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ABSTRACT

Because of essential roles of DNA damage response
(DDR) in the maintenance of genomic integrity, cel-
lular homeostasis, and tumor suppression, targeting
DDR has become a promising therapeutic strategy
for cancer treatment. However, the benefits of can-
cer therapy targeting DDR are limited mainly due to
the lack of predictive biomarkers. To address this
challenge, we performed CRISPR screens to search
for genetic vulnerabilities that affect cells’ response
to DDR inhibition. By undertaking CRISPR screens
with inhibitors targeting key DDR mediators, i.e. ATR,
ATM, DNAPK and CHK1, we obtained a global and
unbiased view of genetic interactions with DDR in-
hibition. Specifically, we identified YWHAE loss as
a key determinant of sensitivity to CHK1 inhibition.
We showed that KLHL 151oss protects cells from DNA
damage induced by ATM inhibition. Moreover, we val-
idated that APEX1 loss sensitizes cells to DNAPK
inhibition. Additionally, we compared the synergis-
tic effects of combining different DDR inhibitors and
found that an ATM inhibitor plus a PARP inhibitor in-
duced dramatic levels of cell death, probably through
promoting apoptosis. Our results enhance the under-
standing of DDR pathways and will facilitate the use
of DDR-targeting agents in cancer therapy.

INTRODUCTION

Normal cells often encounter a variety of endogenous
and exogenous DNA lesions (1,2). To protect themselves
from these various types of DNA damage, cells evolve a
complex network named DNA damage response (DDR)
to coordinate DNA damage sensing, signal transduc-
tion, and repair of these DNA lesions. DDR also reg-

ulate cell cycle progression and control many other cel-
lular processes (3—-5). Dysfunctional DDR leads to unre-
paired or mis-repaired genome that causes genomic insta-
bility and eventually human diseases such as cancers (6).
Thus, although genomic instability is a hallmark of can-
cer, it may also provide targetable vulnerabilities for cancer
therapy (7,8).

Although traditional DNA damage-based therapies such
as radiotherapy and chemotherapy have shown great bene-
fits in clinic, these therapies kill both cancer cells and nor-
mal cells and therefore have dose-limiting toxicities (9,10).
In contrast, targeted cancer therapies based on the unique
genetic contexts of specific cancers may reduce toxicity
and enhance anti-tumor efficacy (11). Among these ther-
apies, those targeting DDR are promising for several rea-
sons. First, DDR is essential for ensuring genomic stabil-
ity, which is often dysregulated in cancers (3,12-14). Sec-
ond, mechanisms underlying DDR pathways are well stud-
ied, and highly specific inhibitors targeting DDR pathways
have already been developed for preclinical and clinical ap-
plications (15). More importantly, therapies targeting DDR
pathways, such as PARP inhibitors, have proven to be ef-
fective for the treatment of breast or ovarian cancers with
BRCA1/2 mutations (16,17). However, the current utility
of other DDR inhibitors is limited because the specific ge-
netic vulnerabilities associated with these inhibitors are un-
known.

The critical regulators of DDR are protein kinases,
e.g. phosphatidylinositol-3-kinase-like kinase [PI3KK]
family kinases (5). These protein kinases include ATM
(ataxia-telangiectasia mutated), ATR (ATM- and Rad3-
related), and DNAPK (DNA-dependent protein kinase)
(7,11). In response to various types of DNA damage,
these kinases activate and phosphorylate hundreds of
downstream proteins to regulate a variety of cellular
processes, including DNA repair, cell cycle progression,
and apoptosis (5). ATM is a master kinase that regulates
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two major pathways involved in DNA double-strand
break repair, i.e. homologous recombination (HR) and
nonhomologous end joining (NHEJ) pathways (18). Loss
of ATM protein kinase activity results in hypersensitivity
to ionizing radiation (IR) and predisposes individuals to
cancers (19-21). ATR protein kinase is another master
DDR kinase that functions in cellular response to a broad
range of DNA lesions, including replication stresses, ultra-
violet light (UV), IR and environmental mutagens (22-26).
Moreover, ATR protein kinase also plays important roles
in telomere maintenance and cell cycle checkpoint control
(27). For its role in cell cycle regulation, ATR protein
kinase activates a key downstream kinase, checkpoint
kinase 1 (CHK1), and initiates a wave of phosphorylation
events that are important for cell cycle progression (28-32).
The versatile functions of ATM and ATR protein kinases
make them the master transducers of DNA damage signals,
which are essential for genome maintenance. Compared
to ATM and ATR protein kinases, DNAPK regulates
a smaller number of targets and plays a role primarily
in NHEJ pathway (33,34). These three PI3KK kinases
play critical and sometimes redundant roles in DDR.
Their functions are distinguishable from other PI3KK
family members such as mammalian target of rapamycin
(mTOR) and SMGI1 (suppressor of morphogenesis in
genitalia-1) (35,36). It is also noteworthy that, although
they have different biological functions, all these PI3KKs
have structural similarities within their PIKK domains,
which makes it challenging to develop specific inhibitors
targeting the individual kinases (37).

Knowledge of these key DDR kinases has been accumu-
lated mostly from studies of their substrates and/or their in-
teraction partners (38-41). These previous studies revealed
the detailed mechanisms and key functions of these kinases.
However, in-depth genetic interactions with these protein
kinases have not yet been explored due to technical limi-
tations. Nowadays, CRISPR-based genetic screens enable
genome-scale analyses of gene-gene and gene-drug inter-
actions in human cells, which can provide comprehensive
views of protein functions and their genetic interactions
(42). Indeed, recent CRISPR screens using RPE1 cells re-
vealed a genetic network of cellular responses to a variety
of genotoxic agents, demonstrating the power of CRISPR-
based screens in functional exploration (42). Recent reports
using CRISPR screens have also illustrated new vulnera-
bilities to specific DDR inhibitors, such as ATR inhibitor
(ATRi), ATM inhibitor (ATMi), poly adenosine diphos-
phate ribose polymerase (PARP) inhibitor (PARPi), and
CHK1 inhibitor (CHK11) (43-46). However, these studies
are not suitable to infer the difference among distinct DDR
inhibitors because their screens were carried out in isolation
using different cell lines and/or different CRISPR libraries.
Accordingly, we conducted this study to obtain a compre-
hensive view of genetic interactions in response to DDR
inhibitors. To accomplish this, we conducted genome-scale
CRISPR screens in a single cell line with several PI3KK
family kinase inhibitors (ATRi, ATMi, DNAPK inhibitor
[DNAPKI], mTOR inhibitor [mnTORi]) and related DDR
inhibitors (CHK1i and PARP1). Our results elucidate the
key differences among these specific DDR inhibitors, iden-
tify new synthetic lethal or survival relationships, and offer
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potential biomarkers for the clinical application of these in-
hibitors.

MATERIALS AND METHODS
Cell lines and cell cultures

HEK?293A and HCT116 cells were obtained from ATCC.
Dulbecco’s modified Eagle’s medium with 10% fetal calf
serum was used to culture the HEK293A cells. Mcoy5SA
medium with 10% fetal calf serum was used to culture the
HCT116 cells. All the cells passed the test of mycoplasma.

CRISPR screens

The screens were conducted as described in a previous paper
(43). Briefly, the Toronto KnockOut library was transfected
into HEK293A cells with the packaging vector psPAX2, the
envelope vector pMD2.G, and X-treme Gene transfection
reagent (Roche). The virus-containing media were collected
24 h after transfection, centrifuged at 1500 rpm for 5 mins,
and frozen for subsequent sgRNA screens. For sgRNA
screening, 120 million HEK293A or HCT116 cells were in-
fected with lentiviruses encoding the Toronto KnockOut li-
brary at a low multiplicity of infection ratio (< 0.3). Twenty-
four hours after infection, the medium was replaced with
fresh medium containing puromycin (2 wg/ml). After selec-
tion, cells were split into different groups containing ~20
million cells each, passaged every 3 days, and maintained
at 200-fold coverage. At day 0 and every 3 days from day
6 to day 21, 25 million cells (>300-fold coverage) were col-
lected for genomic DNA extraction. Genomic DNA was ex-
tracted from cell pellets using the QIAamp Blood Maxi Kit
(Qiagen), precipitated using ethanol and sodium chloride,
and resuspended in Buffer EB (10 mM Tris—-HCI, pH 7.5).
Polymerase chain reaction was used to amplify gRNA in-
serts; primers harboring Illumina TruSeq adapters with i5
and 17 barcodes were used, and the resulting libraries were
sequenced on an Illumina HiSeq 2500 system. The BAGEL
algorithm was used to calculate essentiality scores. DrugZ
analysis was used to calculate the difference between the
dimethyl sulfoxide- and drug-treated groups.

