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Abstract

PARP inhibitor (PARPI)-resistant BRCA mutant (BRCAm) high-grade serous ovarian cancer
(HGSOC) represents a new clinical challenge with unmet therapeutic needs. Here, we performed
a quantitative high-throughput drug combination screen that identified the combination of an
ATR inhibitor (ATRi) and an AKT inhibitor (AKTi) as an effective treatment strategy for both
PARPi-sensitive and PARPI-resistant BRCAmM HGSOC. The ATRi and AKTi combination induced
DNA damage and R-loop-mediated replication stress (RS). Mechanistically, the kinase domain
of AKT1 directly interacted with DHX9 and facilitated recruitment of DHX9 to R-loops. AKTi
increased ATRi-induced R-loop-mediated RS by mitigating recruitment of DHX9 to R-loops.
Moreover, DHX9 was upregulated in tumors from PARPi-resistant BRCAm HGSOC patients,
and high co-expression of DHX9 and AKT1 correlated with worse survival. Together, this study
reveals an interaction between AKT1 and DHX9 that facilitates R-loop resolution and identifies
combining ATRi and AKTi as a rational treatment strategy for BRCAm HGSOC irrespective of
PARPI resistance status.

Introduction

High-grade serous ovarian cancer (HGSOC), the most common subtype of ovarian cancer,
remains the second leading cause of gynecologic cancer death worldwide (1). The disease
presents at late stages and approximately 80% of patients recur after initial surgical
debulking and platinum-based chemotherapy (2). HGSOC is also characterized by genomic
instability because almost all cases exhibit p53 dysfunction, causing loss of G1/S cell cycle
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checkpoints and premature entry into S phase, thus preventing optimal DNA replication and
DNA repair (3).

Successful introduction of PARP inhibitors (PARPIs) has led to new therapeutic
opportunities in ovarian cancer, particularly for BRCA mutant (BRCAm) HGSOC (4).
However, most patients eventually discontinue treatments due to the emergence of
resistance, highlighting the unmet need for a more effective therapy (4). Several PARPi
resistance mechanisms have been identified, including BRCA-dependent (e.g., reversion
mutations of BRCA) or BRCA-independent homologous recombination (HR) restoration
(e.g., loss of negative regulators of HR repair, €.g., 53BP1 or REV7), increased replication
fork stability, and upregulation of survival pathways or drug efflux activity (5). Of those,
increased ATR signaling pathway is important for optimal DNA replication and DNA repair
(6). Also, increased protein levels of ATR/CHK1 pathway are found in acquired PARPI-
resistant and platinum-resistant BRCAm HGSOC cell lines and patient-derived xenografts
models (7-9), indicating its critical role in drug resistance.

Increasingly, there is recognition that replication stress is a main source of genomic
instability and may be a crucial vulnerability of drug-resistant HGSOC cells (10).
Replication stress is traditionally defined as the slowing or stalling of replication fork
progression and/or DNA synthesis, but is an evolving concept including any events blocking
optimal DNA replication processes (11). Among numerous sources of replication stress,
aberrant R-loops are a major cause of replication stress (12). R-loops, which are the
intermediates of transcription, consist of a DNA:RNA hybrid and a displaced single-stranded
DNA (ssDNA)(13). R-loops occur naturally during mitochondrial DNA replication and
transcription-coupled recombination, and play vital roles in regulating gene expression,
DNA replication, and histone modifications (13). Under normal conditions, ribonuclease

H (RNase H)(14) and several DNA/RNA helicases such as DHX9 (15), senataxin (16),

and aquarius (17), unwind and remove aberrant R-loops, thus promote the replication fork
restart and HR repair to preserve genome integrity (13). However, pathological R-loop
accumulation, either due to excessive formation or impaired resolution, can compromise
genomic integrity by exposing ssDNA to nicks and other types of damage, which thereby
impair transcription, leading to high levels of replication stress and consequent DNA
damage (13).

Multiple studies have identified ATR as a key regulator of the R-loop response. ATR is
essential for R-loop resolution and fork restart in concert with the endonuclease MUS81-
EMEL1 (18), thereby protecting cells from R-loop-mediated replication stress and consequent
DNA damage (19,20). This recent observation becomes important as a potential therapeutic
opportunity with ATR inhibitor (ATRi) for PARPi-resistant HGSOC because aberrant R-
loops induce ATR pathway activation and increased reliance on ATR for R-loop resolution.
However, while targeting ATR is a scientifically rational approach for PARPi-resistant
HGSOC, only modest clinical activity has been reported with ATRi monotherapy in
previously PARPi-treated patients. For instance, berzosertib (M6620) monotherapy yielded
a response rate of 6% in patients with advanced or relapsed solid tumors who progressed
on PARPI (21), highlighting the complexity of PARPI resistance in the clinic and the
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urgent need for developing combination treatment strategies as well as identifying reliable
biomarkers for patient selection.

Hence, we conducted an unbiased high-throughput drug combination screening to identify
the novel combination with ATRi using PARPi-resistant BRCAmM HGSOC cells. In that
screen, several compounds targeting phosphoinositide 3-kinase (P13K)/AKT/mammalian
target of rapamycin (mTOR) pathway were found to be synergistic with ATRI. In this

study, we aimed to determine whether pharmacologic inhibition of ATR and AKT pathways
affects R-loop dynamics as a novel mechanism of action and investigated how these R-

loop regulators function in concert in HGSOC preclinical models. Here, we report that

dual inhibition of ATR and AKT as a novel therapeutic strategy for both PARPi-sensitive
and PARPi-resistant BRCAmM HGSOCs. The combination therapy induces apoptosis, DNA
damage, and lethal replication stress in BRCA2 mutant (BRCA2m) HGSOC /n vitroand in
vivo models. Mechanistically, AKT1 directly binds on the site of R-loops, and its activation
prevents R-loop formation. AKT1 also physically interacts with DHX9 on R-loops, and
their interaction is highly dependent on the kinase activity of AKT1. Collectively, our

data provide novel insights into how AKT1 responds to R-loop formation in concert with
DHX9 to prevent pathological R-loop accumulation and consequent lethal replication stress,
establishing a new role for AKT in R-loops response. More importantly, our findings support
the clinical development of ATRi and AKT inhibitor (AKTi) combination for HGSOC
patients who progressed on PARPI.

Materials and Methods

Cell lines

PEO1 (BRCAZ mutation 5193C>G) was purchased from Sigma-Aldrich (#10032308-1VL,
Saint Louis, MO, USA) and UWB1.289 (BRCA1 mutation 2594delC) was obtained

from the American Type Culture Collection (ATCC; #CRL-2945, Manassas, VA, USA).
OVCAR3 (BRCA wild-type [BRCAwt]) and OVCARS (BRCAI promoter methylation)
were received from NCI-60 collection at the NCI Frederick (Frederick, MD, USA). In
addition, we have used two PARPi-resistant PEO1 variants, PEO1/OlaR (22) and PEO1/
OlaJR (23), which harbor different mechanisms of PARPI resistance as previously described
(23). Briefly, PEO1/OlaJR restores HR repair by a heterozygous BRCAZ reversion mutation
in addition to increased drug efflux activity (23). In contrast, PEO1/OlaR, a gift from Dr.
Bitler lab, retains its BRCAZ mutation while acquiring PARPI resistance through multiple
mechanisms such as adoption of a mesenchymal-like phenotype, activation of ATR/CHK1
pathway, and suppression of the EZH2/MUS81 pathway, etc. (22). PARPi-resistant UWB/
OlaR cells were generated in-house from parental UWB1.289 by exposure to olaparib from
0.4 uM to 20 uM for 10 months. PARPi-resistant cell lines were routinely maintained at 5
UM (PEO1/OlaR), 20 uM (UWB/OlaR and PEO1/OlaJR) of olaparib. Cells were cultured
without olaparib for at least three days before being used for /n vitro experiments. PEO1,
UWB1.289, OVCAR3 and OVCARS cells were grown in RPMI11640 medium supplemented
with (+) L-glutamine, 10% fetal bovine serum, 0.01 mg/mL insulin, and 1% penicillin/
streptomycin. All cell lines were routinely tested for Mycoplasma using MycoAlert ®
Mycoplasma Detection Kit (LT-07-318, Lonza, Rockville, MD, USA).
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Chemical preparation

For in vitro assays, PARPI olaparib (#S1060), ATRi ceralasertib (#57693), AKTi
capivasertib (#58019) were purchased from Selleck Chemicals (Houston, TX, USA). ATRi
M4344 (#HY-136270) and AKTi M2698 (#HY-100501) were from MedCahemExpress
(Monmouth Junction, NJ, USA). Caspase Inhibitor Z-VAD-FMK (#G7231, 20 mM in
DMSO) was purchased from Promega (Madison, W1, USA). Hydroxyurea (HU; #H8627)
was from Sigma-Aldrich. 100 mM of olaparib, capivasertib and HU as well as 10 mM of
ceralasertib, M4344 and M2698 were prepared as stocks in dimethyl sulfoxide (DMSO;
#S-002-M, Sigma-Aldrich). All drugs were stored in aliquots at —80°C until use. We used a
consistent drug ratio of 1:10 within the clinically achievable concentrations of < 0.5 uM for
ceralasertib and < 5 pM for capivasertib, for the 5-day XTT assay. For mechanistic studies
conducted over a shorter duration of 6-72 hours, we used 1 uM ceralasertib and 10 uM
capivasertib to achieve a therapeutic effect.

