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Abstract

Background: Pathogenic variants in susceptibility genes
lead to increased breast cancer risk.

Methods: To identify coding variants associated with breast
cancer risk, we conducted whole-exome sequencing in geno-
mic DNA samples from 831 breast cancer cases and 839
controls of Chinese women. We also genotyped samples,
including 4,580 breast cancer cases and 6,695 controls, using
whole exome-chip arrays. We further performed a replication
study using aMulti-EthnicGlobal Array in samples from1,793
breast cases and 2,059 controls. A single marker analysis was
performed using the Fisher exact test.

Results: We identified a missense variant (rs139379666,
P2974L; AF ¼ 0.09% for breast cancer cases, but none for
controls) in theATM gene for breast cancer risk using combing
data from7,204breast cancer cases and9,593 controls (P¼1.7

� 10�5). To investigate the functionality of the variant, we first
silenced ATM and then transfected the overexpression vectors
ofATM containing the risk alleles (TT) or reference alleles (CC)
of the variant in U2OS and breast cancer SK-BR3 cells, respec-
tively. Our results showed that compared with the reference
allele, the risk allele significantly disrupts the activity of
homologous recombination-mediated double-strand breaks
repair efficiency. Our results further showed that the risk allele
may play a defected regulation role in the activity of the ATM
structure.

Conclusions:Our findings identified a novel mutation that
disrupts ATM function, conferring to breast cancer risk.

Impact: Functional investigation of genetic association
findings is necessary to discover a pathogenic variant for
breast cancer risk.

Introduction
Breast cancer is one of the leading causes of cancer morbidity

and mortality in the world. Genetic factors contribute to the
pathogenesis of both sporadic and familial breast cancer (1).
The genetic abnormalities of cancer predisposition genes have
been known to contribute to breast cancer (2, 3). Over the past

few decades, multiple breast cancer susceptibility genes har-
boring deleterious or protein-truncating variants have been
identified. Those include BRCA1, BRCA2, ATM, TP53, CHEK2,
PALB2, CDH1, STK11, NF1, and PTEN (3–16). Of these, the
ATM gene has been identified as a moderate penetrance gene
that contributes to breast and other cancer types (14–19). The
ATM gene, functioning as a protein kinase, plays an essential
role in regulating DNA double-stranded break repair pathways
and cell-cycle checkpoints in breast cancer (20, 21). Using gene-
panel or whole-exome sequencing (WES) data from large
cohorts of patients with breast cancer, previous case–control
studies have characterized more than 50 putative pathogenic
variants in ATM in European populations, conferring approx-
imately 3-fold to breast cancer risk (14–16). Further identifi-
cation of novel variants associated with breast cancer risk is
essential, especially in non-European populations, given dif-
ferent genetic architectures and environmental exposures.
Although previously reported variants are statistically associ-
ated with breast cancer risk, in-depth functional investigation is
necessary to identify putative pathogenic variants with biolog-
ical evidence, providing strong candidates to develop genetic
biomarkers for clinical utilities of personalized prevention or
therapeutic targets.

In this study, we utilized the data resources from three study
populations to search for coding variants associated with breast
cancer risk. In the discovery stage, we conducted WES in blood
samples from a total of 1,670 Chinese women, including 831
breast cancer cases and 839 controls in population I (seeMaterials
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andMethods). We also genotyped 247,870 coding variants using
the Illumina HumanExome BeadChip (or whole exome-chip
arrays) in an independent set of samples from a total of
11,275 women, including 4,580 breast cancer cases and 6,695
controls in population II. In the replication stage, we conducted
genotyping using the Multi-Ethnic Global Array (MEGA) in an
independent set of samples from a total of 3,852Chinese women,
including 1,793 breast cancer cases and 2,059 controls in popu-
lation III (Supplementary Table S1).

