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ABSTRACT

The ATR kinase is crucial for genome maintenance,
but the mechanisms by which ATR controls the DNA
repair machinery are not fully understood. Here, we
find that long-term chronic inhibition of ATR signal-
ing severely impairs the ability of cells to utilize ho-
mologous recombination (HR)-mediated DNA repair.
Proteomic analysis shows that chronic ATR inhibi-
tion depletes the abundance of key HR factors, sug-
gesting that spontaneous ATR signaling enhances
the capacity of cells to use HR-mediated repair by
controlling the abundance of the HR machinery. No-
tably, ATR controls the abundance of HR factors
largely via CHK1-dependent transcription, and can
also promote stabilization of specific HR proteins.
Cancer cells exhibit a strong dependency on ATR
signaling for maintaining elevated levels of HR fac-
tors, and we propose that increased constitutive ATR
signaling caused by augmented replication stress in
cancer cells drives the enhanced HR capacity ob-
served in certain tumor types. Overall, these findings
define a major pro-HR function for ATR and have
important implications for therapy by providing ra-
tionale for sensitizing HR-proficient cancer cells to
PARP inhibitors.

INTRODUCTION

ATR (Ataxia telangiectasia and Rad3-related) is a member
of the phosphatidylinositol-3-kinase-like kinase (PIKKs)
family involved in genome maintenance. In response to
DNA replication stress or DNA damage, ATR is acti-
vated and phosphorylates an extensive network of sub-
strates, evoking a coordinated DNA damage response (1–
3). While the related kinases ATM and DNA-PKcs are ac-
tivated upon double strand breaks (DSBs), the ATR ki-

nase specifically responds to exposure of single stranded
DNA (ssDNA) resulting from a broad spectrum of DNA le-
sions (4). Upon replication stress or detection of replication-
associated lesions, ATR is recruited to RPA-coated ssDNA
and becomes activated through the action of the ATR acti-
vators TOPBP1 and ETAA1 (5–10). In response to repli-
cation stress, ATR has been shown to mediate a global
cellular response that promotes cell cycle arrest, inhibition
of late origin firing, stabilization of replication forks, tran-
scriptional regulation and DNA repair (11,12). ATR ki-
nase exerts its function in genome maintenance by target-
ing and phosphorylating the key effector kinase CHK1,
which mediates cell cycle arrest through the phosphoryla-
tion and degradation of the CDC25 phosphatase (13–15).
In addition, ATR-CHK1 signaling plays a prominent role
in controlling E2F-dependent transcription (16–18), which
includes a large set of genes with important roles in DNA
replication, DNA repair and cell cycle control (19). Mech-
anistically, CHK1 has been shown to phosphorylate and
inhibit the E2F6 repressor (20). Additional mechanisms
may also couple ATR and CHK1 to the control of E2F-
dependent transcription (16,21).

ATR also plays crucial roles in the control of DNA repair.
It has been shown that ATR signaling regulates the repair of
DNA interstrand cross-links and nucleotide excision repair
by directly phosphorylating Fanconi Anemia (FA) or Xe-
roderma Pigmentosum (XP) proteins (22–24). In addition,
others and we have recently proposed roles for ATR in ho-
mologous recombination (HR)-mediated repair (25–27), a
crucial pathway to repair DSBs. Of note, HR-mediated re-
pair occurs preferably during S/G2 phase of the cell cycle
since sister chromatids can be used as a template for error-
free DNA repair (28–30). As an alternative to HR, cells may
repair DSBs using non-homologous end joining (NHEJ),
which is relatively less favored in S/G2 as compared to in
the G1 phase of the cell cycle (30,31). Since the improper
use of NHEJ in S phase leads to chromosomal aberrations
and decreased survival (32,33), balanced engagement of HR
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and NHEJ repair pathways is essential for maintaining ge-
nomic integrity. Recently, ATR was shown to promote HR
by phosphorylating PALB2 and enhancing its localization
to DNA lesions via an interaction with BRCA1 (26). Ad-
ditionally, we proposed that ATR mediates BRCA1 phos-
phorylation and its interaction with TOPBP1 to promote
HR by stabilizing BRCA1 at lesions during S-phase (25).
Therefore, ATR seems to play a key role in promoting HR-
mediated repair and suppressing improper NHEJ during
replication stress.

The physiological importance of ATR is highlighted by
the fact that mice lacking functional ATR are embryonic
lethal (34,35). Also, homozygous mutations in human ATR
that cause defective mRNA splicing and severely reduced
ATR expression are associated with Seckel syndrome, a ge-
netic disorder characterized by growth defect (dwarfism),
microcephaly and mental retardation (36). Notably, Seckel
syndrome cells show high genomic instability and increased
micronuclei formation (37,38), supporting the role of ATR
in genome integrity.

In the context of cancer, ATR is believed to be crucial for
the ability of many cancer types to withstand the increased
levels of replication stress generated by oncogene-induced
de-regulation of DNA replication (18,39–42). While the in-
hibition of ATR activity leads to moderate cytotoxicity in
normal cells due to increased fork stalling and collapse,
this cytotoxicity is further exacerbated in cancer cells with
higher replication stress, providing rationale for using ATR
inhibitors (ATRi) in cancer treatment (43,44). Cancer cells
frequently bear mutations in components of DNA dam-
age response pathways, leading to increased dependency
on ATR signaling (45). Consistent with this notion, it has
been shown that inhibition of ATR kinase activity is syn-
thetic lethal in tumor cells that have mutations in ATM,
p53, ERCC1 and XRCC1 (46–52). Therefore, specific inhi-
bition of ATR signaling is expected to selectively kill cancer
cells with genetic defects in DNA damage response path-
ways and/or elevated oncogene-induced replication stress.
Accordingly, in the last eight years, highly selective and po-
tent ATR inhibitors have been developed and are currently
under phase I/II clinical trials in cancer treatment (39,45).

