lethal [37]

reduced life span
increased cancer
incidence [38]

impaired ovarian
folliculogenesis[39]

preimplantation and
embryonic lethal [40]

spontaneous mutator
[41]

increased
chromosome breaks
in peripheral
erythrocytes [42]
embryonic lethal [43]

none[44]

sub-Mendelian
frequencies and
failure to thrive[45]

No knockout mouse
found in the literature
for this gene.

EXPRESSION
RPKM*

1

1.1

3.8

6.2

8.2

71

3.3

3.2

Rare and high impact variants (frameshift or stop gain) in sample found in DNA repair or cell cycle control genes not currently known to associate with breast
or ovarian cancer. MAF = Minor Allele Frequency in Non-Finish Europeans. (ExAC). OBS = Number of times variant was observed in sample. Mouse
Phenotype = Available phenotypic information on homozygote (-/-) or heterzygote (+/-) mouse knock out models. Ovary expression data RPKM (reads per
kilobase per million) obtained by https://gtexportal.org.
* For reference, OVCA genes BRCA1 =.6, BRCA2 =.095, RAD51D = 4. All variants listed were confirmed by Sanger DNA Sequencing.

https://doi.org/10.1371/journal.pone.0178450.t003

variants that we observed in our sample have previously been found to lack an association with
OVCA or breast cancer[35][36] but may modify the genetic penetrance of other variants in

these pathways.

BRCA2 K3326* truncation as a possible modifier of penetrance

The prevalence of the BRCA2 K3326* variant in our sample, along with the evidence of an
association with lung, aero digestive, and pancreatic cancer [26-28] indicated that this variant
may be of minimal risk when inherited alone, but may act as a modifier of penetrance to a sec-
ondary more deleterious mutation. We assert that a portion of the missing heritability in
OVCA is due to this type of polygenic inheritance. This possibility led us to investigate other
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putative pathogenic variants that each of the four carriers had inherited in addition to BRCA2
p-K3326* (Table 4). We therefore looked for additional rare, and moderate or high impact var-
iants in either HBOC panel genes or candidate genes (involved in DNA repair/ cell cycle and
with cancer associations in HGMD) amongst the four BRCA2 K3326 carriers. A complete list
of rare and predicted to be damaging variants of moderate impact in cell cycle and DNA repair
genes is available in supporting information (S1 Table). In analyzing relevant candidate genes,
we identified two patients who along with K3326* were carriers of additional, clearly patho-
genic variants; a RAD51D nonsense mutation (OCK1) and ATM frameshift mutation (OCF28-
1). This observation is interesting because BRCA2 interacts with the RAD51 paralogs and a
BRCA2/RADS51D double knockdown leads to a greater loss of cellular viability [46] (and Staf-
ford and Tainsky, preliminary data). The carrier of both the ATM frameshift and BRCA2
K3326* variants developed both breast and ovarian cancer. Sequencing of some of her imme-
diate family members at these loci determined that both variants were inherited from her
father, who died of liver cancer and a twin sibling and paternal grandfather of the patient, both
of which died of lung cancer a disease associated with this SNP, but whose genotypes are not
available[47]. A second female sibling of this patient had inherited the ATM frameshift but not
the BRCA2 K3326" variant, and developed breast cancer at the age of 46 (Fig 2).

Discussion

We performed WES on 48 women with OVCA suspected to have inherited cancer predisposi-
tion, yet, were previously tested and found negative for known pathogenic mutations in either

Table 4. BRCA2 K3326* truncation as a possible modifier of penetrance.
4. Carriers of BRCA2 K3326* and additional variants of interest

Patient |Gene

ID

OCF28-
1

ATM

BRCA2
PALLD

OCK1 ATM

BRCA2
ERCC6

HMMR
RAD51D
RECQL

OCN22 | BRCA2

BUB1B

OCP36 | BRCA2

AXIN1

FRAMESHIFT | CATCTG>C

STOP
MISSENSE

MISSENSE

STOP
MISSENSE

STOP
STOP
MISSENSE

STOP
MISSENSE

STOP
MISSENSE

Consequence | Amino Acids

Exon 13
K3326*
R303S

F1463C

K3326*
M713V

E352*
R206*
C321Y

K3326*
E409D

K3326*
V340M

dbSNP ID Variant MAF HGMD cancer phenotype SIFT PolyPhen
associated with gene
N/A €.2503_2507del | N/A Breast/Ovarian N/A | N/A
rs11571833 | c.9976A>T 0.009 Breast/Ovarian N/A | N/A
rs138897963 | c.909A>T 0.001 Pancreatic TOL | Probably
Damaging
rs138327406 | c.4388T>G 0.002 Breast/Ovarian DEL | Probably
Damaging
rs11571833 | c.9976A>T 0.009 Breast/Ovarian N/A | N/A
rs201486862 | c.2137A>G 0.00001 | Basal cell carcinoma, DEL | Benign
Cockayne syndrome,
rs146791423 | ¢.1054G>T 0.003 None N/A | N/A
rs387906843 | c.616C>T 0.00001 | Breast/Ovarian N/A | N/A
rs150889040 | c.962G>A 0.00001 | Breast N/A | Probably
Damaging
rs11571833 | c.9976A>T 0.009 Breast/Ovarian N/A | N/A
rs28989188 | c.1227A>C 0.0004 | Gastrointestinal TOL | Probably
Damaging
rs11571833 | c.9976A>T 0.009 Breast/Ovarian N/A | N/A
rs143974067 | c.1018G>A 0.00004 | Colorectal adenoma DEL | Probably
Damaging

Rare and predicted to be deleterious/damaging variants (SIFT/PolyPhen-2) found in carriers of BRCA2 p.K3326*. MAF = Minor allele frequency (EXAC,
European non-Finnish) OBS = Number of times variant was observed in sample, DEL = deleterious TOL = Tolerated, N/A = Not Available. All variants listed
were confirmed by Sanger DNA Sequencing.

https://doi.org/10.1371/journal.pone.0178450.t004
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/