Materials and Methods
Study populations

Participants of this study comprise 7,204 breast cancer cases
and 9,593 controls from three case–control studies, the Shanghai
Breast Cancer Study, Shanghai Endometrial Cancer Study (con-
trols only), and Guangzhou Colorectal Cancer Study (female
controls only), and two cohort studies, the Shanghai Breast
Cancer Survival Study (breast cancer cases only) and the Shanghai
Women's Health Study. The two cohort studies provided nested
case–control samples including 1,183 breast cancer cases and
5,464 controls matched by age at blood collection. Detailed
descriptions of these cohort studies have been described in
previous literature (22). Detailed descriptions of these participat-
ing studies are presented in Supplementary Table S1. Genomic
DNA for all included participants was extracted using commercial
DNA purification kits. All participants provided written informed
consent, and the institutional review boards of all relevant insti-
tutes in both China and the United States approved the study
protocols. In our association analyses (see below sections), we
used both sequencing and chip-based genotyping for the inde-
pendent samples from three study populations including study
population I: WES for 831 cases and 839 controls; study popu-
lation II: whole exome-chip arrays for 4,580 breast cancer cases
and 6,695 controls; and MEGA for 1,793 breast cases and 2,059
controls.

WES data analysis
For study population I, we performedWES using the ILLumina

GAII sequencing platformwith paired-end reads in a length of 2�
90 bp (average read depth �50 M), which target >1 M genetic
variants in all coding regions. The sequencing reads for each
sample were mapped to the human reference genome (hg19)
using the Burrows–Wheeler Aligner BWA program (version 0.75;
ref. 23). Aligned reads were marked as duplicates to be removed
using PICARD MarkDuplicates (http://picard.sourceforge.net/).
The remaining aligned reads were further processed using the
Genome Analysis ToolKit (GATKv3.2; ref. 24). We further per-
formed multiple data processing, including local realignment
(GATK RealignerTargetCreator and IndelRealigner) and base
qualities recalibration (GATK TableRecalibration), following the
GATK procedure. We evaluated the sequencing mapping quality,
including mapping rate and coverage for each sample, using the
QPLOT tool (25). Variant calling was performed individually on
each sample using the GATK HaplotypeCaller tool. We next
performed GenotypeGVCFs on variants for all samples together
to create complete raw SNPs and indel Variant Call Format (VCF)
files. Variant Quality Score Recalibration was further applied
to filter variants of low quality that were possibly false positives.
In addition, we removed variants with low depth of coverage
(average < 8 per sample) and high missingness (>2%). Principal

component analyses were conducted using EIGENSTRAT (26) to
identify population outliers. We also estimated the pair-wise
proportion of identity-by-descent to identify potentially geneti-
cally identical samples, unexpected duplicate samples, or close
relatives. After filtering eight samples from the above quality
control (QC) steps, we included a total of 1,670 samples from
study population I for downstream analysis. Using the 1,000
Genomes Project data as reference, no population outliers were
observed for these samples (Supplementary Fig. S1).

Genotyping in whole exome-chip arrays and MEGA
For study population II, we performed genotyping using the

Illumina Exome array, an expanded Illumina HumanExome-
12v1_A Beadchip, which included approximately 250 K genetic
variants focused on protein-coding regions (details described in
previous literature; ref. 27). For population study III, we per-
formed genotyping using the Illumina MEGA-Expanded Array
(Illumina Inc.), which covers >2.5 M genetic variants including
common and additional promising variants discovered from
study population I.

In both whole exome-chip arrays and MEGA, genotype
calling was carried out using Illumina's GenTrain version 2.0
clustering algorithm in GenomeStudio version 2011.1. Raw
data were imported into GenomeStudio. Genotypes were called
using cluster definitions provided by Illumina. Cluster bound-
aries were determined using study samples. We further con-
ducted QC using PLINK (28), and repeated the QC procedures
conducted in WES. In addition, samples were excluded if:
(i) the call rate <98%, (ii) the consistence rates between
the HapMap samples with 1000 Genomes data <99%, (iii)
they were a heterozygosity outlier, (iv) they were an ethnic
outlier, (v) the samples were in close relationship, (vi) the
consistency rates among duplicated samples <99%, or (vii) the
samples were of the wrong sex. From the above QC steps, we
filtered approximately 1,000 samples using exome-chip plat-
form from study population II, and 500 samples using MEGA
platform from study population III, respectively. No popula-
tion outliers were observed for the remaining samples (Sup-
plementary Fig. S1).

Variant annotation, bioinformatics, and statistical analyses
The ANNOVAR tool was used to annotate coding variants (29).