Generation of KO cells

KO cells were generated using pLentiCRISPRv2. Cells were
transiently transfected with the indicated plasmids and se-
lected using puromycin (2 pg/ml). Single cells were then
plated into 96-well plates. After 10 days, clones were picked
and checked with the indicated antibodies using western
blotting.

Antibodies

The antibodies used in this study are as following: yH2A.x
(Millipore, Cat. 05-636); CHKI1 (Cell Signaling, Cat.
2360); pCHK 1(s345) (Cell Signaling, Cat. 2348); CHK?2
(Cell Signaling, Cat. 6334); pCHK2(T68) (Cell Signaling,
Cat. 2197); pRPA2(s33) (Bethyl, Cat. A300-246A); RPA2
(Cell Signaling, Cat. 2208); 53BP1 (Santa Cruz Biotech-
nology, Cat#sc-515841); BRCA1 (Santa Cruz Biotech-
nology, Cat#sc-6954); pDNA PKcs (S2056) (Abcam,
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Cat#ab18192); beta-tubulin (Sigma-Aldrich, Cat#T5168);
CtIP (Cell Signaling, Cat.9201).

Inhibitors

The inhibitors used in this study are as following: AZD6738
(Selleck Chemicals, S7693), LY2603618 (Selleck Chemicals,
S2626), CVT313 (Selleck Chemicals, S6531), AZD0156
(Selleck Chemicals, S8375), AZD1390 (Selleck Chemicals,
S8680), NU7441 (BioVision, B1875-5), Rapamycin (Selleck
Chemicals, S1039), Olarparib (Selleck Chemicals, S1060).

sgRNAs, shRNA and siRNAs

The sgRNAs, shRNAs and siRNAs used in
this study are as followingg YWHAE sgRNAI
(AAGCGAATAGGATGCGTTGG); YWHAE sgRNA2
(ACTTCAGACATGCAGGGTGA); YWHAE sgRNA3
(CCTAAGCGAATAGGATGCGT); KLHL15 sgRNAI
(AAGAAGGGACCATAGAACAA); KLHL15 sgRNA2
(ACAACCCAGAGACTGATCAG); ATM  sgRNA
(GATGGCAGATATCTGTCACC); RAP80 sgRNA
(GGAGGTGAACAGCCAGGAGG); CHDIL sgRNA

(AGTTGGAGACCACCTGACTG); APEX1 sgRNA
(GTAACGGGAATGCCGAAGCG); XRCCI sgRNA
(GGTACAGCTTACCTGGGACG); PNKP  sgRNA
(ACCAGGGCTTGCCCGTCCGA); PARP1 sgRNA
(GCAGAAAGTCAAGAAGACAG); PARP2 sgRNA

(AGGTTCGGAGCTCAATATCG); CtIP siRNA (Qia-
gen, S103211859); BRCA1 siRNA (Qiagen, S102664368);
ATM shRNA1 (Horizon, RHS4430-200187878); ATM
shRNA2 (Horizon, RHS4430-200190335)

Western blotting

Cells were lysed in NETN buffer (20 mM Tris [pH 7.6],
1 mM ethylenediaminetetraacetic acid, 1% NP40, 150
mM NaCl) supplemented with protease-inhibitor cocktail
tablets (Roche). Proteins were separated by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis, transferred
to membranes, and immunoblotted with antibodies as indi-
cated in the figures.

Crystal violet viability assays

For crystal violet viability assays, cells were seeded (200 cells
per well in 6-well plate or 1500 cells per well in 12-well plate),
exposed to chemicals/drugs as indicated, and cultured for
14 days or 7 days as indicated. Cells were stained with crys-
tal violet (Sigma). Colonies were counted manually. All cell-
survival assays were performed at least in triplicate.

Flow cytometry

Cells were fixed in 70% ethanol and permeabilized with
phosphate-buffered saline (PBS) with 0.5% Triton X-100.
Cells were then incubated with primary antibodies diluted
in PBS with 0.05% Triton X-100 (PBST) and 3% bovine
serum albumin (PBST-BSA) for 1 h at room tempera-
ture. After three washes with PBS, fluorescently labeled
secondary antibodies in PBST-BSA were added for 1 h.

For FACS, propidium iodide staining was used to mea-
sure DNA content. Data were collected with a BD C6 flow
cytometer (Becton Dickinson) and analyzed with Flowjo
(Becton Dickinson).

Immunofluorescence staining analysis

Cells were grown on coverslips for 24 h before treat-
ment. After the indicated treatment, cells were fixed in 4%
paraformaldehyde and permeabilized with PBS with 0.5%
Triton X-100. Then, cells were incubated with primary an-
tibodies diluted in PBST-BSA for 1 h at room tempera-
ture. After three washes with PBS, fluorescently labeled sec-
ondary antibodies in PBST-BSA were added for 1 h. Cells
were then washed in PBS with Hoechst stain (1:10 000).
Slides were imaged at 40 x magnification on a Leica micro-
scope.

DNA fiber assay

Cells were labeled with 30 wM CIdU for 20 min, washed
quickly twice with PBS and exposed to 250 uM IdU for
another 20 min. Cells were harvested and resuspended in
PBS. Cells were then lysed with lysis buffer (200 mM Tris—
HCI pH7.4, 50 mM EDTA, 0.5% SDS), and DNA fibers
stretched onto glass slides. The fibers were then denatured
with 2.5 M HCl for 1 h, washed with PBS and blocked with
2% BSA in PBST for 30 min. The fibers were stained with
anti-BrdU antibodies recognizing CIdU (Rat anti-BrdU,
AbD Serotec OBT0030) and IdU (Mouse anti-BrdU, BD
347,580). Slides were imaged at 40x on a Leica microscope.
The sum of IdU and CldU length were calculated to mea-
sure the DNA fiber length.

HR reporter assay

U20S cells stably expressing HR reporter DR-GFP were
gifts from Albert C. Koong lab in MD Anderson Cancer
Center. 1 x 10° U20S DR-GFP cells were transfected with
the indicated sgRNAs or siRNAs. Twenty four hours later, 2
g of pCBASce plasmid (an I-Scel expression vector) were
transfected into the cells with Lipo2000. Cells were cultured
for another 48 hrs and subjected to flow cytometry analysis
to determine percentages of GFP-positive cells, which re-
sult from HR repair induced by DNA DSBs. Means were
obtained from 3 independent experiments.

Neutral comet assay

After trypsinization, cells were resuspended in PBS (Gibco)
at a concentration of 2 x 10° cells/ml. Seventy-five micro-
liters of cell suspension were mixed in 500 wl LM Agarose
(Trevigen), placed on gel bon films, covered with a 22-mm
cover slide (VWR International), and left in the dark for
15min at 4°C. After removal of the coverslip, cells were
lysed in the dark for 1h in Trevigen lysis at 4°C. Follow-
ing washing with TBE (90 mM Tris-borate (pH 8.3) and
2mM EDTA), the samples were subjected to electrophore-
sis at 35V for 7min in TBE. Afterwards, cells were fixed
in 70% ethanol and dried at room temperature. The follow-
ing day, nuclei were stained with SYBR green I (Invitrogen)



in 10mM Tris—HCI, pH 7.5, 1 mM EDTA, pH 8.0. Slides
were imaged at 40x magnification on a Leica microscope.
Relative tail moments were measured using the CometScore
software (TriTek). For each group, tail moments of at least
200 cells were measured.