Kindred CF28

//
Liver 80

+/- K3326*
+/- ATM FS

O

Lung 82
-/- K3326*
-/- ATM FS

A

Colon 68 Breast 48
N/A Ovary 57

+/- K3326*

+/- ATM FS

Lung 40 Breast46

N/A

-/- K3326*
+/- ATM FS

Fig 2. OCF28 kindred. Arrow indicates patient OCF28-1.
https://doi.org/10.1371/journal.pone.0178450.9002
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BRCA1 or BRCA2. In doing so, we discovered pathogenic variants in ATM (n =2) and
FANCM (n = 1), genes currently associated with breast cancer but not OVCA, as well asin a
gene recently implicated in hereditary ovarian cancer risk, RAD51D (n = 2). These findings
suggest that carriers of ATM and FANCM pathogenic mutations are possibly at elevated risk of
developing OVCA as well as breast cancer and that the underling genetics of these two cancers
may overlap more than previously believed. Available expression data via GTEx Portal (Broad
Institute) indicate both of these genes have higher RPKM (reads per kilobase per million)
scores in ovary tissue versus breast; ATM = 3.6 breast, 8.7 ovary and FANCM = .89 breast, 1.1
ovary. (https://gtexportal.org) Furthermore, our findings indicate that there is incentive in
resequencing BRCA1/2 negative individuals that fit current NCCN guidelines and whose
genetic risk was assessed before the era of multi-gene panel testing.

The majority of the high risk OVCA participants in our WES sample set did not harbor a
clinically actionable cancer predisposing mutation upon reanalysis with whole exome sequenc-
ing, emphasizing the current challenge for genetic testing and counseling in clinical cancer
care. Despite the large heritable component to OVCA, the majority of underlying genetic risk
remains unexplained[30]. Although we discovered many novel putative risk loci, most are rare
or private familial missense mutations of unknown clinical significance and not found in the
published literature. The rarity of these variants also means that they would not be identifiable
in GWAS studies. This finding is consistent with the observation that many high risk women
who undergo testing for HBOC are found to be carriers of one or more “variants of unknown
significance” (VUSs),[48] a rare, generally missense, mutation unannotated in its consequence
to disease risk rather than a clearly pathogenic variant. Although the functional consequence
of high impact variants such as nonsense and frameshift mutations are straightforward to
interpret, missense mutations which result in single amino acid substitutions are not. We
observed suspicious missense VUSs in HBOC panel genes employing well-accepted bioinfor-
matic techniques: BRCAI, BRCA2, CHEK2, MUTHY, MHS6, NBN, PMS2, and most notably in
ATM and PALB2. Overall, we found such suspicious variants in 23 of our 48 test subjects.

The ability to assess VUSs is crucial to closing the gap in unexplained heritability while
aiding in more informed clinical decisions. A common approach to implicating a VUS is by
linkage analysis, whereby the causal mutation is expected to segregate with the disease in one
or more families. Unfortunately, DNA samples from other affected and non-affected family
members are generally not often readily available, as is the case with most of the individuals
in our sample. A linkage analysis is also not ideal for low to moderate risk factors because in
general these variants are not highly penetrant. Bioinformatic prediction tools for variant con-
sequence on protein function, such as SIFT and PolyPhen, are very useful for prioritizing vari-
ants for follow up. However, in silico assessment tools such as these often contradict each other
and are not considered to have enough sensitivity and specificity to inform clinical decisions
[49]. Despite the advent of detailed guidelines for variant interpretation, many variants in
ClinVar list numerous testing facility submissions with conflicting interpretations of pathoge-
nicity. Thus, the vast majority of single nucleotide polymorphisms (SNPs) in cancer-relevant
genes remain unannotated as to whether the change is deleterious to protein function and
potentially disease causing.

Further complicating this issue is that under a polygenic model for hereditary cancer, carri-
ers of multiple low penetrant genetic variants could be at high risk,[50] meaning much of the
unexplained heritability in OVCA may be due to more than one genetic risk factor that, when
inherited together, have an additive or synergistic effect. One variant in BRCA2 (p.K3326")
stood out as a possible modifier of penetrance due to an almost five fold increased occurrence
over expected and the observation that two of the four women carrying this SNP also had a
pathogenic mutation of low-to-moderate effect in a second gene involved in DNA repair,
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(ATM and RADS51D). This SNP results in a 93 amino acid truncation and is reported as benign
according to genetic testing services, mostly due to weak disease co-segregation in familial
studies. This assessment has been questioned in recent literature due to its association with
other cancers. Functional data have suggested that K3326" acts similar to wild type BRCA2 for
recombination repair and MMC sensitivity [51]. However, the K3326" truncation is located at
the C-terminus of the BRCA?2 protein (exon 27), and deletion of this domain has been shown
to result in reduced cellular response to stalled and collapsed replication forks,[52] hypersensi-
tivity to gamma-radiation and premature senescence[53]. Additional evidence in the literature
along with our findings suggest the possibility that this variant that may be of minimal effect
alone, but enhances the penetrance of another moderately damaging inherited variant in the
same functional pathway. This would explain the weak genotype to phenotype correlation
with this variant as well as the observation that this variant has been found in trans with other
pathogenic BRCA2 mutations, without causing Fanconi Anemia. Due to our small sample set,
the occurrence of this SNP with additional moderate pathogenic mutations in the same path-
way could be by chance. However, in agreement with our hypothesis of role as a possible mod-
ifier of penetrance, the BRCA2 K3326* truncation is found in The Cancer Genome Atlas
(TCGA) in the analysis of the sequence of tumor DNAs database three times, each in OVCA
patients who are all also carriers of pathogenic genetic variants; (TCGA-24-1562-01 with an
NFI frameshift, aTCGA-13-1512-01 and TCGA-23-1026-01 with BRCA1 frameshifts, (http://
cancergenome.nih.gov/).

It is likely additional risk genes exist that, when mutated, predispose to breast and/or ovar-
ian cancer, but have yet to be implicated due to their rarity or low penetrance. In our attempt
to discover novel OVCA predisposition genes, we chose to focus on genes involved in DNA
repair or cell cycle control as these two dynamic and interrelated pathways are crucial to geno-
mic stability and are the most mutated pathways in hereditary breast and ovarian cancers. In
doing so, we discovered 11 high impact mutations in genes that are not featured on current
HBOC risk assessment panels (CHEK1, FANCM, HMMR, MCM4, POLK, POLQ, RADI,
RAD52, RECS8, and TP53I3) but have very similar or overlapping functions to those genes on
commercial panels. The finding of a pathogenic variant in FANCM during this specific analysis
is promising as it affirms our candidate gene rationale and to our knowledge, marks the first
known case of a FANCM deleterious variant in an ovarian cancer patient. Of the eleven vari-
ants discovered in this analysis, five were novel. The rarity of these high impact variants is
likely due to the essential natures of the DNA repair and cell cycle pathways. Knock out mouse
model studies of CHKI, MCM4, and RADI all show embryonic lethality in homozygous null
mice and increased cancer incidence in heterozygotes, similarly to BRCA1/2, which makes
them compelling and worthy of following up with functional studies. Our study is the first of
its kind to describe these germline loss of function variants in ovarian cancer patients with
inherited risk. Further work should include analyzing genes in other cancer related pathways
since risk loci may also occur in genes not involved in DNA repair or cell cycle control.

