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ARTICLE

Variants in ATRIP are associated with breast
cancer susceptibility in the Polish
population and UK Biobank
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and Mohammad R. Akbariz3.11,*

Summary

Several breast cancer susceptibility genes have been discovered, but more are likely to exist. To identify additional breast cancer suscep-
tibility genes, we used the founder population of Poland and performed whole-exome sequencing on 510 women with familial breast
cancer and 308 control subjects. We identified a rare mutation in ATRIP (GenBank: NM_130384.3: c.1152_1155del [p.Gly385Ter]) in two
women with breast cancer. At the validation phase, we found this variant in 42/16,085 unselected Polish breast cancer-affected individ-
uals and in 11/9,285 control subjects (OR = 2.14, 95% CI = 1.13-4.28, p = 0.02). By analyzing the sequence data of the UK Biobank study
participants (450,000 individuals), we identified ATRIP loss-of-function variants among 13/15,643 breast cancer-affected individuals
versus 40/157,943 control subjects (OR = 3.28, 95% CI = 1.76-6.14, p < 0.001). Immunohistochemistry and functional studies showed
the ATRIP c.1152_1155del variant allele is weakly expressed compared to the wild-type allele, and truncated ATRIP fails to perform its
normal function to prevent replicative stress. We showed that tumors of women with breast cancer who have a germline ATRIP mutation
have loss of heterozygosity at the site of ATRIP mutation and genomic homologous recombination deficiency. ATRIP is a critical partner
of ATR that binds to RPA coating single-stranded DNA at sites of stalled DNA replication forks. Proper activation of ATR-ATRIP elicits a
DNA damage checkpoint crucial in regulating cellular responses to DNA replication stress. Based on our observations, we conclude ATRIP
is a breast cancer susceptibility gene candidate linking DNA replication stress to breast cancer.

In addition to BRCA1/2, a few other genes, including
ATM, BARDI1, CHEK2, PALB2, RAD51C, RAD51D, and
TP53, are regarded as confirmed moderate to highly pene-
trant breast cancer susceptibility genes.”'” Like BRCA1/2,

Introduction

Breast cancer is the most common malignancy and the first
leading cause of cancer-related mortality in women glob-

ally.! The etiology of breast cancer involves a complex inter-
play of various risk factors, among which genetic factors
haveasignificantrole in susceptibility to the disease. Hered-
itary breast cancer accounts for approximately 10% of all
breast cancer cases.” BRCA1 and BRCA2 are the two primary
breast cancer susceptibility genes based on their mutation
frequencies and effect sizes. Deleterious mutations in these
two genes are responsible for a significant number of hered-
itary breast cancer cases.”* The lifetime risk of developing
breast cancer is approximately 70% for individuals with a
BRCA1 or BRCA2 mutation.”° Individuals harboring patho-
genic mutations in these genes are also at an increased risk
for developing other malignancies such as ovarian, mela-
noma, prostate, and pancreatic cancers.””®

pathogenic mutations in these breast cancer susceptibility
genes have also been linked to other cancer types such as
ovarian, prostate, pancreatic, gastric, colon, and mela-
noma malignancies.' "' Together, deleterious mutations
in known breast cancer susceptibility genes account for
roughly half of the hereditary breast cancer cases,"* and
the genetic etiology for the remaining women with high
familial clustering of breast cancer remains a major knowl-
edge gap.

To address this gap, we applied whole-exome sequencing
(WES) on the germline DNA of a cohort of women with
familial breast cancer and unknown genetic etiology
and unaffected women from the founder population
of Poland. This approach has contributed to identifying
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disease-associated variants.'*'> There is less genetic het-
erogeneity in a founder population than in a large mixed
population. Therefore, risk alleles segregating at extremely
low frequencies in other populations may exist in higher
frequencies within a genetically homogeneous popula-
tion. The strategy for the discovery phase was to identify
candidate genes that may be associated with an increased
risk of breast cancer. Then, through a subsequent valida-
tion phase, we investigated the role of recurrent loss-of-
function (LoF) variants in the identified candidate genes
with breast cancer risk among a larger set of Polish women
with breast cancer and healthy control subjects. Findings
were also explored in predisposition to breast cancer
among the UK Biobank study population.

Material and methods

Discovery phase

Study subjects

We recruited 510 probands with a strong family history of breast
cancer and 308 unaffected women from the founder population
of Poland. Affected individuals were diagnosed with invasive
breast cancer between 2000 and 2017 at 16 different centers in
Poland. The diagnosis of cancer was confirmed through the re-
view of pathology reports. Women with breast cancer who had
purely intraductal or intralobular cancers (ductal carcinoma in
situ or lobular carcinoma in situ) were excluded. These women
were selected from a registry of 3,519 familial breast cancer cases
housed at the Hereditary Cancer Center (HCC) in Szczecin,
Poland. Our team previously studied a cohort of 1,018 women
with familial breast cancer from this registry for whom DNA
sample was available.'® Briefly, from 3,519 women with breast
cancer in the registry, 1,018 breast cancer probands were selected
from 1,018 families. Probands’ relatives were not included and
only women who had at least two affected women in their first-
or second-degree relatives were considered. In the case of having
only two affected family members, at least one had bilateral
breast cancer or breast cancer below the age of 50. Interview
was conducted by expert physicians at the time of enrollment
to the familial breast cancer registry housed at HCC, and family
history of cancer in all first- and second-degree relatives and
their ages at onset were recorded. Among these 1,018 probands,
508 women with breast cancer tested positive for genetic vari-
ants in known genes associated with breast cancer risk (BRCA1,
BRCA2, BARD1, ATM, CHEK2, TP53, PALB2, PTEN, NBN, RECQL,
RADS0, or CDHI). The remaining 510 probands for whom ge-
netic testing failed to detect genetic variants in the above-
mentioned genes were recruited for the current study (age range
28-76, mean age 49.1 years). Control subjects were 308 cancer-
free 40- to 89-year-old adults (mean age of 59.5 years) selected
randomly from a registry of individuals who participated in a
population-based study of 1.5 million residents of West Pomera-
nia in Poland, designed to identify familial clustering of can-
cer.'” Control subjects were not matched to the affected individ-
uals by age, but both affected individuals and control subjects
were self-reported ethnic Poles. Control subjects were selected
randomly based on the criteria that they were cancer-free fe-
males >40 years of age and had no family history of cancer in
their first-degree relatives. These subjects were interviewed be-
tween 2007 and 2012, and their blood samples were taken for

DNA analysis. The study protocol was approved by the ethics
committees of Pomeranian Medical University in Szczecin,
Poland and Women'’s College Hospital, University of Toronto,
Canada. All study subjects provided a signed consent form for
participation in the study.

