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SUMMARY
CCNE1-amplified ovarian cancers (OVCAs) and endometrial cancers (EMCAs) are associated with platinum
resistance and poor survival, representing a clinically unmet need. We hypothesized that dysregulated cell-
cycle progression promoted byCCNE1 overexpressionwould lead to increased sensitivity to low-doseWEE1
inhibition and ataxia telangiectasia and Rad3-related (ATR) inhibition (WEE1i-ATRi), thereby optimizing effi-
cacy and tolerability. The addition of ATRi to WEE1i is required to block feedback activation of ATR signaling
mediated by WEE1i. Low-dose WEE1i-ATRi synergistically decreases viability and colony formation and in-
creases replication fork collapse and double-strand breaks (DSBs) in aCCNE1 copy number (CN)-dependent
manner. Only upon CCNE1 induction does WEE1i perturb DNA synthesis at S-phase entry, and addition of
ATRi increases DSBs during DNA synthesis. Inherent resistance to WEE1i is overcome with WEE1i-ATRi,
with notable durable tumor regressions and improved survival in patient-derived xenograft (PDX) models
in a CCNE1-level-dependent manner. These studies demonstrate that CCNE1 CN is a clinically tractable
biomarker predicting responsiveness to low-dose WEE1i-ATRi for aggressive subsets of OVCAs/EMCAs.
INTRODUCTION

Gynecological cancers can be heterogeneous in anatomic loca-

tion, histology, and genomics. High-grade serous ovarian cancer

(HGSOC) is the most common and deadly subtype of ovarian

cancer.1 Although aggressive histological subtypes of endome-

trial cancer (EMCA), including uterine serous cancer and uterine

carcinosarcomas, account for only 10%–20% of EMCAs, they

are responsible for 40% of deaths from this disease.2 Most pa-

tients with advanced HGSOC (>80%) and aggressive subtypes

of EMCA (50%–60%) experience recurrence and ultimately suc-

cumb to their disease.2,3 Survival from these aggressive gyneco-

logical cancers has not significantly improved over the past

decade.4
Cell Reports
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CCNE1, anoncogenic driver inmanycancers includingHGSOC

and EMCA, is associated with poor outcome and platinum resis-

tance.5,6 InHGSOC,CCNE1amplification (CCNE1Amp; copynum-

ber [CN] > 5) occurs in 22% of cases, and another 34% exhibit

CCNE1 gain (CCNE1Gain; CN 2–5).7 In uterine cancers, CCNE1 is

amplified in 50% of serous EMCAs,8 45% of uterine carcinosar-

comas,9 and 8% of endometrioid EMCAs.10 Cyclin E1 protein

complexes with CDK2 to promote cell-cycle progression from

G1 to S phase.7 Overexpression of cyclin E1 promotes premature

entry intoS phase, resulting in increased stress at replication forks

and double-strand DNA breaks (DSBs) that are repaired by the

high-fidelity homologous recombination pathway.7,11 TP53muta-

tions, which are ubiquitous in HGSOC12 and found in >90% of

serous EMCAs13 and uterine carcinosarcomas,9 exacerbate the
Medicine 2, 100394, September 21, 2021 ª 2021 The Author(s). 1
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effects of cyclin E1 overexpression.7 Thus, in CCNE1-overex-

pressing cells, further loss of control at the G1-S checkpoint by

aberrant p53 occurs, increasing dependency on S phase

and, more importantly, the G2-M cell-cycle checkpoint for sur-

vival.14–16 Targeted combination regimens that strategically

exploit these oncogene-dependent vulnerabilities in these dis-

eases are lacking and are the focus of our study.

Critical S and G2-M cell-cycle checkpoint functions are regu-

lated by ataxia telangiectasia and Rad3-related (ATR) and WEE1.

ATR is activated by replication stress, blocksG2-M cell-cycle pro-

gression, and prevents premature activation of the SLX1-SLX4,

MUS81-EME1, and XPF-ERCC1 (SMX) complex, which promotes

DSBreformationat replication forks.17,18Becauseof its role insup-

pressing breaks under replication stress, cells with increased

oncogenic stress, TP53 defects, or CCNE1 overexpression are

especially sensitive to ATR inhibition (ATRi).19–22 In contrast,

WEE1 limits progression fromG1 to S and from S/G2 toM through

inhibitory phosphorylation of CDK2 and CDK1, respectively.23–25

Thus, when WEE1 inhibition (WEE1i) occurs, both G1-S and

G2-M checkpoints are abrogated, leading to premature S-phase

and M-phase entry.19 Notably, WEE1i exacerbates existing high

levels of replication stress associated with CCNE1 overexpres-

sion, ultimately causing mitotic catastrophe.14,26,27 We hypothe-

size replication stress caused by cyclin E1 overexpression can

be further increased to toxic levels by dual inhibition of WEE1

and ATR that allows lower-dosing strategies, thus selectively pro-

moting cell death and tumor regressionwhile ameliorating toxicity.

The ATRi, AZD6738, is highly selective and potent and has

demonstrated activity and tolerability as monotherapy in phase I

clinical trials.28,29 It has entered phase II studies both alone and

in combination with other DNA-damaging agents (clinicaltrials.

gov). Similarly, the WEE1i, AZD1775, is being evaluated in phase

I/II clinical trials as monotherapy and in combination with other

therapies. The side effects of myelosuppression and diarrhea

associatedwithWEE1i and toa lesserdegreewithATRiwill require

novel dosing schedules.30,31 ATRi and WEE1i combinations have

not been tested in humans (clinicaltrials.gov).

We reasoned that inhibiting bothWEE1 and ATR (WEE1i-ATRi)

will selectively target CCNE1-overexpressing HGSOC and
Figure 1. Cyclin E induction increases ATR signaling and sensitivity to

(A) Select proteins involved inG1-S andG2-M cell-cycle regulation by RPPA analys

treatment (500 nM) for indicated times. Data are presented as the log2 fold chan

(B and C) Immunoblot of the indicated proteins after FT282 CCNE1induc cells we

(D) Viability of FT282 CCNE1induc cells pretreated ± doxycycline (24 h) followed b

The inlay is the immunoblot for cyclin E1 after 120 h ± doxycycline (n = 6; mean ± S

(E) Immunoblot of the indicated proteins in FT282 CCNE1induc cells ± doxycyclin

(F) Cell viability for FT282 CCNE1induc cells ± doxycycline and then 120 h of the

p < 0.0001). Coefficient of drug interaction (CDI) relative to fraction affected (Fa) c

red (right) (CDI = 0.8, 1.0).

(G and H) Immunoblot for cyclin E1 in OVKATE (G) and SNU685 (H) CCNE1induc

(I and J) Cell viability analysis of OVKATE (I) and SNU685 (J)CCNE1induc cells ± do

for select combination doses shown in red). CDI relative to Fa comparing ± doxycy

CDI = 0.8, 1.1; SNU685: CDI = 0.4, 0.7).