For in vivo studies, ceralasertib (AstraZeneca, Cambridge, United Kingdom) was prepared
in the solution containing 10% DMSO and 40% propylene glycol (#P4347, Sigma-Aldrich)
and 50% de-ionized sterile water. Capivasertib (AstraZeneca) was dissolved in 10% DMSO
and 25% 2-hydroxy-propyl-B-cyclodextrin pH 5.0 (#332593, Sigma-Aldrich). Olaparib
(#V300, InvivoChem, Libertyvile, IL, USA) was formulated in PBS containing 10% DMSO
and 10% (w/v) 2-hydroxy-propyl-p-cyclodextrin.

High-throughput drug combination screening

High-throughput drug combination screening was performed as previously reported (24).
Briefly, we first screened two PARPi-resistant (PEO1/OlaR and PEO1/OlaJR) against
2,450 combinations with ATRIi using a 96-hour cell proliferation assay with an ATP-based
readout CellTiter-Glo (#G7570, Promega) to determine activity and synergy of compounds
in a dose-response manner. Each 6 x 6 matrix was scored by the sum of excess over
highest single agent (ExcessHSA) for evidence of synergistic (ExcessHSA score < —

20), additive (- 20 < ExcessHSA score < 20), or antagonistic (ExcessHSA score > 20)
effects, and the average ExcessHSA score of each compound was ranked accordingly.

We deprioritized chemotherapy combinations with ATRi due to overlapping bone marrow
toxicity for potential human clinical trials development. 10 x 10 matrix screens of the
combination of PI3BK/AKT pathway inhibitors with ATRi were conducted for confirmation.
CellTiter-Glo added after 96 hours of compound incubation to inform on cell viability as
described by the manufacturers. Luminescence signal was measured for 6 x 6 and 10 x

10 matrix screening using a Pherastar (BMG Labtech, Ortenberg, Germany) or a ViewLux
(Perkin-Elmer, Waltham, MA, USA) reader, respectively.

Gene set enrichment analysis (GSEA) and protein association networks

RNA sequencing (RNAseq) data were obtained from fresh frozen tumor biopsy samples
from 14 BRCAm PARPi-resistant HGSOC patients enrolled in the clinical trial at the
National Cancer Institute (ClinicalTrials.gov, NCT02203513) as detailed before (25).
Differential gene expression and Z-score normalization across genes were analyzed using
DESeq?2 (26). The gene list of PI3K/AKT pathway was downloaded from GSEA (KEGG
dataset https://www.gsea-msigdb.org/gsea/msigdb/index.jsp). The list of R-loop regulators
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from immunoprecipitation of S9.6 (27) or syntenic DNA:RNA hybrids (28) (IP-MS) and
proximity ligation (Prox-MS) methods (29,30) as well as known R-loop regulators (12,20) is
provided in Supplementary Table S1. Protein association networks for the R-loop regulators
were constructed using the STRING database version 11.5 (https:/string-db.org).

Cell proliferation assays: XTT and colony-forming assays

Cell growth was evaluated for the drug response of ATRi and AKTi. For the short-term

cell survival, XTT assay (#X6493, Thermo Fisher Scientific, Pittsburg, PA, USA) was
performed. 2,000 cells/well were seeded in 96-well plates and treated with drugs for 5

days. Plates were measured by Synergy™ HTX Multi-Mode Microplate Reader with Gen5™
software (BioTek Instruments, Winooski, VT, USA). 1C5q values were calculated using
GraphPad Prism version 9.4.1 (GraphPad Software, Inc., La Jolla, CA, USA). The ClI values
were evaluated by CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA). Cl values < 1
indicate synergism while values > 1 indicate antagonism (31).

Colony-forming assay was used to determine the long-term effect of ATRi and/or AKTi
treatment on cell survival. 5,000 cells were seeded in 24-well plates and treated with ATRI
and/or AKTi. Media and drugs were changed every three days for 12 days. Fixed colonies
were stained with 0.01% (w/v) crystal violet in PBS. Colony images were scanned and
quantification of colony area percentage using Image J (NIH, Bethesda, MD, USA).

Immunoblotting

Cells were collected for protein extraction and subjected to immunaoblotting. Blots

were visualized using the Licor Odyssey Imaging System. Cleaved PARP (c-PARP,
#5625), AKT1 (#2938), phospho-S6 ribosomal protein Ser235/Ser236 (#2211), phospho-
CHK1 Ser345 (#2348), GAPDH (#5174), ECL goat anti-mouse 1gG HRP (#7076) and
ECL goat anti-rabbit IgG HRP (#7074) antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). DHX9 (#A300-855A) antibody was purchased from
Bethyl Laboratories, Inc. (Montgomery, TX, USA).

Immunofluorescence staining

Cells were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.25% Triton-X 100,
and blocked with 1% bovine serum albumin. For DNA damage endpoints, the cells with

> 5 yH2AX foci were considered as yH2AX positive. Separately, cells were incubated
with Alexa Fluor® 488 anti-H2A.X Phospho (Ser139) antibody (#613406, BioLegend,
San Diego, CA) and anti-pRPA2 (S4/S8) (#ab87277, abcam, Cambridge, MA) to examine
replication stress. Double-positive yH2AX and pRPA2 (S4/S8) cells (yH2AX+/pRPA+)
were cells under replication stress. The signal intensity per nucleus were quantified using
ImageJ.

Alkaline comet assay

DNA fragmentations were analyzed by alkaline comet assay according to the manufacturer’s
instruction (Trevigen). The mean tail moment from three independent experiments (each
experiment scored at least 100 cells/treatment) was calculated as an index of DNA damage
by using CometScore Pro (TriTek Corporation, Sumerduck, VA, USA). Apoptosis inhibitor
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Z-VAD-FMK was used to exclude apoptosis-driven DNA fragmentation when conducting
alkaline comet assays.

DNA fiber assay

DNA fiber assays were conducted to assess replication fork progression as described (32).
Briefly, cells were treated with or without treatments for 24 hours and then labeled with

100 pM 5-chloro-2”-deoxyuridine (CldU; #C6891, Sigma-Aldrich) and 200 pM 5-lodo-2’-
deoxyuridine (1dU; #17125, Sigma-Aldrich) for 20 minutes each. CldU- and IdU-labeled
DNA fibers were stained with mouse anti-1dU (1:250; #NBP2-44056, Novus Biological,
Centennial, CO) and rat anti-CldU (1:200; #NB500-169, Novus Biological) antibodies,
respectively. Anti-rat Alexa Fluor 488 (1:250; #A-11006, Thermo Fisher Scientific) and
anti-mouse Alexa 594 (1:250; #A-11005, Thermo Fisher Scientific) were used as secondary
antibodies. Images were captured using a Zeiss LSM 780 confocal microscope. Fiber length
was measured using ImageJ software. Replicating 1 pm roughly corresponds to 2.59 kb (33).

In vitro R-loop detection using dot-blot

Total nucleic acid was extracted by a standard SDS/Proteinase K digestion, followed by
phenol/chloroform extraction and ethanol precipitation. The indicated amount of purified
nucleic acid was applied to the Hybond N+/Positive nylon membrane (#RPN303B, GE
Healthcare, Chicago, IL, USA) assembled in the Bio-Dot Apparatus (#1706545, Bio-Rad,
Hercules, CA, USA). The membranes were then UV cross-linked (0.12 J/m2) and blocked
with 5% milk/TBST (0.1% Tween 20) for 1 hour at room temperature. The level of R-loops
was detected using the mouse monoclonal S9.6 antibody (#ENHO001, Kerafast, Inc., Boston,
MA, USA). Samples were treated with RNase H (#M0297L, New England BioLabs, Inc.,
Ipswich, MA) for 3 hours at 37°C to digest DNA:RNA hybrid as a negative control.

DNA-RNA immunoprecipitation (DRIP)

DRIP was performed as described (34). Briefly, DNA:RNA hybrids were
immunoprecipitated using the S9.6 antibody (#ENHO001, Kerafast, Inc.) from gently
extracted and enzymatically digested DNA. /n vitro RNase H digestion was used as a
negative control. For each DRIP, 4 ug of genomic DNA was incubated with 10 pg of S9.6
antibody in the binding buffer (10 MM NaPQy4 [pH 7.0], 140 mM NacCl, and 0.05% Triton
X-100) and bound to Protein G Dynabeads (#10003D, Thermo Fisher Scientific). Control IP
was performed using 10 pg of anti-mouse 1gG antibody. Precipitated DNA was resuspended
in 100 pl of distilled water, and 2 ul was used for gPCR analysis.

