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Abstract 

Although 25% of ovarian cancer cases are due to inherited factors, most of the genetic risk 
remains unexplained. We previously identified candidate genes through germline whole exome 
sequencing of BRCA1/BRCA2 negative ovarian cancer patients with familial risk. Here, we per- 
formed functional assessment to determine whether they act as BRCA -like tumor suppressors. 

Seven candidate risk genes were targeted by siRNA for mRNA depletion followed by functional 
assays for clonogenic survival, cytotoxicity to DNA damaging agents, and involvement in homol- 
ogous recombination repair. BRCA1 and BRCA1 were targeted as standards for loss of function 
outcome. 

Knockdown of various candidate genes led to tumor suppressor phenotypes also observed in 
BRCA1/BRCA2 deficient cells. Deficiency of CHEK1, FANCM and TP53I3 led to reduced homol- 
ogous recombination repair efficiency. Knockdown of RAD1, CHEK1 or FANCM led to a decrease 
in cellular viability and cells deficient in CHEK1, RAD1 or TP53I3 displayed increased sensitivity 
to cisplatin. 

Functional studies of candidate genes identified by whole exome sequencing complements 
bioinformatics techniques and aid the implication of novel risk loci. The results of this study suggest 
that genes found mutated in hereditary ovarian cancer, FANCM, RAD1, CHEK1 and TP53I3 , act 
as BRCA- like tumor suppressors. 

Keywords Hereditary breast and ovarian cancer, Genetic risk, Cancer predisposition. 
© 2019 Elsevier Inc. All rights reserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

Despite the large heritable component to OVCA, the majority
of underlying genetic risk remains unexplained [1] . OVCA is
rare, displays variable penetrance, and has a high degree of
underlying genetic heterogeneity. The clinical implications of
a novel risk locus, is therefore difficult to accurately establish
through case control associative studies [2,3] . Additionally,
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implicating a variant based on segregation is not ideal due to
incomplete penetrance and lack of informative family mem-
bers. Whole exome/genome sequencing (WES/WGS) of af-
fected individuals with compelling family histories is a promis-
ing approach for the identification of putative germline novel
risk loci. However, bioinformatic tools alone are not sufficiently
accurate to direct clinical decisions regarding novel genetic
loci. Instead, these putative risk loci require the support of
functional assessment. 

We previously carried out WES on OVCA patients consid-
ered at high risk of genetic inheritance, but with no known
pathogenic variant in BRCA1 or BRCA2 [4] , the two most
commonly mutated genes in HBOC (Hereditary Breast and
Ovarian Cancer). We identified 11 loss of function (LOF) (stop

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cancergen.2019.04.061&domain=pdf
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gain, frameshift) variants in genes not yet implicated in hered-
itary OVCA risk, but whose protein products are involved in
DNA repair and/or cell cycle control, the most commonly mu-
tated pathways in HBOC. The current study aimed to func-
tionally assess seven of these candidate genes to identify
those with BRCA -like tumor suppressor qualities. Specifically,
we assessed FANCM, CHEK1, MCM4, RAD1, and REC8
because of their conservation and cancer associated phe-
notypes in mouse models, which include embryonic lethality
in homozygote knockouts and increased cancer incidence in
heterozygotes [5–9] . We assessed TP53I3 because our co-
hort included a rare LOF mutation in this gene in two unre-
lated individuals. We also assessed HMMR as it forms a com-
plex with BRCA1 / BRCA2 , and common missense variations
in this gene modifies the penetrance of breast cancer risk
in BRCA1 pathogenic mutation carriers [10] . Positive controls
for functional analyses included established HBOC risk genes
BRCA1 and BRCA2 (high risk) and ATM, CHEK2, RAD51D
(moderate risk), which are featured on current HBOC testing
panels. 

Materials and methods 

Patient accrual, whole exome sequencing and 

SNP assessment 

We performed whole exome sequencing on a sample of
48 women diagnosed with ovarian cancer, suspected to
be at high risk of hereditary predisposition, but with no
known pathogenic mutation in BRCA1 or BRCA2 . Ma-
terials and detailed methods regarding patient accrual,
whole exome sequencing, in silico SNP assessment and
candidate gene analysis were previously reported and
can be accessed here: ( http://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0178450 , PMID: 28591191)
[4] . VCF files available at Figshare; https:// figshare.com/ s/
7471a180cd770aeda2fd . 