(K and L) Quantification of colony formation for OVKATE (K) and SNU685 (

10 days. Doses for representative images are shown in red (± doxycycline: p

comparing ± doxycycline (blue versus gray), with selected doses highlighted in r

Significance determined by two-way ANOVA followed by Tukey’s multiple compa

biologically independent experiments. ***p < 0.001, ****p < 0.0001.
EMCA cells and allow lower-dosing strategies to mitigate off-

target toxicity. Herein, we tested this possibility using an exper-

imental drug development platform designed to rapidly move

novel therapies into the clinic. CCNE1 induction increases

ATR/CHK1 signaling as previously shown.32 We show that a

low-dose WEE1i-ATRi combination is synergistic in decreasing

HGSOC and EMCA cell survival and colony formation in a

CCNE1-level-dependent manner. Dual inhibition led to

increased replication stress, mitotic catastrophe, and cell death

in CCNE1Amp EMCA and ovarian cancer (OVCA) lines. In cells

with high CCNE1, low-dose WEE1i abrogates CDK2 inhibitory

phosphorylation and nucleotide incorporation, leading to defec-

tive DNA replication at S-phase entry. Adding ATRi to WEE1i

increases gH2AX in S phase, leading to fork collapse and

suggesting that defective DNA synthesis caused byWEE1i leads

to increased reliance on ATR for fork stability. Indeed, WEE1i-

ATRi treatment caused significant tumor regression and

improved survival compared with WEE1i alone in a CCNE1-

level-dependent manner in OVCA/EMCA patient-derived xeno-

graft (PDX) models. We find that a high CCNE1 CN is a reliable

genomic biomarker predictive of response to treatment in these

tumor models. We have identified a combination treatment ex-

ploiting aggressive CCNE1Amp OVCA/EMCAs addressing a clin-

ically important, unmet need.

RESULTS

CCNE1 induction increases ATR signaling and
sensitivity to low-dose WEE1-ATR inhibition
We hypothesized that induction of CCNE1 would increase repli-

cation stress and dependency on the G2-M checkpoint as re-

ported.11,33 As expected, CCNE1 induction increased expres-

sion of pRb, FOXM1, cyclin B1, pCDK1, pCHK2, pATR, ATM/

pATM, and WEE1/pWEE1 by reverse-phase protein array

(RPPA) analysis; in aggregate, all are involved in S and G2-M

cell-cycle progression and checkpoint responses in CCNE1

inducible FT282 (FT282induc) immortalized fallopian tube cells

(Figure 1A).7 An increase in cell-cycle checkpoint markers

pWEE1 and pCDK1(Y15), a WEE1 substrate, with CCNE1
combination WEE1i-ATRi

is from FT282 cells after cyclin E1 induction (FT282CCNE1induc) by doxycycline

ge relative to 0 h (n = 2; mean).

re treated with doxycycline at the indicated time points.

y 120 h of WEE1i (black) or ATRi (gray) monotherapy at the indicated dosages.

D; ± doxycycline: WEE1i, p < 0.0001, ATRi, p = 0.0002; doses highlighted red).

e and then 24 h of the indicated drug.

indicated monotherapy and combination (n = 6; mean ± SD; ± doxycycline:

omparing ± doxycycline (blue versus gray), with selected doses highlighted in

cells ± doxycycline at the indicated time points (left) for up to 5 days (right).

xycycline at the indicated doses (n = 3–4; mean ± SD; ± doxycycline: p < 0.0001

cline (blue versus gray), with selected doses highlighted in red (right) (OVKATE:

L) CCNE1induc cells ± doxycycline followed by the indicated treatment for

< 0.0001; n = 3; representative image shown). CDI relative to the Fa plot

ed (right) (OVKATE: CDI = 0.05, 0.5; SNU685: CDI = 0.2, 0.6).

rison test in (D), (F), and (I)–(L). Representative data are shown (B–L) for one of 3
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induction was confirmed (Figure 1B). Given that CCNE1 induc-

tion increasedmarkers for G1-S progression, effects on the repli-

cation fork stabilizer and G2-M checkpoint regulator, ATR, were

evaluated. CCNE1 induction significantly increased both

pCHK1(S345) (Figure 1C) and pATR (Figure S1A), suggesting

sensitivity to drugs targeting this pathway.

Given that CCNE1 induction increases ATR signaling, we hy-

pothesized that targeting replication stress and cell-cycle check-

point regulators would lead to more effective anti-tumor re-

sponses. With CCNE1 induction, FT282induc cells were more

sensitive to monotherapy with WEE1i (AZD1775) than with

ATRi (AZD6738), but neither drug alone markedly decreased

viability (Figure 1D). FT282induc cells with doxycycline (Dox) treat-

ment for 5 days retained high cyclin E1 protein (Figure 1D). Using

monotherapy doses that were not cytotoxic to FT282 control

cells (Figure 1D), WEE1i (200 nM) treatment alone, however,

significantly increased pCHK1(S345) (Figure 1E), likely due to in-

hibition of DNA synthesis and consequential ATR activation.34

The addition of ATRi to WEE1i blocked the WEE1i-induced in-

crease of pCHK1 (Figure 1E). WEE1i alone modestly decreased

pCDK1(Y15), and the addition of ATRi to WEE1i further

decreased pCDK1(Y15), implying loss of the S/G2 to M check-

point (Figure 1E). Finally, there was a dramatic increase in phos-

pho-histone H2AX (gH2AX), a marker for DNA DSBs,35 with the

WEE1i-ATRi combination compared with WEE1i or ATRi alone

(Figure 1E). With CCNE1 induction, we found low-dose WEE1i-

ATRi significantly decreased viability and was more synergistic

across multiple doses tested compared with non-induced cells

(±Dox, red, p < 0.0001; Figure 1F). Dosing was optimized for

further studies using a low dose of WEE1i (200 nM) or ATRi

(1 mM)monotherapy that hadmaximal effect onCCNE1 inducible

fallopian cells and minimal effect on cells without CCNE1 induc-

tion (highlighted red in Figures 1D and 1F).

Given that the FT282 cell line consists of immortalized fallopian

tube cells, we next explored whether CCNE1 induction in

HGSOC and EMCA cells with low baseline cyclin E1 levels would

increase sensitivity to WEE1i-ATRi. OVKATE and SNU685 (both

CCNE1 CN neutral/low [CCNE1Low], CN < 2, with low cyclin E1

protein) were transfected with inducible CCNE1 (CCNE1induc).

Upon CCNE1 induction with doxycycline (Figures 1G and 1H),

both OVKATE CCNE1induc and SNU685 CCNE1induc cells were

more sensitive to WEE1i or ATRi monotherapy compared with
Figure 2. Combination WEE1i-ATRi decreases viability and colony form

(A) Copy number analysis inCCNE1Amp (blue),CCNE1Gain (orange), andCCNE1Lo

sites.broadinstitute.org/ccle).

(B) Immunoblot of the indicated proteins, including full-length and low molecular w

nuclear loading control.

(C) Immunoblot for indicated proteins in CCNE1Amp OVCAR3 and KLE cells after

(D) Cell viability of the indicated cell lines after 5 days of treatment at the indicat

parison, highlighted in red (n = 3–5;mean ±SD). CDI relative to the Fa plot compari

upper). The standard low dose is the bold dot, the higher doses are open dots,

against CCNE1 CN, displayed as log2(CN/2) for standard low doses (right lower)

(E) Colony formation (CF) after all lines were treatedwith 0.25 mMATRi, 0.05 mMWE

ImageJ (Figure S1) and mean CF were used to calculate CDI. CDI relative to the

(F) Knockdown efficiency of WEE1 siRNA (2 nM) and ATR siRNA (10 nM) in OVC

combination WEE1 and ATR siRNA treatment in CCNE1Amp OVCAR3 cells and C

Significance determined by one-way ANOVA followed by Tukey’s multiple compa

independent experiments. ****p < 0.0001; ns, not significant.
non-induced controls (OVKATE: ATRi, p = 0.0002, WEE1i, p =

0.0009; SNU685: ATRi, p = 0.0057, WEE1i, p = 0.0087; Figures

1I and 1J). WEE1i-ATRi was synergistic and had significantly

decreased cell viability (OVATE: p < 0.0001, red highlighting, co-

efficient of drug interaction [CDI] = 0.8, 1.1; SNU685: p < 0.0001,

red highlighting, CDI = 0.4, 0.7, red dots; Figures 1I and 1J), and

colony formation ability (Figures 1K and 1L) in cells subjected to

CCNE1 induction compared with non-induced controls (Figures

1I–1L). We did not perform knockdown studies given previous

reports that CCNE1 knockdown in CCNE1Amp HGSOC cells is

not viable.36 Thus, CCNE1 induction increases sensitivity to

low-dose WEE1i-ATRi, which is more effective than monother-

apy and not toxic to normal fallopian tube cells.