Chromatin immunoprecipitation (ChIP)

Cells were transfected with siRNAs against AKT1 for 72 hours. Cells were crosslinked with
3% formaldehyde and processed for ChlIP using Pierce Agarose ChIP Kit (#26156, Thermo
Fisher Scientific) according to manufacturer’s instructions. Anti-DHX9 (#A300-855A,
Bethyl Laboratories, Inc) and anti-rabbit 1gG antibody was used to immunoprecipitate
chromatin.
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Real-time PCR (qPCR)

MRNA expression levels of R-loop regulators were validated by gPCR. Total RNA from
the cells was isolated using a RNeasy™ Mini kit (Qiagen, Germantown, MD). cDNA

was synthesized using an iScript Advanced cDNA Synthesis Kit (#1725037, Bio-Rad,
Hercules, CA) according to manufacturer’s instructions. Primers specific for DHX9, AQR,
SUPTI16H, SETX, TRDMTI1, ARIDIA, ILF3, PDCD11, DDX21, SIRT7and endogenous
control GAPDH were purchased from Bio-Rad (#10025636). gPCR was performed using
SsoAdvanced Universal SYBR Green Supermix (#1725270, Bio-Rad) on a Bio-Rad CFX
Opus 96 Real-Time PCR System and analyzed using CFX Maestro software.

Primers pairs for DRIP-qPCR (34) including R-loop-positive CALM23 (forward
5’-GAGGAATTGTGGCGTTGACT-3’, reverse 5’-AGAGTGGCCAAATGAGCAGT-3")
and RPL13A genes (forward 5’-AGGTGCCTTGCTCACAGAGT-3’, reverse 5’-
GGTTGCATTGCCCTCATTAC-3’) as well as R-loop-negative SNRPN gene (forward 5°-
GCCAAATGAGTGAGGATGGT-3’, reverse 5’-TCCTCTCTGCCTGACTCCAT-3’) were
purchased from Bio-Rad. DRIP-gPCR analysis in the R-loop-positive CALM3and RPL13A
was presented as the percentage of input. R-loop-negative SNRPN gene was used as a
negative control.

Primer pairs specific for DHX9 ChIP-qPCR analysis

including promoter (5’-CCGAAAGTTGCCTTTTATGGC-3’, reverse 5’-
CAAAGGCGAGGCTCTGTGC-3’), intron 1 (forward 5’-CGGGGTCTTTGTCTGAGC-3’,
reverse 5’-CAGTTAGCGCCCAAAGGAC-3’) and pause (forward 5’-
CCGAAAGTTGCCTTTTATGGC-3’, reverse 5’-CAAAGGCGAGGCTCTGTGC-37),

and 5’ pause (forward 5’-TTACCCAGAGTGCAGGTGTG-3’, reverse 5’-
CCCCAATAAGCAGGAACAGA-3’) of B actin gene (35) were purchased from Bio-Rad.
DHX9 ChIP-gPCR analysis of different genomic regions of B actin was presented as the
percentage of input fold change that normalized with siControl group.

Proximity ligation assay (PLA)

The PLA was performed to detect the interactions between DHX9 and R-loops, AKT1 and
R-loops or proliferating cell nuclear antigen (PCNA) and RNA polymerase 11 (RNAPII)

at distances < 40 nm /n situ following standard protocol as described (36). For R-loop
interactions, cells were first transfected with or without ppyCAG_RNaseH1_WT (#111906,
addgene, Watertown, MA, USA) for 48 hours. We re-seeded the transfected cells for further
ATRiI and/or AKTi treatments or wild-type AKT1 WT or AKT1 K179M transfection for
another 48 hours. Cells were then fixed with 4% PFA, pretreated with RNase T1 (#EN0541,
Thermo Fisher Scientific) and ShortCut® RNase 111 (#M0245S, New England BioLabs, Inc.)
for 1 hour and applied to Duolink™ In Situ Red Starter Kit Mouse/Rabbit (#DU092101,
Sigma) according to manufacturer’s instructions. S9.6 (#ENHO001, Kerafast, Inc.), DHX9
(#A300-855A, Bethyl Laboratories, Inc.) and AKT1 (#2938, Cell Signaling Technology)
antibodies were used to examine the recruitment of DHX9 or AKT1 to the R-loops while
PCNA (#ab18197, abcam) and RNAPII (#2629, Cell Signaling Technology) antibodies were
used to detect TRCs. Average PLA foci were calculated by examining at least 50 cells per
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treatment in three different experiments. The number of foci per nucleus was determined
using the ImageJ macro, Foci-analyzer.

Co-immunoprecipitation (co-IP) assay

Cell lysates were incubated with antibodies overnight at 4°C, followed by incubation with
Protein A/G polyacrylamide beads (#53133, Thermo Fisher Scientific) for 2 hours. The
beads were washed three times, and bound proteins were eluted with SDS-PAGE loading
buffer. Proteins were separated on an SDS-PAGE gel and analyzed by immunoblotting.
HA-Tag (#3724), rabbit 1gG control (#3900), ECL goat anti-mouse 1gG HRP (#7076) and
ECL goat anti-rabbit IgG HRP (#7074) antibodies were from Cell Signaling Technology.
GFP (#sc-9996) and AKT1 (#sc-5298) were from Santa Cruz Biotechnology (Dallas, TX,
USA) and DHX9 antibody (#A300-855A) was purchased from Bethyl Laboratories, Inc.

siRNA transfections

As previously described (23), the cells were transfected with siRNA against AK71
(#L-003000-00-0005), DHX9 (#L-009950-00-0005) or non-targeting control SIRNA
(#D-001810-01-05) for 48 hours using DharmaFECT 1 siRNA Transfection Reagent
(#T-2001-01) purchased from Horizon Discovery, Saint Louis, MO, USA.

Plasmid transfections

To determine the interaction sites between DHX9 and AKT1, the cDNA clones of wild-
type and serial deletion mutants AKT1 and DHX9 were transfected into cells. pPCDNA3-
HA-AKkt1 (#73408), pPCDNA3-HA-Akt1-K179M (#73409), pCDNA3-HA-Aktl-aal-149
(#73410) and pCDNA3-HA-Akt1-aal-408 (#73412) were from addgene. GFP-DHX9, GFP-
DHX9 RBD (amino acids 1-262), GFP-DHX9 RGG (amino acids 1064-1270), and GFP-
DHX9 helicase domain (amino acids 255-1077) were gifts from Dr. Yang (37). Cells

were seeded and transfected with the above plasmids or empty vector at a 3:1 FUGENE®
transfection teagent: DNA ratio according to the manufacturer’s instruction (#£2311,
Promega).

Live imaging of AKT1 and DHX9 on R-loops

To determine the potential direct interaction of AKT1 and DHX9 in R-loop resolution,
pEGFP-RNASEH1 (GFP-RNase H1, #108699, addgene), pmCherry-Aktl (#86631,
addgene) and full-length DHX9 cDNA clone (pTagBFP2-DHX9, VectorBuilder Inc.,
Chicago, IL, USA) were transfected into cells using FUGENE® transfection reagent for

72 hours. Cells were re-seeded onto an 8-well high glass bottom chamber slide (#80807,
ibidi USA, Inc.). Live imaging was taken by Nikon SoRa Spinning Disk (Nikon Instruments
Inc., Melville, NY, USA).

Animal study

All animal procedures reported in this study that were performed by NCI-CCR affiliated
staff were approved by the NCI Animal Care and Use (ACU) committee and in accordance
with federal regulatory requirements and standards. All components of the intramural

NIH ACU program are accredited by Association for Assessment and Accreditation of

Cancer Res. Author manuscript; available in PMC 2024 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Huang et al.

Page 9

Laboratory Animal Care International (AAALAC). Subcutaneous xenograft mouse models
were used to evaluate the efficacy of ATRi ceralasertib and AKTi capivasertib in /n vivo.
5x106 cells were suspended in 50 pl of cold PBS and mixed with 50 pl of Matrigel. A total
of 100 pl cell mixture was subcutaneously injected to 6-week-old female NSG mouse (NCI,
Frederick, MD, USA). The volume of tumor was measured once per week according to the
formula V = ¥% (length x width2). When tumors reached 50 mm?3, mice were randomized
into 5 groups (n=4/group). Mice received vehicle or 50 mg/kg ceralasertib orally once daily
for 5 days, followed by 2 days of no treatment for a total of 4 weeks. For combination
studies, 2 study arms were added, and mice received 130 mg/kg capivasertib orally twice
daily for 4 days, followed by 3 days of no treatment with or without 50 mg/kg ceralasertib
orally once daily for 5 days, followed by 2 days of no treatment for 4 weeks. Mice received
100 mg/kg olaparib orally once daily for 5 days, followed by 2 days of no treatment as a
positive control group (8,9). All mice were sacrificed at the end of treatments.

Intraperitoneal injection mouse models were used to evaluate the metastasis and survival
rate in mice with ATRi ceralasertib and/or AKTi capivasertib treatment. 5x10° cells

were suspended in 100 pl of PBS and were injected to 6-week-old female NSG mouse
intraperitoneally. After 2-3 weeks, mice were randomized into 4 groups (n=10/group). Mice
received vehicle or 50 mg/kg ceralasertib orally once daily for 5 days, followed by 2 days of
no treatment for a total of 4 weeks. For combination studies, 2 study arms were added, and
mice received 130 mg/kg capivasertib orally twice daily for 4 days, followed by 3 days of
no treatment with or without 50 mg/kg ceralasertib orally once daily for 5 days, followed by
2 days of no treatment. Disease progression was monitored based on overall health until a
predetermined endpoint was reached. Survival time reflects the time required for the animals
to reach any endpoints, including tumor ulceration, weight loss exceeding 15%, weight gain
exceeding 5g, anorexia, and/or diarrhea.