Despite extensive work establishing ATR inhibitors as
potential anti-cancer agents, it is not yet well understood
precisely how ATR inhibition impacts DNA repair in the
context of normal and cancer cells. As described above,
ATR has been shown to control HR-mediated repair, how-
ever, the effects of short-term treatment with ATR in-
hibitors on HR are rather modest. Here we find that chronic
ATR inhibition severely impairs the ability of cancer cells
to utilize HR-mediated repair, leading to an effect that is
significantly stronger when compared to acute ATR inhibi-
tion. Proteomic analysis reveals that chronic, but not acute,
ATR inhibition depletes the abundance of key components
of the HR machinery, including TOPBP1, BRCA1 and
RAD51. We show that ATR-mediated control of HR fac-
tor abundance involves transcription and post-translational
control mechanisms. Interestingly, cancer cells seem to ex-
hibit a stronger dependency on ATR signaling for main-
taining the levels of HR factors, providing rationale for the
use of ATR inhibitors in combination with drugs known to

preferentially target HR-deficient cells for anti-cancer ther-
apy.

MATERIALS AND METHODS

Mammalian cell culture

Human U2OS, HCT116, hTERT RPE-1, HEK293T,
HeLa, U87, T98G, A2780 and human skin fibrob-
last cells (GM08398 and GM18366) were grown in
DMEM media supplemented with 10% bovine calf serum,
penicillin/streptomycin and non-essential amino acids.
SV40 large T antigen transformed hTERT RPE-1 cells were
generated by infecting hTERT RPE-1 cells with a SV40
large T antigen (SV40 LT)-expressing retrovirus and were
selected using 500 �g/ml G418. The stable SV40 large T
antigen transformed hTERT RPE-1 cell line was then main-
tained in culture media supplemented 500 �g/ml G418. For
chronic treatment with ATR inhibitor (ATRi, VE-821) or
ATM inhibitor (ATMi, KU-55933), cells were maintained
in media with 5 �M ATR or ATM inhibitor respectively
for 8 days before cells were subjected to western blot anal-
ysis, proteomic analysis, DR-GFP/EJ5-GFP assay or im-
munofluorescent staining. For CHK1 inhibitor (UCN-01),
cells were treated for 5 days with 0.2 �M of inhibitor be-
fore the analysis. Primary human fibroblast cells from con-
trol subjects (GM08398) and patients with Seckel syndrome
(GM18366, ATR-defective) were obtained from Coriell In-
stitute for Medical Research, Camden, NJ, USA.

DR-GFP and EJ5-GFP assays

For the DR-GFP assay, cells (U2OS, HCT116, hTERT
RPE-1, HEK293T, HeLa, U87, T98G, A2780, 293-T-REX-
E2F6 cells and SV40 large T antigen transformed hTERT
RPE-1) were transfected with the mCherry plasmid or DR-
GFP reporter plasmid (pDR-GFP; addgene plasmid 26475)
together with a plasmid coding for I-SceI (pCBASceI; ad-
dgene plasmid 26477; gifts from M. Jasin) or DR-GFP re-
porter plasmid together with an empty plasmid pCAGGS.
Two days after transfection, cells were trypsinized, resus-
pended in PBS and then analyzed by flow cytometry using
FACSAria Fusion or Accuri C6 cytometer (BD). In each
experiment, the percentage of GFP-positive cells from the
sample transfected with empty plasmid pCAGGS was sub-
tracted from the percentage of GFP-positive cells in the
sample transfected with I-SceI. The GFP percentage was
then normalized by the mCherry transfection efficiency.
Each graph was plotted based on at least three indepen-
dent experiments showing mean ± SEM (N ≥ 3). For the
EJ5-GFP assay, EJ5-GFP reporter plasmid (pimEJ5GFP,
addgene plasmid 44026; gift from J. Stark) was used instead
of DR-GFP reporter plasmid and the assay was performed
as described for DR-GFP assay.

Immunofluorescence

Primary human fibroblast cells were grown on glass cov-
erslips and irradiated at 10 Gy. Cells were then fixed with
3.7% formaldehyde/PBS for 15 min at room temperature 8
h post-irradiation. Fixed cells were then washed with PBS,
permeabilized with 0.2% Triton X-100 for 5 min at room
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temperature and blocked with 5% BSA at 37◦C for 30 min.
Blocked samples were incubated with primary antibodies
for 1 h at room temperature, followed by three PBS washes
and secondary antibody incubation using Alexa Fluor488
donkey anti-rabbit (A-21206; Thermo Fisher Scientific) for
1 h. After secondary antibody incubation, cells were washed
in PBS three times and mounted onto glass microscope
slides using Vectashield mounting media (H1200; Vector
Laboratory).

Microscopy analysis

Fixed cells were imaged at room temperature using a CSU-
X spinning disc confocal microscope (Intelligent Imaging
Innovations) on an inverted microscope (DMI600B; Leica),
with 63×, 1.4 NA objective lens and a charge-coupled de-
vice camera (cool-SNAP HQ2, Photometrics). Z stack im-
ages were obtained and saved in Slidebook software (Intelli-
gent, Imaging, Innovations), where maximum intensity pro-
jections were created. For RAD51 and BRCA1 foci analy-
sis in control skin fibroblast and Seckel cells, >150 cells for
each sample were imaged and analyzed per replicate. The
fraction of cells with more than 10 distinct RAD51 foci or
more than 5 BRCA1 foci were determined for each repli-
cate. The graph was plotted using the arithmetic mean and
SEM derived from four independent biological replicates. A
two-tailed Student’s t test with 95% confidence interval was
used for the statistical analysis.