Exome sequencing

All 510 women with familial breast cancer and 308 unaffected
control subjects were tested by whole-exome sequencing. Germ-
line DNA was isolated using standard methods from peripheral
blood leukocytes. The Agilent SureSelect human exome kit (V6)
was used to capture sequence target regions. The kit captures 64
Mbp (2.2%) of the human genome and covers coding exons in
CCDS and RefSeq databases, as well as exons annotated by the
GENCODE project. This includes ~205,000 exons in ~35,000
genes, including protein-coding and noncoding RNA genes. The
captured regions for each sample were barcoded, and every 16
samples were pooled and used for paired-end sequencing for 300
cycles (generating 150 bp reads) on a high-throughput sequencing
cartridge of Illumina NextSeq 500. The Sentieon software (Sen-
tieon Inc., www.sentieon.com) that includes an optimized imple-
mentation of the Burrows-Wheeler Aligner (BWA, https://bio-bwa.
sourceforge.net/) and Genome Analysis Toolkit (GATK, https://
gatk.broadinstitute.org) was used for secondary analysis of the
sequencing data. The sequence reads were aligned to the human
genome’s reference build hg19. The mean depth of coverage was
approximately 100X (ranging from 52X to 154x). On average,
97.4% (ranging from 91.2% to 99.1%) of the CCDS exons were
covered at 20X depth of coverage or higher, which were used for
variant calling. Regions with at least 20x depth of coverage were
used for calling variants, and a different nucleotide from the refer-
ence sequence seen in at least 20% of the reads aligned to a given
position was called as a variant. The SNP & Variation Suite
(GoldenHelix Inc., https://www.goldenhelix.com) was used for
annotating called variants. Annotation was used to determine
the related genes and the effect of each variant on the encoded
protein. We focused on loss-of-function (LoF) variants (frameshift
indels, stop codon gain, stop codon loss, essential splicing site,
and start codon loss mutations) with a minor allele frequency
(MAF) of <1% among different groups reported in gnomAD and
1000 Genomes Project databases.

Sanger sequencing

Mutations of interest identified by WES were confirmed by
Sanger sequencing before further evaluation. According to the
manufacturer’s protocol, sequencing reactions were performed
using the BigDye Terminator v.3.1 Cycle Sequencing Kit
(Thermo Fisher Scientific). Sequencing products were analyzed
on the ABI Prism 3500XL Genetic Analyzer (Thermo Fisher Sci-
entific). All sequences were compared to the related gene
RefSeq sequence for variant detection using Mutation Surveyor
software (SoftGenetics Inc., https://softgenetics.com/products/
mutation-surveyor/).

Statistical analysis

Genes with confirmed LoF variants among study subjects were
selected for gene-based association analyses. We estimated age-
adjusted odds ratio (OR) for each gene harboring LoF mutation
to investigate its association with breast cancer risk. To do so,
we compared total LoF variant frequencies in each gene among
Polish women with familial breast cancer (affected individuals)
to those observed in unaffected Polish individuals (control sub-
jects). The age-adjusted OR with 95% CI and corresponding
two-tailed p value were assessed using logistic regression
analysis.
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Validation phase

Study subjects

At the validation phase, study participants comprised 16,085 pro-
spectively ascertained unselected Polish women with breast cancer
and 9,285 unaffected Polish adults. These individuals were non-
overlapping with the affected individuals and control subjects
used in the discovery phase. Affected individuals were women
aged 18-94 years (mean age of 56.2 years) diagnosed with invasive
breast cancer between 1996 and 2013 at 18 different hospitals in
Poland. Women with breast cancer who had purely intraductal
or intralobular cancers (ductal carcinoma in situ or lobular carci-
noma in situ) were excluded. All cases were unselected for family
history and did not harbor any of the three common founder al-
leles in BRCA1 (GenBank: NM_007294.4: ¢.181T>G [p.Cys61Gly];
GenBank: NM_007294.4: c.4035del [p.Glul346Lysfs*20]; and
GenBank: NM_007294.4: c.5266dup [p.GIn1756Profs*74]), which
account for ~86% of all BRCA1/2 mutations seen in the Polish
population.'® 5,524 women were 50 years old or younger at the
time of diagnosis, and 10,561 women were older than 50 years
at the time of diagnosis. Family history was collected by expert
physicians from ~89% of the affected individuals by constructing
a family tree or completing a questionnaire. Approximately 14%
of women with family history data reported a first- or second-de-
gree relative with breast cancer. Control subjects were cancer-free
women aged 18-94 years (mean age of 51.2 years) who were
derived from five sources. The first subgroup consisted of 979
women from the region of Szczecin (age range, 24 to 84 years)
who were chosen for this study to be age-matched and geograph-
ically matched with a series of enrolled women with breast cancer
diagnosed in Szczecin between 1996 and 2004. These women were
part of a population-based study of the 1.5 million residents of
West Pomerania (North-West Poland) designed to identify familial
aggregations of cancer and were interviewed in 2007. The second
control series consisted of 1,707 unselected women (age range 32—
72) who participated in mammography screening at eight
different centers all over Poland between 2009 and 2011 (Kielce,
Legnica, Olsztyn, Poznan, Szczecin, Swidnica, Torun, Zielona
Goéra) and provided blood samples for DNA analysis. Women
with breast cancer were excluded from this group. The third con-
trol group included 1,031 unselected women (age range, 20 to 94
years) selected at random from the computerized lists of individ-
uals from family practices located in the region of Opole (South
Poland). These women were invited to participate by mail and
participated in 2012 and 2013. The fourth series included 985 Pol-
ish women (age range 50-66 years) who participated in the popu-
lation colonoscopy screening program for colorectal cancer be-
tween 2007 and 2010 in Szczecin, Bialystok, and L6dZz and
provided blood samples for DNA analysis. The fifth control series
consisted of 4,583 women (age range 22-92) who were inter-
viewed in 17 genetic-oncology outpatient clinics all over Poland
between 2013 and 2018 (Szczecin, Koszalin, Olsztyn, Biatystok,
Bydgoszcz, Torun, Poznan, Konin, Warszawa, £6dz, Zielona
Gora, Opole, Legnica, Bielsko-Biata, Swidnica, Kielce, Krakow) pro-
vided blood samples for DNA analysis and were selected as control
subjects for this study because they were cancer free.

Almost half of the control subjects (48%; 4,430/9,285) were 50
years old or younger, and the other half (52%; 4,855/9,285) were
older than 50 years. We have reviewed the demographic character-
istics of our affected individuals and control subjects: 97.6% of
16,085 affected individuals and 97.4% of 9,285 of control subjects
self-reported as Polish. In addition, all individuals with the ATRIP
recurrent mutation self-reported as Polish, both among affected

individuals and control subjects. Although affected individuals
and control subjects were derived from 18 and 17 centers across
Poland, respectively, their geographical distributions were similar.
The distributions of affected individuals and control subjects were
44% for affected individuals and 62% for control subjects in north-
ern, 16% for affected individuals and 14% for control subjects in
central, and 40% for affected individuals and 24% for control
subjects in southern Poland. Since Poland is populated by ethnic
Slavs and it is a genetically homogeneous country, small differ-
ences in geographical distribution of affected individuals and
control subjects probably have no effect on the results. Our
team has previously shown that the frequency of Polish founder
mutations (i.e., in BRCA1, CHEK2, NBN, and RECQL) is similar
in different regions of Poland.'* Detailed geographical distribution
of affected individuals and control subjects including ATRIP
¢.1152_1155del mutation frequencies are shown in Table S1.