Immunohistochemistry (IHC) staining

Tumor tissue sections were deparaffinized in xylene and rehydrated in graded alcohols,
preincubated with 3% H,0», boiled in 10 mM citrate buffer and blocked with goat serum.
Afterwards, sections were incubated with primary antibodies against R-loops (#ENHO001,
Kerafast, Inc.), pRPA32 (S4/S8) (#ab87277, abcam) and yH2AX (Ser139) (#9718, Cell
Signaling Technology) at 1:100 dilution for overnight incubation, respectively. Sections
were labeled by avidin-biotin-peroxidase complex using VECTASTAIN® ABC-HRP Kit
(peroxidase) (rabbit 1gG #L.S-J1010 and mouse 1gG #L.S-J1011, LSBio, Seattle, WA,

USA) and followed by diaminobenzidine development using ImmPACT DAB substrate
(#SK-4105, Vector Laboratories, CA, USA) according to manufacturer’s instructions. The
slides were counterstained with hematoxylin stain solution (#MHS16, Sigma-Aldrich) and
mounted in Eukitt Mounting Medium (#15322, Electron Microscopy Sciences, Hatfield, PA,
USA). Images were captured using an ECLIPSE Ts2 microscope (Nikon Instruments Inc.).
Image J software with the IHC profiler plugin was used to analyze the percentage of positive
staining area as previously described (38).
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Genetic alteration databases of HGSOC patients

Genetic alterations including mutations, structural variants, and copy humber changes

along with mRNA expression profiling of HGSOC patients from The Cancer Genome

Atlas (TCGA) database were downloaded from cBioPortal (https://www.cbioportal.org/)
and GEPIA (http://gepia.cancer-pku.cn/). The prognostic value of AK71, ATR, DHX9, and
other R-loop regulators was evaluated using Kaplan-Meier Plotter (http://www.kmplot.com),
which contains mRNA expression data and survival information of HGSOC patients.
Tumors with only serous histology and 7P53 mutation (indicating HGSOC) were included
for this analysis. To analyze the PFS of HGSOC patients, patient samples were split into two
groups by median expression (high versus low expression) and assessed by a Kaplan-Meier
survival plot, with the hazard ratio with 95% confidence intervals and log rank p value.

Statistical analysis

All experiments were performed at least in triplicate. Data were analyzed using one-way
ANOVA test and shown as mean + SEM. The overall survival of mice bearing tumors was
analyzed using Kaplan—Meier curves applying log-rank (Mantel-Cox) test. All differences
were considered statistically significant if < 0.05. All statistical analyses were done using
GraphPad Prism version 9.4.1.

Data availability

Results

Raw RNAseq data from PARPi-resistant BRCAm HGSOC tumors are available in Gene
Expression Omnibus (GEO) at GSE252610. The genomic alteration of HGSOC analyzed

in this study was obtained from cBioPortal at https://www.cbioportal.org/ and GEPIA at
http://gepia.cancer-pku.cn/. The mRNA expression data and survival data of AK71, ATR,
DHXJY, and other R-loop regulators analyzed in this study were obtained from Kaplan-Meier
Plotter [ovarian cancer] at http://www.kmplot.com. All summary data are available in the
article or uploaded as Supplementary Data, and all raw data are available upon request from
the corresponding author.

High-throughput drug combination screening identifies PI3K/AKT pathway inhibitors for
combination with ATR blockade in PARPI-resistant BRCA2m HGSOC cells

First, we performed a high-throughput drug combination screen using two acquired PARPi-
resistant BRCA2m HGSOC cell lines (PEO1/OlaR [no BRCA2m reversion mutation] (22)
and PEO1/OlaJR [ BRCAZ heterozygous reversion mutation] (23)) (Fig. 1A) to identify

the drug candidates for combination with ATRIi. Ceralasertib (AZD6738) was selected as

a lead ATRi compound for the screens against the Mechanism Interrogation Plate Library
(MIPE 5.0)(39) because ceralasertib is currently in the late stage of clinical development
for recurrent HGSOC (40,41). Overall, 11.6% of these compounds (284/2,450) showed
synergistic effect (ExcessHSA < -20) with ceralasertib and all compounds were ranked
based on average ExcessHSA scores (Fig. 1A and Supplementary Table S2). Among the
top 100 candidates, the most obvious trend was towards compounds targeting the cell cycle
checkpoint (10.2%, 29/284), e.g., the CHK1 inhibitor AZD-7762 (rank 2) and the WEE1
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inhibitor adavosertib (rank 12). It was also notable that PI3BK/AKT pathway related drugs
(7.0%, 20/284) such as a PI3K inhibitor CUDC-907 (rank 84), AKTi triciribine (rank 98)
and the mTOR inhibitor ridaforolimus (rank 18) act synergistically with ATRi.

For the subsequent experiments, we prioritized the inhibitors of PI3K/AKT pathway for
ATRI combination given that PI3BK/AKT pathway is frequently upregulated in HGSOC, and
its activation is associated with aggressive phenotypes and platinum and/or PARPI resistance
(42,43). Consistently, there was increased expression of PI3K/AKT pathway genes in
RNAseq data from PARPi-resistant BRCAmM HGSOC patients tumors (Supplementary Fig.
S1A). Based on the findings from the initial 6 x 6 matrix drug combination screen and our
interest of clinical trial development, a more detailed analysis was conducted with the 10 x
10 matrix screens. We shortlisted 15 drugs targeting the PI3K/AKT pathway that exhibited
consistent synergistic effects with ATRi in all HGSOC cell lines (indicated as * in Fig.

1B and Supplementary Table S3). Notably, none of these cell lines harbored the PIK3CA
mutation (23).

AKT inhibition shows synergistic cytotoxic effects with ATRi in drug-resistant HGSOC

cells

We selected ATRi ceralasertib and AKTi capivasertib for further in vitroand in vivo studies.
Capivasertib was chosen because it showed strong synergism with ATRi in all cell lines
(mean ExcessHSA —308.10, Supplementary Table S3) and in the late stage of clinical
investigation for women’s cancers (44). Cell growth assays were performed to validate

the cytotoxic effects of ATRi and AKTi in PARPi-resistant BRCA2m HGSOC cells along
with platinum-resistant OVCAR3 (BRCAwt) and OVCARS8 (BRCAI promoter methylation)
HGSOC cells. Using clinically attainable concentrations of both drugs (ceralasertib ~0.98
UM (41,45) and capivasertib ~4.45 pM (46)), the combination resulted in synergistic
cytotoxic effects (combination index [CI] < 1) in both PARPi-resistant and PARPi-sensitive
BRCA2m PEOL cells (Fig. 1C). Combination treatment also significantly reduced colony-
forming ability of PARPi-resistant HGSOC cells (Fig. 1D). We noted PARPi-resistant
PEO1/OlaR exhibited a greater sensitivity to ATRi alone likely due to its elevated ATR/
CHK1 activation (23) while PARPi-resistant PEO1/OlaJR showed a greater sensitivity

to AKTi monotherapy possibly due to its increased AKT activation (23) (Fig. 1C-D).

The on-target effects of ATRi and/or AKTi were confirmed by immunoblotting, showing
reduced phosphorylated CHK1 (pCHK1 Ser345) and phosphorylated S6 ribosomal protein
(pS6 Ser235/Ser236, Supplementary Fig. S1B), consistent with previous reports (47,48).
Additionally, cell survival assays with another ATRi (M4344) and AKTi (M2698) for
combination exhibited reduced cell growth (Supplementary Fig. S1C), indicating the
synergistic cytotoxicity of ATRi and AKTi was unlikely due to drug-specific or off-target
effects. The combination also significantly reduced cell growth compared to each drug alone
in platinum-resistant HGSOC cell lines (Supplementary Fig. S2A-B), suggesting broad
applicability of the ATRi and AKTi combination in drug-resistant HGSOC regardless of HR
repair proficiency status.

We examined apoptosis and DNA damage endpoints to understand the mechanisms
behind the increased cytotoxicity induced by the combination. As shown in Fig. 1E and
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Supplementary Fig. S2C, the 48-hour combination treatment resulted in greater apoptosis

as evidenced by increased cleaved PARP (c-PARP), compared to ATRi or AKTi alone.

The combination also increased the percentage of cells with > 5 yH2AX foci (Fig. 1F

and Supplementary Fig. S2D) and the mean alkaline comet tail moment (Fig. 1G and
Supplementary Fig. S2E) in all cell lines compared to each drug alone. Since both ATR/
CHK1 and PI3K/AKT pathways are critical for the survival of drug-resistant cells, we
speculate that ATRi and AKTi combination would have broad therapeutic potential in
various drug-resistant HGSOC subtypes, as multiple resistance mechanisms often co-exist in
the clinical setting.