Proteomic profiling with tandem mass tag (TMT)

HEK-293A (three biological replicates) and three differ-
ent KLHL15 knock out clones were collected when the
cell density reached 80-90% confluence. The cell pellets
were washed with ice-cold PBS, then lysed in chilled lysis
buffer (8.0 M urea in 0.1 M NH4HCO3, supplemented with
1 x protease inhibitor cocktail) with incubation on ice for
30 min and sonication at 4°C (2-min cycles of 5 s on and
10 s off at 30% output power for a tip-probe sonicator). Af-
ter centrifugation, the supernatant was transferred to new
chilled tubes and the protein concentration was determined
by BCA protein assay following the manufacturer’s instruc-
tions. The supernatant was diluted to equal protein concen-
trations. Proteins were reduced with 5 mM dithiothreitol
at 56°C for 30 min, alkylated with 15 mM iodoacetamide
at ambient temperature in the dark for 30 min, and then
quenched by 15 mM cysteine. Samples were sequentially
digested by Lys-C (enzyme: proteins, 1:100) for 4 h and
then trypsin (enzyme: proteins, 1:50) overnight at 37°C.
Before trypsin digestion, the protein solution was diluted
with 4-fold 0.1 M NH4HCO; (pH 8.0). The digestion was
quenched by trifluoroacetic acid to a final 0.1% concentra-
tion, desaulted with the Sep-Pak SPE column (Waters, Mil-
ford, MA) and then dried with a SpeedVac.

The 6-plex TMT labeling was performed with previously
reported protocol (69). Briefly, 50 wg peptides were dis-
solved in 25 pl of 50 mM HEPES (pH 8.5), then labeled
with the TMT reagent for 1 h at room temperature and 1000
rpm. The reaction was quenched with hydroxylamine to a
final concentration of 0.5% (v/v) for 15 min at room temper-
ature and 1000 rpm. The equal TMT-labeling peptide solu-
tions were pooled, then subjected toSep-PakC18 desalting
and dried with a SpeedVac. The pooled TMT-labeling pep-
tides were separated by high-pH reverse-phase HPLC with
a Waters XBridge C18 column (3.7-pm particles, 4.6 x 250
mm) (70,71). Eluents were collected every 1 min in a 90-min
gradient from 2% to 95% of buffer B (10 mM ammonium
formate, 80% ACN) at a flow rate of 0.7 ml/min. The elu-
ents were pooled into 16 fractions by previously reported
method (71,72).

The fractions were dissolved with solvent A (0.1% formic
acid in H2O), then analyzed on a Q Exactive HF-X mass
spectrometer (Thermo Fisher Scientific, Waltham, MA)
with a 65 min gradient from 5% to 50% solvent B (0.1%
formic acid in 80% ACN). With data-dependent mode, the
precursor ions were scanned with 375-1500 m/z and a res-
olution of 70 000 at m/z 200. The automatic gain control
target was 1e6 with 100 ms of maximum injection time. The
MS/MS fragmentation of 40 most intense ions above 1.5e4
were performed with higher collision dissociation with nor-
malized collision energy of 28%, with 1 m/z isolation win-
dows and 60 s of dynamic exclusion time. Ion fragments
were detected in the Orbitrap at a resolution of 17 500 at
m/z 200 with an automatic gain control 1e6 and 100 ms of
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maximum injection time. Precursor ions with one charge or
five or more charges were excluded for fragmentation.

The acquired MS/MS raw data were searched against
human proteomes database from uniprot (29 July 2020,
updated, 93 798 sequences) by MaxQuant software (ver-
sion 1.6.7.0) with a reversed decoy database by Andromeda
search engine (73). The default parameters for TMT la-
beling were applied (73). The different expression analysis
was performed with Perseus (version 1.6.7.0) with criteria,
a permutation-based False Discovery Rate (FDR) <0.001
and SO = 0.1 (74).

Statistics

Statistical analyses were performed using GraphPad Prism
software (version 8.0). All of the statistical methods used are
described in the main text. Each experiment was repeated
three times or more. Differences between groups were ana-
lyzed using the Student’s 7-test, unless otherwise noted. A P
value <0.05 was considered statistically significant.

Data availability

All relevant data not presented in the main figures or in the
supplementary data are available from the authors.

RESULTS

Whole-genome CRISPR screens with DDR inhibitors in
HEK293A Cells

To determine the genetic vulnerabilities to DDR inhibi-
tion, we performed CRISPR screens in HEK293A cells
with specific clinical/preclinical inhibitors (Figure 1A), in-
cluding ATRi (AZD6738), ATMi (AZD0156), DNAPKi
(NU7441) and CHK i (LY2603618) (Figure 1B). These in-
hibitors targeted the PI3KK family kinases and a down-
stream CHKI1 kinase, which are essential in DDR path-
ways. In this experimental setting, the mTOR inhibitor (ra-
pamycin) was included as a control for the PI3KK family
kinase inhibitors (Figure 1B) because mTOR is not directly
involved in DDR. The CRISPR screens were carried out
with the Toronto KnockOut single guide RNA (sgRNA) li-
brary (TKOv3) as previously described (43). The 20% in-
hibitory concentration (ICy) of each inhibitor was iden-
tified and shown to be effective in inhibiting the targeted
kinase activity (Supplementary Figure S1). The CRISPR
screen workflow is shown in Figure 1A. Briefly, cells were
infected with the lentiviral sgRNA library and then were
divided into control and treated groups. The treated groups
were incubated with the indicated inhibitor at IC», while the
control groups were left untreated. After about 14 popula-
tion doublings (~21 days), genomic DNA extracted from
the different groups were sequenced and analyzed. The
gene-level depletion scores were analyzed with DrugZ, an
optimized software application for drug-genomic CRISPR
screens. The normalized Z scores (NormZ) are presented in
Supplementary Table S1. Negative NormZ values suggest
that depletion of the genes in question leads to synthetic
weakness/lethality in the cell; positive NormZ values indi-
cate genes whose loss confers a growth advantage in cells
treated with the indicated drug.
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Figure 1. Genome-Wide CRISPR Screens with DDR Inhibitors in HEK293A Cells. (A) Schematic representation of the workflow for CRISPR screens
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We used the following criteria to obtain an overview of
the screening results. For genes whose depletion induced
sensitization to the DDR inhibitors, we used NormZ val-
ues less than —3 and synthetic lethal P values lower than
0.015 as the criteria for inclusion in a list of candidate genes
whose loss could sensitize cells to each inhibitor. Our list
of candidate genes included 468 genes for ATR1, 367 genes
for CHK1i, 167 genes for ATMi, 135 genes for DNAPKi,
and 89 genes for mTORI. This list was then processed for
functional enrichment analysis for a global view of genetic
vulnerabilities in response to individual inhibitors (Figure
1C, D).

A functional term enrichment analysis with STRING
showed that, overall, these candidate genes are highly en-
riched in the functional categories associated with DNA
replication, DNA repair, and cell cycle regulation. The top
functional terms for each inhibitor are listed in Figure 1C.
Specifically, we noticed great similarity between the top
terms for ATRi and CHK1i (Figure 1C, D), which is as
expected because they function in the same DDR path-
way. Briefly our results showed that: (i) ATR activity is im-
portant for DNA replication and diverse DDR pathways,
(i) CHK1 activity is important for replication checkpoint
control and cell cycle regulation, (iii) the loss of Fanconi
anemia (FA) pathway genes increases sensitivity to ATMi,
ATRi and CHK i, and 4) defects in apurinic/apyrimidinic
site (AP)-site resolution or the single-strand break repair
(SSBR) pathway sensitize cells to DNAPKI. It is also worth
noting that the functional terms enriched in the mTORIi
group are distinct, among which mTOR pathway genes
were highly enriched, whereas the DDR-related terms rarely
appeared. These functional enrichment terms were further
analyzed by clustering, as shown in Figure 1E, which again
shows the similarity between the pathways enriched by
ATRi and CHK1i.

