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Abstract

Triple-negative breast cancer (TNBC) is characterized by
elevated locoregional recurrence risk despite aggressive local
therapies. New tumor-specific radiosensitizers are needed. We
hypothesized that the ATR inhibitor, VX-970 (now known as
M6620), would preferentially radiosensitize TNBC. Noncan-
cerous breast epithelial and TNBC cell lines were investigated
in clonogenic survival, cell cycle, and DNA damage signaling
and repair assays. In addition, patient-derived xenograft (PDX)
models generated prospectively as part of a neoadjuvant
chemotherapy study from either baseline tumor biopsies or
surgical specimens with chemoresistant residual disease were
assessed for sensitivity to fractionated radiotherapy, VX-970,
or the combination. To explore potential response biomar-
kers, exome sequencing was assessed for germline and/or
somatic alterations in homologous recombination (HR)
genes and other alterations associated with ATR inhibitor
sensitivity. VX-970 preferentially inhibited ATR-Chk1-

CDC25a signaling, abrogated the radiotherapy-induced
G2–M checkpoint, delayed resolution of DNA double-
strand breaks, and reduced colony formation after radio-
therapy in TNBC cells relative to normal-like breast epithe-
lial cells. In vivo, VX-970 did not exhibit significant single-
agent activity at the dose administered even in the context of
genomic alterations predictive of ATR inhibitor responsive-
ness, but significantly sensitized TNBC PDXs to radiother-
apy. Exome sequencing and functional testing demonstrated
that combination therapy was effective in both HR-profi-
cient and -deficient models. PDXs established from patients
with chemoresistant TNBC were also highly radiosensitized.
In conclusion, VX-970 is a tumor-specific radiosensitizer for
TNBC. Patients with residual TNBC after neoadjuvant che-
motherapy, a subset at particularly high risk of relapse, may
be ideally suited for this treatment intensification strategy.
Mol Cancer Ther; 17(11); 2462–72. �2018 AACR.

Introduction
Triple-negative breast cancer (TNBC) is an aggressive subset of

breast cancer that is associated with higher rates of recurrence
compared with other subtypes. Further, these risks persist regard-
less of surgery choice (mastectomyor breast conservation) and the
addition of radiotherapy (RT; refs. 1–3). Although uncontrolled
systemic disease is a significant problem in TNBC, emerging
data suggest that failure to eradicate microscopic residual locor-
egional TNBC at diagnosis is an important source of systemic
spread (4–6). Therefore, even modest improvements in locore-
gional therapy in TNBC could improve survival in these high-risk
patients.

The cellular DNA damage response (DDR) is essential for
maintaining cell viability and preventing disease. Loss of ele-
ments of the DDR is a common feature of TNBC and may be
compensated for by increased activity of other overlapping
DNA repair pathway elements (7). Enhanced levels of cellular
DNA repair from these compensatory branches of the DDR are
an important mechanism of resistance to DNA damaging
therapy, including RT (8, 9). ATR (Ataxia Telangiectasia Mutated
and Rad-3 Related protein kinase) is a critical component of the
DDR that is activated by single-stranded DNA such as can be
produced during replication stress, double-strand break (DSB)
resection, or DNA cross-links (10). Activation of ATR ultimately
leads to G2–M and intra-S checkpoint arrest, slowing of origin
firing, replication fork stabilization, and DNA repair. Many of the
driving events in TNBC pathogenesis including loss of G1 check-
point control, oncogene-induced replication stress, anddeficiency
in homologous recombination (HR) repair increase dependence
on ATR pathway signaling following DNA damage, including
single-strand break andDSB induced by RT (7, 11–19). Therefore,
we hypothesized that the ATR inhibitor, VX-970 (now known as
M6620), would be a tumor-specific radiosensitizer for TNBC.