Immunoblotting analysis

Cells were harvested and lysed in modified radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris–HCl pH 7.5,
150 mM NaCl, 1% tergitol, 0.25% sodium deoxycholate,
5 mM EDTA) supplemented with Complete EDTA-free
protease inhibitor cocktail (Roche), 1 mM PMSF, 5 mM
sodium fluoride, 10 mM �-glycerol-phosphate and 0.4 mM
sodium orthovanadate. Whole cell lysates were cleared with
5 min centrifugation at 13 000 rpm at 4◦C and mixed with
3× SDS sample buffer (bromophenol blue, stacking gel
buffer, 50% glycerol, 3% SDS and 60 mM DTT). After re-
solved on SDS-PAGE gels, proteins were then transferred
onto polyvinylidene difluoride (PVDF) membranes and de-
tected with designated antibodies.

Proteomic analysis

For quantitative proteomic analysis, U2OS cells chronically
treated with DMSO or ATR inhibitor were cultured re-
spectively in ‘light’ or ‘heavy’ SILAC DMEM media (Ther-
moFisher Scientific 88425) supplemented with 10% dia-
lyzed FBS and penicillin/streptomycin. ‘Light’ SILAC me-
dia were supplemented with ‘light’ (normal) arginine 12C6,
14N2 and lysine 12C6, 14N4, while ‘heavy’ SILAC media con-
tained ‘heavy’ lysine 13C6, 15N2 and ‘heavy’ arginine 13C6,
15N4. From SILAC cells chronically treated with DMSO or
ATR inhibitor, nuclei were isolated using hypotonic buffer
and further lysed in modified RIPA buffer. The nuclear
lysates were cleared by centrifugation for 5 min at 4 ◦C.
The nuclear proteins were reduced, alkylated, precipitated
and trypsin-digested. The peptides were then desalted, dried

and resuspended in 80% acetonitrile and 1% formic acid
and then fractionated using Hydrophilic Interaction Chro-
matography (HILIC). HILIC fractions were dried and re-
constituted in 0.1% trifluoroacetic acid and analyzed us-
ing a Q-Exactive Orbitrap and Lumos mass spectrometer.
Database search and quantitation of heavy/light peptide
isotope ratios were performed using Sorcerer as previously
described (53,54). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE (Proteomics Identifications) (55) partner
repository with the data set identifier PXD010223.

Chemicals and antibodies

The following chemicals were used in the study: ATR in-
hibitor (VE-821) and ATM inhibitor (KU-55933) from Sel-
leckchem, CHK1 inhibitor (UCN-01) from Sigma, Ge-
neticin (G418 sulfate) from Thermo Fisher Scientific, and
Cycloheximide (CHX) from MP Bio. The following anti-
bodies were used in western blot analysis and immunofluo-
rescent staining: anti-53BP1 and anti-FANCJ from Novus
Biologicals, anti-phospho-CHK1 (Ser345) from Cell Sig-
naling, anti-RAD51 from Millipore, anti-CHK1, anti-
E2F6 and anti-E2F1 from Santa Cruz Biotechnology, anti-
Actin and anti-Tubulin from Sigma, ECL HRP-linked sec-
ondary antibody from GE healthcare. Rabbit polyclonal
anti-TOPBP1 and anti-BRCA1 antibodies were home-
raised as previously described (56,57). Anti-RRM2 serum
was raised in rabbit against an immunogen containing the
first 250 amino acids of human RRM2. Dr. Kai Ge pro-
vided the antibody against PTIP.

Cell cycle analysis

Cells were harvested by standard trypsinization and fixed
with 70% ethanol. After fixation, cells from each sample
were resuspended in PBS, permeabilized using 0.1% Triton
X-100 and treated with RNase A (0.8 mg/ml). Then cells
were stained with propidium iodide and analyzed by flow
cytometry using FACSAria Fusion (BD) or Accuri C6 cy-
tometer (BD) to determine the fraction of cells in different
stages of the cell cycle.

Real time PCR

Cells cultured from 10 cm dish were collected and lysed in
1 ml of TRIzol (Invitrogen). Chloroform was added to the
lysed sample to separate RNA. Separated RNA was pre-
cipitated by isopropyl alcohol, followed by two washes with
75% ethanol. 1 �g of extracted RNA from each sample
was then reverse transcribed with Bio-Rad iScript cDNA
synthesis kit. The samples (∼100 ng) were analyzed in a
Roche 480 light cycler in a total of 15 �l containing SYBR
green mix and primers indicated in the figure. The values
were calculated using ‘absolute quantification/2nd deriva-
tive max’ in lightcycler 480 program and then normalized
to the level of GAPDH. Primers used in the study are as
follows. BRCA1- F:ACCTTGGAACTGTGAGAACTCT,
R:TCTTGATCTCCCACACTGCAATA, RAD51-
F:CAACCCATTTCACGGTTAGAGC, R:TTCTTTGG
CGCATAGGCAACA, 53BP1- F:ATGGACCCTACT
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GGAAGTCAG, R:TTTCTTTGTGCGTCTGGAGATT,
GAPDH- F:TCATTGACCTCAACTACATGGTTT,
R:GGAAGATGGTGATGGGATTTC.

Crystal violet staining survival assay

First, hTERT RPE-1, U2OS, HCT116, HeLa, A2780 or
U87 cells were treated for 5 days with either DMSO or 5
�M ATR inhibitor. Next, 1 × 105 cells of each cell type
were plated onto a 10 cm dish and further treated with
DMSO, ATR inhibitor or/and PARP inhibitor for addi-
tional 3 days. Cells were then washed with PBS and either
fixed in 100% methanol for 15 min at 4◦C or fixed after addi-
tional 2 or 8 days of culture in drug-free media. Fixed plates
were stained with 0.1% crystal violet solution overnight fol-
lowed by a distilled water wash. Pictures were taken after
the plates were dried. For quantitation of cell viability, to-
tal viable cells were counted using a hematocytometer after
indicated treatment.