AKTi augments ATRi-induced DNA damage and replication stress

Replication protein A (RPA) was analyzed to determine if the observed increase in DNA
damage was linked to replication stress given that RPA protects ssDNA at replication forks
from degradation, thus used as a marker of stalled replication forks (49). We found a

higher population of double positive cells for phosphorylated RPA (pRPA) and yH2AX
with the combination of ATRi and AKTi compared to cells treated with ATRi or AKTi
alone, especially in PARPi-resistant and platinum-resistant HGSOC cells (Fig. 2A and
Supplementary Fig. S2F). Furthermore, DNA fiber assays revealed a significant reduction

in replication fork speed indicating stalled replication forks with combination therapy
compared to each monotherapy, in both PARPi-sensitive and -resistant PEO1 cells (Fig. 2B).
These results suggest that dual inhibition of ATR and AKT can induce greater cell death by
increasing DNA damage and lethal replication stress in various HGSOC cell lines, including
those with PARPI or platinum resistance as well as drug-sensitive HGSOC cell lines. We
focused on PARPi-resistant HGSOC cells for subsequent mechanistic investigations as they
represent an important population with an unmet medical need.

Increased DNA damages are associated with aberrant R-loops

It is increasingly recognized that pathological R-loop accumulation is a major source of
replication stress and consequently activates ATR kinase for R-loop unwinding and DNA
repair (12,20). While multiple studies have identified that ATR plays a critical role in
preventing aberrant R-loops by decreasing the nuclease activity of MUS81-EMEL1 (18)

or increasing the nuclear localization of DDX19 (50), how R-loops contributes to the

ATRIi alone or ATRi-based combination therapy effects is still not fully understood. Hence,
we performed DNA-RNA immunoprecipitation (DRIP)-gPCR experiments using the S9.6
antibody (34) to address this question. Gene loci where R-loops have been previously shown
to occur during normal transcription were selected for analysis, including RPL13A and
CALM3 genes (51,52). While ATRi alone was expected to induce aberrant R-loops, it is
notable that AKTi monotherapy also resulted in increased R-loops (Fig. 2C). Notably, we
observed greater R-loop levels within these genes in cells treated with the combination
compared to monotherapy (Fig. 2C) while increased R-loops were diminished by RNase H
treatment (Fig. 2C). SNRPN negative control locus was similar to the background resulting
from RNase H treatment (Fig. 2C). These data suggest that pharmacologic inhibition of ATR
and AKT induces R-loop accumulation in PARPi-resistant HGSOC cells.
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We also conducted a set of experiments using ectopic expression of RNase H1

which resolves R-loops (14) to determine whether R-loop accumulation induced by the
combination treatment ultimately leads to DNA damage. Accordingly, DNA damages

by combination therapy were remarkably decreased by RNase H1 overexpression (Fig.

2D). Of note, AKTi-induced DNA damage was also significantly reduced by RNase

H1 overexpression (Fig. 2D), suggesting that DNA damage by AKTi monotherapy was
associated with R-loop formation. These results indicate that lethal replication stress with
ATRi and AKTi combination is associated with R-loop—mediated DNA damage, opening the
possibility of AKT’s direct role for R-loop resolution.

We then knocked down AKT1 using AKT1 siRNAs and performed a dot-blot assay to
evaluate the levels of R-loops. Depletion of AKT1 significantly induced higher levels

of R-loops relative to the basal level, whereas overexpression of AKT1 resolved R-loop
formation (Fig. 2E). Again, the increased R-loop accumulation was diminished by RNase
H1 overexpression (Fig. 2E). We also conducted cell growth assays in cells with RNase H1
overexpression to determine whether the combination-induced cell growth inhibition was
due to R-loop accumulation. RNase H1 overexpression partially rescued the reduced cell
growth caused by AKTi and ATRi (Supplementary Fig. S3A-B). Collectively, our findings
reveal a possible direct involvement of AKT1 in R-loop—-mediated replication stress response
and the novel mechanisms of action of AKTi and ATRi combination in PARPi-resistant
HGSOC cells.

R-loop resolution genes are upregulated in PARPi-resistant BRCAm HGSOC patients

Although R-loop dynamics have been extensively studied in cell line models (12,20), the
potential of R-loop resolution—related genes as biomarkers of replication stress in clinical
settings remains unknown. We speculated that PARPi-resistant BRCAm HGSOC tumors
might upregulate R-loop resolution genes to circumvent lethal replication stress and exhibit
higher tolerance to PARPI. To test this idea, we first identified candidate R-loop resolution
genes in the context of HGSOC. We referred to the published literature that used various
cancer models (12,20,27-30) and generated a consensus list of 66 genes (Fig. 3A and
Supplementary Table S1).

To further validate the clinical relevance of these upregulated genes, we cross-referenced
TCGA and Kaplan-Meier plotter ovarian cancer databases. In the public datasets, 10

genes with high expression were associated with poor progression-free survival (PFS) and
possible resistance to platinum drugs (Supplementary Table S4). Moreover, alterations (e.g.,
mutations, amplification, or mMRNA levels) of those genes were relatively frequent (>10%)
in HGSOC patients (Supplementary Table S4). In our RNAseq data from PARPi-resistant
BRCAmM HGSOC tumors, these R-loop resolution genes were highly expressed in about
two thirds of tumor samples (9/14) (Supplementary Fig. S4A). Also, the STRING database
exhibited possible interaction of ATR and AKT1 pathways with those 10 genes, except
TRDMTI1 (Supplementary Fig. S4B).

In addition, we examined their mMRNA expression levels in three PARPi-resistant BRCAm
HGSOC cell lines for subsequent mechanistic investigations. Our findings indicated
consistent upregulation of DHX9, ARID1A, and TRDMTI1 in all PARPi-resistant BRCAm
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cell lines as compared to their parental counterparts (Fig. 3B—C). We focused on the
DNA/RNA helicase DHX9 for further mechanistic studies, as it is a known substrate of
ATR (53) and indirectly activates AKT by enhancing the activity of PI3K regulatory subunit
p85 for cell survival (54) but its interaction with AKT for R-loop resolution is not well
understood.

AKT1 regulates the interaction between R-loop and DHX9

We first investigated whether AKT1 affects the colocalization of DHX9 and R-loops by
using PLA. While ATRi was expected to mitigate the recruitment of DHX9 (53), AKTi
alone also decreased the nuclear DHX9-R-loop PLA foci (Fig. 4A), suggesting AKT
independently modulates the interaction between DHX9 and R-loops. The addition of ATRi
further reduced the DHX9-R-loop PLA foci (Fig. 4A). We also silenced AKT1 using AKT1
siRNAs to evaluate the biological role of AKT1 in R-loop dynamics. Depletion of AKT1
significantly mitigated the DHX9-R-loops PLA signals compared to those transfected with
control siRNAs (Fig. 4B), supporting the notion of AKT1’s involvement in regulating the
interaction between DHX9 and R-loops.

AKT1 directly interacts with DHX9 for R-loop resolution

We next questioned how AKT1 affects the recruitment of DHX9 to the R-loops. Evidence
has shown that DNA repair proteins such as BRCA1 (55) and DNA-PK (56) directly
interact with DHX9 and facilitate its recruitment to the R-loops for R-loop resolution and
R-loop-associated DNA damage repair. We thus hypothesized that AKT1 may also bind to
DHXO to assist its recruitment to the R-loops. In support of this idea, immunofluorescence
staining exhibited endogenous DHX9 colocalized with AKT1 on R-loops in PARPI-resistant
HGSOC cells (Supplementary Fig. S5A, white dotted circles 1-3). Co-IP assay also verified
that endogenous DHX9 physically bound to AKT1 in PARPi-resistant HGSOC cells (Fig.
5A), indicating a direct interaction between DHX9 and AKT1.

AKT1 has not been previously reported as part of the R-loop interactome, we therefore
conducted a PLA analysis to investigate the direct association between AKT1 and R-

loops under replication stress. Our findings suggest AKT1’s direct involvement in R-loop
resolution under replication stress, as evidenced by the increased colocalization of AKT1
with both nuclear and cytoplasmic R-loops (Fig. 5B), which are caused by aberrant R-loop
processing (57). To further visualize the interaction between AKT1 and DHX9 on R-loops,
we co-transfected the mCherry-AKT1, BFP-DHX9, and GFP-RNase H1 and performed
fluorescence live cell imaging. In live cell imaging, AKT1 appeared first when RNase H1
and DHX9 were displayed, and their signals rapidly disappeared at the same location after
20 minutes without any treatment (Supplementary Movie S1 and Fig. 5C, white dot circle).
Also, PARPI-resistant HGSOC cells were treated with 4 mM of HU for 2 hours to induce
high levels of replication stress as HU is known to deplete deoxynucleoside triphosphate
pools (58). Live cell imaging showed that AKT1, RNase H1 and DHX9 formed significantly
larger foci in the nucleus of PARPi-resistant cells with HU treatment, which decreased after
20 minutes (Supplementary Movie S2 and Fig. 5D), suggesting AKT1 prevents excessive R-
loop accumulation in concert with RNase H1 and DHX9 in the cells under toxic replication
stress. This finding supports our notion that AKT1’s interaction with R-loop regulators is
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crucial in removing of aberrant R-loops under both physiologic and toxic replication stress
conditions.