In summary, additional WES studies on OVCA patients chosen based on family history but
with no known pathogenic mutation in either BRCA1/BRCA2 are necessary as they provide a
rich resource for the discovery of novel disease risk loci. Our findings suggest that the likely
sources of the unexplained etiology in OVCA is due to rare VUSs in panel genes that because
of their low frequency have yet to be implicated, risk loci occurring in non-panel genes
involved in DNA repair or cell cycle control, and polygenic risk inheritance. One key challenge
facing genetic testing and counseling in clinical cancer care represents the functional signifi-
cance of VUSs in cancer associated genes, which is necessary to provide genetics professionals
with guidance for better informed patient risk evaluation, risk reduction strategies and possi-
bly improved therapy modalities. Because a single low-to-moderately deleterious mutation
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may appear inconsequential alone, but could modify the penetrance of a deleterious mutation
in the same pathway, combining the risk of multiple genetic variants in the presence of a sec-
ond low-to-moderately deleterious mutation may also lead to better risk assessment. There-
fore, definitive functional tests are necessary to discriminate variants of decreased function
from benign polymorphisms and ideally, could reveal the impact of multiple low effect muta-
tions as a means of personalized genetic risk evaluation.

Materials and methods
Sample ascertainment and description

Study samples were acquired through the Karmanos Cancer Institute Genetic Registry
(KCIGR), an IRB approved bio specimen repository comprising females with a personal or
family history of breast and/or ovarian cancer and at elevated risk of harboring a BRCA1/2
mutation. Over 800 DNA samples from breast and/or ovarian cancer patients were collected
spanning the years of 1999-2013, when HBOC genetic screening was limited to BRCA1/2 and
risk assessment was performed using BRACAPRO and Myriad II, which were the standard of
care during the duration of accrual. BRCAPRO is a computer-based Bayesian probability
model that uses breast and/or ovarian cancer family history to determine the probability that a
BRCA1 or BRCA2 mutation accounts for the pattern of these cancers in the family[54]. Key
attributes of consideration include the population prevalence of BRCA mutations, age-specific
penetrance, and Ashkenazi Jewish heritage. Myriad II is a set of prevalence tables categorized
by ethnic ancestry (Ashkenazi Jewish or non-Ashkenazi Jewish), breast cancer age of onset
(age <50 years), and the presence of ovarian cancer, in the patient and/or first- or second-
degree relatives. Myriad II is based on historical test data from the Myriad Genetic Laborato-
ries clinical testing service[55].

Through the KCIGR biospecimen repository, we obtained 89 DNA samples from high
risk Caucasian women with a personal history of OVCA. Participants were either confirmed
BRCA1/2 mutation carriers or BRCA1/2 negative after full gene sequencing, BART (BRCA-
nalysis rearrangement test) or testing for the three common Ashkenazi Jewish mutations
(Myriad Genetics Laboratories, Salt Lake City, Utah). Participants testing positive for patho-
genic BRCA1/2 germline mutations were excluded from our study sample. The final sample
consists of 48 BRCA1/2 mutation negative Caucasian OVCA patients from 47 families (one
mother-daughter pair). Informed consent was signed and permission was obtained for the
collection of blood samples and for access to medical records for all subjects. The protocol
(HIC#024199MP2F(5R)) was approved following Full Board Review by the Human Investiga-
tion Committee at Wayne State University, Detroit, Michigan.

Information regarding tumor histology, tumor grade and age of diagnosis is summarized in
Table 1. Tumor histology from study sample patients included serous (n = 26), endometrioid
carcinoma (n = 5), mixed (n = 4) adenocarcinoma (n = 2), mucinous (n = 1), clear cell (n =
1), and undefined (n = 9). Tumor grades includes grade 2 (moderately differentiated, n = 6),
grade 3 (poorly differentiated, n = 24), and grade 1 (well differentiated, n = 1). Ovarian cancer
was the primary diagnosis for 43 patients, while four had a primary diagnosis of breast cancer
and one of cervical cancer followed by a secondary OVCA diagnosis. Of those with a primary
OVCA diagnosis, six had secondary cancer diagnosis: two breast, two colon, one uterine and
one melanoma.

Whole exome sequencing and candidate gene analysis

DNA from peripheral blood samples was isolated by the Karmanos Applied Genomics Tech-
nology Center, Detroit, MI using QIAamp DNA mini kit (Qiagen) and whole exome
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sequencing was performed using Nextera Rapid Capture Kit. Samples were demultiplexed
using Illumina’s CASAVA 1.8.2 software[56]. Read quality was assessed with FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/2) and alignment to the human reference
genome (hg19)[57] was performed using Burrows Wheeler Aligner (BWA)[58]. PCR dupli-
cates were removed using samtools,[59] and subsequent local realignment, Qscore recalibra-
tion, variant calling and filtering was performed using Genome Analysis Toolkit (GATK) [60]
Unified Genotyper. SNPs were filtered out if: 1. Four or more alignments have mapping qual-
ity = 0 and the number of alignments that mapped ambiguously were more than 1/10 of all
alignments for the given SNP2. SNP is represented by less than 5 reads 3. SNP quality is below
50 4. QD score (variant confidence) is below 1.5. Variant files were constructed using Genome
Trax BIOBASE biological databases analysis software (http://www.biobase-international.com)
and annotated with Illumina BaseSpace VariantStudio application v2.2.4. (www.illumina.com)
and variant effects with snpEff[61].