Cell line and culture 

We used HeLa cells for all functional experimentation. HeLa
were chosen based on various necessary criteria including
having an intact homologous repair pathway [11,12] , a dou-
bling capacity of every 24 h, and epithelial in origin. We origi-
nally tested five various ovarian cell lines, however three had
no P53 wild type activity necessary for the employed assays.
The remaining two were found to be cervical in origin after
cell line authentication (Applied Genomics Technology Cen-
ter at Wayne State University). HeLa cells stably transfected
with the DR-GFP homologous recombination analysis plas-
mid (M. Jasin, Memorial Sloan Kettering Cancer Institute, New
York, NY) were a kind gift from Dr. Jeffery Parvin of Ohio
State University. Cells were maintained in Dulbecco’s Mod-
ified Eagle Medium (DMEM) supplemented with 10% Fetal
Bovine Serum (HyClone, GE Cat: SH30396.03), NaHCO3
(3.7 g/L) 1% penicillin strep (Gibco Life Technologies Cat:
15140-122) and incubated at 37 °C 5% CO 2 . For passag-
ing, cells were harvested using trypsin, and split 1:6. Freeze
downs of aliquots were maintained in a freezing media of 10%
DMSO, 50% DMEM, 40% FBS and stored at −140 °C. 
Protein detection and quantification 

Western blot was employed to assess protein expression
and quantification to ensure sufficient knockdown by siRNA
(Fig. A.1). Cells were lysed, and proteins solubilized using ice
cold Radio Immunoprecipitation Assay Buffer (RIPA) supple-
mented with protease and phosphatase inhibitors. Proteins
were reduced and denatured by adding 4 × Laemmli buffer
plus β-mercaptoethanol to lysates (9:1 ratio, respectively) in
addition to boiling at 95 °C for 5 min using thermocycler. Fifty
to seventy micrograms of denatured whole cell lysate were
loaded into each well of a polyacrylamide gel and separated
by electrophoresis, followed by a wet transfer to a nitrocel-
lulose membrane using electrical current. Membranes were
blocked with 5% bovine serum albumin (BSA) in Tris Buffered
Saline with Tween 20 (TBST) before being incubated with
protein specific antibodies. Images were obtained by LI-COR
Odyssey Blot Imager and protein expression was quantified
using ImageJ software and normalized to appropriate loading
control (ACTIN for smaller proteins, VINCULIN for high molec-
ular weight proteins). A complete list of antibodies is provided
in the appendix (Table A.1). 

Homologous recombination repair assay 

The homologous recombination repair assay is a sensitive
method developed to measure Homologous Recombination
Repair (HRR) pathway efficiency following double strand
breaks (DSB) [13] . HeLa cells were stably transfected with
the pDR-GFP plasmid that contains two inactive GFP alleles.
One GFP allele is inactive due to the presence of an additional
sequence that contains the 18 bp restriction enzyme recogni-
tion site for I-SceI, and the other GFP allele is inactive due to
a truncating mutation [13] . When a second plasmid encoding
the enzyme I-SceI is transiently transfected into cells contain-
ing this plasmid, the I-SceI restriction site is cleaved, creating
a DSB. The break is repaired by the cells’ endogenous HRR
pathway using the second inactive GFP allele as a template.
Therefore, the amount of GFP following I-SceI DSB induction
provides a proxy for the activity of the HRR pathway. 

The following protocol is an adaptation of a previously de-
scribed protocol [11] . HeLa DR-GFP were harvested with
trypsin, counted using a hemocytometer and reseeded at
40,000 into each well of a 24 well plate. Following 24 h, me-
dia was replaced with 450 µl serum and antibiotic free media
and cells were transiently transfected with I-SceI Transfec-
tion expression vector pCBASce [13] . 0.5 µg of plasmid and
15 pmol siRNA were co-transfected using Lipofectamine 3000
(Thermo Fisher Cat: L3000015) according to manufacturer’s
protocol. As a negative control, cells were transfected with
pcDNA3 empty vector (Invitrogen) in place of I-SceI to mea-
sure background GFP signal. As a positive control, cells were
transfected with scramble siRNA plus I-SceI. Each condition
was performed in triplicate. Forty-eight hours post transient
transfection of the I-SceI containing plasmid, cells were visu-
alized for GFP signals using fluorescence microscopy (Olym-
pus 1 ×71) followed by harvesting and quantitative analysis
by flow cytometry (BD FACSCanto II and BD FACS Diva Soft-
ware v8.0.1). Gating procedure was set to select singlets, live
(DAPI) and GFP (FITC) positive cells. A t -test was employed to
compare the amount of GFP in cells transfected with a siRNA

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0178450
https://figshare.com/s/7471a180cd770aeda2fd
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Table 1 HRR efficiency after siRNA knockdown M = Mean% of 
Green Fluorescent Protein (GFP) positive cells; SD = Standard 
deviation; MD = mean difference as compared to scramble con- 
trol; t = statistical test for mean difference; ∗ p < 0.05; ∗∗ p < 0.01; 
∗∗∗ p < 0.001; p -values in bold are significant. 