A relationship map of the individual genes in these di-
verse functional groups is presented in Figure 1F, which
illustrates several important findings. First, ATRi and
CHKIi shared the most common synthetic lethal/sick
genes, most of which were cell cycle regulation-related
genes. This finding was consistent with the findings from
our functional enrichment analysis. Second, FA genes were
highly enriched in both the ATMi and ATRi groups. Ad-
ditionally, loss of genes involved in the base excision re-
pair (BER) pathway sensitized cells to ATMi, ATRi and
DNAPK.. This map also suggests preferences among these
inhibitors. For example, many DNA replication-related
genes were identified in the ATRi group, and some of these
genes were shared with the ATMi or DNAPKi groups (Fig-
ure 1G), although the overlap was not extensive. The mTOR
pathway genes in the mTORI group showed distinct signa-
tures, as anticipated. It is also worth mentioning that we
identified several genes with unclear functions that need fur-
ther exploration.

We also compared our screen results with several recently
reported screen datasets including ATMi based screen,
ATRI based screen and CHK1i based screen (Supplemen-
tary Figure S2A and Table S2) (43-46). As shown in Supple-
mentary Figure S2B-D, several robust interactions were re-
covered from different datasets although these screens were
performed in different cell lines, with different inhibitors

Nucleic Acids Research, 2021, Vol. 49, No. 14 8219

or with different sgRNA libraries. Several gene-drug inter-
actions, e.g. the FA pathway with ATMi/ATRi, POLE3/4
with ATRi/CHK1i, USP37 with ATRi/CHK1i, BRCA1-
A complex with ATMIi, were recovered in all these screens
(Supplementary Figure S2E), suggesting the reliability of
CRIPSR screens in identifying synthetic interactions be-
tween genes and drugs. It is also of note that FA complex
loss sensitized cells to ATMi/ATRi but not to CHK 11, while
POLE3/4 loss sensitized cells to ATRi/CHKIi but not to
ATMi. Also ATM loss sensitized cells to ATRi but pro-
tected cells from ATMi (Supplementary Figure S2E). These
results suggest the similarities and differences among differ-
ent DDR kinase inhibitors.

All these results suggest the reliability of these screens, the
specificity of these DDR inhibitors, and the potential of this
method for identifying novel gene-drug relationships that
may improve the clinical application of these DDR agents.

Loss of YWHAE Sensitizes Cells to CHK1i

As mentioned above, we found that CHK 11 and ATRi share
a catalog of synthetic lethal/sick genes that are known
to be involved in cell cycle regulation. CHK1i has been
less thoroughly studied than ATRIi; therefore, there is a
pressing need to identify the determinants of sensitivity to
CHKi. To achieve a comprehensive view of CHK1i’s syn-
thetic lethality in cells with diverse genetic backgrounds,
we performed an additional CRISPR screen with the same
CHKIiin HCT116 cells (Figure 2A). We identified 13 com-
mon genes whose loss caused sensitivity to CHK 1i in both
cell lines. Among the genes showing synthetic lethality with
CHK1i, YWHAE scored as one of the top candidate genes
(Figure 2B).

YWHAE belongs to the 14-3-3 family of genes. The 14—
3-3 family proteins are highly conserved in species from
yeast to humans and in mammals consist of seven mam-
malian genes/isoforms (B, v, {, m, 0, o and €) (47). The
14-3-3 family proteins have different expression patterns
in different cell types and tissues (48,49). Through bind-
ing to diverse target proteins, the 14-3-3 family proteins
regulate multiple biological processes such as cell prolifer-
ation, cell survival, apoptosis, and stress signaling (49,50).
Given the structural similarity between the isoforms, 14—
3-3 family proteins have overlapping yet distinct functions
(48). To evaluate the specificity of YWHAFE loss in inducing
sensitization to CHK 1 inhibition, we compared the sgRNA
dropout data of these 14-3-3 family genes. As shown in
Figure 2C and Supplementary Figure S3A, the counts of
the sgRNAs targeting YWHAE, but not those targeting
other 14-3-3 isoforms, decreased significantly under treat-
ment with CHK 11, which suggests that YWHAE depletion
specifically leads to hypersensitivity to CHK 1i. We further
validated the synthetic lethal interaction between YWHAE
and CHKIi using clonogenic experiments. As shown in
Figure 2D and E and Supplementary Figure S3B, trans-
fection with different sgRNAs reduced YWHAE protein
levels and significantly enhanced sensitivity to CHKI1i in
both HEK293A and HCT116 cells, which confirmed our
CRISPR screen results.

To search for the mechanisms underlying the synthetic
lethality between YWHAE and CHK1, we compared the



8220 Nucleic Acids Research, 2021, Vol. 49, No. 14

293A-CHK1i (LY2603618/Rabusertib)

HCT116-CHK1i (LY2603618/Rabusertib)

Gene Function

YWHAE signa! transduclion by binding to phosphoserine-
containing proteins

293A

A B methylation of the catalytic subunit of protein
° =2 10 A et phosphatase-2A
4 8 :E:mﬂ gz\g’fss MEX3A nucleic acid binding and RNA binding
5| 6 €] 5 THRAP3 Regulation of lipid metabolism by PPARalpha
il CCNe ]
3| 4 o RNASE
G2 " K1 Y —_ H2A  Ribonuclease H2 Subunit A
POLE3 DNA Polymerase Epsilon 3, Accessory Subunit
L 5 INTS5 Integrator Complex Subunit 5
o 2 TRAPPCA CENPH Centromere Protein H
2| 4 @ |10 YWHAE FOLR2 member of the folate receptor (FOLR) family
% 6 pLST E SETD1A Histone Lysine Methyltransferase
“v 5 coczs & |-15 RNASEH2B C70rf26 Unknown
o | YWHAE HCT116 KIF11 K|ne§|n ‘Flaml.ly Membelr 1 .
API5 deubiquitination of cyclin-A thereby promoting S phase
USP37
entry
C 1q = A D E CHK1i (LY2603618)
& o
] _ o sgRNAG
55 S YWHAESGRNA 5 400k T s conte!
%g -1 5 = —i—  sgYWHAE-2
° Q - DMSO © 1 2 3 é —¥—  SgYWHAE-3
NI 1 = R
ge 8 50 -
3 3 CHKTi ! o
LY2603618 Tubulin £ ¥ -
7 0.4uM ° \I
1.2 3 4 1.2 3 4
YWHAE sgRNAs 0 T T T T 1
00 02 04 06 08 1.0
Concentration (uM)
F 293A-WT 293A-YWHAE KO
— 293A-WT
>10 fe >5 fi
3 -0 toci -5 foci 60 YWHAEKO
E ns. ns o _
YH2AX 53BP1 YH2AX 53BP1 3 3 g %
% T §
= < o g
§ g 8 £
s z g £20
2 § i a2
< F ] ® 3 ns.
S YH2AX 53BP1 YH2AX| 538P1 3 o ©
N
£ & R0 R DMSO  CHK1i
© > o‘*t\vé- &
R
v
DMSO |
i i = 293A-WT
1 3 R = YWHAEKO
i Sl
1 ] 2”5?1’(3 50 . <
] ] g 5
1 W |1 YwHAEKO | g 40 =
! ! ! " 930 wi  YWHAEKO woi YWHAEKO woi YWHAEKO ¢
CHK1i 0.4uM 72hr % 004 0= 002 3
S 20 i i i o
3 1 x w 7 200 = 2007
i | < 2 i ] ] >2
] 1 g 10 3 B VY b ! " "
H = © G fh 0 Jrerief - & 0 & 0 & 0o
%, L bt v vl S g L L
%T 3 40.6% DMSO  CHK1i — ) N N
=] 3 Pldensity ONr 24hr 48hr
1 YWHAE KO Ohr 24hr  48hr
torre ‘ CHK1i 0.4uM |
> (CHK1i 0.4uM treatment time)
Pl density
J CHKli(hry O 24 48 0 24 48 K
DMSO CHK1i
CDK2 (Thr160) | - -
CDK1/2 (Tyr15) “ .- N : E o
N V4 N V4 > Effective killing
wr ® @ ® = by partially
Cells ) ¥ E] CHK(1 inhibition
CDK2 | i e gy s s @
G G s
B —— & s & 5 E e > o0
Tubulin | e ©
RPA2 (S33) - D
e .- T T T T
YWHAEKO y> O > o
2 2
RPA2 (S4/8) -— Cells & & & F
DR
& &
RPA2 | s e o e o DMSO CHK1i