Five protein prediction algorithms, including Polyphen-2 Hum-
Div, PoplyphenHumVar, Sorting Intolerant From Tolerant, logis-
tic regression test scores and MutationTaster was applied to
predict the possible impact of an amino acid substitution on the
structure/function. For statistical analysis, we evaluated single
mark association with breast cancer risk using the Fisher exact
test from the additive regression model. The analysis was imple-
mented in the R package.

Cell culture, plasmids, and antibody
U2OS cells containing theDR-GFP reporter [the gift fromDr. Yi

Sun (Institute of Translational Medicine, Zhejiang University
School of Medicine, Hangzhou, China)], 293T and SK-BR3 cells
were purchased from ATCC and maintained in DMEM supple-
mented with 10%. Mycoplasma testing is conducted routinely
every month using a Mycoplasma Stain Assay Kit (Beyotime).
FLAG-ATM and HA-ATM plasmid were gifts from Dr. Anyong Xie
(Institute of Translational Medicine, Zhejiang University School
of Medicine, Hangzhou, China) and Yingli Sun (Beijing Institute
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of Genomics, Chinese Academy of Sciences, Beijing, China).
P2974L was generated by PCR-based site–directed mutagenesis.
The PCR primers for mutagenesis were as follows: sense,
AGAGGCTGGAAGATGAAACTGAGCTTCAC; antisense, CATCT-
TCCAGCCTCTGCTGTAAATACAAAG. The antibodies used in this
study include anti-ATM (Bethyl Laboratories A300-299A), anti-
phospho-ATM (S1981; Abcam ab81292), anti-phospho-H2AX
(S139; Cell Signaling Technology 9718), anti-phospho-CHK2
(T68; Cell Signaling Technology 2197), anti-phospho-p53
(S15; Cell Signaling Technology 9286), and anti-GAPDH (Pro-
teinTech 60004-1-Ig).

shRNA endogenous ATM, semiquantitative RT-PCR, and
immunoblot

The short hairpin RNA (shRNA) sequences for ATM were as
follows: sense, CCGGGCTAAGTCACTGACCCATATTCTCGAGA-
ATATGGGTCAGTGACTTAGCTTTTTG; antisense, AATTCAAAAA-
GCTAAGTCACTGACCCATATTCTCGAGAATATGGGTCAGTGA-
CTTAGC and cloned into pLKO.1 puro plasmid (Addgene
8453). The plasmid construction, viral production, and trans-
fection were instructed by pLKO.1 protocol (http://www.
addgene.org/tools/protocols/plko/). Briefly, the construction of
the ATM shRNA plasmid and pLKO.1–TRC control plasmid
(Addgene 10879), together with lentiviral packaging, envelope,
and transfer plasmid psPAX2 and (Addgene 12260) and
pMD2.G (Addgene 12259), were transfected to 293T cells using
the Lipofectamine 3000 transfection reagent (Invitrogen
L3000075). After two to three days of transfection, a culture
supernatant of mtecs was collected. The viruses were concentrat-
ed by high-speed ultracentrifugation. The collected virus was
further used for retroviral infection on a U2OS/DR reporter cell
line. To confirm the knockdown efficiency for ATM, we perform-
ed semiquantitative RT-PCR and immunoblot. qPCR primers
for ATM and GRAPDH were listed below: TGGGCATTACGGG-
TGTTGAA; antisense primer for ATM, CTTCCGGCCTCTG-
CTGTAAA; sense primer for GRAPDH, ACCACAGTCCATGCCAT-
CAC; antisense primer for GRAPDH:TCCACCACCCTGTTGCTGT.

Homologous recombination assay
The silenced ATM in U2OS/DR reporter cell lines was trans-

fected by pCDNA3.1, FLAG-ATM, and FLAG-ATM-PL plasmids.
Control cellswere transfectedbypCDNA3.1. The I-SceI expression
vector was transfected in all of the above cells at the same time.
After they were transfected for three days, we collected cells and
performed flow cytometry to analyze the efficiency of HR. The
result was normalized by independently transfected cells from
pEGFP-N1 (Clonetech).