Combination low-dose WEE1i-ATRi decreases viability
and colony formation in CCNE1Amp compared with
CCNE1Low cells
To test whether WEE1i-ATRi treatment effects depend on

CCNE1 in established cell lines, HGSOC and EMCA cell models

with varying CCNE1 CN and cyclin E1 protein expression levels

were studied (Figures 2A and 2B). CCNE1 gene CN levels corre-

lated with cyclin E protein expression in all nine models evalu-

ated (Figures 2A and 2B; Figure S1B).

Treatment with low-dose WEE1i monotherapy increased

pCHK1(S345) and modestly decreased pCDK1(Y15) in

CCNE1Amp HGSOC (OVCAR3) and EMCA (KLE) cell lines in a

time-dependent manner (Figure 2C). The addition of ATRi to

WEE1i abrogates the WEE1i-induced increase in pCHK1 by

24 h and decreased pCDK1more so than with WEE1i alone (Fig-

ure 2C). Given that the WEE1i-ATRi combination abrogates crit-

ical S and G2-M checkpoint regulators more efficiently than

either alone, cell viability was assayed using multiple doses

across cell lines (Figure 2D). Low-dose WEE1i-ATRi (200 nM

and 1 mM, red highlighting) demonstrated the greatest synergy

scores (CDI) and cell fraction affected (Fa), most notably in

high cyclin E1 protein,CCNE1Amp cells (solid blue); with interme-

diate scores in CCNE1Gain cells (solid orange); and minimally in

low cyclin E1 protein, neutral CCNE1 CN (CCNE1Low) cells (solid

black; Figure 2D). Stronger drug synergy scores correlated with

an increasing CCNE1 CN (R2 = 0.842; Figure 2D) and increasing

cyclin E1 protein (R2 = 0.561; Figure S1C).WEE1i-ATRi treatment

at similar low doses across all cell lines significantly inhibited
ation in CCNE1Amp compared with CCNE1Low cells
w (black) cells based on the Cancer Cell Line Encyclopedia (CCLE) data (https://

eight (LMW) cyclin E1, in cell lines normalized by cell number. Histone H3 was

treatment (200 nM WEE1i, 1 mM ATRi, or both) at the indicated times.

ed doses (left). Selected dose is defined as the "standard low dose" for com-

ngCCNE1Amp (blue),CCNE1Gain (orange), andCCNE1Low (black) cell lines (right

and lower doses are faded dots. Synergy is represented by log2(CDI) plotted

. The trend line with correlation coefficient R2 is shown.

E1i, or both for 10 days (n = 3; representative image shown). CF quantified with

Fa plot as in (D) (middle). Log2(CDI) versus CCNE1 CN as in (D) (right).

AR3 cells measured by immunoblot 48 h post-transfection (top). Viability for

CNE1Low WO-20 cells at 48 h (n = 5; mean ± SD; CDI = 0.9).

rison test for (D) and (F). Representative data are shown for one of 3 biologically
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colony formation the most in CCNE1Amp cells, followed by

CCNE1Gain cells, and the least inCCNE1Low cells (Figure 2E; Fig-

ure S1D shows the full dose range tested). CDI and fraction

affected were the highest in CCNE1Amp cells (solid blue dot), fol-

lowed by gain models (solid orange dot), and the least in low

models (solid black dot; Figure 2E). In addition, a stronger syn-

ergy score correlated with an increasing CCNE1 CN (R2 =

0.839; Figure 2E, right) and increasing cyclin E1 protein levels

(R2 = 0.529). Higher doses were required to decrease colony for-

mation in CCNE1Low cells (Figure S1D). Furthermore, the combi-

nation of WEE1 and ATR knockdown with small interfering RNA

(siRNAs) significantly decreased survival in CCNE1Amp cells, but

not CCNE1Low cells (OVCAR3; p < 0.0001; WO-20; p = 0.7264;

Figure 2F), demonstrating drug effects were not off target.

WEE1i-ATRi is more effective than monotherapy, allowing

lower-dosing strategies that should mitigate off-target

toxicity. High CN amplification provides a genomic biomarker

predictive of sufficient CCNE1 protein levels for reliable sensi-

tivity toWEE1i-ATRi. These data suggest thatWEE1i-ATRi sensi-

tivity correlates with CCNE1 CN and protein in OVCA/EMCA cell

lines.

CCNE1 expression is a biomarker predictive of response
to combination WEE1i-ATRi in PDX models
We established a preclinical drug development platform

composed of PDX models to identify and optimize drug

schedules that exploit genetic vulnerabilities with the goal of

bringing scientifically rational therapies into clinical trials (Fig-

ure S2A).37–39 A reliable biomarker for CCNE1 overexpression

will be critical for clinical implementation. We thus tested how

CCNE1 CN correlates with cyclin E1 protein assessed by immu-

nohistochemistry (IHC) and RPPA analysis in PDX models with a

diverse range ofCCNE1CN levels. Despite a broad range of CNs

in PDXmodels (CN > 10 to 1.6; Figures 3C–3K), cyclin E1 protein

staining by IHC was less quantitative than RPPA. CCNE1 CN
Figure 3. CCNE1 expression is a biomarker predictive of response to

(A) Representative H&E and cyclin E1 protein by IHC in PDX models (scale bar, 5

(B) Quantification of cyclin E1 protein by RPPA analysis (n = 4–9; mean ± SD). W

(C–K) Tumor volume growth curve (upper) and survival by Kaplan-Meier analysi

CCNE1Gain PDXs: (F) DF-172 OVCA ascites PDX (inlay is IVIS [in vivo imaging syste

with high cyclin E1 protein PDXs: (H) WU-94 FBXW7MUT EMCA and (I) WO-24 OVC

18 (Table S1). Mice were randomized to treatment groups: (1) control (n = 6–10),

40 mg/kg/day oral gavage (OG) 5 days weekly (n = 5–8), (4) WEE1i at 60 mg/kg/da

sequential WEE1i at 90 mg/kg/day 7 days weekly during week 1 + ATRi at 50 mg/

18, n = 3–4 mice per group. For WU-94, WEE1i and ATRi were dosed at 30 mg/

ascites score of 5). Both significantly resulted in tumor regression compared withW

WO-77 (p = 0.03), andWO-94 (p = 0.001). Overall survival (OS) was improved in bo

DF-172 (p < 0.0001), WO-24 (p = 0.04), WU-89 (p = 0.03), and WU-94 (p = 0.01)

(L) Median overall survival for combination relative to control plotted against CCN

(M) Higher CCNE1 CN dichotomized at the median value (R4) is predictive of resp

combination compared with WEE1i alone in PDX models. Test for interaction: p

differential OS. WU-94 was excluded from the analysis because of the FBXW7 m

(N) Representative H&E staining and IHC detection of the indicated proteins (H&E

collected at 2–3 weeks on treatment (left) and quantification (right). For boxplots, b

and center lines indicate median (n = 3 mice except combination for 2 mice; 9 h

per tumor; scale bar, 50 mm).

Tumor growth shown is mean ± SEM. Longitudinal tumor growth was analyzed b

across groups. Data were analyzed for overall survival using the Mantel-Cox log-r

Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.00
appears to correlate better with cyclin E1 protein by RPPA rather

than IHC in the models tested (Figures 3A and 3B; Figure S2B).