All individuals signed a consent form for participation in the
study. The study protocol was approved by the ethics committee
of Pomeranian Medical University in Szczecin, Poland.

TagMan genotyping

For the candidate genes identified at the discovery phase, we
excluded variants seen in one individual only and focused on
studying the role of recurrent LoF variants in susceptibility to
breast cancer. Germline DNA was isolated from 5 to 10 mL of
the peripheral blood of study participants at the validation phase.
The recurrent LoF variants were then genotyped using TagMan
assay on ABI 7500 Fast real-time system (Thermo Fisher Scientific).
Laboratory technicians were blinded to case-control status. The
overall genotyping call rate was 99.5%. The presence of mutations
was confirmed by Sanger sequencing as described in the “discov-
ery phase” section.

Statistical analysis

Breast cancer risk associated with carrying a potentially patho-
genic founder variant was estimated by comparing its mutation
frequency among affected individuals versus control subjects.
The age-adjusted ORs for developing breast cancer with 95% Cls
and corresponding two-tailed p values were assessed using logistic
regression analysis.

ExAC exome data

The non-Finnish European population of the ExAC exome
sequencing database was used to estimate the ATRIP genotype
frequencies expected in the general population. The total number
of individuals with LoF variants in ATRIP at the discovery phase
was compared to the total number of individuals with a germline
ATRIP LoF mutation reported among the 22,928 female popula-
tion of the EXAC exome database.

Co-segregation analysis

Among all 42 women with breast cancer who had a germline AT-
RIP ¢.1152_1155del mutation, six women’ relatives could be
accessed and gave consent to provide their DNA samples for
co-segregation analysis. Germline DNA was extracted from the
peripheral blood of the family members and was screened for
the ATRIP c.1152_1155del mutation by Sanger sequencing.

Functional studies of the ATRIP variant

Constructs

ATRIP (GenBank: NM_130384.3) Human Tagged ORF Clone
(RC223562) was purchased from Origene on a pCMV6-with C-ter-
minal Myc- DDK Tag. The ATRIP c.1152_1155del variant was
obtained via site-directed mutagenesis using the QuickChange II
Site-Directed Mutagenesis Kit (Agilent) on this ATRIP vector,
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Table 1.

ATRIP loss-of-function variants identified in Polish women with breast cancer

Mutation Protein Freq y g Fr g Frequency among

(DNA)*® Exon change affected women control subjects ExAC database® OR‘ (95%Cl) p value®
Whole-exome sequencing of Polish women with breast cancer and healthy control subjects (discovery phase)

€.69_75dup 1 p.-Thr26Alafs*23 ~ 1/510 0/308 0/22,928 4.23 (NA) 0.29
c.1152_1155del 8 p.Gly385Ter 2/510 0/308 2/22,928

Genotyping of recurrent ATRIP variants in Polish women with breast cancer and population control subjects

c.1152_1155del 8 p.Gly385Ter 42/16,085 11/9,285 2/22,928 2.14 (1.13-4.28)  0.02

*Nucleotide positions are based on the GenBank: NM_130384.3 transcript of ATRIP.

PFrequencies are for the cancer-free non-Finnish European females of the EXAC database.

“Gene-based odds ratio was calculated for breast cancer risk at the discovery phase. Odds ratio for the discovery phase was calculated using Haldane-Anscombe
correction. Odds ratio for the validation phase was adjusted for age using logistic regression analysis.

4Two-tailed p values were calculated.

previously modified to delete the C-terminal tag and insert of an
N-terminal FLAG using the QS Site-Directed Mutagenesis Kit
with primers listed on Table S2. To generate stable cells, genomic
editing with the AAVS1 targeting system was used.' Sites NotI
and PspXI were introduced into the pCMV6 FLAG ATRIP con-
structs using primers listed in Table 2. Digestion of the sites Notl
and PspXI into the vector and the ATRIP insert were used to clone
the ATRIP WT and ATRIP ¢.1152_1155del mutated version into the
PAAVS1.V2 neo plasmid.

Cell lines

HEK293FT were purchased from Invitrogen and maintained in
DMEM supplemented with 10% FBS. HeLa cells were obtained
from ATCC and maintained in DMEM supplemented with 10%
FBS and 1% P/S. All cell lines were grown at 37°C, 5% CO,. RPE
p53*/ ~ cells were obtained from Daniel Durocher (SLRI) and main-
tained in DMEM supplemented with 10% FBS and 1% P/S. All cell
lines were grown at 37°C, 5% CO,, and routinely tested to be my-
coplasma free. ATRIP KO cells were generated in the RPE p53~/~
background using the Gene Knockout Kit v2 (Synthego), and
the used target-specific multi-guide sgRNAs are listed in Table S3.
Cas9 from S. pyogenes and sgRNA guides were transfected using
CRISPRmax following manufacturer instructions. After three
days, cells were isolated in single clones in 96-well plates. After
expansion, genomic DNA was extracted using the Qiagen
QIAMP DNA and Blood mini kit (QIAGEN) and genomic se-
quences were amplified using primers described in Table S3 and
Sanger sequenced, and the sequences were submitted to the Syn-
thego ICE analysis tool to confirm the indels. RPE p53~/~ ATRIP
KO clone 11B cells were stably complemented using the
AAVSl1genomic editing system.'® Briefly, cells were transfected
with the 4 pg of the AAVS1 construct containing either the WT AT-
RIP or the ATRIP c.1152_1155del, along with the 0.4 pg of the
PZFN plasmid, using Lipofectamine 2000 (Invitrogen) for four
hours. 24 h later, transfected cells were selected with G418 for
seven days. Transient transfections in HeLa, HEK293FT, and RPE
P53~/ ATRIP KO cells were performed with 1 ug of the pCMV6
FLAG ATRIP constructs using lipofectamine 2000 for 4 h. 24 h
later, cells were treated with 25 uM of MG132 for 4 h when indi-
cated. After treatment, cells were harvested for protein extraction
and immunoblot.

Sensitivity assay

For the sensitivity assay in RPE p53~/~ cells, cells were seeded in
triplicates into a Corning 3603 black-sided clear-bottom 96-well
microplate at a density of 2,000 cells per well. Hydroxyurea
(HU) sensitivity assay was then performed as described in Ro-
drigue et al.?” Cells were treated with HU for four days with con-

centrations ranging from 0 to 500 mM or for three days in com-
bination different concentrations of MG132 ranging from 0O to
0.5 mM. Images of entire wells were acquired at 4x with a Cy-
tation 5 Cell Imaging Multi-Mode Reader followed by quantifi-
cation of Hoechst-stained nuclei with the Gen5 Data Analysis
Software v.3.03 (BioTek Instruments). Cell viability was ex-
pressed as a percentage of survival in HU-treated cells relative
to vehicle-treated cells. Results represent the mean + SEM of
at least three independent experiments, each performed in
triplicate.