Candidate genes analyzed for potential risk variants included those currently featured on
HBOC genetic testing panels by Ambry OvaNext and Myriad MyRisk: BRCA1, BRCA2,
MLH1, MSH2, MSH6, PMS2, EPCAM, APC, MUTYH, CDKN2A, CDK4, TP53, PTEN, STK11,
CDHI1, BMPRIA, SMAD4, PALB2, CHEK2, ATM, NBN, BARDI, BRIP1, RAD51C,RAD51D, in
addition to 155 non-panel candidate genes important to DNA damage response or cell cycle
regulation and 64 genes listed as having disease causing mutations associated with OVCA in
HGMD. A full list of non- panel candidate genes analyzed is provided in supplementary infor-
mation (S2 Table). In silico variant analysis of single nucleotide polymorphisms (SNPs) was
performed using online available bioinformatics tools, HGMD][15], dbSNP[62], EXAC (http://
exac.broadinstitute.org/), SIFT[63] and PolyPhen[64]. Variants were stringently filtered to
include only exonic SNPs most likely to have a moderate to high effect impact on protein func-
tion (frameshift, nonsense, and missense) while also rare, (<0.02 MAF ExAC; European, non-
Finnish) and predicted to be damaging by SIFT and/or PolyPhen, which take into consider-
ation parameters such as amino acid substitution and evolutionary conservation. Variants
passing these criteria were confirmed by forward and reverse strand Sanger sequence (Gene-
wiz, https://www.genewiz.com) unless otherwise specified. Primers for PCR amplification and
targeted sequencing were designed using Primer3Plus (http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi). A full list of primers can be found in supplementary informa-
tion (S3 Table).

Co-segregation analysis of ATM SNPS; rs2227922 and rs138327406

Total RNA was extracted from peripheral blood lymphocytes using Qiagen RNeasy midi kit.
One microgram was used as a template for a two-step RT-PCR reaction. First, a 3Kb cDNA
was synthesized using ATM specific antisense primer; accigtttctgaacctccacct and SuperScript
III Reverse Transcriptase as described (Invitrogen cat# 18080-093). Next, a conventional PCR
reaction was performed containing 2 pl of first strand cDNA, 10ul of 10x Qiagen master mix
(cat. N0.203743), 2yl of coral dye (Qiagen cat. No. 203743) and 5 pmolar ATM nested primers
each: sense; ggcactgaccaccagtatagttc and antisense; tggtggtettcacattctgg. The cycling program
used to amplify the ATM cDNA was: 94 C for 2 minutes (1 cycle), 96 C for 5 seconds, 52 C for
5 seconds, 68 C for 1 minutes and 30 seconds (40 cycles), 72 C for 10 minutes. The 3kb band
obtained was cloned in TOPO vector (TOPO TA cloning kit Invitrogen cat. # 45-0641) and

2 ul of the reaction was transformed in stellar competent cells (Clontech cat. No. 636763).
Twelve clones were amplified and sent to Genewiz for sequencing, using MP3 sense and anti-
sense primers provided by the TOPO TA kit.

PLOS ONE | https://doi.org/10.1371/journal.pone.0178450 June 7, 2017 16/21


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/2
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/2
http://www.biobase-international.com/
http://www.illumina.com/
http://exac.broadinstitute.org/
http://exac.broadinstitute.org/
https://www.genewiz.com/
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi
https://doi.org/10.1371/journal.pone.0178450

@° PLOS | ONE

Genetic variation in hereditary ovarian cancer

Supporting information

S1 Table. Rare missense variants in non-HBOC panel genes involved in DNA repair or cell
cycle control and are associated with cancer phenotypes in HGMD. MAF = Minor Allele
Frequency in (EXxAC Non-Finnish Europeans.). DEL = Deleterious TOL = Tolerated, N/

A = Information not available, *Variants in these genes were not confirmed by Sanger DNA
sequencing.

(DOCX)

S2 Table. Full list of non-panel genes analyzed, involved in either DNA repair cell cycle
control, or listed as having “disease causing mutations” (DM) associated with OVCA in
HGMD.
(DOCX)

$3 Table. Primer sequences.
(DOCX)

S1 Text. VCEF files available at figshare; https://figshare.com/s/7471a180cd770aeda2fd.
(DOCX)

Acknowledgments

The authors are grateful to Dr. George Brush for helpful comments on the manuscript.

Author Contributions
Conceptualization: MAT.

Data curation: GD.

Formal analysis: JLS GD.

Funding acquisition: MAT.
Investigation: JLS GD MAT RR.
Methodology: MAT GD NL RR.
Project administration: MAT.
Resources: MAT MS NP GD NL.
Software: GD.

Supervision: MAT.

Validation: JLS NL SC HK CW RR.
Visualization: JLS.

Writing - original draft: JLS.
Writing - review & editing: JLS MAT MS GD NP NL RR HK CW SC.

References

1. Walsh T, Casadei S, Lee MK, Pennil CC, Nord a. S, Thornton a. M, et al. From the Cover: Mutations in
12 genes for inherited ovarian, fallopian tube, and peritoneal carcinoma identified by massively parallel
sequencing. Proc Natl Acad Sci. 2011; 108(44):18032—7. https://doi.org/10.1073/pnas.1115052108
PMID: 22006311

PLOS ONE | https://doi.org/10.1371/journal.pone.0178450 June 7, 2017 17/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178450.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178450.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178450.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0178450.s004
https://figshare.com/s/7471a180cd770aeda2fd
https://doi.org/10.1073/pnas.1115052108
http://www.ncbi.nlm.nih.gov/pubmed/22006311
https://doi.org/10.1371/journal.pone.0178450

@° PLOS | ONE

Genetic variation in hereditary ovarian cancer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Pennington KP, Walsh T, Harrell MI, Lee MK, Christopher C, Rendi MH, et al. Germline and Somatic
Mutations in Homologous Recombination Genes Predict Platinum Response and Survival in Ovarian,
Fallopian Tube, and Peritoneal Carcinomas. Clini Cancer Res. 2014; 20(3):764—75.

Antoniou A, Pharoah PDP, Narod S, Risch HA, Eyfjord JE, Hopper JL, et al. Average Risks of Breast
and Ovarian Cancer Associated with BRCA1 or BRCA2 Mutations Detected in Case Series Unselected
for Family History: A Combined Analysis of 22 Studies. Am J Hum Genet [Internet]. 2003; 72(5):1117—
30. Available from: http://linkinghub.elsevier.com/retrieve/pii/fS0002929707606405 https://doi.org/10.
1086/375033 PMID: 12677558

Plevova P, Novotny J, Petrakova K, Palacova M, Kaldbova R, Schneiderova M, et al. Hereditary breast
and ovarian cancer syndrome. Klin Onkol. 2009; 22 Suppl:S8—11.