RESULTS

Chronic ATR inhibition severely impairs HR-mediated repair

Despite extensive work investigating the roles of ATR in
genome maintenance and establishing inhibitors as poten-
tial anti-cancer agents, the extent to which ATR inhibition
impacts DNA repair is not well understood. ATR has been
shown to control HR-mediated repair, in part, by promot-
ing interactions between HR factors, such as BRCA1 in-
teractions with PALB2 and TOPBP1 (25,26). Here, using
the DR-GFP reporter system (58), we found that long-term
ATR inhibition (8 days) in U2OS cells leads to a strikingly
more severe impairment in HR-mediated repair as com-
pared to short-term ATR inhibition (Figure 1A and Supple-
mentary Figure S1), and hypothesized that ATR also con-
trols HR through mechanisms other than the regulation of
protein-protein interactions. The concentration of ATR in-
hibitor (ATRi) used in these experiments (5 �M) resulted in
almost complete ATR inhibition, as monitored by CHK1
phosphorylation in HU-treated cells (Supplementary Fig-
ure S2). Of note, chronic ATM inhibition did not result
in major changes in HR-mediated repair efficiency (Figure
1A), consistent with previous reports (59,60). Analysis us-
ing the EJ5-GFP (NHEJ) assay (61) revealed that chronic
ATR inhibition does not result in a significant change in
NHEJ efficiency (Figure 1B and Supplementary Figure S3),
supporting that after 8 days treatment with 5 �M of ATRi,
cells are still able to utilize NHEJ-mediated repair. Fur-
thermore, the severe reduction in HR-mediated repair upon
chronic ATR inhibition was not due to major changes in the
cell cycle, as it results in a minor increase in the number of
S-phase cells upon chronic ATR inhibition (Figure 1C and
D). Of note, DNA damage was not detectable in cells under-
going chronic ATR inhibition alone. Taken together, these
findings are consistent with a pro-HR-mediated repair func-
tion for ATR. Since ATR-mediated protein-protein interac-
tions are expected to be impaired by short-term treatment,
our results suggest that the severe effect of long-term ATR
inhibition on HR-mediated repair occurs through alterna-
tive mechanisms.

Chronic ATR inhibition severely reduces the abundance of
HR proteins

We hypothesized that chronic ATR inhibition might
strongly impair HR-mediated repair by altering the abun-
dance of proteins required for HR. While the ATR-
CHK1 pathway has been shown to control gene expres-
sion (16,18,20,62,63), little is understood about the impact
of ATR inhibition in shaping DNA repair mechanisms via
control of protein abundance. To test the above hypothe-
sis, we performed proteomic analysis of nuclear proteins ex-
tracted from U2OS cells, comparing the nuclear proteome
of untreated cells with the nuclear proteome of cells treated
for 8 days with 5 �M of ATRi. We used stable isotope label-
ing with amino acids in cell culture (SILAC) and performed
two experiments inverting the light and heavy isotopes (Fig-
ure 2A). Consistent with our hypothesis, we found that the
abundance of proteins required for HR-mediated repair, in-
cluding BRCA1 and FANCJ, was reduced in cells treated
chronically with ATRi (Figure 2B and Supplementary Ta-
ble S1). Notably, BRCA1 and FANCJ expression is regu-
lated by E2F (64,65), which in turn can be controlled by the
ATR-CHK1 pathway (16,20). Gene Ontology-analysis of
the proteomic dataset revealed that the majority of the pro-
teins whose abundance is reduced upon chronic ATR inhi-
bition belong to categories associated with DNA replication
and repair (Supplementary Table S2 and Supplementary
Figure S4). Down-regulated proteins include many known
E2F targets, such as RRM2, RFCs, MCMs and POLE.
Western blot (WB) analysis validated these findings (Figure
2C). Moreover, we found that protein levels of RAD51 and
TOPBP1, two other E2F targets required for HR-mediated
repair (25,66), were also reduced upon chronic ATR inhi-
bition (Figure 2C). Time-course analysis revealed that mi-
nor changes in protein abundance could be observed after 2
and 4 days of continuous treatment with ATRi, and that the
changes become more striking after 6 and 8 days of chronic
drug treatment (Figure 2D). Taken together, these findings
suggest a model that ATR signaling occurring physiolog-
ically during every cell cycle is important to maintain the
abundance of key proteins required for HR-mediated re-
pair.

The observed changes in protein abundance are not due
to cell cycle changes since chronic treatment with 5 �M
of ATRi leads only to minor changes in cell cycle distri-
bution, as seen by the slight increase in S phase cells (Fig-
ure 1C). Importantly, the reduced expression of HR factors
upon chronic ATRi treatment cannot be attributed to such
slight increase in S phase cells since cells in S phase actually
express more HR factors and E2F targets (see Figure 2E
and Supplementary Figure S5). Moreover, while the abun-
dance of several proteins involved in HR-mediated repair is
severely reduced upon chronic ATR inhibition, changes in
the abundance of the NHEJ factors 53BP1 and PTIP were
minimal (Figure 2F). This finding is consistent with our re-
sult using the EJ5-GFP assay showing that chronic ATR in-
hibition does not impair NHEJ efficiency (Figure 1B). Col-
lectively, the findings above show that chronic ATR inhibi-
tion has a major impact on the abundance of key proteins
required for HR-mediated repair, which is correlated with
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Figure 1. Chronic inhibition of ATR impairs HR-mediated repair in U2OS cells. (A) HR efficiency measured in U2OS cells using the DR-GFP reporter
system. Relative fold change of GFP positive cells in ATRi or ATMi treated cells over DMSO (error bars = SEM, N ≥ 5, ****P-value < 0.0001; one
sample-t-test was used for the statistical analysis). (B) NHEJ efficiency measured in U2OS cells using the EJ5-GFP reporter system. Relative fold change
of GFP positive cells in ATRi or ATMi treated cells over DMSO (error bars = SEM, N = 5, one sample-t-test was used for the statistical analysis). (C)
Representative FACS data and (D) quantitation of G1, S and G2/M population for cell cycle analysis of ATRi treated cells (error bars = SD, N = 3).

the severe reduction in HR-mediated repair efficiency ob-
served in U2OS cells.