Protein extracts and immunoblot

Total soluble protein extracts and immunoblotting were per-
formed as described in Castroviejo-Bermejo et al.”' A polyclonal
antibody (Abcam # ab19351) was used for ATRIP detection at a
1:1,000 dilution. A mouse monoclonal antibody (Sigma Aldrich
#F3165) was used at a 1:1,000 dilution for FLAG detection. Anti-
vinculin (1:200,000; Sigma Aldrich, #V9131) was the loading
control. Horseradish peroxidase-conjugated anti-rabbit 1gG or
anti-mouse (1:10,000; Jackson Immuno Research) were used as
secondary antibodies.

Immunofluorescence

Cells were seeded into Corning 96-Well Half Area High Content
Imaging Film Bottom Microplate at 7,000 cells/well. Unless
otherwise stated, all immunofluorescence dilutions were pre-
pared in PBS and incubations performed at room temperature
with intervening washes in PBS. Cell fixation was carried out
by incubation with 4% paraformaldehyde for 10 min, followed
by 100% ice-cold methanol for 5 min at —20°C. Cells were per-
meabilized in 0.2% Triton X-100 for 5 min, followed by a
quenching step using 0.1% sodium borohydride for 5 min. After
blocking for 1 h in a solution containing 10% goat serum and
1% BSA, cells were incubated for 1 h with primary antibody
anti-ATRIP (1:200, Abcam # ab19351) diluted in 1% BSA. Sec-
ondary antibody labeling used Alexa Fluor 488 goat anti-rabbit
(Invitrogen, # A-11008) diluted at 1:1,000 in 1% BSA for 1 h.
Nuclei were stained for 10 min with 1 mg/mL 4,6-diamidino-
2-phenylindole (DAPI). z stack images were acquired on a
ZEISS Celldiscoverer 7 automated microscope using a 50x water
immersion objective and analyzed for ATRIP nuclei intensity
with ZEN Blue software 3.2 (ZEISS).

Loss-of-heterozygosity (LOH) analysis at the site of ATRIP mutation
and homologous recombination deficiency (HRD) score

Ten available tumor samples from women with breast cancer who
had the germline ATRIP ¢.1152_1155del variant were subjected to
LOH analysis. Unstained formalin-fixed, paraffin-embedded
(FFPE) sections were macro-dissected for DNA extraction. Expert
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Table 2.
breast cancer and the germline ATRIP ¢.1152_1155del

Loss-of-heterozygosity analysis and homologous recombination deficiency scores for ten tumor samples of Polish women with

Tumor Sample  Tumor histology’ LOH-WGS" AD (VAF) LOH-WES® AD (VAF) LOH score TAlscore LSTscore HRDC score
1 ER+/HER2- 10.5 (33.3%) N/A 3 1 20 24
2 ER+/HER2- 6.6 (50.0%) N/A 2 5 13 20
3 ER+/HER2- 5.8 (61.5%) 4.18 (81.8%) 15 12 35 62
4 ER+/HER2- 7.8 (53.3%) N/A 1 2 3 6
5 ER+/HER2- 0.6 (100%) 17.44 (72.1%) 18 19 49 86
6 ER+/HER2- 2.6 (75.0%) 57.70 (55.1%) 11 13 28 52
7 ™N 8.14 (63.6%) 17.59 (77.6%) 10 17 53 80
8 ER+/HER2- 9.21 (70.0%) N/A 11 8 45 64
9 TN 11.8 (42.1%) N/A 4 13 60 77
10 ER+/HER2-+ 4.6 (60.0%) 91.98 (51.9%) 6 9 47 62

“Histology of the tested tumors based on presence of estrogen receptor (ER) and HER2; TN, triple negative.

BLoss of heterozygosity (LOH) at the site of ATRIP mutation was detected by whole-genome sequencing (WGS). For five samples for which either the variant allele
frequency (VAF) was borderline (around 60%) or the allelic depth of coverage (AD, Reference Allele/Alternative Allele) at the mutation site was too low, whole-
exome sequencing (WES) was carried out to confirm LOH status at the site of ATRIP mutation.

“Homologous recombination deficiency (HRD) score was calculated as the unweighted sum of the number of LOH (larger than 15 Mbp), telomeric allelic imbal-
ance (TAI), and large-scale (at least 10 Mbp) state transition (LST) breakpoints across the tumor whole genome. None of the tumor DNA samples had any mu-
tations in any of the 15 clinically important homologous recombination repair genes (ATM, BARD1, BRCA1, BRCA2, BRIP1, CHEK1, CKEK2, CDK12, FANCL, PALB2,

RAD51B, RAD51C, RAD51D, RAD54L, or PPP2R2A). N/A, not applicable.

pathologists had previously examined the hematoxylin and eosin
(H&E) tumor slides to detect tumor/normal areas. Tumor DNA was
extracted from tumor cells using the QIAamp DNA Micro Kit (Qia-
gen) and was subsequently quantified using the NanoDrop ND-
1000 Spectrophotometer (Thermo Scientific Inc.). LOH analysis
was conducted using NGS, and libraries were prepared using the
xGen Prism DNA Library Prep Kit (Integrated DNA Technologies)
according to the manufacturer’s protocol. Every five indexed sam-
ples were pooled together and used for paired-end sequencing for
300 cycles (2 x 150) on the Illumina NovaSeq 6000 sequencer for
whole-genome sequencing. We looked for another pathogenic
mutation in the ATRIP in addition to the ATRIP ¢.1152_1155del
germline mutation or the deletion of the entire wild-type allele.
We considered LOH if the variant allele frequency (VAF) was
greater than 60%. The VAF cut-off point of 60% is based on the for-
mula VAF = (%tumor cells)/(%tumor cells +2 x (100 — %tumor
cells)), which takes into consideration that the deletion of the
wild-type allele in hereditary syndromes is an early phenomenon,
and therefore, present in most tumor cells. This represents 75%
purity of the tumor cells. For each tumor, the homologous recom-
bination deficiency (HRD) score was calculated as the unweighted
sum of three independent DNA-based measures of genomic insta-
bility that includes genomic LOH, telomeric allelic imbalance
(TAI), and large-scale state transition (LST) scores. HRD-LOH score
was defined as the number of LOH regions across the genome
which are longer than 15 Mb.?* HRD-TAI score was defined as
the number of regions with an allelic imbalance extending to
one of the sub telomeres but not crossing the centromere.*>**
HRD-LST score was calculated as the number of breakpoints be-
tween regions longer than 10 Mb after filtering out regions shorter
than 3 Mb.?* NxClinical 6.2 (BioDiscovery LLC) was used for HRD
score analysis. All tumor DNA samples were screened for muta-
tions in 15 homologous recombination repair (HRR) genes
(ATM, BARD1, BRCA1, BRCA2, BRIP1, CHEK1, CKEK2, CDK12,
FANCL, PALB2, RADS5IB, RADS5IC, RADS51D, RADS54L, and
PPP2R2A) that could result in high HRD score if they are
mutated.”*?”