The development of clinically relevant preclinical models that
are representative of the TNBC biology encountered at the time of
adjuvant RT is crucial for testing new strategies to optimize RT in
this patient population that is at high risk of relapse and
death from disease (20, 21). Here, we tested our hypothesis that
ATR inhibition would radiosensitize TNBC in patient-derived
xenograft (PDX) models established from primary tumors of
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patients enrolled onto MC1137, the Breast Cancer Genome
Guided Therapy Study (BEAUTY; ref. 22). As part of BEAUTY,
tumor biopsy samples were obtained for exome sequencing, RNA
sequencing, and implantation into immune-deficient mice for
PDXmodels. Importantly, resistant residual tumor samples from
patientswhodidnot achieve a pathologic complete responsewere
also obtained at the time of surgical resection following standard-
of-care taxane- and anthracycline-based neoadjuvant chemother-
apy for characterization and PDX development. Patients with
residual TNBC after neoadjuvant chemotherapy are at particularly
high-risk locoregional and distant relapse and may be ideally
suited for clinical trials aimed at enhancing the efficacy of adju-
vant RT. Our results in these highly clinically relevant models
indicate that the ATR inhibition–RT combination is a promising
tumor-specific intensification strategy for TNBC.

Materials and Methods
PDX generation

The details of BEAUTY, a prospective Institutional Review
Board–approved preoperative chemotherapy clinical trial, have
previously been reported (23). In brief, patients age 18 years or
older with stage I–III breast cancer, 1.5 cm in size or larger,
and being recommended for preoperative chemotherapy by
their treating physicians were eligible. Following informed
written consent, patients received 12 weeks of weekly paclitaxel
(with trastuzumab for HER2þ disease) followed by four cycles
of an anthracycline-based regimen. Baseline ultrasound-guided
percutaneous tumor biopsies and tumor tissue collected
after preoperative chemotherapy from surgery were injected
into 6- to 8-week-old female nonobese diabetic (NOD-SCID)
(NOD.CB17-Prkdcscid/J) mice or NOD.Cg-PrkdcscidIl2rgtm1Wj1/
SzJ (NSG) mice purchased from the Jackson Laboratories for
PDX generation, as previously described (22, 23). Histology
was confirmed by hematoxylin and eosin and immunohisto-
chemical stains.

Cell lines, tissue culture, and ATR inhibitor
Established TNBC cell lines MDA-MB-231 and BT-549, and

the human nontumorigenic mammary gland epithelial cell
line, MCF10A, were obtained from the American Type Culture
Collection. The HCC1806 TNBC cell line was a gift of Fergus
Couch (Mayo Clinic, Rochester, MN). The cell lines were
authenticated by short tandem repeat analysis (24) performed
at the Mayo Clinic. MDA-MB-231 cells were cultured in DMEM
with 10% FBS and 100 units/mL of penicillin/streptomycin.
BT-549 and HCC1806 cell lines were cultured in RPMI 1640
Medium with 10% FBS and 100 units/mL of penicillin/
streptomycin. MCF10A cells were cultured in Mammary
Epithelial Cell Growth Medium (MEGM) supplemented with
the MEGM Bulletkit (catalog no. CC-3150) from Lonza. All
cell lines were kept at 37�C under 5% CO2.

VX-970, an agent proprietary to EMD Serono, was provided
by the Division of Cancer Treatment and Diagnosis, NCI
(Rockville, MD). VX-970 was dissolved in D-a-Tocopherol
polyethylene glycol 1000 succinate (TPGS) as 1 mmol/L stock
solution.

To assess colony formation, appropriate numbers of cells were
counted and seeded in 6-well plates, and treated with DMSO
control or VX-970 (80 nmol/L) 1 hour prior to RT. Cells were then
incubated with and without the drug for an additional 17 hours,

rinsed with PBS, and incubated in fresh media for 7 to 14 days to
allow for colony formation. After staining with Coomassie Blue,
colonies with�50 cells were quantified, and survival analysis was
performed (25). Cell survival was assessed for up to two logs of
cell kill with RT alone to ensure accuracy of measurements. Cell
survival curves were fitted with the linear quadratic model using
GraphPad Prism.

Immunoblotting, immunofluorescence, and cell-cycle analysis
Geminin (ab104306), Rad51(ab133534), Cdc25A (ab989),

and PKAP (ab70369) antibodies were purchased from Abcam;
PChk-1 (Ser345) antibody (2348S) was purchased from Cell
Signaling Technology; gH2AX antibody (05–636) was purchased
from Merck Millipore.