To investigate whether the role of ATR in maintaining the
abundance of HR-mediated repair factors is consistently
observed in a physiological setting, we analyzed a Seckel
syndrome patient cell line containing the A210G mutation
in ATR that generates a splicing defect (36). Analysis of
a primary fibroblast cell line GM18366, which has atten-
uated ATR signaling (3,36), revealed reduced abundance
of HR-mediated repair factors compared to control fibrob-
lasts (Supplementary Figure S6A). Although we were not
able to detect BRCA1 in WB for technical reasons, we found
that the abundance of FANCJ, TOPBP1 and RAD51 is de-
creased. This Seckel cell line did not show any major differ-
ences in cell cycle distribution, consistent with a previous
report (67), indicating that the abundance changes are not
due to effects on the cell cycle (Supplementary Figure S6B).
To examine the ability of Seckel cells to utilize HR-mediated
repair, we imaged BRCA1 and RAD51 foci after irradia-

tion (IR) treatment and observed a significant reduction in
RAD51 and BRCA1 foci formation post IR (Supplemen-
tary Figure S6C and D). The results above reveal similari-
ties between these Seckel cells with the U2OS cells chroni-
cally treated with ATRi. In both cases, the abundance of im-
portant HR-mediated repair factors is reduced and mark-
ers of HR-mediated repair are impaired (37,38). Overall,
these findings support a key role for ATR in maintaining the
abundance of HR-mediated repair factors and suggest that
the severe impairment in HR-mediated repair upon chronic
ATR inhibition is caused by depletion of key components
of the HR-mediated repair machinery.

ATR controls HR factor abundance through CHK1-mediated
transcription

ATR has been shown to control the transcription of E2F
targets via activation of the downstream checkpoint kinase
CHK1 (20,26,68). We therefore examined if chronic CHK1
inhibition results in a similar depletion of HR factors as we
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Figure 2. Chronic inhibition of ATR depletes the abundance of key HR factors. (A) Diagram of the SILAC/MS experiment. (B) Quadrant diagram of
SILAC/MS experiment. Each dot represents a different identified protein. Proteins with abundance reduced two-fold or more after ATRi treatment are
shown in the upper-left corner (white quadrant). (C) WB analysis of U2OS cells after 8 days of chronic treatment with 5 �M of ATRi or ATMi. (D) Time
course WB analysis of U2OS cells during chronic treatment with 5 �M ATRi. (E) WB analysis of U2OS cells at distinct cell cycle stages. Cells were treated
with 1 mM hydroxyurea (HU) or 50 ng/ml nocodazole (Noc) for 24 h. HU treated cells were released for 2.5 h in HU-free media. (F) WB analysis of U2OS
cells untreated or treated for 8 days with 5 �M ATRi.

observed after chronic ATR inhibition. As shown in Figure
3A, chronic CHK1 inhibition severely reduced the abun-
dance of the HR factors BRCA1 and RAD51, as well as the
abundance of the canonical E2F target RRM2, and E2F1
itself. The depletion of HR factors after CHK1 inhibition
was correlated with a sharp decrease in HR efficiency (Fig-
ure 3B and Supplementary Figure S7), and both effects were
not a consequence of a reduction in the number of S phase
cells since CHK1 inhibition actually results in an increase
in the relative number of S phase cells (Figure 3C and D).
Of importance, CHK1 as well as ATR inhibition results in a
reduction in the mRNA levels of BRCA1 and RAD51 (Fig-
ure 3E). Taken together, these results are consistent with the
model that ATR controls the transcription of key HR fac-
tors through the ATR-CHK1 pathway. Notably, we did not
observe major changes in the mRNA levels of 53BP1 (Fig-
ure 3E), suggesting that ATR inhibition preferentially de-

pletes factors involved in HR, while not changing the pro-
tein machinery required for NHEJ, and therefore not im-
pairing NHEJ-mediated repair (Figure 1B).

Mechanistically, ATR-CHK1 signaling has been shown
to control E2F transcription by inhibiting the E2F6 repres-
sor (Figure 3F) (20). We therefore tested whether chronic
overexpression of E2F6 leads to the same effect as ATR
inhibition on the HR machinery. As shown in Figure 3G
and H, we used a 293-T-REX-E2F6 system for doxycycline-
induced expression of E2F6 and found that, as expected,
overexpression of E2F6 does result in severe reduction in
HR factor abundance and HR capacity. Congruent with
these effects not being consequences of differences in cell cy-
cle distribution, we did not observe any substantial change
in the cell cycle upon overexpression of E2F6 (Figure 3I).
Of note, we also examined if the stability of HR proteins
can be affected independently of translational control. We
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Figure 3. ATR controls HR factor abundance via CHK1-mediated transcription. (A) WB analysis of U2OS cells after chronic treatment with CHK1
inhibitor (0.2 �M for 5 days). (B) Analysis of HR-mediated repair using the DR-GFP system. Relative fold change of GFP positive U2OS cells treated
with CHK1i compared to DMSO treatment control (error bars = SEM, N = 4, ****P-value < 0.0001; one sample-t-test was used for the statistical
analysis). (C) Representative FACS data and (D) quantitation of G1, S and G2/M population for cell cycle analysis of CHK1i treated cells (error bars =
SD, N = 3). (E) Real time PCR analysis of total RNA extracted from U2OS cells treated with DMSO, ATRi (5 �M for 8 days) or CHK1i (0.2 �M for
5 days). Values were normalized to GAPDH mRNA levels (error bars = SD, N = 3). (F) Proposed model of how E2F transcription is regulated through
ATR-CHK1 signaling. (G) WB analysis of 293-T-REX-E2F6 cells after 8 days of treatment with DMSO or doxycycline. (H) DR-GFP analysis of 293-T-
REX-E2F6 cells after 8 days of treatment with DMSO or doxycycline (error bars = SEM, N = 4). (I) Cell cycle analysis of 293-T-REX-E2F6 cells after 8
days of treatment with DMSO or doxycycline. (J) A model depicting multiple roles of ATR in the control of HR capacity.

treated U2OS cells with the translation inhibitor cyclohex-
imide (CHX) and asked if ATR inhibition results in changes
in the abundance of some HR factors. As shown in Sup-
plementary Figure S8, we noticed that the protein levels of
BRCA1 are decreased upon CHX treatment and ATR inhi-
bition compared to CHX treatment alone, suggesting that
ATR signaling promotes BRCA1 protein stabilization. In
U2OS cells, such transcription-independent mode of pro-
tein stabilization was only observed for BRCA1 as the abun-

dance of the other HR proteins monitored did not change
upon ATR inhibition in CHX-treated cells.