We next tested drug effects in CCNE1Amp (WO-19, WO-58,

WO-77, and OVCAR3), CCNE1Gain (DF-172 and WU-89),

CCNE1Low with high cyclin E1 protein (WO-24 and WU-94),

and CCNE1Low with low cyclin E1 protein (WO-12 and WO-18)

PDX models (Figures 3C–3K; representative gross tumor and ul-

trasound images of PDXs; Figures S2C–S2E). Although carbo-

platin or WEE1i monotherapy had only modest effects, even at

the maximum tolerated doses (MTDs) (Figure S2F), low-dose

WEE1i-ATRi resulted in near-complete tumor regression in the

CCNE1Amp HGSOC PDX models WO-19 (CN > 10) and WO-58

(CN = 7). Notably, there was an overall response rate of 68%,

with complete and partial responses seen in 36% (n = 8/22)

and 32% (n = 7/22), respectively, with the drug combination

(including concomitant and sequential dosing) in CCNE1Amp

PDXs (WO-19 and WO-58). There was significant tumor regres-

sion with concomitant WEE1i-ATRi relative to monotherapy

groups (p < 0.0001) and significant improvement in survival

(both versus WEE1i: p < 0.001 for WO-19, p = 0.005 for

WO-58) in these CCNE1Amp PDX models (Figures 3C and 3D;

Figure S3, Table S2). Combination treatments were also syner-

gistic by Bliss (synergy index of 0.9 for WO-19 and 0.9 for

WO-58; Table S2).40 In WO-19, sequential dosing was superior

to concomitant dosing of WEE1i-ATRi in terms of overall survival

(p = 0.02; Figure 3C; Figure S3; Table S2), whereas concomitant

dosing was better in theWO-58 model (Figure 3D; Figure S3; Ta-

ble S2). However, both dosing schedules were equally tolerable,

as demonstrated by stable mice weights (Figure S4). Two addi-

tional CCNE1Amp xenograft models, WO-77 (CN = 9.1; c-MYC

amplified) and metastatic OVCAR3 (CN = 10), were also tested.

Concomitant WEE1-ATRi synergistically suppressed WO-77

tumor growth (p = 0.02; Figure 3E; Figure S3; Table S2) and

OVCAR3 xenograft tumor burden and ascites generation (p =

0.009; Figures S2C, S3, and S4J; Table S2), and improved
combination WEE1i-ATRi in PDX models

0 mm; 403 magnification, 1003 inlay).

O-20 has a CCNE1 CN of 2 and low cyclin E1 protein serving as control.

s (lower) for CCNE1Amp OVCA PDXs: (C) WO-19, (D) WO-58, and (E) WO-77;

m] imaging of treatment groups at 10weeks) and (G)WU-89 EMCA;CCNE1Low

A; andCCNE1Low with low cyclin E protein OVCA PDXs: (J) WO-12 and (K)WO-

(2) carboplatin at 30 mg/kg intraperitoneally (i.p.) weekly (n = 4–5), (3) ATRi at

y OG 5 days weekly (n = 4–6), (5) WEE1i + ATRi 5 days weekly (n = 5–12), and (6)

kg/day 7 days weekly during week 2, and repeat (n = 5–9). For WO-12 andWO-

kg/day. Treatment continued until progression (tumor volume > 1,000 mm3 or

EE1i alone inWO-19 (p < 0.0001 for both and sequential), WO-58 (p < 0.0001),

th versusWEE1i in WO-19 (p = 0.0005), WO-58 (p = 0.005), WO-77 (p = 0.001),

. For exact p values for all comparisons, see Table S2.

E1 CN for each PDXmodel and trend line with correlation coefficient R2 shown.

onse (growth rates, log scale; top) and improved OS (bottom) with WEE1i-ATRi

= 0.003 for differential growth rates using a nested model and p = 0.025 for

utation.

103 and IHC 203, with 403 insets) in WO-19 PDX tumors in treatment groups

ound boxes show interquartile range, whiskers showmaximum andminimum,

igh power field [HPF]

y linear mixed effects modeling with type II ANOVA and pairwise comparisons

ank test. Data analysis for IHCwas determined by one-way ANOVA followed by

01; ns, not significant.

Cell Reports Medicine 2, 100394, September 21, 2021 7



Article
ll

OPEN ACCESS
overall survival (p = 0.001 for WO-77, p < 0.0001 for OVCAR3)

relative to WEE1i monotherapy. Response to combination ther-

apy was synergistic relative to monotherapies by Bliss (synergy

index of 0.78; Table S2) for WO-77.

The WEE1i-ATRi combination also caused tumor regressions

in CCNE1Gain PDX models, including the DF-172 HGSOC

(CN = 4) metastatic ascites model and WU-89 EMCA (CN =

3.7), but was less robust than in the CCNE1Amp models (Figures

3F and 3G; Figure S3; Table S2).41 Treatment response was syn-

ergistic when using combination treatment compared with

monotherapies (synergy index of 0.40 for DF-172 and 0.82 for

WU-89), and combination treatment improved overall survival

(p < 0.0001 for DF-172 and p = 0.0257 for WU-89; Figures 3F

and 3G; Figure S3; Table S2) and suppressed ascites generation

(Figure S4K). Sequential dosing showed survival improvement

similar to that of concomitant treatment in DF-172 (p = 0.07),

but not WU-89 (p = 0.002).

We next evaluated this combination inCCNE1Low PDXmodels

with high cyclin E protein (WU-94: CCNE1 CN = 2.5 and FBXW7

mutation, known to result in increased cyclin E1 protein;42 WO-

24:CCNE1CN= 1.6 andARID1Amutation) and low cyclin E pro-

tein (WO-12:CCNE1CN= 2.2;WO-18:CCNE1CN= 2.6; Figures

3A, 3B, and 3H–3K). WU-94 EMCA PDX demonstrated a robust

and synergistic response with concurrent WEE1i-ATRi relative to

WEE1i monotherapy (p = 0.001; synergy index of 0.75) and

improved overall survival (p = 0.01; Figure 3H; Figure S3; Table

S2). Although there was a significant improvement in overall sur-

vival relative to WEE1i monotherapy (p = 0.039) in WO-24, this

differencewas small (median overall survival of 9 versus 7weeks;

Figure 3J; Figure S3; Table S2), and there was only a partial

response in 8.3% (1/12) of mice with the combination compared

with a 36% complete response (CR) rate in CCNE1Amp models

(for concurrent and sequential dosing, versus 55% CR for con-

current dosing in WO-19 and WO-58; Figure S3). Finally, the

CCNE1Low and cyclin E1 protein low models WO-12 and WO-

18 were tested, and no significant difference in tumor response

or overall survival compared with WEE1i monotherapy was

found (p > 0.05; Figures 3J and 3K; Figure S3; Table S2).

Correlation analysis confirmed that PDXs with higher CCNE1

CNs showed increased overall survival benefit with WEE1i-

ATRi combination treatment compared with PDX models with

lower CCNE1 CNs (R2 = 0.696; Figure 3L). In addition, a

CCNE1 CN of 4 and higher is predictive of better treatment

response and overall survival in PDX models in comparing

WEE1i-ATRi combination with WEE1i alone (test for interaction

for differential tumor growth rate, p = 0.003). WEE1i-ATRi combi-

nation is associated with a statistically significantly survival

benefit with a hazards ratio (HR) of 0.23 (95% confidence interval

[CI] = 0.13, 0.42; p < 0.0001) compared with WEE1i alone. Thus,

WEE1i-ATRi reduces the hazard of death of 77% compared with

WEE1i. There was no significant survival difference in PDX

models with a CCNE1 CN < 4 (test for interaction, p = 0.025;

Figure 3M).