For Western blot analysis, cells were first harvested and lysed
with NETN buffer (150 mmol/L NaCl, 20 mmol/L Tris-HCl, pH
8.0, and 0.5 mmol/L EDTA). After mixing with 6x Laemmli
Loading Buffer (300 mmol/L Tris, pH 6.8, 60% Glycerol, 12%
SDS, 0.03% Bromophenol Blue), all samples were boiled
at 95�C for 10 minutes. Samples were then analyzed by
SDS-PAGE followed by transfer to a polyvinylidene difluoride
membrane. After blocking with 5% milk, the membrane was
incubated with indicated primary antibodies and horseradish
peroxidase–conjugated secondary antibody followed by chemi-
luminescent detection.

For immunofluorescence, cells were cultured on coverslips,
fixedwith 3%paraformaldehyde, permeabilizedwith 0.5% triton
x-100, and stained with the indicated primary antibodies. The
cells were then stained with fluorescent conjugated secondary
antibody for visualization and analysis.

For cell-cycle analysis, logarithmically proliferating MDA-MB-
231, BT-549, HCC1806, and MCF10A cells were incubated with
VX-970 or vehicle 1 hour prior to 10 Gy or mock treatment
and then incubated for an additional 23 hours. Cells were
then released by trypsinization, and cell-cycle analysis was per-
formed using fluorescence-activated cell sorting, as previously
described (26).

In vivo PDX studies
All procedures of animal studies were performed according to

NIH guidelines and approved by the Mayo Clinic Institutional
Animal Care and Use Committee and Biosafety Committee. PDX
tumors grown to 1 cm in diameter were resected and manually
disaggregated into a single-cell suspension using a 1-cc syringe.
Twomillion tumor cells suspended in 100 mL ofmatrigel and PBS
were then injected into the hind-leg of 4- to 5-week-old female
athymic nude mice (Hsd: Athymic Nude-Foxn1nu from Envigo).
The hind-leg was selected to minimize organ exposure from RT.
Once the tumors reached 70 mm3 in size, mice were randomized
into the following four groups: (1) sham RT þ TPGS vehicle, (2)
RT (2Gy x 5 days)þ TPGS vehicle, (3) VX970 (60mg/kg)þ sham
RT, and (4) RT (2Gy x 5 days)þVX-970 (60mg/kg) administered
1hour prior to RTdaily for 5 days. VX-970or vehiclewas delivered
by oral gavage. VX-970 or vehicle was administered 1 hour prior
to each fraction. RT was delivered to the hind-leg of anesthetized
mice immobilized with a plastic restraint through a single Cs137

lateral beam, whereas the remainder of the body was shielded
with lead. Daily fractions of 2 Gy were administered in order
to mimic the daily dose fractionation used in the clinic. All mice
were observed daily, and tumors were measured thrice weekly.
Animals were monitored until the tumors became ulcerated,
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erythematous, impaired movement, or reached 2,000 mm3, at
which time the mice were euthanized.

For pharmacodynamic assessments, mice with established
tumors were randomized and treated as above (3 mice per
group). Animals were then euthanized on the fifth day, 4 hours
after the final RT fraction, and PChk-1 (Ser345) was assessed
using immunoblot.

Ex vivo functional assessments in PDX models
After growing TNBC PDX tumors to 1 cm in diameter, tumors

were resected, and a single-cell suspension was made. In order to
assess the functional status of HR, cells were irradiated ex vivowith
10 Gy or mock treated and 4 hours later were mounted on
coverslips, fixed with 3% paraformaldehyde, permeabilized with
0.5% triton x-100, and stained with the RAD51 and Geminin
primary antibodies noted above (11, 27). Geminin staining cell
nuclei were analyzed for the formation of RAD51 foci. DNADSBs
are repairedbyHRprimarily in the S andG2phases of the cell cycle
whena sister chromatid is available to serve as a template for error-
free repair. RAD51 foci formation was only assessed in nuclei
that costained with geminin, which is expressed S and G2, in
order to control for potential differences in tumor proliferation. In
addition, staining with a human-specific antibody to geminin
enabled avoidance of contamination of the analysis with murine
cells (27). The formation and resolution of gH2AX were similarly
assessed.