Overall, our findings indicate that ATR controls the
abundance of HR proteins through the control of transcrip-
tion and, in the case of BRCA1, also through the control of
protein stability (Figure 3J). Since BRCA1 has been pro-
posed to be a target of ATR (25,26,69), we speculate that
ATR-mediated phosphorylation sites in BRCA1 promote
BRCA1 stabilization. Overall, we propose that ATR plays
multiple pro-HR roles by controlling the abundance of a
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range of HR proteins and interactions between them (Fig-
ure 3J).

Correlation of HR factor abundance and HR capacity

To explore the hypothesis that HR factor abundance is a
major determinant of HR capacity, we monitored the abun-
dance of selected HR factors (BRCA1, FANCJ, RAD51
and TOPBP1) and HR capacity in a panel of cell lines. As
shown in Figure 4A, most cancer cells tested had higher lev-
els of the HR factors compared to untransformed hTERT
RPE-1 cells, consistent with the fact that increased CHK1
signaling, RB mutation or E2F1 overexpression are often
correlated with cancer (70–73). Analysis of HR using DR-
GFP assay revealed major differences in HR capacity in the
cells monitored (Figure 4B). While hTERT RPE-1 cells had
the lowest level of HR factors and displayed the lowest HR
capacity, HEK293T cells had the highest level of HR factors
and displayed the highest HR capacity (Figure 4A and B).
Overall, there was a reasonable correlation between HR ca-
pacity and the abundance of HR factors (Figure 4C). These
findings are consistent with a previous report showing that
untransformed hESC have lower HR efficiency than cancer
cells (74).

Consistent with the hypothesis that E2F transcription
impacts the level of HR-mediated repair, hTERT RPE-1
cells transformed with Large T (LT) antigen (Figure 4D),
which was previously shown to result in high expression of
E2F targets via impairment of RB function (75,76), resulted
in increased HR factor abundance and HR capacity (Fig-
ure 4E and F). It has also been reported that LT antigen
transformation and E2F1 overexpression can activate the
ATR/ATM pathway (77–79), and as expected, phospho-
CHK1 levels increased upon LT transformation, suggest-
ing that ATR is more active in LT transformed cells (Figure
4D). LT transformation did not result in major cell cycle
changes, confirming that the protein abundance changes are
not a cell cycle effect (Supplementary Figure S9). Taken to-
gether, these findings are consistent with the model that HR
factor abundance is a key determinant of HR capacity and
further supports the importance of the role of ATR signal-
ing in controlling HR capacity via modulation of HR factor
abundance.

Cancer cell lines heavily rely on ATR to sustain the abun-
dance of HR factors

Many cancer cells are known to have de-regulated DNA
replication and, as a consequence, higher levels of replica-
tion stress (80–82). Since ATR signaling is responsive to in-
trinsic levels of replication stress, we reasoned that higher
levels of basal ATR signaling in cancer cells result in in-
creased abundance of HR factors and higher HR capacity.
Consistent with this model, it was recently proposed that
cells become addicted to E2F transcription to cope with
high levels of replication stress (18). As shown in Figure
4A, phospho-CHK1 and the abundance of key HR pro-
teins were indeed higher in a panel of cancer cell lines com-
pared to an hTERT RPE-1 cell typically used as a non-
cancer cell line reference. We predicted that these cancer cell
lines would be highly dependent on ATR signaling to main-
tain the abundance of HR proteins. Indeed, while chronic

ATRi treatment did not result in major changes in the abun-
dance of BRCA1 in hTERT RPE-1 cells (Figure 5A), se-
vere reduction in the abundance of BRCA1 was found in
cancer cells (Figure 5B and C). Consistent with this find-
ing, chronic ATR inhibition in hTERT RPE-1 cells did not
result in a striking drop in HR-mediated repair efficiency
compared to short-term (2 day) treatment (Figure 5D and
Supplementary Figure S10), whereas in the HCT116 colon
cancer cell line, the effect of chronic ATR inhibition was
significantly more severe than that of short-term treatment
(Figure 5E and Supplementary Figure S11). Taken together,
the results reveal cell type-specific responses to long-term
ATR inhibition, with cancer cells often displaying stronger
dependency on ATR signaling for sustaining the abundance
of HR factors. The sharp correlation between observed
changes in HR protein abundance and measured changes
in HR-mediated repair efficiency strongly suggests that re-
duction in HR factor abundance is the major cause of the
reduction in HR-mediated repair efficiency.