Further evaluation of drug effects by pCHK1 and gH2AX IHC in

CCNE1Amp PDX (WO-19) revealed that addition of ATRi reversed

increased pCHK1 resulting from WEE1i monotherapy treatment

and WEE1i-ATRi increased gH2AX protein more than mono-

therapies (Figure 3N). These PDX data suggest that CCNE1 CN
8 Cell Reports Medicine 2, 100394, September 21, 2021
is a reliable biomarker that predicts drug response and improved

outcome with WEE1i-ATRi treatment compared with WEEi

monotherapy.

WEE1i-ATRi combination increases M-phase entry,
replication fork instability, and apoptosis in CCNE1Amp

cancer cells
Given that ATRi added to WEE1i blocks WEE1i-induced pCHK1

and further decreases pCDK1, key regulators of the S and G2-M

checkpoints, we evaluated drug effects on the cell cycle in

CCNE1Amp and CCNE1induc HGSOC and EMCA cells (Figures

S5A–S5D). As expected, WEE1i monotherapy significantly

decreased G1. More pronounced was the time-dependent in-

crease in G2-M (OVCAR3, p < 0.0001; KLE, p = 0.02) and

decrease in S phase with combination WEE1i-ATRi compared

with WEE1i monotherapy in both CCNE1Amp cells (OVCAR3

and KLE, p < 0.0001), as well as with CCNE1 induction (OVKATE

and SNU685 cells + Dox, p = 0.0001). Furthermore, treatment

causedminimal effect inCCNE1Low cells (p > 0.05). Combination

WEE1i-ATRi significantly upregulated pHH3, a mitosis marker,

compared with WEE1i monotherapy in CCNE1Amp cells (Figures

S5E and S5F). Altogether, these results suggest that WEE1i-

ATRi leads to loss of G1-S and S/G2-M cell-cycle control with

cell buildup in M phase.

Drug effects on DNA DSBs, replication stress, and apoptosis

were next studied in CCNE1Amp versus CCNE1Low cells. To

assess DNA damage that occurred in S phase, gH2AX+ cells

were gated by DNA content (Figure 4A, left). Treatment with

WEE1i alone increased gH2AX induction in most cell lines by

8 h (Figure 4A, right), and the addition of ATRi to WEE1i led to

a significant increase in gH2AX in theCCNE1Amp andCCNE1Gain

cells compared with CCNE1Low cells. Similarly, combination

WEE1i-ATRi significantly induced DNA damage in whole cells

by gH2AX at 24 h compared with monotherapies (Figure 4B).

Given the increase in DSBs with WEE1i-ATRi, we next

assessed ATR/ataxia telangiectasia mutated (ATM)/DNA-

dependent protein kinase (DNA-PK) activation near single-

strand DNA by pRPA32 (a marker for replication stress). The

WEE1i-ATRi combination dramatically increased pRPA32 in

CCNE1Amp cells (Figure 4C). Effects on pRPA32 were less robust

although still significant in CCNE1Gain models but minimal in

CCNE1Low models. Further studies revealed that combination

WEE1i-ATRi significantly increased apoptosis in CCNE1Amp

cells, as shown by increased Annexin V staining and elevated

cleaved caspase-3; gave a modest increase in CCNE1Gain cells;

and had a smaller increase in the CCNE1Low cells at the same

ATRi-WEE1i doses (Figures 4D and 4E). Thus, WEE1i-ATRi in-

creases genomic instability by an increase in gH2AX in S-phase,

pRPA, leading to apoptosis in CCNE1Amp cells compared with

CCNE1Low cells.

Because DSBs can occur as a consequence of defects in

replication fork progression, we examined the effect of WEE1i-

ATRi on DNA synthesis rates by more in-depth replication fork

studies (e.g., DNA combing) in CCNE1Amp cells, given the

increased genomic instability seen (OVCAR3 and KLE;Figures

4F–4I). Both ATRi andWEE1i monotherapy significantly reduced

fork speed (Figure 4G). WEE1i-ATRi significantly reduced fork

speed relative to control (p < 0.0001), as well as ATRi (OVCAR3,
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p < 0.0001; KLE, p = 0.004) and WEE1i (OVCAR3, p < 0.0001;

KLE, p = 0.0003) monotherapies.

Because a reduced DNA polymerization rate and an increased

frequency of fork stalling or collapse can impair replication, we

next interrogated replication fork asymmetry (Figure 4H). A

decrease in polymerization speed would affect two forks

emanating in opposite directions from the same origin equally (ra-

tio close to 1), whereas fork stalling would affect them indepen-

dently, resulting in fork asymmetry.43 ATRi or WEE1i exposure

alone caused a significant increase in fork asymmetry in OVCAR3.

More importantly, WEE1-ATRi further increased asymmetric fork

ratios relative to ATRi orWEE1i in bothOVCAR3 cells (ATRi versus

both, p < 0.0001;WEE1i versus both, p = 0.01) andKLE cells (ATRi

versus both, p < 0.0001; WEE1i versus both, p < 0.0001).

Replication origins were mapped in the middle of individual

replication tracks corresponding to replicons, and inter-origin

distances (IODs) were estimated by the distances between mid-

points of two adjacent replication tracks. The WEE1i-ATRi com-

bination decreased IOD more than monotherapies in both

OVCAR3 and KLE (both versus WEE1i: p < 0.0001 for OVCAR3,

p = 0.02 for KLE; Figure 4I). Altogether, these results suggest

thatWEE1i-ATRi caused replication fork stalling, increased origin

firing, and reduced inter-origin distances, likely leading to fork

collapse in CCNE1Amp cells to a level that exceeds that by ATRi

or WEE1i monotherapy. Collectively, these data suggest that

WEE1i-ATRi increased replication fork instability andDSBs, lead-

ing to apoptosis in CCNE1Amp HGSOC and EMCA cells.

Differential effects of WEE1i and ATRi upon CCNE1

induction result in fork collapse in early S phase
Next, we sought to determine the mechanism by which CCNE1

induction increases response to WEE1i-ATRi. FT282 immortal-

ized fallopian tube cells were used because they lack mutations

characteristic of cancer cells that may impact the effect of these

drugs in unpredictable ways. FT282 CCNE1induc cells were

arrested in G0 by serum starvation (0.1% fetal bovine serum

[FBS]), followed by release (10% FBS) for up to 16 h. CCNE1
Figure 4. WEE1i-ATRi combination increases M-phase entry, replicatio

(A) Detection of gH2AX-positive cells in S phase of WEE1i-ATRi-treated CCNE1Am

200 nM WEE1i, 1 mM ATRi, or both for 8 h and then fixed and stained with gH2A

Representative images of OVCAR3 (left) and quantified data (right) are shown (bot

p < 0.0001; MFE280, p = 0.8151; WO-20, p = 0.9997; OVKATE, p = 0.8630; SNU

(B) Representative immunoblots for gH2AX in OVCAR3 (left) and KLE (right) cells

(C) Quantification of pRPA32(S33) by flow cytometry of the indicated cells after tre

an asterisk).

(D) Flow cytometry quantification of apoptotic cells by Annexin V-APC (allophyco

similar to (A) for 48 h (n = 3; mean ± SD; WEE1i versus both: MFE280, p = 0.0022;

0.0002; SNU685, p < 0.0001).