Statistical analyses
In vitro data are presented as the mean � SEM from three or

more experiments. Two-tailed Student t tests were used to mea-
sure statistical differences in percentage of cells with more than 5
foci in immunofluorescence at each time point and cell-cycle
experiments at each phase of the cell cycle between the RT and
VX970þRTgroups, theprimary comparisonof interest. For in vivo
studies, estimates of time to tumor doubling weremade using the
Kaplan–Meier survival method with group associations made
using the log-rank test. All statistical tests were two-sided, and
a P value of < 0.05 was considered statistically significant.

Results
The ATR inhibitor VX-970 preferentially sensitizes TNBC cells
to RT

VX-970 is a potent inhibitor of ATR (Ki < 200 pmol/L) that is
highly selective over other phosphatidylinositol 30kinase–related
kinases (28). To begin testing our hypothesis that VX-970 would
be an effective radiosensitizer of TNBC, we initially selected cell
lines representing varying subtypes of TNBC (MDA-MB-231,
HCC1806, and BT-549) for investigation in clonogenic survival
assays (29). Administration of VX-970 1 hour prior to RT signif-
icantly decreased the surviving fractionof all three TNBCcell lines,
with themost robust effect noted inMDA-MB-231 (Fig. 1A–C). In
comparison, the noncancerous human breast epithelial cell line,
MCF10A,was sensitized to lesser extent (Fig. 1D).Of note, little to
no cell killing was observed when either TNBC or MCF10A cells
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Figure 1.

TheATR inhibitor, VX-970, preferentially sensitizes TNBC cells to RT. Clonogenic assayswere used to assess the surviving fraction of TNBCcell linesMDA-MB-231 (A),
BT-549 (B), and HCC1806 (C), and the normal breast epithelial cell line, MCF10A (D), following RT or RT plus VX-970 (80 nmol/L). For clonogenic assays,
cells were trypsinized, plated, allowed to adhere for 4 hours, and treated with vehicle or VX-970 1 hour prior to exposure to varying doses of RT. After 16 hours, cells
were washed and cultured for 14 days, after which the surviving fraction was assessed. Data are presented as the mean� SEM from three independent experiments.
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were treated with VX-970 alone at the same dose that achieved
significant radiosensitization (Supplementary Fig. S1). These
results suggested that ATR inhibition may be an attractive radio-
sensitizing strategy, with greater sensitization of TNBC over nor-
mal cells within the irradiated target volume, and little single-
agent cytotoxicity at the dose required for radiosensitization
outside of the irradiated target volume.

VX-970 delays resolution of RT-induced DNA DSBs in
TNBC cells

The DNA DSB is the lethal lesion caused by RT, with a single
unrepaired DSB potentially resulting in cell death. However, for
every DSB, 25 single strand breaks are induced by RT (9). In
proliferating cells, when replication forks encounter single-strand
DNA lesions, ATR plays a pivotal role in preventing fork collapse
and subsequent conversion of single-strand breaks to more lethal
DNA DSBs. Phosphorylation of the histone H2AX (gH2AX) and
recruitment of 53BP1 to DNA damage sites are key early events in
the DDR that lead to the recruitment of a number of other
mediators and effectors of DNADSB repair. Ongoing DNA repair
activity can be assessed indirectly bymeasuring the formation and
resolution of gH2AX and 53BP1 foci, with delays in foci resolu-
tion correlating with decreased repair (30). As shown in Fig. 2A
and B, we observed no significant difference in 53BP1 or gH2AX
foci at 24 hours whenMCF10A cells were pretreated with VX-970
prior to RT, compared with control. However, significantly more
gH2AX foci and 53BP1 foci persisted at 24 hours in BT-549 TNBC
cells pretreated with VX-970, indicative of persistent unrepaired
DNA damage (Fig. 2C and D), suggesting that inhibition of ATR
mayhave a greater functional impact onDNADSB repair in TNBC
cells compared with normal cells.