Immunohistochemistry (IHC) analysis

FFPE tissue block sections from 12 breast tumor tissues of women
with the germline ATRIP c.1152_1155del mutation were placed on
coated slides, washed in xylene to remove the paraffin, and rehy-
drated through serial dilutions of alcohol, followed by washings
with a solution of PBS (pH 7.2). All subsequent washes were
buffered via the same protocol. Treated sections were then placed
in a citrate buffer (pH 6.0) and heated in a microwave for two
5-min sessions. The samples were then incubated with a mono-
clonal anti-human ATRIP polyclonal antibody (ab245632, abcam)
for 60 min at 25°C. The tissue sections on slides were examined
and scored using the German semi-quantitative scoring system
considering the staining intensity and area extent.”® Every tumor
was given a score according to the intensity of the cytoplasmic and
nucleic staining collectively (no staining, O; weak staining, 1;
moderate staining, 2; strong staining, 3) and the extent of stained
cells (0%, 0; 1%-10%, 1; 11%-50%, 2; 51%-80%, 3; 81%-100%,
4). The IHC stain score was calculated by multiplying the intensity
score by the extent of the positivity score (ranging from 0 to 12).
Evaluating the role of ATRIP in susceptibility to breast cancer in the
UK Biobank database

To study the association of ATRIP mutations with breast cancer risk
among populations other than the Polish population, we accessed
individual-level exome-sequence and phenotypic data of the UK
Biobank (UKB) study participants (application number: 85529).
The UKB is a prospective population-based study involving more
than 500,000 participants (229,134 men and 273,402 women)
aged 40 to 69 years old at the time of recruitment. Participants
were recruited between 2006 and 2010 from 22 assessment centers
across England, Scotland, and Wales.?” Breast cancer is the most
prevalent malignancy and the most common incident cancer
diagnosed in women within the UKB study. We included all White
British women with invasive breast cancer for whom WES data
were available and did not have BRCA1/2 and PALB2 mutations.
In addition, all ethnicity-matched cancer-free women with avail-
able WES data that did not have a BRCA1/2 and PALB2 mutations
were considered as the control group for association analysis.
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Individuals who carried LoF variants in ATRIP were determined.
Using exome sequence variant data, we estimated pairwise iden-
tical by descent (IBD) allele proportions for all individuals with a
germline ATRIP mutation among affected women and control sub-
jects. One sample from each pair of individuals whose proportion
of their IBD alleles (PI_HAT value) was more than 0.125 (represent-
ing third-degree relatedness) were excluded from the dataset.
PI_HAT value ranges between O and 1. It is the proportion of the
genome of two individuals whose both alleles are identical by
descent plus half of the proportion of their genome in which
just one allele is identical by descent. This value for an identical
twin pair is 1.0 and for a parent-offspring pair is 0.5. The lower
the value, the more distantly related the individuals are.*’ To
investigate the association of ATRIP with breast cancer risk, we per-
formed a gene-based association analysis and compared total LoF
mutations in ATRIP (MAF < 1%) among affected women to those
observed in control subjects. The age-adjusted OR with 95% CI
and corresponding two-tailed p value were assessed using logistic
regression analysis. All analyses were performed by SNP & Varia-
tion Suite V8 (Golden Helix Inc.). All the LoF variants identified
in ATRIP among all the UK Biobank'’s affected women and control
subjects were assessed using American College of Medical Genetics
and Genomics (ACMG) guideline for classifying the variants.*’
Only variants with pathogenic or likely pathogenic classification
were used for the association analysis.

Results

We performed whole-exome sequencing on the germline
DNA of 510 Polish women with familial breast cancer
and 308 unaffected individuals at the discovery phase.
Affected individuals were selected based on having a
strong family history of breast cancer and a young age of
disease onset. All affected women did not have any muta-
tions in known breast cancer susceptibility genes (ATM,
BRCA1, BRCA2, BARDI1, CHEK2, TP53, PALB2, PTEN,
NBN, RECQL, RADS50, or CDHI)."°

To identify additional breast cancer susceptibility genes,
we identified genes in which a LoF mutation (stop codon
gain, stop codon loss, essential splice-site, frameshift inser-
tion/deletion, or start codon loss mutations) was observed
among the studied subjects. We excluded LoF variants with
a minor allele frequency (MAF) greater than 1% in the gen-
eral population (either in in-house or publicly available
mutation databases), assuming these to be benign or low-
penetrance variants. Then we performed gene-based asso-
ciation analysis between affected women and control sub-
jects for the genes with LoF variants. Among genes with
LoF variants associated with a higher risk of breast cancer
(odds ratio [OR] over 4 with any p value), we focused on
the genes with known functions related to cancer patho-
genesis and those with a recurrent LoF variant. We came
up with a short list of nine breast cancer susceptibility
genes for further evaluation. On top of the list, we had AT-
RIP with three individuals having LoF variants among 510
affected women and no individual with a mutation among
308 control subjects (OR = 4.23, p = 0.29) (Table 1). One
affected woman had ATRIP GenBank: NM_130384.3:

€.69_75dup (p.Thr26Alafs*23) frameshift insertion and
two others had ATRIP GenBank: NM_130384.3:
€.1152_1155del (p.Gly385Ter) frameshift deletion in this
gene. The frequency of ATRIP LoF variants among 22,928
cancer-free non-Finnish European females of the ExAC
database®” is 1 in every 2,293 women.

Considering the observation of three LoF variants in AT-
RIP among 510 women with breast cancer and a very low
frequency of ATRIP LoF variants in the general population,
we decided to explore the frequency of the recurrent ATRIP
€.1152_1155del variant in a large set of 16,085 Polish
women with unselected breast cancer and 9,285 unaf-
fected Polish women in the validation phase. The ATRIP
c.1152_1155del variant was detected in 42 of 16,085
affected women (1 in every 383 women with breast cancer,
0.3%) compared to 11 of 9,285 control subjects (1 in every
844 individuals, 0.1%) (OR = 2.14, 95% CI = 1.13-4.28,
p = 0.02) (Table 1).