WT YWHAE KO
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responses of HEK293A-wild type (WT) and HEK293A-
YWHAE-knockout (KO) cells to CHK1 inhibition. As
shown in Figure 2F, both y-H2A.X signals and 53BP1 foci
increased dramatically in YWHAE-KO cells, suggesting
that more DNA damage accumulated in these KO cells un-
der CHK i treatment. Moreover, the number of cells with
micronuclei also increased significantly in CHK li-treated
YWHAE-KO cells compared to control WT cells (Figure
2F), which again may be the consequence of DNA dam-
age accumulated in those cells. Fluorescence-activated cell
sorting (FACS) analysis further confirmed the increased -y-
H2A.X signals and the higher G2/M cell population in
CHKli-treated YWHAE-KO cells (Figure 2G). Although
we noticed augmented dead cell population in CHKIi
treated YWHAE-KO cells (Supplementary Figure S3D), we
did not observe any significant increase in apoptotic cells,
i.e. the annexin V positive cell population, suggesting that
the upregulated y-H2A.X signals were unlikely due to any
increase in apoptosis. All these results indicate that accu-
mulation of DNA damage is one reason that YWHAE loss
induces hypersensitivity to CHK 1.

Because YWHAE has previously been associated
with cell cycle regulation through its regulation of
CDC25A/B/C activities (51), we hypothesized that the
accumulation of DNA damage may be caused by dysfunc-
tional cell cycle regulation in YWHAE-KO cells. Indeed,
we noticed that under CHK1i treatment, the number of
S-phase cells was higher in the YWHAE-KO population
than in the WT population. As shown in Figure 2H-I and
Supplementary 3E, after 24 h of CHK i treatment, we ob-
served a significantly increased S-phase cell population in
YWHAE-KO cells and an increased G2/M fraction. These
changes became more dramatic after 48 h of CHK i treat-
ment. These results indicate that YWHAE-KO cells suffer
prolonged S/G2 progression in the presence of CHKIi.
We also observed a lower pCDK1/2-Tyr15 level, a higher
pCDK2-Thr160 level, and a higher pRPA2-S33/pRPA2-
S4/8 level in CHK li-treated YWHAE-KO cells than those
in WT cells (Figure 2J). We further examined the replica-
tion fork dynamics in WT and YWHAE-KO mutant cells
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under CHK1 inhibition using DNA fiber assay. CHK1i
treatment had no detectable impact on replication speed
in WT cells but reduced replication speed in YWHAE-KO
cells (Supplementary Figure S3F and G), which suggests
more replication stress in CHKli-treated YWHAE-KO
cells. All the results above suggest that hyper activation of
CDK1/2 in YWHAE-KO cells under CHK 1i may enhance
replication stress and eventually lead to an accumulation
of DNA damage and genomic instability under CHK1i
treatment (Figure 2K).

Furthermore, as shown in Supplementary Figure S3H, a
CDK2 inhibitor CVT313 could partially rescue the cytotox-
icity of CHK 1iin both WT and YWHAE KO cells, which is
consistent with our working hypothesis (Figure 2K). More-
over, the CRISPR screen results suggest that YWHAE loss
could also sensitize cells to ATRi (Supplementary Figure
S2E), which was further confirmed by clonogenic assay
(Supplementary Figure S3I). As ATR also participate in
cell cycle checkpoint regulation, these results further sup-
port our hypothesis presented in Figure 2K.

KLHLIS loss protects cells from ATMi-induced DNA dam-
age

While mining the ATMi screen results (Figure 3A), we
found that loss of FA pathway components sensitized cells
to ATMi, as previously reported (44). Additionally, we
found that loss of BRCA-A complex genes may cause re-
sistance to ATMi. More excitingly, KLHL15 was identified
as the top gene whose loss induced dramatic resistance to
ATMi (Figure 3A). To further validate these findings, we re-
peated the CRISPR screen using a higher concentration of
ATMi (Figure 3A), which again showed significant enrich-
ment of BRCA-A complex genes and KLHLI5 as the top
ATMi resistance-associated genes. We then validated these
results and showed that, compared to WT cells, cells trans-
fected with different sgRNAs targeting KLHL15 displayed
significant resistance to ATMi (Figure 3C and D). We fur-
ther created and validated KLHL15-KO cells by genomic
sequencing (Supplementary Figure S4A) for the following
experiments.

All genes targeted by the Toronto Knock Out Library (version 3) were scored according to the fold change of levels of their sgRNAs presented in these
samples (CHK 1i treatment vs. DM SO treatment). Genes whose loss of function led to sensitivity to CHK 1i appear on the left side, and genes whose loss of
function led to resistance to CHK 1i appear on the right side. Some high-confidence genes are marked. (B) Venn diagram and list showing the overlapping
CHK i co-essential genes identified in these two cell lines. (C) Normalized fold changes of sgRNAs targeting Y WHAE in the CHK 1i group versus DMSO
control group from the screens conducted in HEK293A and HCT116 cells. The fold change comes from the sgRNA counts in the CHK li-treated group
divided by the sgRNA counts in the DMSO group in the indicated cell lines. (D) Representative crystal violet cell viability assays with HEK293A cells
under CHK 1i treatment. HEK293A cells transfected with control sgRNA or sgRNAs targeting YWHAE were exposed to the indicated concentration of
CHK i inhibitors and grew for 7 days (1500 cells per well in 12-well plates). The efficacy of each sgRNA was validated by Western blotting. (E) Clonogenic
survival assays at different CHK 1i concentrations. The mean and s.d. of n = 3 independent experiments are shown, ***P < 0.001; Student’s ¢-test. (F)
Wild type (WT) and YWHAE-knockout (KO) HEK293A cells were treated with DMSO or CHK1i (0.4 M, 72 h). Cells were fixed and processed for
v-H2A.X and 53BP1 immunofluorescence staining. The scale bar represents 1 pm. The nuclei were enlarged to highlight the accumulated micronuclei in
CHKli-treated YWHAE-KO cells. 100 cells/group were counted. The quantification of y-H2A.X foci, 53BP1 foci, and micronuclei in different groups
are graphed on the right. The mean and s.d. of n = 3 independent experiments are shown; n.s., not significant; **P < 0.01; Student’s z-test. (G) WT and
YWHAE-KO HEK?293A cells were treated with DMSO or CHKi (0.4 M, 72 h). Cells were fixed and processed for y-H2A.X and propidium iodide
staining. Fluorescence-activated cell sorting analyses were then conducted. The red rectangle indicates the y-H2A.X-positive cells. For y-H2A.X staining,
30 cells/group were counted. Quantification of y-H2A.X-positive cells in each group is shown on the right. The mean and s.d. of n = 3 independent
experiments are shown; n.s., not significant; **P < 0.01; Student z-test. (H) WT and YWHAE-KO HEK293A cells were treated with DMSO or CHK1i.
The cells were then collected at different time points, fixed with ethanol, and stained with propidium iodide. FACS analyses were then conducted. (I)
Quantification of cell populations in different cell cycle phases in WT and YWHAE-KO cells. The indicated cell populations were compared between the
WT group and the YWHAE-KO group under CHK 1i treatment. The mean and s.d. of n = 3 independent experiments are shown, **P < 0.01; Student’s
t-test. (J) The same cells in (I) were collected. Total cell lysates were blotted with the indicated antibodies. (K) A proposed model of hypersensitivity to
CHK1iin YWHAE-KO cells.
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Figure 3. KLHLI5 loss protects cells from ATMi-induced DNA damage. (A) Ranking of ATMi co-essential genes after DrugZ analysis based on the results
of CRISPR /Cas9-based screening using two different concentrations of ATMi. The NormZ score was used to define a possible synthetic lethal interaction