Gene M SD MD t p 
Scramble 97.4 2.58 — — —

Panel ATM 51.9 13.43 −45.5 6.72 0.006 
BRCA1 27.5 8.32 −69.9 21.45 0.000 
BRCA2 8.6 5.02 −88.8 39.97 0.000 
CHEK2 70.3 9.96 −27.1 5.98 0.003 
RAD51D 62.8 12.61 −34.7 5.452 0.011 

Non-panel FANCM 43.3 6.68 −54.1 21.53 0.000 
CHEK1 28.2 14.04 −69.2 11.95 0.000 
RAD1 108.7 7.57 11.2 −2.52 0.119 
REC8 82.6 5.68 −14.8 6.40 0.000 
TP53I3 64.4 13.55 −33.0 7.55 0.000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

knockdown of a gene of interest to its respective siRNA scram-
ble positive control, controlling for background GFP (negative
control). A complete list of siRNAs is provided in Supplemen-
tary data. 

Clonogenic survival assay 

Cells were trypsinized and 350,000 were plated in a 60-mm
tissue culture dishes and incubated overnight at 5% CO 2 and
37 °C. Cells were then transfected with siRNA using Oligofec-
tamine (Invitrogen Cat# 12252-011) according to the manu-
facturer’s protocol. Twenty-four hours after transfection, cells
were re-counted, and 100 or 300 cells were reseeded in trip-
licate of a 6 well plate and placed back in incubator. Forty-
eight hours after siRNA knockdown, wells were replaced with
serum free media containing a DNA damaging reagent such
as cisplatin, etoposide, olapar ib or mock control. Dr ug con-
centration and exposure were determined by optimizing for
an IC 50, which was determined by the amount and duration
of treatment necessary to cause 50% of cells to die (cis-
platin = 2 µM for 2 h, etoposide = 10 µM for 4 h, and olaparib
10 µM for 4 h, data not shown). Cells were rinsed twice with
serum free media before adding back fresh media and placing
back in incubator for 10 days until colonies had formed ( > 50
cells per colony). For fixation and staining, medium was re-
moved, and cells washed with PBS before adding add 2 ml of
1:7 acetic acid/methanol fixation solution for 5 min followed by
2 ml 0.5% crystal violet solution for 2 h at room temperature.
Colonies were counted both by eye and with a colony counter
(GELCOUNT, Oxford Optronix). Plating efficiency (PE) was
calculated as the number of colonies formed divided by the
number of cells seeded × 100%. Survival after drug treatment
was determined by calculating the number of colonies formed
divided by the number of cells seeded × 100%, adjusted for
PE. 

Statistical analysis 

Statistical analyses of homologous recombination repair and
clonogenic assays were carried out using R statistical soft-
ware (version 3.4.1). To reduce inflation of Type II error, we an-
alyzed approximately six replicates per condition. Variability
in assay performance including siRNA knockdown was con-
trolled for by pooling replicates for each condition across all
repeated assays (each assay was performed on two or three
separate occasions with each condition in duplicate or tripli-
cate). Prior to the analysis, we checked for and did not find
outliers (i.e., data points greater than 3 standard deviations
from the mean for each variable). We next investigated the
distribution of replicates for each tested condition (reduction
in HRR efficiency, plating efficiency, and adjusted survival rate
after drug treatment following siRNA knockdown). First, we
calculated Shapiro–Wilk’s test, which tests the null hypoth-
esis that a sample distribution was drawn from a normally
distributed population. Next, we assessed skewness and kur-
tosis for each gene per condition. For small samples ( n <

50), z -scores less than 1.96 for either skewness or kurtosis
suggests a normal distribution [14] . The overall pattern of re-
sults generated from the HRR and clonogenic assays indi-
cated normal distributions (results available upon request).
Paired sample t -tests were conducted to identify mean dif-
ferences in the survival rates for each siRNA knockdown as
compared to the scramble siRNA control for each condition. 

Results 

Knockdown of various candidate genes led to 

reduced homologous recombination repair 
efficiency 

Short interfering RNA (siRNA) depletion of panel genes tested
( BRCA1, BRCA2, ATM, CHEK2 and RAD51D ) led to a sig-
nificant decrease in HRR efficiency ( Fig. 1 ). Knockdown of
BRCA1 and BRCA2 led to the greatest reduction in HRR
efficiency (approximately 69.9% and 88.8% less compared
to scramble control respectively; see Table 1 ). ATM, CHEK2
and RAD51D knockdown led to a more moderate reduction
in HRR efficiency (45.5% 27.1%, and 34.7% reduction, re-
spectively), consistent with their roles as moderately pene-
trant genes. Additionally, siRNA depletion of candidate genes
REC8, TP53I3, CHEK1 and FANCM lead to a reduction in
HRR ( p < 0.001). The greatest reduction among candidate
genes was observed with CHEK1 with a reduction of 69.2%.
The next largest reduction in HRR efficiency was observed
with FANCM (54.1%). Knockdown of TP53I3 led to a reduc-
tion of 33%, and REC8 showed a reduction of 14.8%. The
effect of siRNA depletion of RAD1 on HRR efficiency was
not significant ( p = 0.119) but trended towards an increase
(11.2%). 