The mean age at the time of breast cancer diagnosis was
55.5 years among all 42 Polish women who had the ATRIP
c.1152_1155del mutation in our study, which was not
different from the mean age at diagnosis among all women
with breast cancer and no ATRIP mutation (56.2 years; p =
0.7). In addition, seven of 35 (20.0%) affected women with
the ATRIP mutation for whom family history information
was available reported a positive family history of breast
cancer among their first- or second-degree relatives, in
comparison to 1,964 of 14,320 (13.7%) women with breast
cancer and no germline ATRIP mutation and available fam-
ily history information (p = 0.28). Clinical characteristics
of women with the ATRIP ¢.1152_1155del mutation and
those without the mutation were compared in Table S4.
Interestingly, ductal, grade 3 tumors were more common
in women with a germline ATRIP mutation than in those
with no mutation (36.8% vs. 19.9%; p = 0.02), and proges-
terone-receptor-positive cancers were less common in
women with a germline ATRIP mutation compared to
those without a mutation (52.6% vs. 71.2%; p = 0.02).

The pedigrees of six Polish women with familial breast
cancer harboring the ATRIP c.1152_1155del mutation are
shown in Figure 1. The relatives of these women with
breast cancer for whom a DNA sample was available were
tested by Sanger sequencing for the ATRIP mutation. We
observed co-segregation of the ATRIP ¢.1152_1155del mu-
tation with breast cancer in five families (Figure 1). Of the
seven relatives (including four first-degree) with breast can-
cer who have been tested, six had the ATRIP family muta-
tion in addition to the six probands. Only one second-de-
gree relative did not have the mutation (individual II-4,
family 4 in Figure 1).

The ATRIP 1152_1155del variant causes a frameshift mu-
tation introducing a premature stop codon (p.Gly385Ter)
which produces a truncated version of the protein. The
estimated size of the truncated protein variant is 42 kDa,
while the wild-type (WT) version of this protein has
85 kDa. First, to observe the effects of this variant in a
cell system, different human cell lines were transiently
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transfected with the WT or 1152_1155del FLAG N-termi-
nal ATRIP construct and ATRIP (Figures 2A-2C) or the
FLAG epitope (Figures STA-S1C) were detected by western
blotting. Protein accumulation is depicted in HeLa cells
(Figures 2A and S1A), in RPE p53~/~ ATRIP KO cells
(Figures 2B and S1B), and in HEK293FT cells (Figures 2C
and S1C). While we could detect the accumulation of
WT ATRIP, the ATRIP p.Gly385Ter variant showed reduced
levels in Hela and RPE cells. Considering the premature
codon introduced, we wondered whether this variant
could be degraded through the proteasomal system.
Hence, cells were treated with the proteasomal inhibitor
MG132, and protein levels were detected. After 4 h of
exposure to MG132 at 25 pM, accumulation of the trun-

cated version of the protein was restored and detected
with anti-ATRIP and anti-FLAG antibodies (Figures 2
and S1).

Next, to explore the functionality of the ATRIP
p-Gly383Ter variant, we generated ATRIP CRISPR-Cas9
knockout cells in the RPE p53~/~ background and stably
complemented these cells with either the WT or the
1152_1155del constructs, using the AAVS1 genomic edit-
ing system (Figures 3A and 3B). ATRIP accumulation was
detected in ATRIP KO complemented cells by immunoblot
(Figure 3B) or immunofluorescence (Figures 3C and 3D). As
previously observed in the transient system, the ATRIP
p-Gly385Ter variant weakly accumulated compared to
the WT, and protein levels were restored after MG132
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Figure 2. ATRIP levels produced from constructs with ATRIP c.1152_1155del in different cell lines

Human cell lines—Hela (A), RPE p53’/ ~ ATRIP KO (B), and HEK293FT (C)—were transiently transfected with an empty vector (+EV) or
either with the WT FLAG-ATRIP (+WT) or the variant ¢.1152_1155del FLAG-ATRIP (+1152_1155del). 24 h later, cells were exposed to
25 uM of the proteasomal inhibitor MG132 or DMSO (vehicle) for 4 h. ATRIP levels were assessed at the end of MG 132 exposure.

treatment (Figure 3B). ATRIP assists ATR recruitment to
stressed replication forks®?; we, therefore, evaluated the
sensitivity of ATRIP-deficient and complemented cells
exposed to hydroxyurea (HU), a replication-blocking agent
that acts to reduce dNTP levels by inhibiting the ribonucle-
otide reductase enzyme.** RPE p53~/~ ATRIP-deficient cells
were more vulnerable to HU and complementation with
ATRIP WT restored viability to the baseline levels
(Figure 3E). As expected, the ATRIP c.1152_1155del variant
failed to rescue the viability of the ATRIP-deficient cells,
showing HU sensitivity similar to cells complemented
with the empty vector (EV) construct. To further investi-
gate whether the recovery in the accumulation of the
ATRIP p.Gly385Ter variant after the MG132 treatment
could have an impact on the sensitivity of cells harboring
this variant to HU, we exposed the cells to a combined
treatment of a non-cytotoxic dose of MG132 (Figure S2)
with different concentrations of HU (Figures 3F and S2).
On the one hand, the combined treatment with MG132
led to a slight increase in resistance to 500 pM of HU in
RPE p53~/~ and RPE p53~/~ ATRIP KO+WT cells, although
this result was not statistically significant. On the other
hand, sensitivity to HU alone or combined with MG132
was significantly different in RPE p53~/~ ATRIP KO+EV
and RPE p53~/~ ATRIP KO+p.Gly385Ter cells when
compared to RPE p53~/~ cells, but MG132 had no impact
in the survival of cells harboring the ATRIP p.Gly385Ter
variant. These results demonstrate that the increased accu-
mulation of the truncated version of ATRIP after MG132
exposure is insufficient to re-establish protein function
and prevent replicative stress. This lack of function is
possibly due to the loss of interaction with ATR, as ATRIP
p-Gly38S5Ter does not bear its C terminus required for
interaction.””

After showing the higher frequency of ATRIP c.1152_
1155del variant among breast cancer cases and its co-segre-
gation with breast cancer in families of a few probands and
also confirming the deleterious effect of this variant on
gene function, we performed whole-genome sequencing

of the breast tumor DNA (mean depth of coverage of
40x) for ten women with breast cancer and available sam-
ples who had the ATRIP ¢.1152_1155del variant in their
germline DNA. Sequence data showed evidence of loss of
heterozygosity (LOH) for the ATRIP ¢.1152_1155del
variant in six samples (Table 2). However, for five samples,
either the variant allele frequency (VAF) was borderline
(around 60%) or the depth of coverage at the mutation
site was too low. To further evaluate LOH in these five sam-
ples, we performed whole-exome sequencing on the tumor
DNA (mean depth of coverage of 200x), and LOH was
confirmed in three of the five samples (Table 2). All four
samples with confirmed LOH through whole-genome
and whole-exome sequencing had a homologous recombi-
nation deficiency (HRD) score greater than 42 indicating
the presence of genomic instability. Three of the other
six samples with no LOH also showed high HRD scores,
two of the three were the samples with borderline LOH
in WGS, which was not confirmed in WES data (Table 2).
In addition, none of the ten samples have any mutations
in any of the 15 homologous recombination repair (HRR)
genes, including ATM, BARD1, BRCA1, BRCA2, BRIPI,
CHEK1, CKEK2, CDKI12, FANCL, PALB2, RADS5IB,
RADSI1C, RAD51D, RAD54L, and PPP2R2A.>%%7