Cells treated with ATMi alone displayed an increased
G2/M population (Figure 3E), indicating that ATMi treat-
ment may cause accumulation of DNA damage. Interest-
ingly, in KLHL15-KO cells, the G2/M arrest induced by
ATMIi was significantly reduced (Figure 3E), indicating re-
duced DNA damage in these cells. These results were fur-
ther confirmed by analysis of 53BP1 foci, which were in-
duced by ATMi in WT cells but dramatically suppressed in
KLHLI15-KO cells (Figure 3F). Moreover, a neutral comet
assay revealed that ATMi treatment induced DNA double-
strand breaks in control WT cells, but these breaks were sig-
nificantly reduced in KLHL15-KO cells (Figure 3G). Col-
lectively, these data validated the CRISPR screen results
and suggested that ATMi-induced DNA damage may be
efficiently repaired in KLHLI15- KO cells and therefore re-
sult in ATMi resistance. As KLHL15 is a component of
the E3 ligase complex, we profiled the KLHL15KO cells
using TMT-proteomics. As shown in Figure 3H and Sup-
plementary Table S3, the levels of several proteins were sig-
nificantly increased (FDR < 0.001), including two DNA re-
pair related proteins (C-terminal interacting protein [CtIP]
and MMS22L). KLHLI15 has been reported as a compo-
nent of the E3 ligase complex that targets C-terminal in-
teracting protein (CtIP) for degradation (52). Since we ob-
served dramatic CtIP protein level increases in KLHL15-
KO cells (Supplementary Figure S4B), we reasoned that
CtIP upregulation may account for ATMi resistance in
these cells. As shown in Figure 31, J and Supplementary Fig-
ure S4B, similar to KLHLI15-KO, overexpression of CtIP
also resulted in resistance to ATMi in 293A cells. More-
over, when we knocked down CtIP expression in KLHLI15-
KO cells, cells regained their sensitivity to ATMi treatment
(Figure 31, J). As CtIP plays an important role in HR-
mediated double-strand break repair (53), we also checked
the HR efficiency in KLHLI5-depleted cells and con-
firmed that KLHLI5 loss increased HR capability (Figure
3K). All these results suggest that KLHL15-KO-induced
ATMi resistance may come from the elevated HR efficiency
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associated with increased CtIP expression and function
(Figure 3L).

It is also noteworthy that our findings showed that the
loss of the BRCA1-A complex (except BRCAL1) also led to
ATMi resistance (Figure 3A, B and Supplementary Figure
S2E), although the loss of the BRCA1-A complex had a
slightly weaker effect than the loss of KLHL15. This finding
is consistent with that of a previous report (44). On the other
hand, we found that loss of BRCA1 or CtIP led to increased
sensitivity to ATMi (Supplementary Table S1). As loss of
components in BRCA1-A complex has previously been re-
ported to increase HR efficiency (54,55), we speculate that
HR capability is a critical determinant of cellular response
to ATMi. Indeed, we showed that, similar to CtIP, reducing
BRCAI1 expression also resensitized KLHL15-KO cells to
ATMi (Supplementary Figure S4B, C, D). Moreover, sim-
ilar to CtIP knockdown, BRCAI knockdown reduced the
HR efficiency in KLHLI15-KO cells (Supplementary Figure
S3E).

Additionally, we validated that loss of BRCA1-A com-
plex led to ATMi resistance. As shown in Supplementary
Figure S3F, RAPS80-KO cells were more resistant to ATMi
which could be further rescued by BRCAI knock-down.
Our results suggest that competition between the BRCA1-
A complex and the BRCA1-CtIP complex may regulate the
HR process, as previously reported (54,55). The detailed re-
lationship between these BRCA1-containing protein com-
plexes warrants further investigation.

ATM is necessary for the cell proliferation inhibition induced
by ATMi

The CRISPR screen results also suggest ATM loss could
protect cells from ATMi (Supplementary Figure S2E and
Figure 3A), which was consistent with a previous re-
port (44). However, the underlying mechanism is not well
studied. We firstly validated this result using ATMKO in
HEK?293A cells. Cells were treated with CPT (100 nM)

with ATM inhibition. Genes whose loss of function led to ATMi sensitivity appear on the left side, and genes whose loss of function led to ATMi resistance
appear on the right side. Some high-confidence genes are marked (red for synthetic lethal genes, green for resistant genes). (B) Venn diagram showing the
overlapping of identified genes responsible for resistance to ATMi. The genes that overlapped in two different ATMi concentrations are listed and the
gene—gene network was drawn according to STRING. (C) Loss of KLHLI5 made cells resistant to ATMi treatment based on crystal violet cell viability
assays. HEK293A cells transfected with control sgRNA or sgRNAs targeting KL HL15 were exposed to the indicated concentrations of ATMi and grew for
7 days (1500 cells per well in 12-well plates). (D) Clonogenic survival assays at the indicated concentrations of ATMi. The mean and s.d. of n = 3 technical
replicates are shown. (E) Wild type (WT) and KLHL15-knockout (KO) HEK293A cells were treated with DMSO or ATMi. Cells were then collected after
3 days, fixed with ethanol, and stained with propidium iodide. Fluorescence-activated cell sorting analyses were then conducted. The indicated G2/M cell
populations in each group were compared. The mean and s.d. of n = 3 independent experiments are shown; n.s. = not significant; **P < 0.01; Student’s
t-test. (F) WT and KLHLI15-KO HEK293A cells were treated with DMSO or ATMi (AZD0156, 0.2 uM, 72 h). Cells were fixed and processed for S3BP1
immunofluorescence staining. The scale bar represents 1 wm. 100 cells/group were counted. Quantification of 53BP1 foci in the indicated groups is shown
on the right. The mean and s.d. of n = 3 independent experiments are shown; **P < 0.01; n.s. = not significant; Student’s ¢-test. (G) Representative images
from a neutralized comet assay. WT and KLHL15-KO HEK293A cells were exposed to ATMi (AZDO0156, 0.2 M) for 24 h. The comet-tail moments from
100 cells in each condition were measured and are shown in the scatter plot. The mean and s.d. of n = 3 independent experiments are shown; **P < 0.01;
Student’s 7-test. (H) Volcano plot shows the significant change in differentially expressed proteins in KLHLI5 KO versus WT cells. Each dot represents
a protein. The red dots indicate significantly upregulated and downregulated proteins, respectively (FDR < 0.001). y axis is the —log P-value, and x axis
is the logy fold change. Two known DDR related proteins are labeled with gene names. (I) Crystal violet viability assays of the indicated cells. HEK293A
cells were transfected with the indicated constructs or siRNA and then exposed to the indicated ATMi (AZD0156) treatment for 7 days (1500 cells per
well in 12-well plates). Abbreviations: OE, overexpressing. (J) Results of clonogenic survival assays at the indicated concentrations of ATMi (AZD0156).
The mean and s.d. of n = 3 technical replicates are shown. (K) Loss of KLHLIS5 resulted in increased HR-directed DNA repair. U20S-DR-GFP cells
were infected with lentivirus-encoding control sgRNA or sgRNA targeting KLHLI5 together with/without Ct/P siRNA. The cells were then transfected
with I-Scel; 48 h after transfection, cells were harvested and assayed for GFP expression using FACS. Representative data from one experiment are shown.
The GFP-positive cells were gated. Quantification of these experiments is shown on the right side of the panel. The mean and s.d. of » = 3 independent
experiments are shown; **P < 0.01; Student’s 7-test. The expression levels of CtIP were detected by Western blotting. (L) Proposed model of KLHL15
depletion leading to CtIP upregulation and resistance to ATMi.
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without or with ATMi-AZDO0156 (0.01-0.4 wM) for 3 h.
In WT cells, ATMi inhibited CPT-induced ATM signaling
in a dose-dependent manner as measured by phosphoryla-
tion of an ATM substrate KAP1 (Ser-824). In ATMKO cells
generated with CRISPR, the phosphorylation of KAPI
(Ser-824) was almost depleted (Figure 4A). These results
indicated that inhibition by ATMi phenocopies the ATM
knockout model.