ATM knockout experiment in SK-BR3
The specific gRNA primers targeting ATM exon 9 were designed

as follows: sense for ATM gRNA: CACCGAATGGAGACAGCTCA-
CAGTT; antiense for ATM gRNA: AAACAACTGTGAGCTGTCTC-
CATTC. They were cloned into lentiCRISPR v2 plasmid (Addgene
52961). Theprocedures for viral production and transfectionwere
described above. SK-BR3 cells were transfected with lentivirus,
and selected with a specific amount of puromycin. Individual
colonies were subjected to PCR-based sequencing using sense
premier (GCTTACCCAGCTAGCCAAACG) and antisense primer
(ATGGCTCCAAGTAAGCCAAAGT) to test whether themutations
occurred at the targeting region.

Immunofluorescence staining
The SK-BR3 cells were subjected to X-ray irradiation (PXi

X-RAD 160), and the total IR amount reached 10 Gy every time.
At 16 hours after IR, the cells were fixed with 4% paraformal-
dehyde for 20 minutes. The cells were then incubated with a
rabbit polyclonal antibody against gH2AX (CST 2577), follow-
ing the protocol as described previously (Lin and colleagues,
2013). Nuclei were stained with DAPI. The slide was examined
under a fluorescence microscope (Leica DM4000). The cell,
which has at least 8 gH2AX foci, was to be counted as gH2AX
positive (30).

The analysis of ATM protein structure
The structure of the close state of the ATM dimer was

downloaded from RCSB PDB [id 5np0 (31), which is produced
via electron microscopy at 5.7Å resolution]. The missing side-
chains of the ATM structure were added by using a protein
preparation wizard from Schr€odinger software. The peptide
substrate and the ATP molecule to display the kinase ATP-
binding pocket were adapted from kinase CDK2 (PDB id
3qhw; ref. 32) by using the CE alignment algorithm in PyMol
software (33).

Results
Discovering a missense variant (rs139379666, P2974L) in the
ATM gene for breast cancer risk

After QC processes, we performed single marker analyses on
rare coding variants for breast cancer risk. A missense variant
(rs139379666, C/T, P2,974L) in the susceptibility ATM gene was
observed to be associated with breast cancer risk. This missense
variant was located near the PI3K/PI4K domain and predicted to
be functionally deleterious by the MutationTaster tool (Fig. 1A).
The risk allele (T) of this SNPwas found in twoof 831breast cases,
but in none of the 839 controls from the analysis of WES data in
population I (Supplementary Fig. S2). We further examined the
variant using whole exome-chip data from 4,580 breast cancer
cases and 6,695 controls of Chinese women in population II (see
Materials and Methods). The risk allele of this SNP was observed
in eight of 4,580 breast cases, but in none of the 6,695 controls
(Supplementary Fig. S2).Using a Fisher exact test, we estimated an
association with P ¼ 1.6 � 10�4 for breast cancer risk, after
combining both data from population I and II (Table 1). We
further replicated the finding using an independent set of samples
from 1,793 breast cancer cases and 2,059 controls in population
III. We observed that the risk allele (T) of this SNP was carried in
three of the 1,794 breast cases, but in none of the 2,059 controls
(Supplementary Fig. S2). We estimated the association with P ¼
1.7 � 10�5 for breast cancer risk, after combining data from all
three populations (Table 1). In addition, we evaluated the asso-
ciation for the variant rs139379666 with breast cancer risk by
using data only from early-onset patients with breast cancer
(<45 years old). No significant statistical enrichment of this
variant in ATM in early-onset patients with breast cancer was
observed, comparedwith the observation in all breast cancer cases
(Supplementary Table S2).

In addition, we examined allele frequency (AF) of this variant
using the data from the reference controls from the genome
Aggregation Database (gnomAD, http://gnomad.broadinstitute.
org/) and the SG10K Consortium (bioRxiv 390070). In gnomAD,
we observed that there is an AF ¼ 8.3 � 10�5 of the variant
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rs139379666 in all combined populations (N ¼ 138,574),
including Europeans, Asians, and Africans. Notably, we observed
only two carries in 4,932 females (AF ¼ 2.0 � 10�4) from East
Asian populations. We also examined the AF based on the whole
genome sequencing data from SG10K (median read depth of
13.7�). We observed that this variant was not present in the
healthy set of samples from 4,810 individuals of Chinese (N ¼
2,780), Malay, and Indian populations. Taken together, our
results indicated that this variant may confer a risk of moderate
to high for breast cancer.