Knockdown of RAD1, CHEK1 or FANCM led to a 

decrease in cellular viability 

One key genetic mechanism in the process of tumorigenesis
is the loss of heterozygosity (LOH) at tumor suppressor loci
leading to the “inactivation” of genes required for the regula-
tion of cell growth and differentiation [15] . Functional loss of
genes essential for genomic stability is known to encourage
LOH [16] and is associated with increased cancer risk. The
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Fig. 1 HRR efficiency after siRNA knockdown. GFP (green fluorescent protein) signal proxies for DNA repair by homologous recom- 
bination. For comparison purposes, the data across various experiments were normalized to 1 (100% GFP) for the negative control 
(scramble siRNA). The loss in GFP signal after siRNA transfection indicates a loss of HRR pathway efficiency. BRCA1 and BRCA2 
are typical controls for this assay due to their high impact on the HRR pathway. The inclusion of ATM, CHECK2 and RAD51D validate 
the sensitivity of this assay to identify genes of moderate impact. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

clonogenic survival assay tests the ability of a single cell to
form a colony and is a well-established method to determine
the importance of a gene to genomic stability and cellular
survival. To identify which of the candidate genes are also
involved, we compared the clonogenic survival of cells af-
ter siRNA knockdown of candidate and positive control panel
genes to a scramble siRNA control ( Fig. 2 A, Table 2 , Plating
efficiency). 

Among panel genes tested, knockdown of BRCA1, BRCA2
or ATM, led to significant a loss of clonogenic survival (re-
ported as plating efficiency after knockdown). There was no
loss of cellular viability observed for panel genes CHEK2 or
RAD51D . For candidate gene CHEK1 , the loss of clonogenic
survival was 13.8%, similar to BRCA1 and BRCA2 (mean sur-
vival of 16.5%, and 8.8%, respectively). SiRNA knockdown of
candidate gene RAD1 led to a reduction in clonogenic survival
that was similar to that observed with ATM (mean survival of
23.3% vs 29.6%, respectively). Finally, siRNA depletion of
FANCM led to the greatest loss in clonogenic survival, with a
mean plating efficiency of 2%. 

Cells deficient in CHEK1, RAD1, TP53I3 or REC8 

display increased cytotoxicity to DNA damage 

Clonogenic survival assays are also a well-established
tool for assessing cell sensitivity to DNA damaging treat-
ments, such as ionizing radiation or chemotherapeutic drugs,
providing insight for the assessment of a targeted therapy.
Genomic stability is directly related to a cell’s DNA repair effi-
ciency, and cells deficient in DNA repair mechanisms display
greater sensitivity to DNA damaging reagents. Chemothera-
peutic drugs cisplatin, etoposide, and olaparib exploit this vul-
nerability, and cells deficient in BRCA1 or BRCA2 are espe-
cially sensitive to these reagents [17–19] . To assess whether,
and to what extent, loss any of the candidate genes would also
lead to increased sensitivity to these reagents, we compared
the clonogenic survival of cells with targeted siRNA depletion
of candidate and panel genes to a scramble siRNA, followed
by exposure to cisplatin, etoposide, or olaparib. Cells were
exposed to the drugs 48 h post siRNA knockdown. The clono-
genic survival after drug exposure for each condition was ad-
justed to the plating efficiency observed with the same siRNA
knockdown and without drug exposure. The assessment of
candidate gene FANCM to these reagents was not possible
due to the extreme loss of cellular viability that occurred af-
ter siRNA depletion. Results are depicted in Fig. 2 B–D and
Table 2 . 

Cisplatin generates interstrand cross links (ICLs; covalent
bonds between both strands of a DNA duplex). ICLs inhibit
crucial processes such as DNA replication, ultimately lead-
ing to chromosomal instability. ICLs are repaired by HRR, so
that cells deficient in this pathway are highly sensitive to DNA-
damaging agents such as cisplatin. As expected, all HBOC
panel genes included in this assay (BRCA1, BRCA2, ATM,
CHEK2, and RAD51D ) were demonstrated to be involved in
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Fig. 2 Clonogenic survival rates after drug exposure by siRNA knockdown A. Plating efficiency (cell survival after re-plating) by 
siRNA knockdown with no drug exposure. B. Cell Survival after exposure to cisplatin by siRNA knockdown adjusted for cell loss after 
re-plating (plating efficiency). C. Cell Survival after exposure to etoposide by siRNA knockdown adjusted for cell loss after re-plating. 
D. Cell Survival after exposure to olaparib by siRNA knockdown adjusted for cell loss after re-plating. Paired sample t-tests were 
conducted to identify mean differences in the survival rates for each siRNA knockdown as compared to the scramble siRNA control for 
each condition. p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001; p -values in bold are significant. Error bars represent a 0.5 standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HRR, and ICL repair as targeted by siRNA against their re-
spective mRNA products led to an increase in cytotoxicity with
cisplatin exposure ( Fig. 2 B, Table 2 ). Cells with knockdown of
candidate genes ( CHEK1, RAD1, or TP53I3 ) also displayed
significant sensitivity to cisplatin exposure equal or greater
to that observed in the moderate impact panel genes ( ATM,
RAD51D and CHEK2 ; Fig. 2 B, Table 2 ). Loss of RAD1 led
to the most sensitivity among candidate genes with a mean
viability of 18.3%, representing 33% increased cytotoxicity as
compared to the scramble control ( p < 0.001). Depletion of
CHEK1 and TP53I3 both led to a mean increase in cisplatin
cytotoxicity of approximately 27% ( p < 0.001). Cisplatin cy-
totoxicity did not increase after knockdown of REC8, HMMR
and MCM4 . 