Next, we stained ATRIP on the tumor sections of the ten
available tumor tissues from women with breast cancer
and the ATRIP ¢.1152_1155del germline variant and on
tumor sections of eight affected women and no germline
ATRIP mutation. In normal breast glands, ATRIP was local-
ized in the cytoplasm and nuclei of epithelial cells, myoe-
pithelial cells, and stromal cells to variable degrees
(Figure 4A). All invasive ductal carcinomas in women
without the germline ATRIP ¢.1152_1155del showed
diffuse staining with moderate (Figure 4B) to strong
(Figure 4C) intensity (mean score = 9.0, SD = 1.9). Howev-
er, tumors from women with the ATRIP c.1152_1155del
showed a wide range of staining for ATRIP from weak
and focal (Figure 4D) to diffuse and strong staining
(mean score = 4.9, SD = 3.2). In women with the germline
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Figure 3. Assessing the function of ATRIP c.1152_1155del variant

(A) Generation of ATRIP-knockout (KO) cells using the CRISPR-Cas9 system in the RPE p53~/~ background. Diagram showing the
sgRNAs targeting the third exon of the human ATRIP (top) and contributions showing the inferred sequences present in the edited cells
(bottom). Cut sites are represented as black dotted lines. RPE p53~/~ cells were stably complemented with an empty vector (+EV), the
wild type (+WT), or the truncated variant (+1152_1155del) using the AAVS1 system.

(B) Western blot analysis of the levels of ATRIP in KO complemented cells and WT RPE p53—/— cells exposed or not to MG132.

(C) Immunofluorescence analysis of the ATRIP levels in ATRIP KO cells complemented with +EV, +WT, or +1152_1155del. The boxplot
shows the mean intensity of ATRIP in the nucleus of each cell type. The box, in the box and whiskers plot, extends from the 25th to 75th
percentiles. Whiskers range from the smallest to the largest value, where the middle line represents the median. Statistical significance
was determined by Kruskal-Wallis test with Dunn’s multiple comparison post-test. ****p < 0.0001.

(D) Representative immunofluorescence images of ATRIP staining (green).

(E) Viability curves contrasting the abilities of ATRIP WT and the c.1152_1155del variant to rescue HU resistance in ATRIP KO cells. RPE
P53~/ ATRIP KO cells and complemented cells were exposed to increasing concentrations of HU and cell viability was assessed 96 h

(legend continued on next page)
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ATRIP ¢.1152_1155del who had a weak and focal staining
of ATRIP, large areas of the total protein loss were evident
(Figure 4E). In none of the samples was ATRIP completely
null (i.e.,, no score = 0). The mean ATRIP accumulation
score difference between those with and without the ATRIP
¢.1152_1155del mutation was statistically significant (9.0
vs. 4.9, p = 0.03).

To further explore the association of the ATRIP LoF vari-
ants with the risk of breast cancer, we looked at the UKB
database. On May 30, 2022, we accessed the database,
and there were 15,643 White British females affected
with invasive breast cancer with available exome sequence
data and no pathogenic mutation in any of the high-pene-
trance breast cancer susceptibility genes of BRCA1, BRCA2,
and PALB2. There were 13 individuals with a germline
ATRIP LoF variants (Table 3) among these 15,643 women
with breast cancer from the UK Biobank (1 in every
1,203 women with breast cancer). We compared that
with the ATRIP LoF variant frequency among 157,943
White British females with no personal history of cancer
and available exome-sequencing data and no pathogenic
mutations in BRCAI1, BRCA2, and PALB2 that existed in
the UKB database. There were 40 women with a germline
ATRIP LoF variants (Table 3) among the 157,943 individ-
uals in the control group (1 in every 3,948 individuals).
None of the 53 individuals with a germline ATRIP LoF mu-
tation among affected women and control subjects had
close cryptic relatedness (pairwise PI_HAT less than 0.05
for all possible pairs). LoF variants in ATRIP were associated
with a higher risk of breast cancer with an OR of 3.28 (95%
Cl =1.76-6.14, p < 0.001).

Discussion

We showed that the founder ATRIP ¢.1152_1155del variant
was associated with an increased breast cancer risk (OR =
2.14, 95% CI = 1.13-4.28, p = 0.02) through whole-exome
sequencing of 510 highly familial cases of Polish women
with breast cancer and 308 healthy Polish women at the dis-
covery phase, followed by validation among 16,085
unselected Polish women with breast cancer and 9,285
unaffected Polish women. We also showed that ATRIP LoF
variants were associated with a higher risk of breast cancer
among the British population (OR = 3.28, 95% CI = 1.76~
6.14, p < 0.001). Although LoF variants in ATRIP seem rela-
tively rare (1 in every 1,000-3,000 of the general popula-
tion), these mutations are associated with a significant risk
of breast cancer, suggesting ATRIP is a moderately penetrant
gene for hereditary breast cancer. We showed that the ATRIP
¢.1152_1155del variant is deleterious for the gene function

using in cellulo functional assays. We observed LOH in the
tumor cells of at least 40% of the women with the germline
ATRIP ¢.1152_1155del. We also showed homologous
recombination deficiency in the tumor cells of most indi-
viduals with the germline ATRIP ¢.1152_1155del, including
all those with a LOH.

ATRIP is on chromosome 3p21 and encodes an essential
component of the DNA damage checkpoint. Single-
stranded DNA (ssDNA) is coated with high-affinity replica-
tion protein A (RPA) at sites of DNA damage or stalled
replication forks, suppressing further resections via nega-
tive feedback.’?” RPA-coated ssDNA recruits ATRIP
(ATR-interacting protein) to the site of ssDNA damage.
Subsequently, ATR (ataxia telangiectasia and Rad3 related)
localizes to the RPA-coated ssDNA via forming a complex
with ATRIP. Proper localization of the ATR-ATRIP complex
on damaged ssDNA triggers the ATR-mediated CHEK1
activation for DNA damage checkpoint, which arrests the
cell cycle and coordinates a replicative stress response.***%
Homozygous pathogenic variants in ATRIP and ATR are
associated with Seckel syndrome, characterized by growth
defects, neurodevelopmental malformations, and short life
expectancy.””*” In addition, several cancers have been
reported among individuals heterozygous for ATR patho-
genic variants, including oropharyngeal, nonmelanoma
skin, cervical, and breast cancers.*!