The effects of theATMmissense variant (rs139379666, P2974L)
on the activity of homologous recombination-mediated
double-strand break repair efficiency

To explore themolecularmechanismof rs139379666 for breast
cancer risk, we applied the well-established Direct Repeat (DR)-
GFP reporter system to measure the efficiency of homologous
recombination (HR) in the U2OS reporter cells. We applied the
shRNA technique to knockdown the expression of endogenous
ATM in U2OS cells (Fig. 1B). We observed that approximately
80% of the transcribed ATM was repressed in the cells (Fig. 1B).

Figure 1.

The risk missense variant
(rs139379666, P2974L) in the
susceptibility ATM gene affects HR-
mediated DSB repair using DR-GFP
reporter assay in U2OS cells. A,
Schematic representation shows
that the risk missense variant is
located (indicated by a gray line)
near the predicted domain (PI3K/
PI4K) of the ATM protein region.
ATM expression level was
quantified using qPCR (B) and
Western blot (C) in four types of
cells: vehicle control DR-GFP cells,
ATM shRNA cells, ATM shRNA cells
transfected with overexpression
vectors of ATM carrying the
reference alleles (CC) of the variant
rs139379666, and ATM shRNA cells
transfected with overexpression
vectors of ATM carrying risk alleles
(TT) of the variant rs139379666,
respectively (from left to right). D,
HR repair efficiency was measured
in four types of cells, which were all
transfected with I-SceI plasmid
using flow cytometry. P values
were determined by t test from the
comparison of control and treated
cells. � , P < 0.05; �� , P < 0.01; the
error bars represent the SD of the
measurements frommultiple
replicates.

Table 1. Association of a missense variant (rs139379666, P2974L) in ATM with breast cancer risk

Chr Position(hg19) Allelea Frequency in casesb Frequency in controlsb Pc

Combing samples from population I & II (cases/controls: 5,411/7,534)
11 108235879 C/T 0.09 (10/5,411) 0 (0/7,534) 1.6 � 10�4

Samples from population III (cases/controls: 1,793/2,059)
11 108235879 C/T 0.08 (3/1,793) 0 (0/2,059) 0.10
Combing samples from population I, II, & III (cases/controls: 7,204/9,593)
11 108235879 C/T 0.09 (13/7,204) 0 (0/9,593) 1.7 � 10�5

aReference/risk allele; risk alleles are shown in bold.
bRisk allele frequency (%).
cP value derived from Fisher exact test under additive model.
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We next introduced a fragment of the ATM gene containing
the risk alleles (TT) or reference alleles (CC) of the variant into
the ATM knockdown U2OS cells. Both qPCR and Western blot
results showed that the ATM knockdown U2OS cells, with both
exogenous ATM vector transfections, can restore the ATM expres-
sion to similar levels in the wild-type U2OS reporter cells (Fig. 1B
and C). Using the DR-GFP reporter system, we found that the
cells with transformed reference alleles can significantly recover
the HR DNA repair, compared with the ATM knockdown cells
(Fig. 1C). However, the HR DNA repair could not be recovered
by the ATM knockdown cells with transformed risk alleles, and
its repair efficiency was observed to be even lower than for the
ATM knockdown cells (Fig. 1C). This observation is consistent
with a previous study of mixed lineage leukemia (MLL) that there
may be a dominant-negative effect of the repair ability of the
pathogenic P2974L mutation in ATM (34).