Rationale for synergistic sensitivity of cancer cells to com-
bined ATR and PARP inhibition

Our results reveal that chronic ATR inhibition mimics ‘BR-
CAness’, a term used to define a state of cancer cell lines
with dysfunctional BRCA1 or BRCA2, and therefore, dys-
functional HR-mediated repair (83). Of note, BRCAness
cells with BRCA1 or BRCA2 mutations are highly sensitive
to PARP inhibitors (84–87), which are clinically effective
drugs under FDA approval for ovarian and breast cancer
treatment. We therefore reasoned that long-term treatment
with ATRi could be used to hypersensitize HR-proficient
cancer cells to PARP inhibitors. Based on our rationale,
cells should first undergo a long-term treatment with a low
dose of ATRi to deplete key HR components (such low
dose would have a minor effect on non-cancer cells), and
PARP inhibitor should only be added after this first treat-
ment phase. In this manner, depletion of the HR machin-
ery in HR-proficient cancer cells will make them particu-
larly sensitive to a second treatment phase in which PARP
inhibitors are also added. To test the efficacy of this strat-
egy, we subjected hTERT RPE-1 and HR-proficient U2OS
cancer cells to 5 days of chronic ATRi treatment. We then
treated these cells with ATR and/or PARP inhibitors for
an additional 3 days (Figure 6A). Crystal violet cell stain-
ing assay showed that hTERT RPE-1 cells did not show
major changes after inhibitor treatment, whereas U2OS
cancer cells showed dramatic loss of viability upon com-
bined treatment with ATR and PARP inhibitors. Strikingly,
U2OS cells treated only with ATRi for 8 days recovered af-
ter switching to drug-free media, whereas U2OS cells un-
dergoing the full treatment regime including the combina-
tion of ATRi and PARPi, could not recover. Interestingly,
other cancer cells that have relatively higher HR capacity
compared to hTERT RPE-1 cells (see Figure 4B), includ-
ing HeLa, HCT116 and A2780, also did not recover well af-
ter the full ATRi/PARPi combination treatment (Figure 6B
and Supplementary Figure S12). We note that U87 cancer
cells did not recover as well as hTERT-RPE-1 cells, but for
reasons that remain unknown, seem not as impacted as the
other cancer cells by the combined ATRi/PARPi treatment.



Nucleic Acids Research, 2018, Vol. 46, No. 16 8319

A

C

D E F

B

Figure 4. Correlation between HR factor abundance and HR-mediated repair. (A) WB analysis of HR factor abundance in a panel of cell lines. (B)
Analysis of HR-mediated repair using the DR-GFP system. Relative fold change of GFP positive population from different cell lines (error bars = SEM,
N ≥ 3). (C) R2 correlation between protein abundance and DR-GFP level. Abundance of each protein was measured by densitometry and normalized to
corresponding abundance of actin. (D) Diagram of the experimental setup and rationale for using LT transformation to induce increased replication stress,
HR factor abundance and HR capacity. (E) WB analysis of hTERT RPE-1 and LT transformed hTERT RPE-1 cells. (F) Analysis of HR-mediated repair
using the DR-GFP system. Relative fold change of GFP positive hTERT RPE-1 cells over LT transformed hTERT RPE-1 cells (error bars = SEM, N ≥
3, ****P-value < 0.0001; one sample-t-test was used for the statistical analysis).

Overall, the described findings are consistent with previous
reports that showed synthetic lethality of ATR and PARP
inhibition in cancer cells and tumors (46,88). Collectively,
our work provides the mechanistic explanation for why the
ATRi/PARPi combination can be so effective at sensitizing
HR-proficient cancer cells.

DISCUSSION

The work presented here reveals a major role for ATR sig-
naling in modulating HR capacity by controlling the abun-

dance of the recombination machinery. Our results have im-
portant implications to understand how cancer cells acquire
enhanced HR capacity. Furthermore, the reported findings
provide rationale for the therapeutic use of ATR inhibitors
in sensitizing HR-proficient cancer cells to drugs known to
target HR-deficient cancer cells.

A model for the control of HR capacity via ATR signaling

ATR signaling mediates key interactions between HR pro-
teins that are important for HR-mediated repair (25,26,89).
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Figure 5. Cancer cell lines display high dependency on ATR signaling for sustaining the abundance of HR factors and HR-mediated repair. (A and B) WB
analysis of hTERT RPE-1 or HCT116 (colon cancer) cells after 8 day chronic treatment with 5 �M ATRi or ATMi. (C) WB analysis of indicated cancer
cell lines upon 8 day chronic treatment with 5 �M ATRi. (D and E) Analysis of HR-mediated repair using the DR-GFP system. Relative fold change of
GFP positive hTERT RPE-1 or HCT116 cells over DMSO after ATRi treatment (error bars = SEM, N≥3, ****P-value < 0.0001; one sample-t-test was
used for the statistical analysis comparing 2 days versus 8 days of treatment).

In this context, short-term inhibition of ATR is expected
to impair such pro-HR function of ATR. Indeed, we at-
tribute the modest reduction in HR observed upon short-
term ATR inhibition to loss of specific key pro-HR interac-
tions (for example: BRCA1-TOPBP1 and PALB2-BRCA1),
although we note that it is possible that ATM may partially
compensate for the loss of ATR signaling in mediating these
interactions. While it is possible that the impairment of pro-
tein interactions contributes partially to the severe inhibi-
tion of HR observed upon long-term (over 4 days) ATR
inhibition, we favor the model that the severe reduction in
HR capacity is mostly caused by a pre-conditioned state of
HR factor depletion. In this model, the role of ATR in con-
trolling transcription of E2F targets during every S-phase
is crucial to maintain the proper abundance of HR pro-
teins and, therefore, sustain the capacity of cells to utilize
HR (Figure 7A). Consistent with this model, E2F targets,
which include many HR factors, are induced every S phase
as part of a G1/S wave of cell cycle transcription (16,19).
Furthermore, the ATR-CHK1 pathway is supposedly ac-
tive every S-phase (53,90,91) and is known to prolong E2F
transcription (16,18,20,40,62,63). Therefore, our work pre-
sented here suggests that chronic ATR inhibition during
multiple cell cycles gradually decreases the abundance of
HR factors (Figure 7B). A logical explanation is that un-
der chronic ATR inhibition the amount of protein loss due
to constitutive protein turnover surpasses the amount of
HR factors produced by de novo protein synthesis, gener-
ating a deficit in HR factor abundance that is exacerbated

after multiple cell cycles. As a consequence, depletion of the
HR machinery severely impairs HR capacity. While it is cur-
rently unclear whether it is the level of a specific HR factor
or global levels that are behind the synergistic sensitivity to
ATRi/PARPi, we favor the model that the strong reduction
in HR-mediated repair is due to the combined reduction in
the abundance of several repair factors.