Depleting ATRIP in human cell lines using small inter-
fering RNA (siRNA) results in the loss of ATR destabilization
and ATR-mediated checkpoint responses to DNA damage.
This observation suggests that the interaction between
ATRIP and RPA-ssDNA has a critical role in recruiting ATR
to sites of DNA damage and initiating DNA damage sig-
nals.*®**? Multiple regions of ATRIP have been shown to
associate with RPA-ssDNA.*> ATRIP mutant cell lines lacking
the N-terminal 107 amino acids fail to bind to RPA-ssDNA.*’
In vitro translation of different ATRIP fragments and testing
their binding capability to ssDNA have shown the presence
of two RPA-ssDNA interacting domains in ATRIP outside of
its N terminus, ATRIP 108-390 and ATRIP 390-791.** Study-
ing random fragment libraries of ATRIP has shown that ATR-
interacting domains exist at the C terminus of ATRIP.>>**
The removal of ATRIP exon 11 in mammalian cells that co-
des for amino acids 658-684 severely compromised ATRIP
binding to ATR. Thus, amino acids 658-684 of ATRIP trun-
cated in the ATRIP ¢.1152_1155del variant seem essential
for efficient binding to ATR.*>*%

Conditional ATRIP knockout cell lines lacking the ATR
binding domains of ATRIP at the C terminus show a
considerably reduced monoubiquitination of FANCD2
and FANCI and undetectable FANCI phosphorylation, sug-
gesting that ATR-ATRIP complex may trigger activation of

post-treatment. Quantification of surviving Hoechst-stained nucleus is represented as percent survival relative to the control condition.
Error bars represent the standard error of the mean of three independent experiments.

(F) The panel of cells was treated with a combination of the indicated doses of MG132 and HU and viability was assessed 72 h post-treat-
ment. Error bars represent the standard error of the mean of three independent experiments. Statistical significance was determined by
two-way ANOVA with Tukey’s multiple comparison post-test. *p < 0.05; **p < 0.01.
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Strong ATRIP accumulation in normal breast cells

Moderate ATRIP accumulation in breast cancer cells

Loss of ATRIP accumulation in breast cancer cells
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Figure 4. Staining ATRIP by immunohistochemistry

(A) Moderate to strong cytoplasmic and nuclear localization in epithelial, myoepithelial, and stromal cells of normal breast tissue.

(B and C) Moderate (B) to strong (C) accumulation in invasive ductal carcinoma tissue without a germline ATRIP mutation.

(D and E) Small foci of weak and focal accumulation mainly in cytoplasm of cancer cells as shown by arrow (D) adjacent to large area with
loss of accumulation (E) in some tumors with a germline ATRIP mutation.

the Fanconi Anemia DNA Repair Pathway.*>***” We also
showed that many ATRIP-mutated tumors, including all
samples with LOH at the site of germline mutated ATRIP,
had HRD. However, the direct association of ATRIP or
ATR mutations with HRD in tumor cells needs to be
explored further in future studies, although dysfunctional
CHEKI1 (the protein activated by ATR-ATRIP complex) is
known to be associated with HRD.*®***" It is known
that ATR inhibitors result in replication stress and genomic
instability by inducing double-strand breakage of DNA at

the site of stalled replication fork and inhibiting the repair
of the broken DNA.>"** ATR inhibitors make tumor cells
sensitive to poly (ADP-ribose) polymerase (PARP) inhibi-
tors and sensitize again the cancer cells with acquired resis-
tance to PARP inhibitor due to BRCAI1/2 reversion
mutations.>*>*

One limitation of our study is the small cohort size at the
Polish discovery phase which can adversely affect the
study power to detect association. We also did our best to
contact the 42 Polish probands with the germline ATRIP
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Table 3. ATRIP loss-of-function variants identified among 15,643 women with breast cancer and 157,943 control subjects from UK

Biobank

Number of affected women Number of control subjects

DNA variant® Protein effect Exon with ATRIP mutation with ATRIP mutation
c.16_20delinsATGCAAG p-Ala6Metfs*67 1 2 2
c.51_63del p-Pro18Argfs*50 1 0 2
c.217C>T p-GIn73Ter 1 2 4
€.243_244del p-Ser82GInfs*2 1 1 3
C.24742T>C - 1 1 0
c.253del p-His85Ilefs*7 2 0 1
c.269T>G p-Leu90Ter 2 0 1
¢.290dup p-Asn97Lysfs*13 2 3 4
c.337G>T p-Glul13Ter 2 1 3
¢.376_379del p-Glu126Argfs*2 2 0 2
c.436C>T p.Argl46Ter 3 0 2
c.514dup p.GIn172Profs*5 3 0 2
€.672-1G>C - 5 1 0
c.721C>T p-GIn241Ter 5 0 2
¢.829+1G>C - 5 0 1
c.830-2A>G - 6 1 0
¢.1103_1112del p-Gly368Alafs*5 8 0 1
€.1152_1155del p-Gly385Ter 8 0 1
c.1270C>T p-Gln424Ter 8 0 1
c.1703del p-Leu568Trpfs*2 8 0 1
c.1710del p-Lys570Asnfs*2 8 0 1
c.2055+1G>A - 11 0 2
€.2073_2074del p.Val692Aspfs*57 12 0 1
c.2123dup p.Arg709Lysfs*41 12 0 1
€.2192C>A p.Ser731Ter 12 0 1
c.2263del p-Val755Serfs*11 12 0 1
c.2278C>T p-Arg760Ter 12 1 0

“Nucleotide positions are based on the GenBank: NM_130384.3 transcript of ATRIP.

¢.1152_1155del and their family members for co-segrega-
tion analysis, but we were able to reach only six probands
for the co-segregation analysis.

In summary, we identified ATRIP as a breast cancer
susceptibility gene candidate in the founder population
of Poland. Our result suggests that the ATRIP
c.1152_1155del mutation is associated with an increased
risk of breast cancer in this founder population. This
observation prompted us to investigate further the associ-
ation of ATRIP with breast cancer risk among other popu-
lations. By analyzing the UK Biobank sequence data, we
showed that germline LoF mutations in ATRIP also predis-
pose to an increased risk of breast cancer among the UK
Biobank study participants. Functional and immunohisto-
chemistry studies also provided evidence for the pathoge-
nicity of the Polish ATRIP founder mutation. In principle,

the strategy to recruit and study affected women with
breast cancer from a founder population such as Poland
provides a more homogeneous cohort with the greatest
potential for discovering breast cancer susceptibility
genes. Replication and validation of our findings in future
studies may prompt consideration of clinical testing for
mutations in this breast cancer susceptibility gene
candidate.

Data and code availability

As per the consent obtained from the Polish studied subjects, we
are not able to share their individual sequence data with any third
parties. The exome-sequencing data of the UK Biobank partici-
pants is available through the cohort’s data portal (UK Biobank
database, https://www.ukbiobank.ac.uk) and we are not allowed
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to distribute them. Other data such as mutation frequencies gener-
ated for this study could be shared upon request. This study did
not generate any code.

Supplemental information

Supplemental information can be found online at https://doi.org/
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