To explore how the risk variant rs139379666 affects DNA
repair ability, we conducted a CRISPR/CAS9 ATM knockout
experiment on the breast cancer SK-BR3 cell line. The sequencing
in a CRISPER/CAS9 ATM knockout colony showed that these
colony cells carried three frameshift mutation patterns with one,
eight, and 19 base-pairs in the ninth exon regions of ATM
(Fig. 2A). Our Western blot results confirmed that the protein
expression signal of ATM largely disappeared in these colony
cells, when compared with the signal in the wild-type SK-BR3
cells (Fig. 2B). We next transfected a fragment of ATM containing
the risk alleles (TT) or reference alleles (CC) of the variant into
these colony cells. The Western blot results showed that the cells
with both exogenous ATM vector transfections can restore ATM
protein expression. These cells, together with wild-type SK-BR3
cells, were further subjected to irradiation (10 Gy), and later
gH2AX staining (phosphorylated form of H2AX immunofluo-
rescence assay) was conducted in the cells at 16 hours after IR.
Our gH2AX staining experiments showed that ATM knockout
dramatically increased the percentage of gH2AX-positive cells
(defined as the cell which had more than eight foci count), from
32% in wild-type cells to 52% in ATM knockout cells (P <
0.01; Fig. 2C and D), while transfected wild-type ATM expression
in ATM knockout cells can more significantly decrease the
percentage of gH2AX-positive cells (33%), compared with ATM
knockout cells (P < 0.01; Fig. 2C and D). However, transfected
ATM expression containing the risk alleles in ATM knockout cells
showed a significantly higher percentage of gH2AX-positive cells
than exogenous ATM expression containing the reference alleles
in ATM knockout cells (43% vs. 33%, P < 0.05; Fig. 2C and D).
This indicates that the risk alleles of ATM can lead to low repair
efficiency for damaged DNA.

Discussion
In this study, we conductedWES,whole exome-chip arrays, and

MEGA of 7,204 patients with breast cancer and 9,593 controls to
search for additional coding variants associatedwith breast cancer
risk. A putative pathogenic variant in the known susceptibility
ATM gene, rs139379666, was discovered with strong statistical
evidence for association with breast cancer risk. This newly iden-
tified variant may be further used to develop clinical utility for
personalized prevention, as well as future potential therapeutic
targets of breast cancer.

Baretic and colleagues determined the dimer structures of ATM
in both closed state (substrate binding is blocked, PDB id 5np0)

and open state (substrate binding is allowed, PDB id 5np1)
through electron microscopy at a resolution of 5.7Å (31). The
key difference between closed and open state is the conforma-
tional change of the PIKK regulatory domain (PRD, with three
helices, ka9b, ka9c, and ka9d). In the closed state of the ATM
dimer, the helices ka9c (2966-2974a.a.) and ka9d (2975-
2979a.a.) on PRD is in closed conformation to block the peptide
substrate-binding site, and thus, ATM is in an inactive state. In the
dimer of open state, helix ka9d and most of ka9c are disordered
to open conformation (Fig. 3A). Therefore, the peptide substrate
can access the kinase ATP-binding pocket for phosphorylation.
This is in agreement with the experimental data from previous
literature that active ATMs do not necessarily require a complete
dissociation of dimer to bind downstream kinases (35). As
depicted in Fig. 3B, P2974 locates at the PRD, which is near the
protein–protein interaction surface of the ATM dimer and is one
of key regions for the regulation of ATM (also see Supplementary
Video). The special cyclic structure of the proline amino acid of
P2974 forms a kink in between the helices ka9c and ka9d in the
closed state of the ATM dimer. In the closed state, the helices
ka9c and ka9d on PRD, of which P2974 is in the middle, occupy
the peptide substrate-binding site to disrupt the ATM regulation
function. In the open state, the helices ka9d and ka9c are open
to allow peptide substrate to access the kinase active site. In the
closed state, P2974 is near a hydrophobic core that contains
L2900 in helix ka-AL on an activation loop and F3049 in helix
ka12b of the FAT C-terminal. The hydrophobic interaction of
L2900 of the A-loop and F3049 of FATC stabilizes the dimer
interface and kinase active pocket.When P2974 ismutated from a
weak hydrophobic proline to a strong hydrophobic leucine, it will
not only change the conformation of the kink helices ka9c and
ka9d to affect dimer interface, but most importantly, it will also
enhance the binding of PRD to the L2900/F3049 pair via the
hydrophobic interaction of mutated leucine. Therefore, a P2974L
mutation may cause more difficulty to the ATM protein to leave
the closed state than wild-type. Consequently, P2974L-mutated
ATMs may lose part of its phosphorylation activity to regulate
downstream kinases, as most of them are trapped in the closed
states. This can explain thedominant negative effect of theP2974L
mutant: the mutated ATM has defected regulation activity,
although it may still form a dimer with other ATM proteins. To
verify this, we performed additional experiments by transfecting
them with a fragment of ATM containing the risk alleles (TT) and
reference alleles (CC) of the variant into 293T cells, individually.
At three days after transfection, the cells subjected to IR (5 Gy)
were collected for Western blot assay at 20 and 50 minutes after
IR. The Western blot results showed that transfected wild-type
ATM expression can increase the phosphorylation of ATM down-
stream substrates (ATM S1981, gH2AX, CHK2 T68, and TP53
S15) at two different times. However, transfected ATM expression
containing the risk alleles can dramatically reduce the phosphor-
ylation of ATM downstream substrates compared with control
cells at both timepoints. When the P2974L-mutant ATM proteins
are introduced from out-resources, the downstream substrate,
such as p53 proteins, will have more of a chance to bind with
the defected ATMs and cannot be phosphorylated (Fig. 3C). Thus,
the overall activities of downstream substrates will be dropped, as
observed in a previous experiment (34).