Etoposide is a topoisomerase II (topoII) alpha inhibitor
approved for clinical use as a chemotherapeutic reagent.
Topoisomerase II enzymes are responsible for simultaneously
cleaving both strands of the DNA double helix for the manage-
ment of entangled and supercoiled DNA. These enzymes are
essential for DNA replication. Inhibition of topoII by etopo-
side prevents the re-ligation of cleaved DNA and therefore
leads to DNA DSBs. Etoposide also results in single-strand
DNA breaks (SSBs), because it prevents the re-ligation of
the stands independently of each other [20] . Both BRCA1
and BRCA2 deficient cells have been described as sensitive
to etoposide treatment [18] . Consistent with these reports,
both BRCA1 and BRCA2 deficient cells displayed significant
sensitivity to etoposide in this assay. Knockdown of CHEK2
or RAD51D also led to increased etoposide sensitivity (with
approximately 30% and 14% increased cytotoxicity, respec-
tively). Among non-panel candidate genes, CHEK1, RAD1
and REC8 knockdown resulted in increased cytotoxicity in re-
sponse to etoposide. CHEK1 deficient cells displayed a mean
survival of 34.9% ( p = 0.024), RAD1 24.5% ( p < 0.001) and
REC8 35.4% ( p = 0.018), which is an increase of approxi-
mately 14%, 24% and 13% in cytotoxicity versus the scramble
control respectively ( Fig. 2 C, Table 2 ). 

Olaparib is a PolyADP-ribose polymerase (PARP) inhibitor
approved for clinical as an adjunct to platinum-based thera-
pies in patients with BRCA1 or BRCA2 deficiencies. Tumor
cells with mutant BRCA1 and/or BRCA2 have been demon-
strated to be up to 1000 times more sensitive to PARP in-
hibitors as compared to WT cells [19,21] . Cancer cells de-
ficient in HRR are more dependent on the PARP proteins,
which are involved in Base Excision Repair (BER). Inhibiting
this pathway leads to synthetic lethality as the cells lose its
back up mechanism to repair DNA. In clinical trials, the use
of PARP inhibitors have shown to improve progression-free
survival when added to the treatment of women with breast
or ovarian cancer responsive to platinum, which induces
DSBs [22–24] . Olaparib used as a monotherapy has shown
to be effective in patients with germline BRCA1/2 mutation
and advanced cancer [25,26] . In this experiment, cells were
treated with olaparib in the absence of cisplatin, and increased
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cytotoxicity was specific to BRCA1 and BRCA2 deficient cells
( Fig. 2 D, Table 2 ). 

Discussion 

Candidate loci identified by WES and bioinformatics tech-
niques were followed up by functional assessment using sen-
sitive cell-based laboratory techniques. This approach iden-
tified four novel genes, FANCM, CHEK1, RAD1 and TP53I3,
as having the BRCA -like phenotype typically observed in tu-
mor suppressor genes commonly mutated in the germline of
women with inherited risk of breast and/or ovarian cancer.
SiRNA knockdown of FANCM led to a reduction in homolo-
gous recombination repair and large loss of clonogenic sur-
vival similar to that observed in BRCA1 or BRCA2 deficient
cells. Because of the large loss in cell survival after knock-
down, FANCM could not be assessed for cytotoxicity to cis-
platin, olaparib, or etoposide after knockdown. However, the
functional data from this study, along with the family pedi-
gree of the carrier with a c.5791C > T nonsense FANCM vari-
ant (Fig. B.1), association with familial breast cancer [27] and
high grade serous ovarian cancer [28] in recent literature is
supportive of a high risk allele. Additionally, FANCM null mice
have a decreased life span and increased cancer incidence
[5] . 