Peterlongo P, Catucci I, Colombo M, Caleca L, Mucaki E, Bogliolo M, et al. FANCM c.5791C&gt; T non-
sense mutation (rs144567652) induces exon skipping, affects DNA repair activity and is a familial breast
cancer risk factor. Hum Mol Genet [Internet]. 2015;ddv251. Available from: http://www.hmg.
oxfordjournals.org/lookup/doi/10.1093/hmg/ddv251

Broeks A, Urbanus JH, Floore AN, Dahler EC, Klijn JG, Rutgers EJ, et al. ATM-heterozygous germline
mutations contribute to breast cancer-susceptibility. Am J Hum Genet. 2000; 66(2):494-500. PMID:
10677309

Norquist BM, Harrell MI, Brady MF, Walsh T, Lee MK, Gulsuner S, et al. Inherited Mutations in Women
With Ovarian Carcinoma. JAMA Oncol. 2015; 6460(April 2016):1-9.

Janatova M, Soukupova J, Stribrna J, Kleiblova P, Vocka M, Boudova P, et al. Mutation analysis of the
RAD51C and RAD51D genes in high-risk ovarian cancer patients and families from the Czech Republic.
PLoS One. 2015; 10(6):1-9.

Thompson ER, Rowley SM, Sawyer S, Eccles DM, Trainer AH, Mitchell G, et al. Analysis of RAD51D in
Ovarian Cancer Patients and Families with a History of Ovarian or Breast Cancer. PLoS One. 2013; 8
().

Meindl A, Hellebrand H, Wiek C, Erven V, Wappenschmidt B, Niederacher D, et al. Germline mutations
in breast and ovarian cancer pedigrees establish RAD51C as a human cancer susceptibility gene. Nat
Genet. 2010; 42(November 2009):410-4. https://doi.org/10.1038/ng.569 PMID: 20400964

Tarsounas M, Davies AA, West SC. RAD51 localization and activation following DNA damage. Philiso-
phical Trans R Soc B Biol Sci. 2004; 349(1441):87-93.

Loveday C, Turnbull C, Ramsay E, Hughes D, Ruark E, Frankum JR, et al. Europe PMC Funders
Group Germline mutations in RAD51D confer susceptibility to ovarian cancer. Nat Genet. 2016; 43
(9):879-82.

Schwab RA, Nieminuszczy J, Shah F, Langton J, Lopez Martinez D, Liang CC, et al. The Fanconi Ane-
mia Pathway Maintains Genome Stability by Coordinating Replication and Transcription. Mol Cell [Inter-
net]. 2015; 60(3):351-61. https://doi.org/10.1016/j.molcel.2015.09.012 PMID: 26593718

Bogliolo M, Surrallés J. Fanconi anemia: a model disease for studies on human genetics and advanced
therapeutics. Curr Opin Genet Dev [Internet]. 2015; 33:32—40. Available from: http:/linkinghub.elsevier.
com/retrieve/pii/S0959437X15000775\nhttp://www.ncbi.nlm.nih.gov/pubmed/26254775\nhttp://www.
ncbi.nlm.nih.gov/pubmed/26254775 https://doi.org/10.1016/j.gde.2015.07.002 PMID: 26254775

Stenson PD, Ball E V., Mort M, Phillips AD, Shiel JA, Thomas NST, et al. Human Gene Mutation Data-
base (HGMD??): 2003 Update. Hum Mutat. 2003; 21(6):577-81. https://doi.org/10.1002/humu.10212
PMID: 12754702

Thorstenson YR, Roxas A, Kroiss R, Jenkins MA, Yu KM, Bachrich T, et al. Contributions of ATM Muta-
tions to Familial Breast and Ovarian Cancer 1. 2003;3325-33.

Lawrenson K, Iversen ES, Tyrer J, Weber RP, Concannon P, Hazelett DJ, et al. Common variants at
the CHEK2 gene locus and risk of epithelial ovarian cancer. Carcinogenesis [Internet]. 2015; 36
(11):1341-53. Available from: http://carcin.oxfordjournals.org/content/36/11/1341.long https://doi.org/
10.1093/carcin/bgv138 PMID: 26424751

Fletcher O, Johnson N, Silva S, Orr N, Ashworth A, Nevanlinna H, et al. Europe PMC Funders Group
Missense Variants in ATM in 26, 101 Breast Cancer Cases and 29, 842 Controls. Cancer Epidemiol
Biomarkers Prev. 2010; 19(9):2143-51. https://doi.org/10.1158/1055-9965.EPI-10-0374 PMID:
20826828

Rahman N, Seal S, Thompson D, Kelly P, Renwick A, Elliott A, et al. UKPMC Funders Group cancer
susceptibility gene. Cancer. 2010; 39(2):165-7.

Erkko H, Xia B, Nikkila J, Schleutker J, Syrjakoski K, Mannermaa A, et al. A recurrent mutation in
PALB2 in Finnish cancer families. Nature. 2007; 446(7133):316-9. https://doi.org/10.1038/nature05609
PMID: 17287723

PLOS ONE | https://doi.org/10.1371/journal.pone.0178450 June 7, 2017 18/21


http://linkinghub.elsevier.com/retrieve/pii/S0002929707606405
https://doi.org/10.1086/375033
https://doi.org/10.1086/375033
http://www.ncbi.nlm.nih.gov/pubmed/12677558
http://www.hmg.oxfordjournals.org/lookup/doi/10.1093/hmg/ddv251
http://www.hmg.oxfordjournals.org/lookup/doi/10.1093/hmg/ddv251
http://www.ncbi.nlm.nih.gov/pubmed/10677309
https://doi.org/10.1038/ng.569
http://www.ncbi.nlm.nih.gov/pubmed/20400964
https://doi.org/10.1016/j.molcel.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26593718
http://linkinghub.elsevier.com/retrieve/pii/S0959437X15000775
http://linkinghub.elsevier.com/retrieve/pii/S0959437X15000775
http://www.ncbi.nlm.nih.gov/pubmed/26254775
http://www.ncbi.nlm.nih.gov/pubmed/26254775
http://www.ncbi.nlm.nih.gov/pubmed/26254775
https://doi.org/10.1016/j.gde.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26254775
https://doi.org/10.1002/humu.10212
http://www.ncbi.nlm.nih.gov/pubmed/12754702
http://carcin.oxfordjournals.org/content/36/11/1341.long
https://doi.org/10.1093/carcin/bgv138
https://doi.org/10.1093/carcin/bgv138
http://www.ncbi.nlm.nih.gov/pubmed/26424751
https://doi.org/10.1158/1055-9965.EPI-10-0374
http://www.ncbi.nlm.nih.gov/pubmed/20826828
https://doi.org/10.1038/nature05609
http://www.ncbi.nlm.nih.gov/pubmed/17287723
https://doi.org/10.1371/journal.pone.0178450