It should be noted that the in vitro silencing and knockout
experiments were quite challenging due to multiple copies of the
ATM gene in the breast cancer cells. For example, we observed
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approximately four copies existing in SK-BR3 cells, based on PCR-
based DNA sequencing for the ATM genomic sequence (Fig. 2A).
We actually performed the ATM knockdown and knockout in the

breast cancer cells MCF7. Unfortunately, we failed to generate
high efficiency of silencing and knockout ATM in the MCF7 cells.
Using ATM knockout experiments based on CRISPR in SK-BR3

Figure 2.

The effects of the ATMmissense variant on the
DNA damage repair efficiency using an in vitro
Gamma-H2AX assay in a breast cancer SK-BR3
cell line. A, Establishment of ATM knockout
breast cell line. The #6 colony from the single cell
transfected with a specific ATM gRNA sequence,
targeted to the ninth Exon, was extracted, and a
specific PCRwas conducted using the genomic
DNA as the template. The results of the
sequencing of the subclones are listed. The ATM
expression level was quantified byWestern blot
(B) in four types of cells (C): vehicle control SK-
BR3 cells, ATM knockout cells, ATM knockout
cells transfected with overexpression vectors of
ATM carrying the reference alleles (CC) of the
variant rs139379666, and ATM knockout cells
transfected with overexpression vectors of ATM
carrying risk alleles (TT) of the variant
rs139379666, respectively (from left to right).
C, Immunofluorescence staining of gH2AX was
conducted in four different types of cells at
16 hour after IR. D,Quantity of gH2AX-positive
cells. The cell that carries at least eight
gH2AX foci was counted as a gH2AX-positive
cell. P values were determined by t test from
the comparison of control and treated cells.
� , P < 0.05; �� , P < 0.01; The error bars represent
the standard deviation of the measurements
frommultiple replicates.
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cells and exogenous ATM introduction, we showed that the risk
allele significantly disrupts the activity of HR-mediated double-
strand breaks (DSB) repair efficiency when compared with the
reference allele. Nevertheless, further in vitro in additional breast
cancer cells or in vivo functional assays are needed to further
explore the functional consequences of this particular variant in
ATM that confer breast cancer risk.

Together with data from both population genetic studies and
functional assays, we provide strong evidence that the variant
rs139379666 in the ATM gene may be a novel pathogenic muta-
tion for breast cancer. In line with previous findings, thismissense
variant has also been reported to be pathogenic in contributing to
childhood acute leukemia (34). The study also demonstrated that
this pathogenic variant can lead to the defective function of ATM.
Notably, the variant was very rare or not detected in other
populations (i.e., AF ¼ 0.02% and AF ¼ 0.005% for Africans and
Europeans, respectively) using data from genomAD, likely indi-
cating its ubiquitous pathogenicity in all populations. It is impor-
tant to note that because most exomic sequencing platforms
would not routinely detect this particular variant in a low fre-
quency, the true prevalence of the variant contributing to other

diseases remains unknown. These results together indicate that
this pathogenic variant may ubiquitously contribute to human
cancers and diseases.

In conclusion, we identified a novel pathogenic variant,
rs139379666, in a known susceptibility ATM gene, conferring to
breast cancer risk. Results fromour functional experiments further
showed that this pathogenic variant can lead to the loss of HR
activities and DNA damage repair abilities. Our analysis of the
ATMprotein structure further suggests that this pathogenic variant
may play a defected regulation in the activity of ATM structure.
Our findings provide additional insight into the pathogenesis of
breast cancer.
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