Candidate gene CHEK1, like panel gene CHEK2, encodes
for a serine/threonine protein kinase required for checkpoint-
mediated cell cycle arrest and activation of DNA repair by
homologous recombination repair. This gene is highly con-
served, and the c.1564-1565insA frameshift variant identi-
fied by WES in this study sample is novel. In this study,
siRNA knockdown of CHEK1 led to a decrease in HRR ef-
ficiency, reduction in cellular viability, and increased sensi-
tivity to cisplatin and etoposide, similar to that of observed
in BRCA1/BRCA2 deficient cells. These results are consis-
tent with mouse model phenotypes describing homozygote
nulls as embryonic lethal, and heterozygote knockouts dis-
playing enhanced tumorigenesis [29] . Recently, CHEK1 has
been identified as an important biomarker for chemotherapy
response in breast cancer [30] and the deletion of CHEK1 is
a common genetic event that occurs in the beginning stages
of breast cancer development [31] . Loss of heterozygosity is
likely to have occurred in the carrier of the CHEK1 frameshift.
Unfortunately, the patient declined tumor tissue usage, and
this could not be confirmed. The fact that CHEK1 has not al-
ready been implicated in hereditary risk of ovarian or breast
cancer is likely because pathogenic variants in this gene are
extremely rare. 

Another novel loss of function variant was uncovered in
RAD1. RAD1 null mice display embryonic lethality in homozy-
gotes and larger, more numerous, earlier onset skin tumors
with DMBA-TPA treatment in heterozygotes [8] . In this study,
siRNA knockdown of RAD1 led to decreased cellular viability
and increased sensitivity to cisplatin and etoposide, similar to
that observed with knockdown of BRCA1 and BRCA2 . How-
ever, RAD1 depletion did not lead to a reduction in HRR ef-
ficiency. One possible explanation is that RAD1 plays a role
in micro homology-mediated end joining (MMEJ) for the re-
pair of ionizing radiation and chemicals that induce DSBs [32] ,
such that cells depleted of RAD1 may be more reliant on the
HRR pathway for DSB repair. The observation of a germline
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RAD1 LOF variant in an OVCA patient considered at high
risk of genetic inheritance, plus the results of this study’s func-
tional analyses make a compelling case for this gene as a risk
factor. The carrier of the RAD1 frameshift variant developed
OVCA at the age of 65, and had a family history of colon,
breast ( n = 2), prostate, lung, and leukemia, all of which on
one parental side of the family (Fig. C.1), which is indicative
of a highly penetrant germline r isk var iant. Unfortunately, seg-
regation analysis was not possible since DNA samples from
her deceased family members are not available. 

TP53I3 is an oxidoreductase-like protein and an inducer of
ROS, that is transcriptionally activated by the tumor suppres-
sor TP53 and likely to be involved in TP53 -mediated apoptosis
[33] . A nonsense SNP in this gene was observed twice in this
study sample among unrelated individuals, despite its rarity
(rs145078765, p.S252 

∗, MAF = 0.0009) The functional analy-
sis of this gene during this study indicated that loss of TP53I3
leads to a moderate reduction in HRR efficiency as well as
increased cell sensitivity to cisplatin. Another candidate gene
assessed in this study was REC8 , which encodes for a co-
hesin complex protein required for the structural maintenance
of chromosomes during meiosis. Cohesions are necessary to
join sister chromatids together until DNA replication is com-
plete. SiRNA reduction of REC8 led to a moderate decrease in
DNA repair by homologous recombination and increased sen-
sitivity to etoposide. Recently, investigators identified REC8
as a tumor suppressor gene epigenetically downregulated in
gastric cancer [34] . Another study demonstrated that epige-
netic silencing of REC8 was robustly associated with PI3K
pathway alterations in thyroid tumors, possibly enhancing the
oncogenic properties of the PI3K/AKT/mTOR pathway, which
is important to cell cycle regulation [35] . 

In conclusion, we previously discovered multiple loss of
function variants in candidate genes through the whole ex-
ome sequencing of women with high familial risk but no known
pathogenic mutation in any of the currently established risk
genes. The functional analyses employed in this study sug-
gest that four of these genes, FANCM, RAD1, CHEK1 and
TP53I3, act as tumor suppressors in a BRCA -like manner.
Most of the genetic r isk under lying hereditary breast and ovar-
ian cancer remains unexplained since mutations that incur
clinically relevant risk are rare, making implication by associ-
ation unlikely. Therefore, whole exome sequencing of a high
risk cohort followed by functional analyses are invaluable to
closing the gap in the missing heritability of this disease. 

Funding 

This project was supported by The Barbara and Fred Erb
Chair in Cancer Genetics and additional support from the Of-
fice of the Vice-President for Research of Wayne State Uni-
versity 

Conflict of interest statement 

All authors of this manuscript immediately certify that they
have NO affiliations with or involvement in any organization
or entity with any financial interest (such as honoraria; edu-
cational grants; participation in speakers’ bureaus; member-
ship, employment, consultancies, stock ownership, or other
equity interest; and expert testimony or patent-licensing ar-
rangements), or non-financial interest (such as personal
or professional relationships, affiliations, knowledge or be-
liefs) in the subject matter or materials discussed in this
manuscript. 