We also evaluated the role of AKT1 on recruitment of DHX9 to genomic sites prone to
R-loops to assess the importance of their interactions in resolving R-loops. p-actin was
used as a tested gene because of its known R-loop enrichment in promoter-proximal and
termination regions (35), and DHX9 enrichment in promoter-proximal regions (27). ChlP-
gPCR results demonstrated a significant decrease in recruitment of DHX9 to R-loop-prone
genomic regions when AKT1 is silenced (Fig. 5E), supporting a direct role of AKT1 in
DHX9 recruitment to R-loops.

AKT1 resolves aberrant R-loops by physically binding to DHX9 via its kinase domain

To identify the specific binding sites between AKT1 and DHX9, cells were transfected with
serial deletion mutants of AKT1 and DHX9. Of note, AKT1 is a 480 amino acid protein

that contains an N-terminal pleckstrin homology (PH) domain followed by a catalytic kinase
domain and culminates in a regulatory C-terminal disordered tail (REG)(59) (Fig. 6A,

top). Co-1P with the deletion mutants of AKT1 demonstrated that AKT1 interacts with
DHX9 mainly through its kinase domain (Fig. 6A, bottom). Moreover, cells transfected

with kinase-dead AKT1 mutant (K179M) revealed significantly weaker binding activity with
DHX9 compared to those with wild-type AKT1 (WT) (Fig. 6A, bottom), indicating that the
interaction between AKT1 and DHXJ is highly dependent on the kinase activity of AKT1.

We depleted endogenous AKT1 using AKT1-targeting siRNAs and reintroduced a kinase-
dead AKT1 mutant into PARPI-resistant cells to examine the effect of AKT1 kinase activity
on the recruitment of DHX9 to R-loops and R-loop resolution (Supplementary Fig. S5B).
With reintroduction of the kinase-dead AKT1 mutant, there was a substantial increase

in R-loop levels within RPL13A and CALM3 genes (Supplementary Fig. S5C) and a
significant decrease in DHX9-R-loop PLA foci (Supplementary Fig. S5D), similar to the
effects observed with AKT1 silencing. Conversely, reintroduction of AKT1 WT reduced
R-loop levels and rescued the interaction between DHX9 and R-loops that were affected by
AKT1 knockdown at baseline (Supplementary Fig. S5C-D).

Next, we expressed three truncation sites of DHX9 to identify the interaction domains

of DHX9 with AKT1. These truncation sites of DHX9 include the double-stranded N-
terminal RNA-binding domain (dsRBD), the helicase domain, and the C-terminal fragment
containing nuclear localization/export signals and repeated arginine and glycine-glycine
(RGG) residues (Fig. 6B, top). We noted that the helicase domain and RGG residues interact
with endogenous AKT1 in PARPi-resistant HGSOC cells (Fig. 6B, bottom). It is possible
that the helicase domain of DHX9 may be the main binding site for AKT1, as AKT1

did not affect DHX9’s subcellular localization (Fig. 4A), suggesting AKT1 could regulate
DHX9’s helicase activity without affecting its subcellular localization for R-loop resolution.
Also, it has been shown that RGG complements DHX9 helicase activity by regulating its
interactions with DNA and RNA substrates (60).

To determine whether DHXQ is critical for AKT1-mediated R-loop resolution, PARPI-
resistant cells were transfected with siRNA against DHX9 for 24 hours, followed by
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transfection with AKT1-overexpressing vector for another 48 hours. Using dot-blot analysis,
we observed that while formation of R-loops was reduced upon the ectopic expression of
AKT1, it increased after DHX9 depletion (Fig. 6C). Moreover, silencing DHX9 increased
AKTi-induced cell growth inhibition (Fig. 6D) while overexpressing DHX9 partially rescued
cell growth (Supplementary Fig. S3A-B). These data indicate that DHX9 is essential for
AKT1-mediated R-loop resolution and the interaction between AKT1 and DHX9 is highly
dependent on AKT1 kinase activity.

Increased R-loop accumulation is associated with transcription-replication conflicts

Transcription-replication conflicts (TRCs) are also the main sources of R-loop-induced
replication stress and DNA damage (61). To evaluate whether blocking AKT and ATR
signaling also affects TRCs, we used the PLA to measure TRCs. The interaction between
PCNA and RNAPII was evaluated by PLA given that they are temporarily displaced from
the replication forks to prevent replication stress during TRCs (61). Also, it has been

shown that DHX9 interacts with PCNA and RNAPII to prevent TRCs (61). PLA signals
for RNAPII-PCNA foci increased after treatment with either AKTi or ATRi alone and
increased more significantly with the combination treatment (Supplementary Fig. S6). This
finding suggests that the combination of AKTi and ATRi enhances TRCs, leading to further
R-loop-induced replication stress. Overall, our data support the idea that pharmacologic
inhibition of AKT and ATR signaling can exacerbate TRCs and R-loop-mediated replication
stress in PARPi-resistant BRCAmM HGSOC cells.

Combination treatment of ATRi and AKTi reduces tumor growth and prolongs survival in
PARPi-resistant HGSOC animal models

For the future development of human clinical trials, we evaluated the therapeutic efficacy

of the combination in /n vivo HGSOC models. Immunodeficient NOD-SCID gamma (NSG)
mice were used to develop subcutaneous and intraperitoneal xenograft models to monitor
tumor growth, metastasis, and survival rate. PARPi-sensitive (PEO1) and PARPi-resistant
(PEO1/QOlaR and PEO1/OlaJR) cells were injected subcutaneously or intraperitoneally into
NSG mice. The combination treatment resulted in near-complete tumor regression (Fig. 7A)
without significant weight loss (Fig. 7B) compared to monotherapy in two PARPi-resistant
models. Olaparib alone temporarily suppressed the tumor growth in PARPi-sensitive PEO1
models after 1-week treatment, but this activity was not maintained after few weeks
(Supplementary Fig. S7TA-B). Importantly, the combination of ATRi and AKTi resulted

in > 3-fold increased median overall survival compared with control (24-29.5 days vs.
82.5-102.5 days, £< 0.001), ATRi (31.5-34 days vs. 82.5-102.5 days, £< 0.001), and AKTi
alone (32-32.5 days vs. 82.5-102.5 days, £< 0.001) in PARPi-resistant HGSOC models and
~2-fold increased median overall survival in PEO1 models (Fig. 7C and Supplementary Fig.
S7C).

We also assessed R-loop accumulation-related replication stress and DNA damage /1 vivo
using IHC. Consistent with /n vitrofindings, the levels of yH2AX, pRPA, and R-loops
were significantly elevated in tumors treated with combination compared to monotherapy,
while the increased R-loops were significantly mitigated upon RNase H treatment (Fig. 7D
and Supplementary Fig. S7D). These findings demonstrate the therapeutic potential of the
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combination treatment of ATRi and AKTi possibly via modulating R-loop dynamics and
replication stress /n vivo.

High co-expression of DHX9 and AKT1 is associated with worse survival in HGSOC

patients

Lastly, we studied the correlations of mRNA levels of DHX9, AKT1and ATR with the
survival of HGSOC patients using the public Kaplan-Meier Plotter ovarian cancer database
to evaluate these genes as a potential biomarker to predict the response for combination
therapy. The survival analysis exhibited worse progression-free survival (PFS) in HGSOC
with high expression of DH.X9compared with those with low DHX9(14.53 vs. 19.55
months, P < 0.001) (Fig. 7E). Moreover, HGSOC with high DHX39high AKT1 had worse
PFS compared with those with high DHX9low AKTI (10 vs. 18.2 months, P < 0.001) (Fig.
7F), and the high levels of DH.X9were associated with elevated expressions of AK71in
HGSOC tumors (Supplementary Fig. S7E). Of note, there was no difference of PFS between
patients with high DHX9high ATR and those with high DHX9low ATR (Supplementary
Fig. STF, left) although we found that the high levels of DH.X9are also associated with

high ATR expressions in HGSOC tumors (Supplementary Fig. S7F, right). Together, these
data suggest that high co-expression of DHX9 and AKT may represent a subset of ovarian
cancers with high replication stress that may benefit from combination treatment.

Discussion

Drug-resistant HGSOC, especially BRCAmM HGSOC with acquired resistance to PARPI is
an emerging patient population with unmet medical needs (5). Although strong preclinical
evidence supports the use of ATR/CHK1 pathway blockade in PARPi-resistant BRCAm
HGSOC (7-9), findings from earlier clinical trials with ATRi monotherapy have been
disappointing (21). We therefore conducted a combination drug screening to address this
challenge, which identified the synergistic effects between AKT blockade and ATRIi in both
PARPi-sensitive and PARPi-resistant BRCAm HGSOC cells. While some preclinical studies
revealed that ATRi and PARPi combination is synergistic in PARPi-resistant HGSOC (8,9),
our drug screen did not exhibit such synergy with multiple PARPIis (e.g., olaparib, rucaparib
and niraparib) except talazoparib which is known to cause greater PARP-DNA trapping
activity than most PARPIs (62). We prioritized this novel combination of AKTi and ATRi
for further preclinical studies and possible development of the human clinical trials. In the
current study, we identified the novel mechanisms of action of ATRi and AKTi combination
in PARPI-resistant BRCAmM HGSOC cells. Specifically, AKT plays a critical and direct role
in the resolution of R-loops by binding to DHX9 and pharmacologic inhibition of AKT
augments ATRi-induced R-loop-mediated replication stress and DNA damage (Fig. 7G).