Increased ATR signaling enhances the HR capacity in cancer
cells

Many cancer cells experience high levels of replication stress
(41,82,92–94), which results in higher levels of spontaneous
ATR signaling (40,95,96). Based on our model presented in
Figure 7C, we propose that such constitutively higher ATR
signaling in cancer cells during every S-phase will create a
surplus in HR factor abundance and lead to higher HR
capacity. In fact, many cancers have increased HR capac-
ity (74). It is worth mentioning that a correlation between
ATR signaling and HR capacity could be lost due to mu-
tations or alterations that directly deregulate the RB-E2F
pathway. For example, we noticed that HEK293T cells ex-
hibit one of the highest levels of HR factors and the highest
HR capacity of all cells examined, but not the highest lev-
els of CHK1 phosphorylation (Figure 4A and B). This is
consistent with the fact that LT-transformation is known to
directly inhibit RB function, and therefore maintain high
E2F transcription (75,76), which would bypass the need for
CHK1 signaling for enhanced HR factor abundance. Inter-
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Figure 6. Chronic treatment with ATR inhibitor hypersensitizes several HR-proficient cancer cells, but not hTERT RPE-1 cells, to PARP inhibition. (A)
Cell viability analysis for testing the synergistic effect of ATRi and PARPi following chronic treatment with ATRi. First, cells were treated for 5 days with
either DMSO or 5 �M ATR inhibitor. Next, 1 × 105 cells of each cell type were plated onto a 10 cm dish and further treated with DMSO, ATR inhibitor
and/or PARP inhibitor for additional 3 days. Cells were either fixed or allowed to recover after additional 2 or 8 days in drug-free media. Crystal violet
stainings of representative results are shown at the top and quantitation of viable cells from multiple experiments is shown at the bottom (error bars = SD,
N = 3). (B) Indicated cancer cell lines were subjected to the same experimental protocol described in A. These cells did not display noticeable sensitivity
to treatment with PARP inhibitor only (Supplementary Figure S12A).
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Figure 7. Model depicting how modulation of ATR signaling alters HR capacity in cancer cell growth and ATRi-mediated cancer therapy. See text in the
discussion for details.

estingly, we also noted the potential for an ATR-dependent
and CHK1-independent mechanism for HR factor control
in HCT116 cells. As shown in Supplementary Figure S13,
differently than ATR inhibition, CHK1 inhibition did not
lower the level of E2F1 nor the abundance of other HR pro-
teins in HCT116. This result suggests that there is an alter-
native pathway, other than CHK1, that regulates E2F tran-
scription in these cells. Finally, we note that ATR may also
control BRCA1 protein stability, revealing transcription-
independent mechanisms for ATR-dependent regulation of
HR factor abundance. Overall, despite possibilities for al-
ternative rewiring of the mechanisms for control of E2F
transcription, the model for enhanced ATR signaling pro-
moting increased HR factor abundance seems applicable in

many cases and provides a mechanistic explanation for the
high HR capacity observed in many cancers.

A chemo-therapeutic strategy to sensitize HR proficient can-
cer cells to PARP inhibitors

Our finding that chronic treatment of cancer cells with sub-
lethal doses of ATRi leads to severe impairment of HR-
mediated repair has important implications for cancer ther-
apy. As described above, many cancer cells seem to rely
on constitutive ATR hyper-signaling to overexpress com-
ponents of the HR machinery and acquire enhanced HR
capacity, which would improve their ability to deal with in-
creased levels of replication stress. In this context, we pro-
pose that partial inhibition of ATR over long-term treat-
ment protocol is particularly deleterious for cancer cells,
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since the compromised HR machinery is expected to be un-
able to efficiently deal with enhanced replication stress. Of
importance, since the treatment uses relatively low doses of
ATRi, it is possible that cells such as hTERT RPE-1 (and
potentially other non-cancer cells), that do not explore ATR
hyper-signaling, are not subjected to the deleterious effects
of a high dose of ATR or CHK1 inhibitor, which include the
well-established effects on origin firing and fork integrity.

Since chronic ATR inhibition is very effective at depleting
the HR machinery and reducing HR capacity, we further
predicted that this rationale could be explored in combina-
tion therapy to sensitize HR-proficient cancer cells to the
treatment of PARP inhibitors, which are typically used to
treat HR-deficient cancers such as BRCA1 or BRCA2 mu-
tated cancers (84–87). Indeed, our data on a panel of cancer
lines revealed that our prediction is correct for most of the
cancer cell lines tested. Further analyses involving a larger
panel of cancer cell lines and in organismal contexts will
be required to further evaluate the effectiveness of this ap-
proach. We note that a recent study showed that ATR in-
hibition and knockdown of HR factors, such as RAD51,
leads to synergistic lethality in cancer cells (73). While this
is an interesting and potentially effective strategy, it is likely
that this synergism arises from the short-term effects of
ATR inhibitors in causing fork collapse, which would then
require the HR machinery for fork restart. In this con-
text, ATR inhibitors are being used as a DNA damage-
generating drug. Such rationale is fundamentally distinct
from our proposed rationale, in which treatment with sub-
lethal doses of ATR inhibitors is used to reduce HR capac-
ity and compromise the ability of cancer cells to respond to
DNA damage.

Overall, the findings reported here provide a novel strat-
egy for how the HR capacity can be modulated in cancer
cells via controlled ATR inhibition. In addition to helping
improve therapy, we expect that the generated knowledge
could have far reaching implications to better understand
how cancer cells develop an optimized machinery for robust
genome replication and maintenance.
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