(E) Representative immunoblots for cleaved caspase-3 in OVCAR3 (upper) and K

(F) Experimental design for replication fork analysis. OVCAR3 and KLE cells were

deoxyuridine (CIdU) (red) followed by 5-iodo-20-deoxyuridine (IdU) (green) for 15

(G) Quantification of replication fork speed (length of track/duration of both puls

(mean ± SEM; WEE1i versus both shown by an asterisk).

(H) Quantification of fork asymmetry as calculated by long green length/short gre

counted for each condition (mean ± SEM; WEE1i versus both shown by an aster

(I) Quantification of inter-origin distance (IOD) for firing calculated by the distance

counted per condition (mean ± SEM; WEE1i versus both shown by an asterisk).

Individual samples are presented as data points, and data were analyzed using o

data are shown (A–E) for one of 3 biologically independent experiments. *p < 0.0
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induction accelerated entry into S phase (12–16 h without

CCNE1induc versus 8 h with CCNE1induc; p < 0.0001; Figure 5A).

Notably, while CCNE1induc increased S-phase entry, it also

increased the levels and inhibitory phosphorylation of

CDK2(Y15), a key regulator of DNA replication origin firing. This

phosphorylation was inhibited by low-dose WEE1i (200 nM)

alone, but not ATRi treatment (Figure 5B). Premature entry into

S phase has been proposed to cause slowed DNA synthesis

rates because of the suboptimal synthesis of replication factors

and deoxyribonucleotides before origin firing.34 Consistent with

these findings, an accumulation of cells in early S phase was

observed with WEE1i alone with CCNE1 induction beginning at

8 h (control [Ctrl] versusWEE1i, p < 0.0001; Figure 5C).Moreover,

the nucleotide incorporation rate (ratio of mean 5-ethynyl-2’-de-

oxyuridine (EdU) intensity; S/G0-G1) was significantly decreased

by WEE1i monotherapy following CCNE1 induction (Ctrl versus

WEE1i, p < 0.0001), suggesting WEE1i leads to defective DNA

synthesis (Figure 5D). Accentuated effects on nucleotide incor-

poration were observedwith higher doses ofWEE1i (1 mMknown

to be toxic to normal cells [Figure 1] and show off-target effects),

but again, these effects were not observed with ATRi (Figure S6).

Because WEE1i potentiates CDK2 activation, and thereby

origin firing, we set out to determine whether WEE1i causes pre-

mature entry into S phase. Given that FT282 CCNE1induc cells

begin to enter S phase at 8 h with CCNE1 induction, cells were

released, treatedwith drugs for 8 h, and evaluated by immunoflu-

orescence staining of proliferating cell nuclear antigen (PCNA)

and EdU (Figure 5E). Surprisingly, we observed no changes of

PCNA positivity (PCNA+) in FT282 CCNE1induc cells after WEE1i

with CCNE1 induction, suggesting cells enter S phase at the

same rate. However, WEE1i decreased PCNA+EdU+ and

increased PCNA+EdU� populations (p = 0.012), indicating that

WEE1i-treated cells are entering S phase but unable to incorpo-

rate nucleotides normally (Figure 5E).Weobservedasimilar trend

with combination WEE1i-ATRi treatment. However, ATRi did not

cause an observable decrease in nucleotide incorporation in

PCNA+ cells (p = 0.26). Altogether, these data indicate that
n fork instability, and apoptosis in CCNE1Amp cancer cells
p, CCNE1Gain, and CCNE1Low cells. Cells were treated with DMSO (control) or

X and PI for flow cytometry. gH2AX-positive cells in S phase were quantified.

h versusWEE1i monotherapy: OVCAR3, p < 0.0001; KLE, p < 0.0001; OVCAR8,

685, p = 0.2171; n = 3; mean ± SD).

after they were treated as in (A) for the indicated time. Actin is loading control.

atment similar to (A) after 24 h (n = 3; mean ± SD; WEE1i versus both shown by

cyanin) and propidium iodide (PI) staining of the indicated cells after treatment

OVKATE, p = 0.0084; OVCAR3, p = 0.0005; OVSAHO, p = 0.0001; WO-20, p =

LE (lower) treated for the indicated time as in (A).

pretreated with a drug as in (A) for 30 min and pulse labeled with 5-chloro-20-
min each in the continuous presence of inhibitors.

es). At least 200 intact, unidirectional tracks were counted for each condition

en length replication initiation tracks. At least 130 intact initiation tracks were

isk).

between two nearby origins on the same fiber. At least 100 intact tracks were

ne-way ANOVA followed by Tukey’s multiple comparison test. Representative

5, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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WEE1i has a greater inhibitory effect on nucleotide incorporation

than ATRi following S-phase entry. Thus, ATRi and WEE1i have

distinct effects on DNA synthesis in early S phase.

Replication stalling is known to cause increased reliance

on ATR to prevent replication fork collapse.44 By extension,

we hypothesized that WEE1i-mediated defects in DNA replica-

tion generate a similar dependence on ATR. Consistent

with this model, the addition of ATRi to WEE1i significantly

increased DNA DSBs, as evaluated by gH2AX.45,46 This

increase was particularly apparent after CCNE1 induction, and

it occurred in both cells with highly defective DNA synthesis

(gH2AX+EdU�) and those with nucleotide incorporation in

S phase (gH2AX+EdU+) (Figure 5F). Although increases in

gH2AX-positive cells were also observed with WEE1i alone

and ATRi alone, these effects were far less impactful than the

WEE1i-ATRi combination (Ctrl versus WEE1i, p = 0.9927; Ctrl

versus ATRi, p = 0.0312; Ctrl versus both, p < 0.0001; Figure 5D).

Similar trends in gH2AX were observed in HGSOC and EMCA

cells with treatment upon CCNE1 induction (Figures 6A and 6B).

In addition, pRPA32 and cleaved caspase-3 double-positive

cells significantly increased when using WEE1i-ATRi treatment

compared with monotherapy upon CCNE1 induction compared

with non-induced cancer models (p < 0.0001; Figures 6C and

6D). This suggests that upon CCNE1 induction and after

WEE1i-ATRi treatment, cells demonstrating increased replica-

tion stress are undergoing apoptosis. Furthermore, apoptosis

detection with Annexin V confirms that WEE1i-ATRi increased

cell apoptosis in both HGSOC and EMCA cells upon CCNE1 in-

duction (all p < 0.0001; Figures 6E and 6F). These findings indi-

cate that low-dose WEE1i causes defects in early DNA replica-

tion selectively in CCNE1-overexpressing cells and that the

addition of ATRi promotes replication fork collapse into DNA

DSBs in this context, suggesting distinct mechanisms of action

(Figure 7). Thus, CCNE1 overexpression fosters a particular

sensitivity to combination WEE1i-ATRi that is associated with

distinct effects on DNA synthesis and replication fork stability.

DISCUSSION

CCNE1 is a commonly amplified oncogene in HGSOC and

EMCAs, often conferring resistance to standard-of-care plat-
Figure 5. Differential effects of WEE1i and ATRi upon CCNE1 induction

(A) Representation of cell-cycle distribution for FT282 CCNE1induc cells ± doxycy

10% FBS, and collected at the indicated time points (± doxycycline). Cell-cycle dis

quantification (right) are shown (n = 3; mean ± SD; p < 0.0001 for S phase ± dox

(B) Detection of the indicated proteins after FT282 cells were arrested, released as

8 h (± doxycycline).

(C and D) Cell-cycle distribution after drug treatment as in (B). Representative ima

(n = 3; mean ± SD; control versus WEE1i, statistics shown for early S phase, ***

shown (control versus WEE1i, p < 0.0001).

(E) Detection of S-phase entry and nucleotide incorporation by PCNA and EdU

centages of PCNA+, PCNA+EdU+, and PCNA+EdU� cells were quantified by Ima

(scale bar, 20 mM; n = 3; mean ± SD; control versus WEE1i, p = 0.012).