There is growing evidence that aberrant R-loops lead to genomic instability and replication
stress (13,61). Recent studies demonstrated that key DNA damage repair and replication
proteins e.g., ATR, RNase H, DNA-RNA helicases, and topoisomerase 1/topoisomerase
binding protein 1 (Top1/TopBP1) are involved in preventing aberrant R-loop formation
and removing R-loops (12). Also, studies reported that cancer cells harboring high levels
of R-loops particularly rely on the ATR/CHK1 pathway activation for survival (18,50).
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ATR protects replication forks from being cleaved by MUSB81 via inhibiting EME1, thus
preventing further DSBs induced by R-loop accumulation, as shown in HeLa cells (18).
Though a high activity of ATR at baseline may suggest increased endogenous replication
stress (8,9), we acknowledge that preconditions for the ATRi and AKTi combination
response is complex. As such, in PARPi-resistant BRCAm HGSOC cells, we uncovered
that pathological R-loop formation can be induced by AKTi not only by ATRi, suggesting
other survival pathways also contribute to the dynamics of R-loop resolution.

AKT is a master regulator in maintaining genomic stability by involving DNA replication,
DSB repair, and cell cycle regulation (63). For instance, AKT inhibits TopBP1, which

leads to increased E2F1 transcription activity and DNA synthesis, ultimately promoting cell
survival and preventing apoptosis (64). AKT also involves DSB repair process by inhibiting
the recruitment of DNA end resection factors, e.g., RPA and RAD51 and stimulating DNA-
PKcs autophosphorylation for initiating non-homologous end joining repair (63). Although
these data may suggest that AKT activation is necessary for cancer cells’ survive against
R-loop-associated replication stress, it remained elusive whether AKT directly involves
R-loop regulation. Therefore, it is noteworthy that our data provide the first evidence of
AKTZL’s direct role in R-loop resolution by binding to DHX9 through its kinase domain for
the recruitment of DHX9 to R-loops. Furthermore, our data suggest that DHX9 binds to
AKT1 predominantly through its helicase domain.

There are conflicting reports for DHX9 as a promoter of R-loop formation (65,66).
However, most studies (15,27,37,56,67,68) demonstrated DHX9’s function as resolving
R-loops and a conflicting ability of DHX9 may depend on cellular context and binding
partners. Specifically, DHX9 facilitates R-loop resolution by directly interacting with
RNF168 in BRCA1/2 deficient tumor cells (68). Another study showed that loss of
DHX9 or PARP1 independently increases R-loop accumulation in HelLa cells treated
with camptothecin (27). In contrast, DHX9 promotes the R-loop accumulation in U20S
osteoblastoma cells lacking RNA splicing factors SFPQ and SF3B3(65). However, it is
worth noting that loss of SFPQ (0.32%, 1/316) or SF3B3(1.27%, 4/316) is a rare event
in HGSOC (Supplementary Fig. S8) thus it is possible that DHX9 likely supports R-loop
resolution rather than R-loop formation in HGSOC.

DHXQ involves the early stage of HR by facilitating the end resection of damaged DNA,
generating a 3° ssDNA substrate that promotes HR through RAD51 recombinase (53).
Other helicases, such as DDX1 (69) and senataxin (16), also enhance HR repair and reduce
R-loops at DSBs. Thus, targeting of R-loop resolution proteins, e.g., DHX9 blockade (70)
may be a potential strategy to overcome PARPI resistance, requiring further investigation.
Similarly, Boros-Olah et al. reported that R-loop-related genes, including DHX9, may
predict the response of drugs targeting of PI3K/AKT and cell cycle pathways, examined

in >1000 cell lines, including 30 BRCAwt and 4 BRCAm ovarian cancer cell lines (71).
Also, it has been reported that Dhx9 activates the ERK pathway in mice CD8+ T cells
(72), serving as a compensatory survival pathway in the absence of PI3BK/AKT signaling
activation (73). Consistent with this, we observed an additive cytotoxic effect with DHX9
knockdown and AKTi, indicating that depleting DHX9 may impede compensatory survival
pathway induction, thereby further inhibiting cell growth.
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Multiple factors are involved in R-loop-mediated replication stress and transcription
homeostasis. During S phase, transcription and replication machineries need to access the
same template which can lead to collision in certain situations and/or at specific genomic
regions (61). Also, pausing, stalling, and backtracking of transcribing RNA polymerases
further increase the chance of TRC and replication fork stalling (61). As such, TRCs are

the main sources of R-loop-induced replication stress and DNA damage. Here, we identified
a novel function of AKT and found that PARPI-resistant HGSOC cells also depend on
AKT1 to ensure efficient transcription during S-phase and thus prevents R-loop-dependent
TRCs. Our finding is in line with previous reports. Peng et al. reported on Akt1/2 double-
knockout causes severe growth retardation and defective transcription cascade in DBA/1lac)
mice (74). Also, AKT1-knockout cells resulted in impaired DNA synthesis leading to high
sensitivity to PARPI (75). Our proposed mechanism thus supports the notion that ATRi/
AKTi combination synergy exists not only by mitigating cell’s ability of R-loop-mediated
replication stress but also by increased TRCs.

In summary, our study demonstrates the potential therapeutic benefit of combining ATRi
and AKTi in drug-resistant HGSOC models. Moreover, this combination treatment is well-
tolerated in murine models. Our findings also shed light on the mechanisms behind the
observed effects, indicating that the ATRi and AKTi combination promotes lethal replication
stress and DNA damage by increasing R-loop-mediated replication stress. Additionally,

we reveal that AKT1 interacts with DHX9, playing a direct role in R-loop resolution.
Collectively, our research provides compelling evidence for the ATRi and AKTi-based
clinical trials, facilitating the development of new treatment options and biomarkers, and
ultimately improving clinical outcomes for women with recurrent HGSOC.
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Significance:

Inhibition of the AKT and ATR pathways cooperatively induces R-loop-associated
replication stress in high-grade serous ovarian cancer, providing rationale to support the
clinical development of AKT and ATR inhibitor combinations.
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Figure 1. PI3K/AKT pathway inhibitors acting synergistically with an ATRi in PARPI-resistant
BRCA2m HGSOC cdlls.

A, Hierarchal view of 6 x 6 initial drug combination screening in PARPi-resistant (PEO1/
OlaR and PEO1/OlaJR) BRCA2m HGSOC cells. Drugs that were found to be synergistic
with ATRi ceralasertib (ExcessHSA < —20) were ranked using the average ExcessHSA
values; more negative ExcessHSA values indicate greater potency. Purple rectangles on
the right highlight the agents from key mechanistic classes, including inhibitors targeting
cell cycle checkpoint, PI3BK/AKT pathway, topoisomerase I/11, tubulin polymerization, and
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PARP. B, 10 x 10 matrix screening of PI3K/AKT pathway inhibitors and ATRi ceralasertib
in PARPI-sensitive (PEO1) and PARPi-resistant (PEO1/OlaR and PEO1/OlaJR) BRCA2m
HGSOC cells. Purple rectangles on the right highlight drugs targeting PI13K isoform, AKT,
and mTOR. * Indicates the synergy seen in all cell lines. C, Cell growth was assessed using
XTT assays (n = 4). Cells were treated with ATRi ceralasertib and/or AKTi capivasertib

at indicated doses for 5 days. Combination index (CI) values <1 indicate synergism. D,
Long-term survival was evaluated by colony-forming assays (n = 3). Cells were treated

with ATRi (0.5 pM) and/or AKTi (5 uM) and grown for 12 days. E-G, Cells were treated
with ATRi (1 pM) and AKTi (10 pM) for 48 hours. E, Cell apoptosis effect was assessed

by immunoblotting of cleaved PARP (c-PARP). GAPDH was used as a loading control.
Densitometric values of c-PARP relative to GAPDH are shown. F-G, DNA damage was
examined by immunofluorescence staining for yH2AX foci (n = 3) (F) and alkaline comet
assay (n = 3) (G). F, Representative images of yH2AX foci (pink) and nuclei (DAPI, blue)
(left). The percentage of cells with > 5 yH2AX foci representing cells with DNA damage is
plotted (right). G, Representative images of comet assays are shown (left). The tail moment,
including the product of the tail length and the fraction of total DNA, is plotted (right). Data
from C, D, F, G were analyzed using one-way ANOVA test and shown as mean + SEM. *, P
<0.05; **, P <0.01; ***, P < 0.001; ns, not significant.
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Figure 2. AKTi enhances ATRi-induced DNA damage and R-loop accumulation.
A, Immunofluorescence staining of yH2AX (pink; DNA damage marker) and pRPA (green;

stalled replication fork marker) were performed to examine replication stress (n = 3). Cells
were treated with ATRI ceralasertib (1 uM) and AKTi capivasertib (10 uM) for 48 hours.
Representative images are shown (left). The percentage of double-positive cells, indicative
of replication stress, is plotted (right). B, DNA fiber assays were performed to assess
replication fork dynamics (n = 3). The schematics (left, top) and representative fibers (left,
bottom) are shown. Average replication fork speeds in each group are shown (right). C,
DRIP was conducted using the S9.6 monoclonal antibody in PARPI-resistant cells treated
with ATRi and/or AKTi. RNase H treatment was used as a negative control. The gPCR
analysis of R-loop positive foci of CALM3and RPL13A genes and R-loop negative SNRPN
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gene (n = 3) was plotted using the percentage of input. D, Alkaline comet assay (h =