@° PLOS | ONE

Genetic variation in hereditary ovarian cancer

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

The CHEK2 Breast Cancer Case-Control Consortium. CHEK2*1100delC and susceptibility to breast
cancer: a collaborative analysis involving 10,860 breast cancer cases and 9,065 controls from 10 stud-
ies. Am J Hum Genet. 2004; 74(6):1175-82. https://doi.org/10.1086/421251 PMID: 15122511

Strafford JC. Genetic testing for lynch syndrome, an inherited cancer of the bowel, endometrium, and
ovary. Rev Obstet Gynecol [Internet]. 2012; 5(1):42-9. Available from: http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=3349923&tool=pmcentrez&rendertype=abstract PMID: 22582126

Bansidhar BJ. Extracolonic manifestations of lynch syndrome. Clin Colon Rectal Surg. 2012; 25
(2):103-10. https://doi.org/10.1055/s-0032-1313781 PMID: 23730225

South CD, Hampel H, Comeras |, Westman JA, Frankel WL, De La Chapelle A. The frequency of Muir-
Torre syndrome among Lynch syndrome families. J Natl Cancer Inst. 2008; 100(4):277-81. https://doi.
org/10.1093/jnci/djm291 PMID: 18270343

Morak M, Heidenreich B, Keller G, Hampel H, Laner A, de la Chapelle A, et al. Biallelic MUTYH muta-
tions can mimic Lynch syndrome. Eur J Hum Genet [Internet]. 2014; 22(11):1334—7. hitps://doi.org/10.
1038/ejhg.2014.15 PMID: 24518836

Akbari MR, Malekzadeh R, Nasrollahzadeh D, Amanian D, Islami F, Li S, et al. Germline BRCA2 muta-
tions and the risk of esophageal squamous cell carcinoma. Oncogene. 2008; 27(9):1290-6. https://doi.
org/10.1038/sj.onc.1210739 PMID: 17724471

Martin ST, Matsubayashi H, Rogers CD, Philips J, Couch FJ, Brune K, et al. Increased prevalence of
the BRCA2 polymorphic stop codon K3326X among individuals with familial pancreatic cancer. Onco-
gene. 2005; 24(22):3652—-6. https://doi.org/10.1038/sj.onc.1208411 PMID: 15806175

Rudd MF, Webb EL, Matakidou A, Sellick GS, Williams RD, Bridle H, et al. Variants in the GH-IGF axis
confer susceptibility to lung cancer. Genome Res [Internet]. 2006; 16(6):693—701. Available from:
http://www.ncbi.nIm.nih.gov/pubmed/16741161 https://doi.org/10.1101/gr.5120106 PMID: 16741161

Thompson ER, Gorringe KL, Rowley SM, Li N, Mclnerny S, Wong-Brown MW, et al. Reevaluation of
the BRCAZ2 truncating allele c.9976A&gt; T (p.Lys3326Ter) in a familial breast cancer context. Sci Rep
[Internet]. 2015; 5(April 2015):14800. Available from: http://www.nature.com/articles/srep14800 https://
doi.org/10.1038/srep14800 PMID: 26455428

Paul D. P. Pharoah, Tsai Ya-Yu, Ramus Susan J., Phelan Catherine M., Goode Ellen L., Lawrenson
Kate, Price Melissa, Fridley Brooke L., Tyrer Jonathan P., Shen Howard, Weber Rachel, Karevan Rod,
Larson Melissa C., Song Honglin, Tessier Daniel C., Francois TAS. GWAS meta-analysis and replica-
tion identifies three new susceptibility loci for ovarian cancer. Nat Genet. 2013; 45(4):362-370e2.
https://doi.org/10.1038/ng.2564 PMID: 23535730

Kuchenbaecker Karoline B, Ramus Susan J, Tyrer Jonathan, Lee Andrew, Shen Howard C, Beesley
Jonathan, Lawrenson Kate, McGuffog Lesley, Healey Sue, Lee Janet M, Spindler Tassja J, Lin Yvonne
G, Pejovic Tanja, Bean Yukie, Li Qiyuan, Coetzee Simon, van R Dennis Ha EJ et al. Identification of six
new susceptibility loci for invasive epithelial ovarian cancer. Nat Genet. 2015; 47(2):164—71. https://doi.
org/10.1038/ng.3185 PMID: 25581431

Sheu Y-J, Kinney JB, Lengronne A, Pasero P, Stillman B. Domain within the helicase subunit Mcm4
integrates multiple kinase signals to control DNA replication initiation and fork progression. Proc Natl
Acad Sci U S A [Internet]. 2014; 111(18):E1899-908. Available from: http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=4020090&tool=pmcentrez&rendertype=abstract https://doi.org/10.1073/
pnas.1404063111 PMID: 24740181

Zhang W, Luo J, Chen F, Yang F, Song W. BRCA1 regulates PIG3-mediated apoptosis in a p53-depen-
dent manner. Oncotarget. 2015; 6(10):7606—18.

Maxwell CA, Benitez J, Gomez-Baldé L, Osorio A, Bonifaci N, Fernandez-Ramires R, et al. Interplay
between BRCA1 and RHAMM regulates epithelial apicobasal polarization and may influence risk of
breast cancer. PLoS Biol. 2011; 9(11):1-18.