(F) Measurement of gH2AX and EdU after treatment as in (B). Representative imag

EdU+ (bottom) ± doxycycline are presented in CCNE1induc cells. With CCNE1i

p < 0.0001; gH2AX+EdU�, p < 0.0001; gH2AX+EdU+/EdU+, p < 0.0001) at 16 h

Data were analyzed using one-way ANOVA followed by Tukey’s multiple compa

pendent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not
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inum chemotherapy and consequent poor overall survival.5,47

Given the lack of effective treatment options for these aggressive

cancers, we sought to address a clinically unmet need by iden-

tifying a treatment strategy that targets critical survival pathways

for CCNE1-dependent cancers and to identify biomarkers pre-

dictive of response. Because the emergence of resistance to

monotherapy for oncogene-addicted cancers is essentially uni-

versal,48 a combination strategy was investigated. A combina-

tion therapy that exploits genetic liabilities such as CCNE1

amplification provides an opportunity to interdict drug resistance

and potentially permit utilization of lower drug concentrations,

thereby decreasing toxicity.49 We hypothesized that combina-

tion WEE1i-ATRi would increase replication fork instability and

complete tumor regression more so than monotherapy in

CCNE1-overexpressing HGSOC and EMCAs in a CCNE1-

level-dependent manner.

We identified a means to exploit CCNE1 oncogene addiction

vulnerabilities with low-dose WEE1 and ATR inhibition, a dosing

strategy that should be tolerable and feasible in the clinic. We

show the induction of CCNE1 activates replication fork stabi-

lizers ATR/CHK1/WEE1, sensitizing cells to ATRi and even

more to WEE1i monotherapy. However, monotherapy is less

effective or requires high doses (WEE1i > 200 nM) that are toxic

to normal cells and associated with potential off-target effects

(Figure 1).50 Treatment with WEE1i alone also significantly

increased ATR-CHK1 signaling (pCHK1) but the addition of

ATRi to WEE1i blocked WEE1i-mediated induction of the feed-

back loop that may represent an escape pathway, suggesting

dual blockade of WEE1 and ATR will be required for optimal ac-

tivity (Figure 1E). In addition, treatment of CCNE1Amp HGSOC

PDX tumors with WEE1i monotherapy initially resulted in tumor

regression, but resistance rapidly emerged by 4–5 weeks at

the MTD, suggesting a need for combinatorial therapy to induce

durable responses (Figure S2F). We show that low-dose WEE1

and ATR inhibition, when combined, is synergistic, decreasing

viability and colony formation ability, and that sensitivity in-

creases with higher CCNE1 CN (Figures 1 and 2). With induction

of CCNE1, lower doses of the combination are required to

achieve therapeutic effects; therefore, this is expected to mini-

mize toxicity to normal cells (Figures 1, 2, 4, and 5). By exploiting

CCNE1 overexpression with low-dose WEE1i-ATRi, we can
results in fork collapse in early S phase

cline. Cells were synchronized by 24 h FBS deprivation (0.1%), released with

tribution wasmeasured with EdU and 7-AAD. Representative images (left) and

ycycline at 12 and 16 h, shown by an asterisk).

in (A), and treatedwith DMSO (control) or 1 mMATRi, 200 nMWEE1i, or both for

ges (C, left), quantification of early, mid-, and late S phase (C, right) are shown

*p < 0.0001). Nucleotide incorporation by mean EdU intensity (S/G0-G1) (D) is

immunofluorescences after cells were treated as in (B) and fixed at 8 h. Per-

geJ. Representative images of cells with CCNE1 induction (bottom) are shown

es (top) and quantification of gH2AX+EdU�, gH2AX+EdU+, and gH2AX+EdU+/
nduc, addition of ATRi to WEE1i affected gH2AX+EdU� (WEE1i versus both,

.

rison test (C–F). Representative data are shown for one of 3 biologically inde-

significant.
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Figure 6. CombinationWEE1i-ATRi leads to replication stress, double-strandDNAbreaks, and apoptosis withCCNE1 induction inOVCA and
EMCA cell lines

(A and B) OVKATE (A) and SNU685 (B)CCNE1induc cells were pretreated 24 h ± doxycycline; treated with DMSO (control) or 200 nMWEE1i, 1 mMATRi, or both for

8 h; and evaluated for gH2AX and PI by flow cytometry. gH2AX in OVKATE and SNU685 with CCNE1induc (both versus WEE1i, p < 0.0001; n = 3; mean ± SD).

(C and D) OVKATE (C) and SNU685 (D) CCNE1induc cells were treated as in (A) for 24 h and evaluated for pRPA32 and cleaved caspase-3 by flow cytometry.

pRPA32-positive and cleaved caspase-3-positive cells in OVKATE and SNU685 cells with CCNE1induc compared with non-induced (both versus WEE1i,

p < 0.0001; n = 3; mean ± SD).

(E and F) OVKATE (E) and SNU685 (F) CCNE1induc cells were treated drug as in (A) for 48 h and evaluated for Annexin V staining by flow cytometry. Annexin

V-positive populations in OVKATE and SNU685 cells with CCNE1induc compared with non-induced (both versus WEE1i, p < 0.0001; n = 3; mean ± SD).

Data were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test (C–F). Representative data are shown for one of 3 biologically inde-

pendent experiments. ****p < 0.0001; ns, not significant.
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balance the threshold that kills cancer cells, but not normal cells,

generating a therapeutic index that is critical in moving combina-

tions into the clinic.

A high CCNE1 CN is a promising genomic biomarker of sensi-

tivity to combination WEE1i-ATRi. Our data show that response

to low-dose WEE1i-ATRi is dependent on CCNE1 levels in many

diverse established and inducible cell lines and PDXmodels (Fig-

ures 1, 2, 4, 5, and 6). Higher responses to WEE1i-ATRi were

demonstrated in CCNE1Amp (CN > 5), followed by CCNE1 high

copy gain (CN 2–5) and CCNE1Low HGSOC and EMCA models

(Figure 2). Similarly, we demonstrate that increased durable tu-

mor regression and overall survival benefit when using combina-

tion WEE1i-ATRi compared with WEE1i monotherapy was most

significant in high CCNE1-expressing HGSOC and EMCA PDX
models (Figure 3). A sequential and concomitant dosing

schedule was evaluated, with the concern that the concomitant

dosing regimen could be toxic in the clinic. Both dosing sched-

ules were tolerable by similar body weight and condition scores

and were active in the murine models, although the sequential

schedule (7 days on/off) appeared slightly less active overall

than concomitant dosing (Figure S4). Sensitivity to combination

correlated most with CCNE1 CN and cyclin E1 protein by

RPPA analysis rather than protein measured by IHC (Figure 3).

In addition, our results suggest that CCNE1 copy number is a

biomarker predictive of improved overall survival for WEE1i-

ATRi compared with WEE1i in PDX models (HR = 0.23; 95%

CI = 0.13, 0.42; p < 0.0001; Figure 3). Somatic tumor testing

for CCNE1 CN (amplified versus not) is currently available for
Cell Reports Medicine 2, 100394, September 21, 2021 13



Figure 7. Distinct mechanism of actions for WEE1i and ATRi with CCNE1 overexpression

(A) Normal cell showing the G1-S and G2 -M cell-cycle progression.

(B) When cyclin E1 is overexpressed, there is premature S-phase entry, increased replication initiation, and perturbed replication fork progression, leading to a

prolonged S phase.

(C) Treatment with aWEE1i in cyclin E1-overexpressing cells leads to an increase in early S phase and defective nucleotide incorporation. This leads to activation

of the ATR/CHK1 pathway to protect replication forks and stop progression through G2-M to allow DNA repair.