Supplementary material 

Supplementary material associated with this article can be
found, in the online version, at doi: 10.1016/j.cancergen.2019.
04.061 . 

References 

[1] Pharoah PDP , Tsai YY , Ramus SJ , Phelan CM , Goode EL ,
Lawrenson K , et al. GWAS meta-analysis and replication iden-
tifies three new susceptibility loci for ovarian cancer. Nat Genet
2013;45(4):362–70 . 

[2] Manolio TA , Collins FS , Cox NJ , Goldstein DB , Hindorff LA ,
Hunter DJ , et al. Finding the missing heritability of complex dis-
eases. Nature 2009;461(7265):747–53 . 

[3] Stafford JL , Chaudhry S , Tainsky MA , Levin NK . Whole exome
sequencing: a necessary tool for the future of clinical cancer
care. J Cancer Biol Res 2017;5(3) . 

[4] Stafford JL , Dyson G , Levin NK , Chaudhry S , Rosati R ,
Kalpage H , et al. Reanalysis of BRCA1/2 negative high risk ovar-
ian cancer patients reveals novel germline risk loci and insights
into missing heritability. PLoS One 2017;12(6):e0178450 . 

[5] Bakker ST , van de Vrugt HJ , Rooimans MA , Oostra AB , Stel-
tenpool 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 . 

[6] Lam MH , Liu Q , Elledge SJ , Rosen JM . Chk1 is haploinsufficient
for multiple functions critical to tumor suppression. Cancer Cell
2004;6(1):45–59 . 

[7] Shima N , Alcaraz A , Liachko I , Buske TR , Andrews CA ,
Munroe RJ , et al. A viable allele of Mcm4 causes chromosome
instability and mammary adenocarcinomas in mice. Nat Genet
2007;39(1):93–8 . 

[8] Han L , Hu Z , Liu Y , Wang X , Hopkins KM , Lieberman HB ,
et al. Mouse Rad1 deletion enhances susceptibility for skin tu-
mor development. Mol Cancer 2010;9:67 . 

[9] Xu H , Beasley MD , Warren WD , van der Horst GTJ , McKay MJ .
Absence of mouse REC8 cohesin promotes synapsis of sister
chromatids in meiosis. Dev Cell 2005;8(6):949–61 . 

[10] Maxwell CA , Benítez J , Gómez-Baldó L , Osorio A , Bonifaci N ,
Fernández-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 . 

[11] Parvin J , Chiba N , Ransburgh D . Identifying the effects of BRCA1
mutations on homologous recombination using cells that ex-
press endogenous wild-type BRCA1. J Vis Exp 2011;48:3–7 . 

[12] Towler WI , Zhang J , Ransburgh DJR , Toland AE , Ishioka C ,
Chiba N , et al. Analysis of BRCA1 variants in double-strand
break repair by homologous recombination and single-strand
annealing. Hum Mutat 2013;34(3):439–45 . 

[13] Pierce AJ , Johnson RD , Thompson LH , Jasin M . XRCC3 pro-
motes homology-directed repair of DNA damage in mammalian
cells. Genes Dev 1999;13(20):2633–8 . 

[14] Kim H-Y . Statistical notes for clinical researchers: assessing nor-
mal distribution (2) using skewness and kurtosis. Restor Dent
Endod 2013;38(1):52 . 

[15] Ryland GL , Doyle MA , Goode D , Boyle SE , Choong DYH , Row-
ley SM , et al. Loss of heterozygosity: what is it good for? BMC
Med Genom 2015;8(1):1–12 . 

https://doi.org/10.1016/j.cancergen.2019.04.061
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0001
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0002
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0003
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0004
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0005
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0006
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0007
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0008
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0009
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0010
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0011
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0012
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0013
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0014
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0014
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0015


64 J.L. Lopes, S. Chaudhry and G.S. Lopes et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[16] Wang Y , Huang B , Edelmann L , Kolodner RD , Edelmann W .
Genes essential for cell viability that are linked to tumor sup-
pressor genes play a role in cancer susceptibility. Cell Cycle
2010;9(16):3144–5 . 

[17] 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 . 

[18] Treszezamsky AD , Kachnic LA , Feng Z , Zhang J , Tokadjian C ,
Powell SN . BRCA1- and BRCA2-deficient cells are sensitive
to etoposide-induced DNA double-strand breaks via topoiso-
merase II. Cancer Res 2007;67(15):7078–81 . 

[19] Farmer H , McCabe N , Lord CJ , Tutt ANJ , Johnson DA , Richard-
son TB , et al. Targeting the DNA repair defect in BRCA mutant
cells as a therapeutic strategy. Nature 2005;434(7035):917–21 .

[20] Yang J , Bogni A , Schuetz EG , Ratain M , Eileen M ,
Dolan H , et al. Etoposide pathway. Pharmacogenet Genom
2009;19(7):552–3 . 