VX-970 abrogates RT-induced cell-cycle arrest
We next tested whether VX-970 could override the cell-cycle

arrest induced by RT in TNBC. As expected, RT caused an accu-
mulation of the G2–M population in all TNBC cell lines and
MCF10A normal breast epithelial cells (Fig. 3A–D). During onco-
genesis, mutations may be acquired that enable cancer cells to
bypass cell-cycle checkpoints. For example, TNBC is characterized
by ahigh frequency of inactivating p53mutations, gain ofMDM2,
and Rb1 loss. These alterations result in deficient G1 checkpoint
control, potentially leading to greater reliance on the ATR-medi-
ated G2–M checkpoint in order to avoid premature mitotic entry
and mitotic catastrophe after DNA damage (7, 31, 32). Here, the
addition of VX-970 1 hour prior to RT significantly reduced RT-
induced G2–M accumulation in MDA-MB-231, BT-549, and
HCC1806 TNBC cell lines (all P < 0.01, Fig. 3A–C). The greatest
absolute reduction in RT-inducedG2–Maccumulation by VX-970
was seen in MDA-MB-231 (Fig. 3A), the TNBC line that also
exhibited the most robust ATR inhibitor–induced radiosensitiz-
ing effect (Fig. 1A). In comparison, VX-970had the least impact on
RT-induced cell-cycle checkpoints in noncancerous MCF10A
breast epithelial cells (Fig. 3D). These results suggest that non-
malignant cells may be less sensitive to the cell-cycle checkpoint–
abrogating effects of ATR inhibition after RT than TNBC cells.

VX-970 blocks ATR-mediated Chk1 phosphorylation and
RT-induced CDC25A degradation

Chk1 is the primary substrate of ATR, and the observation that
VX-970 abrogates RT-induced cell-cycle arrest in TNBC cells
suggests that VX-970 is inhibiting the ATR-Chk1 pathway. To

evaluate the impact of VX-970 on RT-induced ATR-Chk1 pathway
signaling in TNBC and normal breast epithelial cells, we assessed
ATR-mediated Chk1 phosphorylation (Ser345) and CDC25a
levels, given that these have been proposed as potential biomar-
kers of response to ATR inhibition (33). As expected, RT induced
the phosphorylation of Chk1 (Fig. 4A–D). However, phosphor-
ylation ofChk1was induced to a lesser extent in the noncancerous
human breast epithelial cell line MCF10A relative to the three
TNBC lines, suggesting that TNBC cells may have a greater
dependence on the ATR-Chk1 pathway signaling for cell-cycle
checkpoint and DNA repair. When TNBC cells were treated with
VX-970, there was a decrease in RT-induced phosphorylation of
Chk1 but not total Chk1 protein levels, suggesting that ATR kinase
activity was being inhibited in these lines (Fig. 4A–D).

CDC25a is a substrate of Chk1 kinase that is targeted
for degradation by the proteasome upon Chk-1–mediated phos-
phorylation. Elevated CDC25a expression has previously been
reported to be associated with sensitivity to ATR inhibition (33).
Here, we observed that CDC25a was expressed in MDA-MB-231,
BT-549, HCC1806, and MCF10A cells (Fig. 4A–D). As predicted
by the RT-induced activation of Chk1, there was a decrease
in CDC25a following RT in MDA-MB-231 cells (Fig. 4A). This
RT-induced reduction in CDC25a expression was abrogated by
VX-970, consistent with the observation that VX-970 causes
progression through the G2–M checkpoint after RT (Fig. 3A)
and radiosensitization (Fig. 1A) in that cell line. In BT-549 cells,
VX-970 also increased CDC25a levels at 24 hours, but not at
4 hours after RT (Fig. 4B). In contrast, CDC25a levels were
not markedly affected by VX-970 in HCC1806 or MCF10A
cells (Fig. 4C and D), consistent with the observation of less
override of RT-induced G2–M arrest in these two lines (Fig. 3C
and D).

VX-970 sensitizes PDX models established from
chemosensitive and chemoresistant TNBC in the clinic to RT

We next evaluated four Mayo Clinic (MC) TNBC PDX models
(MCTNBC1, MCTNBC2, MCTNBC3, and MCTNBC4) for sensi-
tivity to VX-970, RT, or combination therapy, in vivo. MCTNBC1
and MCTNBC3 were previously generated from pretreatment
TNBCbiopsy specimens of 2patients enrolledon the preoperative
chemotherapy clinical trial, BEAUTY, that went on to achieve a
pathologic complete responses to doxorubicin, cyclophospha-
mide, and paclitaxel neoadjuvant chemotherapy. In contrast,
MCTNBC2 and MCTNBC4 were generated from the chemoresis-
tant surgical specimens of two other unique patients who had
significant residual disease following the same standard-of-care
neoadjuvant chemotherapy regimen. The treatment schema for
the assessment of efficacy of VX-970, RT, or the combination is
illustrated in Fig. 5A.