In clonogenic assay, ATMKO cells were significant re-
sistant to ATMi treatment when compared to WT cells
(Figure 4B). The cell-titer glo assay further demonstrated
that ATMKO cells were more resistant to ATMi (Figure
4C). Moreover, as shown in Supplementary Figure S5A,
ATMKO cells were more resistant to a different ATMi
AZD1390. These results, together with the CRISPR screen
results based on another ATMi M3541 (44), suggest the
synthetic interaction between ATMKO and ATMi was not
limited to one ATMi. As shown in Figure 4D and E, ex-
tended treatment with ATMi induced increased G2/M pop-
ulation in control cells, but this G2/M accumulation in-
duced by ATMi was significantly reduced in ATMKO cells,
indicating that ATMi may induce less DNA damage in
ATMEKO cells. These results were further confirmed by
analysis of 53BP1 foci, which were induced by ATMi in
WT cells but suppressed in ATMKO cells (Figure 4F). All
these observations suggest that ATM protein is necessary
for G2 accumulation and cell proliferation inhibition in-
duced by ATMi. Thus, we conclude that the ATMi induced
cell proliferation inhibition is due to the generation of inac-
tive ATM, which may show dominant negative effect in the
cell.

We then checked the differences between ATM inhibi-
tion and ATMKO under the treatment of other DDR in-
hibitors. As shown in Figure 4G, ATMi (AZDO0156) treat-
ment dramatically sensitized cells to PARPi treatment while
ATMKO did not. Moreover, a different ATMi (AZD1390)
also significantly sensitized cells to PARPi treatment (Sup-
plementary Figure S5C), which further confirmed the syn-
ergistic effect of ATMi and PARPi. Furthermore, ATM
KO could partially rescue the synergistic effect induced by
ATMi + PARPi (Supplementary Figure S5C). Addition-
ally, ATM knock-down did not sensitize cells to PARPi
treatment in HEK293A cells (Supplementary Figure S5D),
which is consistent with the observation of PARPi treat-
ment in ATMKO cells. It is also of note that, although both
ATMi (0.05 pM) treatment and ATMKO sensitized cells
to ATRI treatment, ATMi treatment led to a higher ATRi
sensitivity than that of ATMKO (Figure 4G). All these re-
sults suggest inactive ATM induced by ATM inhibition ab-
rogates DNA repair more than ATM loss.

APEXI loss sensitizes cells to DNAPK inhibition

To get insights into how the loss of distinct DNA repair
genes affects cellular sensitivities to inhibitors targeting
DDR-related PI3KK family members, we compared the
dropout numbers of a curated set of DDR genes in re-
sponse to each inhibitor. As shown in Figure 5A and B,
our screen results demonstrate that ATR activity is criti-
cally important for the survival of cells with defects in a va-
riety of DNA replication and DDR pathways, such as HR,

NHEJ, nucleotide excision repair (NER), and BER path-
ways. These results further confirmed the versatile roles of
ATR in DDR. Additionally, ATM activity is important to
the survival of cells with defective FA, HR, and other DDR
pathways. As a matter of fact, the FA pathway was enriched
in both the ATRi and ATMi groups, suggesting that both
ATR and ATM are needed for the survival of FA cells. Com-
pared to the CRISPR screens with ATRi and ATMi, the
screen with DNAPKI identified fewer DDR-related genes,
implying that DNAPK may have limited functions in DDR
or that it shares redundant functions with ATM and/or
ATR. These genetic interactions in response to DDR in-
hibitors revealed the diverse and overlapping functions of
these PI3KK kinases in DDR.

We noticed that the genes whose loss led to cellular
sensitivity to all three PI3KK kinase inhibitors belong to
BER/SSBR pathway (Figure 5B). We then explored the
synthetic lethal relationships between BER genes and DDR
inhibitors. Specifically, we depleted different BER genes
(e.g. XRCCI, CHDIL, PNKP, PARPI1/2, APEX]I) in cells
(Figure 5C) and tested their sensitivities to ATRi, ATMi,
or DNAPK.i. As shown in Figure 5D, E, the loss of sev-
eral components involved in the BER/SSBR pathway, e.g.
XRCCI, PNKP, CHDIL and PARP1/2, led to hypersensi-
tivity to ATR1 and ATMi but not to DNAPKi. APEX] loss
led to hypersensitivity to DNAPKi and ATRi but not to
ATMi. These data further confirmed our screening results.

Only few DDR genes when depleted showed hypersen-
sitivity to DNAPKi. Among them, APEX] scored as the
top synthetic lethal gene (Figure 5A). APEXI functions in
both redox signaling and DNA glycosylation (56). To ex-
plore whether both redox activity and AP endonuclease ac-
tivity of APEX1 are important for DNAPKI sensitivity, we
checked the synergistic effects between DNAPKIi and the in-
hibitors separately targeting APEX1 redox activity (E3330)
or AP endonuclease activity (APE1 inhibitor I1T). As shown
in Figure 5F, both E3330 treatment and APEI inhibitor I1I
treatment could sensitize cells to DNAPKi. Notably, the in-
hibition of APEX1 redox activity showed stronger synergis-
tic effect with DNAPKI. These results suggest that both the
redox activity and AP endonuclease activity of APEX1 are
necessary for the survival of DNAPKIi treated cells.

The combination of ATMi and PARPi induces apoptosis

The overlapping functions of these inhibitors and the data
presented above suggest potential synthetic lethality be-
tween PARPI/2 and these DDR inhibitors. We further de-
termined these genetic interactions using PARPI/2 double
KO cells. As shown in Figure 6A, PARPI/2 double KO
cells were hypersensitive to ATMi and ATRi but not to
DNAPKI. These data agree with the results shown above in
Figure 5 and prompted us to compare the synergistic effects
of combining different DDR inhibitors, including PARP;,
ATMi, ATRi and DNAPKIi. 293A cells in 96 well plates
were treated with different drug combinations and cell vari-
abilities were tested using cell-titer glo after 72 h treatments.
As shown in Figure 6B, the ATMi plus PARPi combina-
tion showed the highest synergistic effect, followed by ATRi
plus PARPi and ATMi plus ATRi. The combinations of
DNAPKIi and other inhibitors did not display any synergis-
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tic effects. All these data further validated our screen results
and provided a quantitative view of the effects of combining
these four different DDR-targeting agents.

To determine how the combination of ATMi plus PARPi1
caused dramatic cytotoxicity, we performed CRISPR
screens with PARPi plus ATMi as well as with PARPi only
and compared these results with those for ATMi (Figure
6C). Genes whose loss caused resistance to the ATMi plus
PARPi combination included KLHLI5 and components of
the BRCA1-A complex; this finding was consistent with our
CRISPR screen results for ATMi only (Figure 3). Interest-
ingly, we determined that CASPS was the top resistance-
associated gene in the PARPI1 plus ATMi group but not in
the PARPi or ATMi single-agent groups. We suspected that
the synergistic effect of the ATMi plus PARPi combina-
tion may be due to apoptosis induced by excess DNA dam-
age. Indeed, 53BP1 foci and double-strand breaks increased
dramatically under treatment with ATMi plus PARPi (Fig-
ure 6D, E). Moreover, the annexin V positive cell pop-
ulation (Figure 6F) or the cleaved Caspase-3 level (Fig-
ure 6G) was significantly increased in ATMi plus PARPi
treated group. Collectively, these results suggest that treat-
ment with ATMi plus PARPi causes double-strand break
accumulation, which may further induce cell death via
apoptosis.

DISCUSSION

In this study, we performed systematic screens to iden-
tify genetic vulnerabilities under treatment with several
well-established DDR inhibitors. Our results not only re-
vealed genetic vulnerabilities in response to these DDR in-
hibitors, but also permitted comparisons between these re-
sults, which further improve our understanding of the com-
mon and specific functions of these DDR inhibitors.