Kelemen L, Spurdle AB, Purdie DM, Gertig D, Chenevix-Trench G. RAD52 Y415X truncation polymor-
phism and epithelial ovarian cancer risk in Australian women. Cancer Lett. 2005; 218(2):191-7. https://
doi.org/10.1016/j.canlet.2004.09.023 PMID: 15670896

Han J, Hankinson SE, Vivo | De, Colditz G a, Hunter DJ. No Association between a Stop Codon Poly-
morphism in RAD52 and Breast Cancer Risk Null Results in Brief No Association between a Stop
Codon Polymorphism in RAD52 and. Cancer Epidemiol Biomarkers Prev. 2002; 11(October):1138-9.
PMID: 12376524

Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K, et al. Chk1 is an essential kinase that is reg-
ulated by Atr and required for the G2/M DNA damage checkpoint. Genes Dev. 2000; 14(12):1448-59.
PMID: 10859164

Bakker ST, van de Vrugt HJ, Rooimans MA, Oostra AB, Steltenpool J, Delzenne-Goette E, et al.
Fancm-deficient mice reveal unique features of Fanconi anemia complementation group M. Hum Mol
Genet. 2009; 18(18):3484-95. https://doi.org/10.1093/hmg/ddp297 PMID: 19561169

PLOS ONE | https://doi.org/10.1371/journal.pone.0178450 June 7, 2017 19/21


https://doi.org/10.1086/421251
http://www.ncbi.nlm.nih.gov/pubmed/15122511
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3349923&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3349923&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/22582126
https://doi.org/10.1055/s-0032-1313781
http://www.ncbi.nlm.nih.gov/pubmed/23730225
https://doi.org/10.1093/jnci/djm291
https://doi.org/10.1093/jnci/djm291
http://www.ncbi.nlm.nih.gov/pubmed/18270343
https://doi.org/10.1038/ejhg.2014.15
https://doi.org/10.1038/ejhg.2014.15
http://www.ncbi.nlm.nih.gov/pubmed/24518836
https://doi.org/10.1038/sj.onc.1210739
https://doi.org/10.1038/sj.onc.1210739
http://www.ncbi.nlm.nih.gov/pubmed/17724471
https://doi.org/10.1038/sj.onc.1208411
http://www.ncbi.nlm.nih.gov/pubmed/15806175
http://www.ncbi.nlm.nih.gov/pubmed/16741161
https://doi.org/10.1101/gr.5120106
http://www.ncbi.nlm.nih.gov/pubmed/16741161
http://www.nature.com/articles/srep14800
https://doi.org/10.1038/srep14800
https://doi.org/10.1038/srep14800
http://www.ncbi.nlm.nih.gov/pubmed/26455428
https://doi.org/10.1038/ng.2564
http://www.ncbi.nlm.nih.gov/pubmed/23535730
https://doi.org/10.1038/ng.3185
https://doi.org/10.1038/ng.3185
http://www.ncbi.nlm.nih.gov/pubmed/25581431
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4020090&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4020090&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1073/pnas.1404063111
https://doi.org/10.1073/pnas.1404063111
http://www.ncbi.nlm.nih.gov/pubmed/24740181
https://doi.org/10.1016/j.canlet.2004.09.023
https://doi.org/10.1016/j.canlet.2004.09.023
http://www.ncbi.nlm.nih.gov/pubmed/15670896
http://www.ncbi.nlm.nih.gov/pubmed/12376524
http://www.ncbi.nlm.nih.gov/pubmed/10859164
https://doi.org/10.1093/hmg/ddp297
http://www.ncbi.nlm.nih.gov/pubmed/19561169
https://doi.org/10.1371/journal.pone.0178450

@° PLOS | ONE

Genetic variation in hereditary ovarian cancer

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Pujana MA, Han J-DJ, Starita LM, Stevens KN, Tewari M, Ahn JS, et al. Network modeling links breast
cancer susceptibility and centrosome dysfunction. Nat Genet. 2007; 39(11):1338-49. https://doi.org/10.
1038/ng.2007.2 PMID: 17922014

Shima N, Alcaraz A, Liachko |, Buske TR, Andrews CA, Munroe RJ, et al. A viable allele of Mcm4
causes chromosome instability and mammary adenocarcinomas in mice. Nat Genet [Internet]. 2007; 39
(1):93-8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17143284 https://doi.org/10.1038/
ng1936 PMID: 17143284

Stancel NJ, McDaniel LD, Velasco S, Richardson J, Guo C, Friedberg EC. Polk Mutant Mice Have a
Spontaneous Mutator Phenotype. DNA Repair (Amst). 2009; 8(12):1355-62.

Yousefzadeh MJ, Wood RD. DNA polymerase POLQ and cellular defense against DNA damage. DNA
Repair (Amst) [Internet]. 2013; 12(1):1-9. Available from: http://dx.doi.org/10.1016/j.dnarep.2012.10.
004

HanL, HuZ, Liu Y, Wang X, Hopkins KM, Lieberman HB, et al. Mouse Rad1 deletion enhances suscep-
tibility for skin tumor development. Mol Cancer [Internet]. 2010; 9:67. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=2864214&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1186/1476-4598-9-67 PMID: 20334655

Rijkers T, Van Den Ouweland J, Morolli B, Rolink AG, Baarends WM, Van Sloun PPH, et al. Targeted
Inactivation of Mouse RAD52 Reduces Homologous Recombination but Not Resistance to lonizing
Radiation. Mol Cell Biol [Internet]. 1998; 18(11):6423-9. Available from: http://mcb.asm.org/lookup/doi/
10.1128/MCB.18.11.6423 PMID: 9774658

Xu H, Beasley MD, Warren WD, van der Horst GTJ, McKay MJ. Absence of mouse REC8 cohesin pro-
motes synapsis of sister chromatids in meiosis. Dev Cell. 2005; 8(6):949—61. https://doi.org/10.1016/j.
devcel.2005.03.018 PMID: 15935783

Jensen RB, Ozes A, Kim T, Estep A, Kowalczykowski SC. BRCA2 is epistatic to the RAD51 paralogs in
response to DNA damage. DNA Repair (Amst) [Internet]. 2013; 12(4):306—11. Available from: http:/
linkinghub.elsevier.com/retrieve/pii/S1568786413000025

Wang Y, McKay JD, Rafnar T, Wang Z, Timofeeva M, Broderick P, et al. Europe PMC Funders Group
Rare variants of large effectin BRCA2 and CHEK?2 affect risk of lung cancer. 2015; 46(7):736—41.

Domchek S, Weber BL. Genetic variants of uncertain significance: flies in the ointment. J Clin Oncol
[Internet]. 2008; 26(1):16—7. Available from: http://www.ncbi.nlm.nih.gov/pubmed/18165634 https://doi.
org/10.1200/JC0O.2007.14.4154 PMID: 18165634

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and Guidelines for the
Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Med Genet. 2015; 17
(5):405-24.