Consistent with our in vitro observations in established TNBC
cell lines, there was no significant prolongation of tumor dou-
bling time in vivowith VX-970 alone inMCTNBC1,MCTNBC2, or
MCTNBC4 at the dose and schedule administered (Fig. 5B andC).
For the paired comparison of VX-970 versus control, the median
time to tumor doubling was 5 versus 5 days for MCTNBC1 (P ¼
0.353), 8 versus 10days forMCTNBC2 (P¼0.308), and 4 versus 7
days for MCTNBC4 (P¼ 0.770). Compared with control, VX-970
prolonged the tumor doubling time of MCTNBC3, but the abso-
lute effect was small (9 vs. 12 days, P ¼ 0.0235) and no longer
significant when adjusted for multiple comparisons using the
Bonferroni correction (P ¼ 0.0705).
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We next analyzed whole-exome sequencing data from tumor
specimens used to establish the four PDX models for previously
proposed ATR inhibitor biomarkers of response. Single-
nucleotide variants, insertions and deletions, and copy-number
alterations identified are shown in Supplementary Tables S1 to S4.
Surprisingly, the lack of single-agent activity was observed despite
the presence of alterations predictive of ATR inhibitor sensitivity
in other models including mutations in p53 (MCTNBC2,
MCTNBC3, and MCTNBC4), ARID1A (MCTNBC4), gains in Myc
(MCTNBC1, MCTNBC2, and MCTNBC4), and gains in CCNE2
(MCTNBC4; ref. 34).

In contrast, pretreatment with VX-970 profoundly affected the
sensitivity of three of four TNBC PDXs to RT (Fig. 5). For
MCTNBC1, MCTNBC2, and MCTNBC4, the median time to
tumor doubling was 17 versus 42 days (P ¼ 0.0018), 18 versus
38 days (P < 0.0001), and 14 versus 56 days (P¼ 0.013) for the RT
and VX-970 þ RT groups, respectively. MCTNBC3 was the most
radiosensitive PDX model. In that model, the median time to

tumor doublingwas 46 versus 86days for the RT andVX-970þRT
groups, respectively, but was not significantly different (P ¼
0.697). Individual animal tumor volume data are displayed in
Supplementary Fig. 2. The combination of VX-970þ RT was well
tolerated, with minimal impact on animal weight relative to
vehicle gavage (Supplementary Fig. S3).

Pharmacodynamic readouts and impact of HR
In order to assess the on-target effects of VX-970 in vivo, we

harvested tumors of mice randomized and treated according to
the schema in Fig. 5A 4 hours after the final treatment on day 5. As
expected, tumors from animals randomized to fractionated RT
exhibited greater phosphorylation of Chk1, whereas Chk1 phos-
phorylation was effectively suppressed in mice treated with the
combination of VX-970þ RT (Fig. 6A). Next, as a readout of DNA
repair, we assessed the formation and resolution of gH2AX foci in
TNBC PDX tumor cell nuclei, ex vivo, after exposure to either RT
alone or VX-970þRT. Consistent with our findings in established
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VX-970 delays resolution of RT-induced DNA DSBs in TNBC cells but not normal breast epithelial cells. MCF10A (A) and BT-549 (C) cells were pretreated
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TNBC cell lines, there was a significant delay in the resolution of
gH2AX foci at 24 hours in irradiated PDX cells pretreated with
VX-970 (Fig. 6B and C shown for MCTNBC2), suggesting that the
presence of VX-970 leads to greater unrepaired DNA damage and

greater efficacy of the combination observed in vivo (Fig. 5B
and C).

Emerging evidence suggests that TNBCmaybe further classified
based on the status of HR, with potentially important treatment

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

Vehicle
Vehicle

Vehicle

Vehicle

VX970

VX-970

VX-970

VX-970

Vehicle VX-970

10 Gy

10 Gy

10 Gy

10 Gy

10 Gy

VX970 + 10 Gy

VX-970 + 10 Gy

VX-970 + 10 Gy

VX-970 + 10 Gy

VX-970 + 10 Gy

Vehicle
VX970
10 Gy
VX970 + 10 Gy

Vehicle
VX970
10 Gy
VX970 + 10 Gy

Vehicle
VX970
10 Gy
VX970 + 10 Gy

P
er

ce
nt

ag
e

P
er

ce
nt

ag
e

P
er

ce
nt

ag
e

P
er

ce
nt

ag
e

G 0–
G 1

G 2–
MS

G 0–
G 1

G 2–
MS

G 0–
G 1

G 2–
MS

G 0–
G 1

G 2–
MS

MDA-MB-231

BT549

HCC1806

MCF10A

N.S.