[21] Bryant HE , Schultz N , Thomas HD , Parker KM , Flower D ,
Lopez E , et al. Specific killing of BRCA2-deficient tu-
mours with inhibitors of poly(ADP-ribose) polymerase. Nature
2005;434(7035):913–17 . 

[22] Robson M , Im S-A , Senkus E , Xu B , Domchek SM , Masuda N ,
et al. Olaparib for metastatic breast cancer in patients with a
germline BRCA mutation. N Engl J Med 2017;377(6):523–33 . 

[23] Ledermann JA . PARP inhibitors in ovarian cancer. Ann Oncol
2016;27:i40–4 no. December . 

[24] Evans T , Matulonis U . PARP inhibitors in ovarian cancer: evi-
dence, experience and clinical potential. Ther Adv Med Oncol
2017;9(4):253–67 . 

[25] Kim G , Ison G , McKee AE , Zhang H , Tang S , Gwise T ,
et al. FDA approval summary: olaparib monotherapy in patients
with deleterious germline BRCA-mutated advanced ovarian can-
cer treated with three or more lines of chemotherapy. Clin Cancer
Res 2015;21(19):4257–61 . 

[26] Kaufman B , Shapira-Frommer R , Schmutzler RK , Audeh MW ,
Friedlander M , Balmaña J , et al. Olaparib monotherapy in pa-
tients with advanced cancer and a germline BRCA1/2 mutation.
J Clin Oncol 2015;33(3):244–50 . 
[27] Peterlongo P , Catucci I , Colombo M , Caleca L , Mucaki E ,
Bogliolo M , et al. FANCM c.5791C&gt;T nonsense mutation
(rs144567652) induces exon skipping, affects DNA repair ac-
tivity and is a familial breast cancer risk factor. Hum Mol Genet
2015;24(18):5345–55 . 

[28] Dicks E , Song H , Ramus SJ , Van Oudenhove E , Tyrer P ,
Intermaggio MP , et al. Germline whole exome sequencing
and large-scale replication identifies FANCM as a likely high
grade serous ovarian cancer susceptibility gene. Oncotarget
2017;8(31):50930–40 . 

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

[30] Al-Kaabi MM , Alshareeda AT , Jerjees DA , Muftah AA , Green AR ,
Alsubhi NH , et al. Checkpoint kinase1 (CHK1) is an important
biomarker in breast cancer having a role in chemotherapy re-
sponse. Br J Cancer 2015;112(5):901–11 . 

[31] Mu K , Li L , Yang Q , Zhang T , Gao P , Meng B , et al. Detection of
CHK1 and CCND1 gene copy number changes in breast cancer
with dual-colour fluorescence in-situ hybridization. Histopathol-
ogy 2011;58(4):601–7 . 

[32] Ma J , Kim EM , Haber JE , Lee SE . Yeast Mre11 and Rad1 pro-
teins define a Ku-independent mechanism to repair double-s-
trand breaks lacking overlapping end sequences. Mol Cell Biol
2003;23(23):8820–8 . 

[33] Zhang W , Luo J , Chen F , Yang F , Song W . BRCA1 regulates
PIG3-mediated apoptosis in a p53-dependent manner. Onco-
target 2015;6(10):7606–18 . 

[34] Yu J , Liang Q , Wang J , Wang K , Gao J , Zhang J , et al. REC8
functions as a tumor suppressor and is epigenetically downregu-
lated in gastric cancer, especially in EBV-positive subtype. Onco-
gene 2017;36(2):182–93 . 

[35] Liu D , Shen X , Zhu G , Xing M . REC8 is a novel tumor suppressor
gene epigenetically robustly targeted by the PI3K pathway in
thyroid cancer. Oncotarget 2015;6(36):39211–24 . 

http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0016
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0017
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0018
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0019
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0020
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0021
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0022
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0023
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0023
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0024
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0025
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0026
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0027
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0028
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0029
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0030
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0031
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0032
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0032
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0032
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0032
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0032
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0033
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0033
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0033
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0033
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0033
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0033
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0034
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0035
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0035
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0035
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0035
http://refhub.elsevier.com/S2210-7762(19)30037-7/sbref0035

	FANCM, RAD1, CHEK1 and TP53I3 act as BRCA-like tumor suppressors and are mutated in hereditary ovarian cancer
	Introduction
	Materials and methods
	Patient accrual, whole exome sequencing and SNP assessment
	Cell line and culture
	Protein detection and quantification
	Homologous recombination repair assay
	Clonogenic survival assay
	Statistical analysis

	Results
	Knockdown of various candidate genes led to reduced homologous recombination repair efficiency
	Knockdown of RAD1, CHEK1 or FANCM led to a decrease in cellular viability
	Cells deficient in CHEK1, RAD1, TP53I3 or REC8 display increased cytotoxicity to DNA damage

	Discussion
	Funding
	Conflict of interest statement
	Supplementary material
	References