Johnson N, Fletcher O, Palles C, Rudd M, Webb E, Sellick G, et al. Counting potentially functional vari-
ants in BRCA1, BRCA2 and ATM predicts breast cancer susceptibility. Hum Mol Genet. 2007; 16
(9):1051-7. https://doi.org/10.1093/hmg/ddm050 PMID: 17341484

Wu K, Hinson SSR, Ohashi A, Farrugia D, Wendt P, Tavtigian S V, et al. Functional evaluation and can-
cer risk assessment of BRCA2 unclassified variants. Cancer Res [Internet]. 2005; 65(February
2005):417-26. Available from: http://cancerres.aacrjournals.org/content/65/2/417.short PMID:
15695382

Kim TM, Son MY, Dodds S, Hu L, Hasty P. Deletion of BRCA2 exon 27 causes defects in response to
both stalled and collapsed replication forks. Mutat Res. 2014;766—767:66—72.

Morimatsu M, Donoho G, Hasty P. Cells Deleted for Brca2 COOH Terminus Exhibit Hypersensitivity to
y-Radiation and Premature Senescence. cancer re. 1998; 58:3441-8.

Parmigiani G, Berry D, Aguilar O. Determining carrier probabilities for breast cancer-susceptibility
genes BRCA1 and BRCA2. Am J Hum Genet [Internet]. 1998; 62(1):145-58. Available from: http://
www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1376797&tool=pmcentrez&rendertype=abstract
PMID: 9443863

Frank TS. Testing for hereditary risk of ovarian cancer. Cancer Control. 1999; 6(4):327—-324. PMID:
10758563

Kumar P, Al-Shafai M, Al Muftah WA, Chalhoub N, Elsaid MF, Aleem AA, et al. Evaluation of SNP call-
ing using single and multiple-sample calling algorithms by validation against array base genotyping and
Mendelian inheritance. BMC Res Notes [Internet]. 2014; 7(1):747. Available from: http://bmcresnotes.
biomedcentral.com/articles/10.1186/1756-0500-7-747

Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC, Baldwin J, et al. Initial sequencing and analysis
of the human genome. Nature [Internet]. 2001; 409(6822):860—921. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/1123701 1\nhttp://www.nature.com/nature/journal/v409/n6822/pdf/409860a0.pdf
https://doi.org/10.1038/35057062 PMID: 11237011

PLOS ONE | https://doi.org/10.1371/journal.pone.0178450 June 7, 2017 20/21


https://doi.org/10.1038/ng.2007.2
https://doi.org/10.1038/ng.2007.2
http://www.ncbi.nlm.nih.gov/pubmed/17922014
http://www.ncbi.nlm.nih.gov/pubmed/17143284
https://doi.org/10.1038/ng1936
https://doi.org/10.1038/ng1936
http://www.ncbi.nlm.nih.gov/pubmed/17143284
https://doi.org/10.1016/j.dnarep.2012.10.004
https://doi.org/10.1016/j.dnarep.2012.10.004
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2864214&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2864214&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1186/1476-4598-9-67
http://www.ncbi.nlm.nih.gov/pubmed/20334655
http://mcb.asm.org/lookup/doi/10.1128/MCB.18.11.6423
http://mcb.asm.org/lookup/doi/10.1128/MCB.18.11.6423
http://www.ncbi.nlm.nih.gov/pubmed/9774658
https://doi.org/10.1016/j.devcel.2005.03.018
https://doi.org/10.1016/j.devcel.2005.03.018
http://www.ncbi.nlm.nih.gov/pubmed/15935783
http://linkinghub.elsevier.com/retrieve/pii/S1568786413000025
http://linkinghub.elsevier.com/retrieve/pii/S1568786413000025
http://www.ncbi.nlm.nih.gov/pubmed/18165634
https://doi.org/10.1200/JCO.2007.14.4154
https://doi.org/10.1200/JCO.2007.14.4154
http://www.ncbi.nlm.nih.gov/pubmed/18165634
https://doi.org/10.1093/hmg/ddm050
http://www.ncbi.nlm.nih.gov/pubmed/17341484
http://cancerres.aacrjournals.org/content/65/2/417.short
http://www.ncbi.nlm.nih.gov/pubmed/15695382
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1376797&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1376797&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/9443863
http://www.ncbi.nlm.nih.gov/pubmed/10758563
http://bmcresnotes.biomedcentral.com/articles/10.1186/1756-0500-7-747
http://bmcresnotes.biomedcentral.com/articles/10.1186/1756-0500-7-747
http://www.ncbi.nlm.nih.gov/pubmed/11237011
http://www.ncbi.nlm.nih.gov/pubmed/11237011
http://www.nature.com/nature/journal/v409/n6822/pdf/409860a0.pdf
https://doi.org/10.1038/35057062
http://www.ncbi.nlm.nih.gov/pubmed/11237011
https://doi.org/10.1371/journal.pone.0178450

@° PLOS | ONE

Genetic variation in hereditary ovarian cancer

58.

59.

60.

61.

62.

63.

64.

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.
2009; 25(14):1754—60. https://doi.org/10.1093/bicinformatics/btp324 PMID: 19451168

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics. 2009; 25(16):2078-9. https://doi.org/10.1093/bioinformatics/btp352
PMID: 19505943

DePristo M a., Banks E, Poplin RE, Garimella K V., Maguire JR, Hartl C, et al. A framework for variation
discovery and genotyping using next- generation DNA sequencing data. Nat Genet. 2011; 43(5):491-8.
https://doi.org/10.1038/ng.806 PMID: 21478889

Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, et al. A program for annotating and predict-
ing the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila melano-
gaster strain w 1118; iso-2; iso-3. Fly (Austin). 2012; 6(2):80-92.

Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al. dbSNP: the NCBI database of
genetic variation. Nucleic Acids Res [Internet]. 2001; 29(1):308—11. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=29783&tool=pmcentrez&rendertype=abstract PMID:
11125122

Ng PC. SIFT: predicting amino acid changes that affect protein function. Nucleic Acids Res [Internet].
2003; 31(13):3812—4. Available from: http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkg509
PMID: 12824425

Gnad F, Baucom A, Mukhyala K, Manning G, Zhang Z. Assessment of computational methods for pre-
dicting the effects of missense mutations in human cancers. BMC Genomics [Internet]. 2013; 14 Suppl
3(Suppl 3):S7. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=

3665581 &tool=pmcentrez&rendertype=abstract

PLOS ONE | https://doi.org/10.1371/journal.pone.0178450 June 7, 2017 21/21


https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1038/ng.806
http://www.ncbi.nlm.nih.gov/pubmed/21478889
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=29783&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=29783&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/11125122
http://nar.oxfordjournals.org/lookup/doi/10.1093/nar/gkg509
http://www.ncbi.nlm.nih.gov/pubmed/12824425
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3665581&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3665581&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1371/journal.pone.0178450