N.S.

N.S.

N.S.

N.S.

A

B

C

D

Figure 3.

VX-970 disrupts RT-induced cell-cycle checkpoints in TNBC cells. MDA-MB-231 (A), BT-549 (B), HCC1806 (C), and MCF10A cells (D) were treated with
vehicle, VX-970 (80 nmol/L), 10 Gy, or VX-970 1 hour prior to 10 Gy and analyzed by flow cytometry after 24 hours. Bars, mean � SEM. P values are
shown for the comparison of RT alone versus VX-970 þ RT.

ATR Inhibition and Radiotherapy Overcomes Resistance in TNBC

www.aacrjournals.org Mol Cancer Ther; 17(11) November 2018 2467

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/11/2462/1856993/2462.pdf by guest on 19 M
ay 2023



implications (11, 35, 36). Therefore, we sought to characterize the
status of HR as a response biomarker in the PDX models by
analyzing the available exome data of the corresponding patient
tumors for germline and/or somatic alterations in a list of 95 genes
known to be effectors or regulators of HR and highly correlated
with HR function in breast cancer (11). Of note, MCTNBC2 was
identified as harboring a BRCA1 nonsense mutation (Q248�).

Because competent HR can be reacquired in tumors with
BRCA1/2 mutations via a number of mechanisms (37–43), we
also employed an ex vivo RAD51 foci assay to assess the functional
status ofHR in that PDXmodel (11). The recruitment of RAD51 to
DNA damage sites is a crucial step in HR that is dependent on
BRCA1, BRCA2, and the integrity of the entire HR pathway (11).
After generation of a single-cell suspension, MCTNBC2 cells were
irradiated or mock-treated and analyzed for the formation of RT-
induced RAD51 foci. MCTNBC1, which harbored no HR gene
alterations, was similarly treated as a positive control. As dem-
onstrated in Fig. 6D and E, a substantially increased fraction of
MCTNBC1nuclei demonstrated RAD51 foci 4 hours following RT
compared with baseline, suggesting proficiency of the HR path-
way in that PDX line. In contrast, there was minimal RT-induced
RAD51 foci formation in MCTNBC2 nuclei. These results sug-
gested that HR function remained dysregulated in MCTNBC2, as
predicted by the pathogenic BRCA1 mutation in the correspond-
ing human tumor.

Collectively, these data suggested that the combination of
VX-970þRT is efficacious in bothHR-proficient andHR-deficient
PDX models.

Discussion
In this study, the selective ATR inhibitor, VX-970, preferen-

tially sensitized TNBC cells to RT by abrogating RT-induced
cell-cycle checkpoints and inhibiting DNA DSB repair. In vivo,
when administered 1 hour prior to RT, VX-970 significantly
delayed tumor growth in TNBC PDX models previously estab-
lished in the context of a NAC clinical study. Furthermore, this
approach was not only highly effective in PDX models derived
from pretreatment biopsy specimens, but also PDXs derived
from chemotherapy resistant TNBC (i.e., tumors that grew from
a resected surgical specimen after 20 weeks of neoadjuvant
chemotherapy), a patient population in whom the risk of
locoregional recurrence is unacceptably high even after mas-
tectomy and conventional postmastectomy RT (44).