We also compared our screen results with other CRISPR
screen datasets and recovered many robust synthetic inter-
actions, such as FA complex with ATMi/ATRi, POLE3/4
with ATRi/CHK i, USP37 with ATRi/CHK i, BRCA1-A
complex with ATMi, which further confirmed the reliability
of CRISPR screens for the identification of gene—drug inter-
actions. It is also of note that the small overlaps between the
results derived from different cell lines/inhibitors/sgRNA
libraries suggest that synthetic interactions may vary due
to different genetic backgrounds/different characteristics of
chemicals/sgRNA library applied. Additionally, we com-
pared the results derived from cells treated with differ-
ent dosages of ATMi and found that the screen with high
dosage may perform better in identifying synthetic survival
interactions while the screen with low dosage may keep
more synthetic lethal interactions. It is also of note that the
overlap of synthetic lethal genes between the screens with

two different concentrations of ATMi is limited, although
the top synthetic survival hits are largely the same. One pos-
sible reason is that treatment with higher dosage of ATMi
may induce extra DNA damage since more dominant neg-
ative form of ATM were generated following ATMi treat-
ment. Indeed, we showed that treatment with higher dosage
of ATMi led to severe G2/M accumulation, which could be
rescued by ATM KO. As a result, ATM was readily iden-
tified as a synthetic survival hit in the screen with higher
dosage of ATMi. We reasoned that several synthetic lethal
genes identified in the screen with higher dosage of ATMi
may be indispensable to counteract extra DNA damage in-
duced by dominant negative form of ATM, which needs
further investigation. Of course, we cannot exclude other
possibilities since high dosages of ATMi could inhibit cell
proliferation even in ATM KO cells.

Our results showed that, as expected, CHK 1i and ATRi
share extensive similarities. Compared to the screens for
other DDR inhibitors, we uncovered more genes involved
in cell cycle regulation in the CHK1i/ATRi screens, which
further confirmed the diverse functions of the ATR-CHK1
pathway in cell cycle regulation. Specifically, by compar-
ing the CHK1i screen results in different cell lines, we
identified YWHAE as a major determinant of sensitiv-
ity to CHKI inhibition. Our follow-up experiments sug-
gest that abnormal activation of cyclin-dependent kinase
2 (CDK2) activity caused by YWHAE loss contributes
to sensitivity to CHK1i. This finding is consistent with
that of previous reports suggesting that CDK2 activity
determines CHK1i efficacy (57,58). Notably, several in-
development CHK1 inhibitors also target CDKs, for in-
stance MK-8776, which may reduce the efficacy of CHK 11
by inhibiting CDKs (59). Thus, the combination of CDK
and ATR/CHK inhibitors is unlikely to be beneficial in
clinic. Moreover, as YWHAE loss has been reported in
gastric cancers and is associated with proteasome-inhibitor
resistance in multiple myeloma (60,61), CHK1i treatment
may be a viable option for patients with these cancers. Fu-
ture studies are needed to further substantiate this hypoth-
esis, which may provide a key biomarker for CHK 1i-based
therapy.

Our screens with ATMi identified respectively the FA and
BRCAI1-A complexes as determinants of sensitivity and re-
sistance to ATMi; this finding is consistent with that of pre-
vious reports (44). Moreover, we discovered that the loss
of KLHLI5 leads to dramatic ATMi resistance. We further
demonstrated that the loss of KLHLI15 induces CtIP up-
regulation and increases HR efficiency, which may at least
in part accounts for ATMi resistance in this setting. More-
over, our results provide hints of competition between the
BRCAI1-A and BRCAI1-CtIP complexes in HR regulation,
which warrants further investigation.

cells were treated with DMSO, ATMi 0.2puM, PARPi 1 pM or ATMi 0.2 pM plus PARPi 1 uM for 24 h and then processed for the comet assay. These
experiments were performed in parallel with those shown in Figure 3G. The comet-tail moments from more than 100 cells in each group were measured and
are shown in the scatterplot. The mean and s.d. of n = 3 independent experiments are shown; **P < 0.01; Student #-test. (F) Flow cytometry analysis of cell
death of HEK293A WT cells under different treatments (ATMi 0.2uM, PARPi 1 uM, ATMi 0.2uM plus PARPi 1 wM). Cells were treated as indicated
for 3 days. Cells were then stained with Annexin-V-FITC and PI, which were further analyzed by FACS. Cells were distinguished into different groups:
QI1-Dead cells, Q2-Late Apoptosis cells, Q3-Early apoptosis cell, Q4-Living cells. Representative results were shown in the left panel. Quantification of the
experiments were shown in the right panel. The mean and s.d. of n = 3 independent experiments are shown, n = 3. ***P < 0.001, **P < 0.01, n.s. = no
significant change, Student’s 7-test. (G) The same cells in (F) were collected and whole cell lysates were blotted with the indicated antibodies.



We also found and validated ATM as a determinant of
resistance to ATMi which is consistent with a previous re-
port (44). The underlying mechanism was poorly studied al-
though loss of a drug target is a common cause of acquired
drug resistance (62). Here, we compared the responses of
ATMKO and ATMi to different DDR inhibition and found
ATMi abrogates DNA repair more than that of ATM loss.
These findings are consistent with several recent reports
(63,64). As it was reported previously that the kinase dead
ATM protein caused embryonic lethality and more genomic
instability than ATM loss (65,66), we propose that the un-
derlying mechanism is that ATMi induces ATM into a dom-
inant negative form, which is more cytotoxic than the loss
of ATM protein. It is of note that ATM KO did not signif-
icantly sensitize cells to PARPi in HEK293A cells, which is
consistent with a recent report showing that ATM KO did
not enhance PARPI efficacy in 3 prostate cancer cell lines
(63). However, ATM loss was reported to sensitize several
other cancer cells to PARPi (67,68). Different genetic back-
grounds may partially account for these differences, which
need to be further investigated. Nevertheless, based on our
observations and the findings by others (63), the current
working hypothesis is that PARPi such as olapraib may not
show significant clinical benefits for cancer patients with
loss of ATM protein. Future clinical studies are needed to
test this hypothesis directly.

Interestingly, the BER pathway turned out to be a crit-
ical pathway, the loss of which was associated with sensi-
tivity to all three DDR inhibitors used in this study. How-
ever, our data suggest that different BER or SSBR genes
may show distinct genetic interactions with these three in-
hibitors. These results raise an interesting question: how
defects in each step of BER repair lead to the sensitiza-
tion to different DDR inhibitors? Additionally, using in-
hibitors targeting different activities of APEX1, we found
that both the REDOX activity and endonuclease activity
of APEXI are involved in DNAPKi sensitivity. Additional
experiments are needed to further elucidate the mechanisms
underlying this sensitization.

Several DDR-inhibitor combinations, such as ATRi plus
PARPi, are being proposed and/or tested in the clinic for
the treatment of breast and ovarian cancers. In this study,
we compared different combinations and showed that the
ATMi plus PARPi combination has the highest synergis-
tic effect. Additionally, we conducted CRISPR screens and
found that this synergy is likely due to increased apoptosis
caused by the dramatic accumulation of DNA damage. We
reason that this combination should be tested in the clinic,
especially for breast, ovarian, pancreatic, and prostate can-
cers, in which PARPi-based therapies have already been ap-
proved and/or shown to be effective.

Notably, our work provides a global view of genetic in-
teractions with DDR inhibitors in only one cell line. Nev-
ertheless this approach allows comparisons among differ-
ent DDR inhibitors. It is likely that cells from different ge-
netic backgrounds, such as cells from different tissue origins
or cancer cells with specific mutations, may display distinct
patterns of genetic interactions with these DDR inhibitors.
Furthermore, although we cannot exclude potential off-
target effects of these inhibitors, we included mTORI as a
control. We expect that gene—drug interaction studies will
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include similar or other controls to eliminate or at least re-
duce potential off-target effects of any particular inhibitors.

In sum, the results from this study allow us to com-
pare genetic vulnerabilities to different DDR inhibitors.
These data suggest possible biomarkers (e.g. YWHAE loss
for CHKIi therapy) or possible combination therapies
(e.g. ATMi plus PARPi) that warrant further validation.
Our data also indicate complex relationships between and
within known DNA repair pathways that may be difficult to
characterize through the study of individual genes (e.g. pos-
sible competition between the BRCA1-A and BRCA1-CtIP
complexes in HR repair and the distinct roles of each nu-
cleotide excision repair/SSBR gene in cell survival follow-
ing treatment with different DDR inhibitors). Furthermore,
this approach can be extended to include other inhibitors
targeting the same genes/kinases and/or cells with different
genetic backgrounds to further enhance our understanding
of DDR pathways and different inhibitors targeting these
pathways.
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