3) in cells treatment with ATRIi ceralasertib (1 uM) and/or AKTi capivasertib (10 uM)

in the presence of 20 UM pan-caspase inhibitor Z-VAD-FMK for 72 hours with GFP or
GFP-RNase H1 overexpression. Representative immunofluorescence images of the comet
tail are shown (left). The tail moment is plotted (right). E, Effect of AKT1 overexpression
or knockdown on R-loop formation (n = 3). Cells were transfected with siAKT1 (25 nM)
or HA-tagged AKT1 (2 mg) for 72 hours. The overexpression or knockdown efficiency

of AKT1 was assessed by immunoblotting and GAPDH was used as a loading control.
Densitometric values of AKT1 relative to GAPDH are shown (left). Dot-blot analysis of
R-loops using S9.6 antibody in genomic DNA from transfected cells (right). Ratios relative
to control group are shown. Bottom panels show the same analysis using genomic DNA
after RNase H1 treatment were used as negative control. Data were analyzed using one-way
ANOVA test and shown as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not
significant.
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Figure 3. R-loop resolution genes are upregulated in PARPi-resistant BRCAm HGSOC patients.
A, Scheme for generating the list of R-loop regulators identified by published proteomic

studies. B, mRNA expression levels of R-loop resolution genes in PARPI-sensitive (PEOL1,
UWB1.289) and PARPi-resistant HGSOC cell lines (PEO1/OlaR, PEO1/OlaJR, UWB/
OlaR) were analyzed by qPCR (n = 3). C, \enn diagram showing the overlap of upregulated
R-loop regulators in PARPI-resistant BRCAmM HGSOC cells. Data were analyzed using
one-way ANOVA test and shown as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 4. AKTi augments ATRi-induced R-loop accumulation by decreasing DHX9 recruitment
to R-loops.

A-B, PARPi-resistant PEO1/OlaR cells were transfected with (+) or without (-) RNase H1.
A, PLA was conducted to detect the interactions between R-loops and DHX9 in cells treated
with ATRi ceralasertib (1 uM) and/or AKTi capivasertib (10 uM) for 48 hours (n = 3).
Representative immunofluorescence images of DHX9-R-loops PLA foci (red) and DAPI
(blue) in cells pretreated with RNase 111/T1 treatment are shown (left). Number of PLA
nuclear foci was plotted (right top). Representative immunofluorescence images of DHX9 or
S9.6 antibody only PLA are shown (right bottom). B, Representative immunofluorescence
images of DHX9-R-loops PLA foci (red) and DAPI (blue) in cells transfected with siRNAs
against AKT1 or scramble control for 48 hours and RNase I11/T1 pretreatment (left).
Number of PLA nuclear foci was counted and plotted (right) (n = 3). Data were analyzed
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using one-way ANOVA test and shown as mean £ SEM. *, P < 0.05; **, P < 0.01; *** P <
0.001; ns, not significant.
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Figure 5. Endogenous AKT1 physically interacts with DHX9.
A, Co-IP was performed to study the interaction between endogenous DHX9 and AKT1

in PARPi-resistant BRCA2m HGSOC cells (n = 3). Bound AKT1 or DHX9 proteins were
analyzed by immunoblotting. B, PLA was conducted to detect the interactions between
R-loops and AKT1 under replication stress (n = 3). Representative immunofluorescence
images of AKT1-R-loops PLA foci (red) and DAPI (blue) in cells treated with (+) or
without (=) 4 mM HU treatment for 2 hours (toxic replication stress condition) with (+) or
without (=) RNase H treatment are shown (left). Number of PLA nuclear foci was plotted
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(bottom). Data are shown as mean + SEM. **, P < 0.01. C-D, AKT1 couples with DHX9 to
resolve R-loops in PARPi-resistant BRCA2m HGSOC cells (n = 3). Representative images
of AKT1 (red), and DHX9 (blue) and RNase H1 (green) in PEO1/OlaR cells (C) without (=)
or (D) with (+) 4 mM HU treatment for 2 hours (toxic replication stress condition) captured
from live cell imaging. In the same time frame (20 minutes), AKT1 showed up immediately
when R-loops were displayed and cleared R-loops with DHX9 within 20 minutes (C,

white dotted circle, captured from Supplementary Movie S1), while AKT1 and DHX9 and
RNase H1 formed significantly larger foci in the nucleus of PARPi-resistant cells with HU
treatment (D, white dotted circles, captured from Supplementary Movie S2). E, DHX9 ChIP
in PARPI-resistant cells transfected siRNAs against AKT1 (siAKT1) or scramble control
(siControl). ChIP-gPCR analysis of DHX9 recruitment to different R-loop-prone genomic
regions of B actin was conducted. Data are presented as % input fold change compared to
siControl group (n = 3). Data were analyzed using one-way ANOVA test and shown as mean
+ SEM. *, P < 0.05; ***, P < 0.001.
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Figure 6. AKT1 resolves R-loop formation by directly interacting with DHX9 via itskinase

domain.

A-B, Schematic representations of AKT1, DHX9 and their serial-deletion mutants (top).
Co-1P was performed to study the interaction between DHX9 and AKT1 (bottom). PARPi-
resistant HGSOC cells were transfected with (A) HA-tagged full-length or deletion mutants
of AKT1 or (B) GFP-tagged full-length or deletion mutants of DHX9. Cell lysates were
collected for performing a co-1P assay (n = 3). Bound AKT1 or DHX9 proteins were
analyzed by immunoblotting. The full-length or deletion mutants of AKT1 and DHX9 were
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detected (indicated as *). C, Dot-blot analysis of R-loops. Genomic DNAs were collected
from PARPi-resistant cells transfected with siDHX9 and/or GFP-AKT1 (AKT1) for 72
hours. Ratios relative to control group are shown. Bottom panels show the same analysis
using genomic DNAs after RNase H1 treatment as control. D, PARPi-resistant HGSOC cells
were transfected with siRNAs against DHX9 or scramble controls for 48 hours and then
treated with AKTi for another 48 hours. Cell growth was measured by XTT assay (n = 5).
Data were analyzed using one-way ANOVA test and shown as mean = SEM. **, P < 0.01,;
*** P <0.001.
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Figure 7. ATRi and AKTi combination reducestumor growth and prolongs survival, and high
co-expression of DHX9 and AKT1 isassociated with poor survival in HGSOC patients.

A-B, Tumor growth was measured using subcutaneous xenograft models (n = 4/group).
Mice received vehicle, 130 mg/kg capivasertib, 50 mg/kg ceralasertib or 100 mg/kg
olaparib. For combination, mice received 130 mg/kg capivasertib with or without 50 mg/kg
ceralasertib. The tumor volume (A) and body weight (B) are plotted. Data were analyzed
using one-way ANOVA test and shown as mean £ SEM. *, P < 0.05; **, P < 0.01; *** P <
0.001; ns, not significant. C, Overall survival was studied using intraperitoneal injection
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models. Mice received vehicle, 130 mg/kg capivasertib and/or 50 mg/kg ceralasertib.
Survival is shown by Kaplan—Meier curve using the Mantel-Cox log-rank test. Data are
shown as mean + SEM. *, ATRIi versus both; #, AKTi versus both; ***, ###, P < 0.001.
D, Representative IHC images of R-loops, pRPA, and yH2AX (upper). The percentage
of IHC positive staining area of nuclear R-loops, pRPA, and yH2AX are plotted (n = 3,
bottom). Data were analyzed using one-way ANOVA test and shown as mean £ SEM.

*, P <0.05; **, P <0.01; ***, P <0.001; ns, not significant. E-F, Prognostic value of
DHX9 and AKT1 was obtained from Kaplan—Meier plotter (http://kmplot.com/analysis/)
[ovarian cancer] database. E, HGSOC tumors with high (n = 337) and low DH.X9levels
(n = 133) were divided using auto-select best cutoff on the website. F, HGSOC with high
DHX9 levels were further divided into high- versus low-expression groups based on the
median expression of AK71 using multiple genes analysis. The progression-free survival
of patients with HGSOC was analyzed by Kaplan—Meier plotter website, and the hazard
ratios with 95% confidence intervals and log-rank P values were calculated. G, Proposed

model of AKT1-dependent DHX9 function on R-loop resolution. While ATR is an important

regulator of DNA replication and R-loop resolution, AKT1 also plays an essential role in
R-loop resolution by directly recruiting DHX9 to R-loops through AKT1 kinase domain’s
interaction with DHX9 helicase domain and RGG box. Hence, combined inhibition of AKT
and ATR creates lethal replication stress by inducing aberrant R-loops in PARPi-resistant
HGSOC.
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