The tumor-specific radiosensitization of TNBC cells, relative to
normal breast epithelial cells, is consistent with prior studies
demonstrating that commonmolecular features of TNBC increase
dependence on ATR in the cellular response to DNA damage.
Indeed, a recurring defect in TNBC is loss of G1 cell-cycle check-
point control resulting from mutations in TP53, the most fre-
quently altered gene in TNBC, as well as MDM2 gain and Rb loss
(7). The consequences of these alterations include greater reliance
on ATR-mediated intra-S and G2–M checkpoints following DNA
damage (13, 45, 46). Moreover, TNBC is characterized by high
levels of oncogene-induced replication stress resulting from fre-
quent amplification of Myc and Cyclin E1, which was also
reflected in copy-number analyses of the TNBC PDX models
examined here (7). Myc and Cyclin E1 amplification drive cells
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to enter S phase, even in the presence of DNA lesions such as RT-
induced single-strand breaks, resulting in replication fork stalling
and ATR activation (47, 48). In the absence of ATR, stalled
replication forks may collapse, leading to more dangerous repli-
cation-associatedDSBs and cell death (15, 48).Consistently, three
PDX models that benefitted from combination therapy in our
study harbored mutations in p53, and three had gains in Myc.

Finally, emerging data suggest that up to 40% of TNBCs may
have functional deficiencies in HR DNA DSB repair due to
mutations in BRCA1, BRCA2, PALB2, ATM, and other genetic or
epigenetic alterations in the HR pathway (11, 36, 49). HR status
has already emerged as an important biomarker of response to
DNA repair–targeted therapy in breast cancer with the PARP
inhibitor, olaparib, recently being shown to improve outcomes
compared with standard chemotherapy in patients with germline

BRCA1- and BRCA2-associated metastatic breast cancer (50). HR
is not only vital for DNA DSB repair, but also plays an important
role in the cellular response to replication-associated DNA dam-
age. Inhibition of HR results in increased replication stress
and ATR-mediated signaling, and ATR inhibition has previously
been reported to preferentially target HR-deficient cells, enhanc-
ing their sensitivity to DNA damage (14, 51, 52). Of note,
MCTNBC2, a PDX harboring a functional BRCA1 nonsensemuta-
tion, significantly benefitted from combination therapy. Howev-
er, it is noteworthy thatwe also observed significant tumor growth
delaywhen VX-970was administered prior to RT inHR-proficient
models.

We did not observe marked activity of VX-970 monotherapy
in vitro or in vivo at the doses utilized. However, we cannot rule out
the possibility that other doses or treatment scheduleswould have
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resulted in greater single-agent effects. Nevertheless, VX-970
administered at these doses significantly sensitized established
TNBC cell lines and TNBC PDX models to RT. Collectively, our
data suggest potential broad, tumor-specific applicability of this
combination in TNBC.

Recently, large prospective clinical trials in women with early
stage breast cancer have revealed that the addition of regional
nodal irradiation towhole breast or chest wall irradiation resulted
in a greater absolute reduction in distant metastases than locor-
egional recurrences (4–6). The implication from these studies is
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that clinically significant locoregional recurrences may go unde-
tected or be only detected after a distant relapse has already
occurred in a subset of women with nonmetastatic breast cancer.
Therefore, a novel strategy that enhances the efficacy of RT may
not only improve locoregional control, but also significantly
reduce the risk of systemic dissemination and death from TNBC.

Neoadjuvant chemotherapy has ushered in a paradigm shift
in breast cancer management given the ability to improve the
likelihood of breast conserving surgery and the substantial
long-term prognostic information obtained at the time of
surgery. Standard taxane- and anthracycline-based preoperative
chemotherapy results in pathologic complete response (pCR)
rates that approach 50% in TNBC (53). Furthermore, patients
with a pCR exhibit excellent locoregional and distant control
(54). In contrast, TNBC patients with residual disease after
neoadjuvant chemotherapy (i.e., chemoresistant disease) have
unacceptably high rates of locoregional recurrence and distant
relapse despite aggressive subsequent local and systemic ther-
apies with a risk that approaches 50% in some studies (44, 54,
55). These data suggest that residual TNBC identified at the
time of surgery may be cross-resistant to RT and not adequately
addressed with conventional adjuvant RT strategies. Thus, this
subset of TNBC may be best suited for investigation of novel RT
intensification strategies aimed at overcoming therapeutic resis-
tance. Promisingly, MCTNBC2 and MCTNBC4, the two PDXs
established from chemoresistant surgical specimens and poten-
tially most representative of the disease biology encountered at
the time of adjuvant RT in these patients, significantly benefit-
ted from the ATR inhibitor/RT combination. Our plan is to test
this novel strategy in a clinical trial of patients with residual
TNBC after preoperative chemotherapy.
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