(D) Addition of ATRi to WEE1i leads to increased DNA double-strand breaks and replication fork collapse. Because ATR also plays a role in G2-M cell-cycle

checkpoint control, damaged DNA can now progress through G2-M unchecked, leading to mitotic catastrophe and cell death.

Article
ll

OPEN ACCESS
patients as a validated Clinical Laboratory Improvement Amend-

ments (CLIA)-certified assay and is thus a clinically readily avail-

able biomarker. Validation of CCNE1 protein by quantitative

detection methods for CCNE1-amplified tumors in the clinic

should be considered, because not all amplified tumors result

in increased CCNE1 protein expression.7 Although CCNE1 is

rarely amplified in breast cancer, increased sensitivity to

WEE1i has been demonstrated in CCNE1-amplified breast can-

cers, supporting our findings.32 This WEE1i-ATRi combination

has also been reported to have significant activity in bloodmalig-

nancies and colon cancers, but not preselected by genetic

context.51–54 In summary, a high CCNE1 CN is a genomic

biomarker indicating sufficient levels of cyclin E1 protein overex-

pression that may be used to predict reliable sensitivity to com-

bination WEE1i-ATRi.
14 Cell Reports Medicine 2, 100394, September 21, 2021
WEE1i-ATRi drug synergy results from differential mecha-

nisms of action for WEE1i and ATRi in CCNE1-amplified cells.

As expected, we observed that WEE1i-ATRi leads to loss of G2

arrest, increased gH2AX, and mitotic catastrophe in CCNE1Amp

ovarian and endometrial cancer cells.51–54 We also show that

combination WEE1i-ATRi increased replication fork instability,

as assessed by decreasing fork speed and increasing fork asym-

metry, in CCNE1Amp ovarian and endometrial cancer models

(Figures 4F and 4G). Finally, inter-origin distance between repli-

cation sites decreased when using combination treatment

compared with WEE1i alone (Figure 4H), consistent with the ex-

pected promotion of origin firing by WEE1i-mediated deregula-

tion of CDK2 activity (Figure 5B). In this context, the failure of

WEE1i to cause premature S-phase entry as determined by

PCNA staining (Figure 5E) may result from the steady-state



Article
ll

OPEN ACCESS
loss of PCNA from collapsed replication forks, which is accentu-

ated by CCNE1 overexpression (Figure 5E).

In our study,we investigatedhow induction ofCCNE1 increases

sensitivity to the WEE1i-ATRi combination. Importantly, we show

that this sensitivity of CCNE1-overexpressing cells to WEE1i-

ATRi results fromthedifferential effects fromeachdrug.CCNE1 in-

duction accelerates S-phase entry, and WEE1i treatment exacer-

bates this aberrant state by causing defective DNA synthesis after

replisome assembly. This conclusion is evidenced by reduced

nucleotide incorporation in PCNA+ cells (Figure 5). ATRi treatment

did not yield the same outcome, indicating that defective nucleo-

tide incorporation is more strongly associated with WEE1i than

ATRi treatment. Instead, the addition of ATRi to WEE1i treatment

increases CDK1 activation (Figure 2), thus exacerbating fork

collapse through premature M-phase entry and activation of the

SMX complex.18,55,56 This conclusion is supported by increased

DNA double-strand breaks (gH2AX+EdU+) upon addition of

ATRi to WEE1i in CCNE1-overexpressing cells, which is not seen

to the same degree with ATRi or WEE1i alone (Figures 5 and 6).

Collectively, these data indicate that the combinatorial effects of

thesedrugs inCCNE1-overexpressingcells hingeon thecombina-

tion of two distinct mechanisms: (1) hyperactivation of CCNE1-

CDK2 and perturbation of DNA synthesis by WEE1i treatment

and (2) further inhibition of the G2-M checkpoint by the addition

of ATRi; together, these amplify replication fork collapse (Figure 7).

In summary, we have identified a treatment option for an

aggressive subset of OVCA and EMCA patients who have limited

treatment options. By exploiting oncogene-addicted cell-cycle

checkpoints and DNA repair mechanisms with combination

WEE1i-ATRi, low-dosing strategies are possible. CCNE1 CN is

a practical biomarker that predicts sensitivity to WEE1i-ATRi

combination therapy and should be included in future clinical tri-

als addressing this patient population.

Limitations of the study
There are limitationswith regards to extrapolating cell culture and

xenograft study results to the clinic. Although long-term WEE1i-

ATRi treatmentwaswell tolerated inmice, thismay not be predic-

tive in the clinic, where patients have medical comorbidities and

have exhausted multiple prior lines of treatment. Although we

tested multiple cell lines and PDXs with a range of CCNE1 CN

levels and cyclin E protein levels, a larger sample size would be

required for biomarker validation. Even though the models used

represent genetic profiles we commonly see in the clinic, other

genetic alterations—in addition toCCNE1 overexpression—pre-

sent in established cancer lines and PDX models may have

contributed to the response to the combination.
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Antibodies

Rabbit anti- phospho-CHK1(Ser345) Cell Signaling Technology cat. # 2348, Lot# 18, RRID: AB_331212

Rabbit anti- CHK1 Santa Cruz Biotechnology cat. # sc8408, Lot# I2515, RRID:

AB_627257

Rabbit anti- phospho-ATR EMD Millipore cat. # ABE462, Lot# Q2475126

Goat anti- ATR Santa Cruz Biotechnology cat. # sc1887, Lot# A1515, RRID:

AB_630893

Mouse anti- Cyclin E1 Cell Signaling Technology cat. # 4129, Lot# 11, RRID: AB_2071200

Rabbit anti- Cyclin E1 Cell Signaling Technology cat. # 20808, RRID: AB_2783554

Rabbit anti- pWEE1(Ser642) Cell Signaling Technology cat. # 4910, Lot# 3, RRID: AB_2215870

Rabbit anti- WEE1 Cell Signaling Technology cat. # 13084, Lot# 1, RRID: AB_2713924

Rabbit anti- pCDK1(Y15) Cell Signaling Technology cat. # 9111, Lot# 1, RRID: AB_331460

Mouse anti- CDK1 Cell Signaling Technology cat. # 9116, Lot# 2, RRID: AB_2074795

Rabbit anti- pRPA32 (S33) Bethyl Laboratories cat. # A300-246A, Lot# 8, RRID: AB_2180847

Rabbit anti- Phospho-Histone H3 (Ser10) Cell Signaling Technology cat. # 53348, Lot# 1, RRID: AB_2799431

Rabbit anti- gH2AX Cell Signaling Technology cat. # 9718, Lot # 17, RRID: AB_2118009

Mouse anti- b-Actin Cell Signaling Technology cat. # 3700, Lot# 15, RRID: AB_2242334

Rabbit anti- Caspase3 Cell Signaling Technology cat. # 9664, Clone 5A1E, Lot# 21, RRID:

AB_2070042

Rabbit anti- Cleaved Caspase 3 (Alexa

Fluor� 488 Conjugate)

Cell Signaling Technology cat. # 9603, RRID: AB_11179205

Rabbit anti- PAX8 Proteintech Group cat. # 10336-1-AP, Lot# 00019427, RRID:

AB_2236705

Mouse anti- CK7 Thermo Fisher Scientific cat. # 14-9005-82, Lot# E13276-102, RRID:

AB_10669584

Rabbit anti- Phospho-CDK2(Y15) Thermo Fisher Scientific cat. # MA5-33128, RRID: AB_2811944

Rabbit anti- CDK2 Cell Signaling Technology cat. # 2546, RRID: AB_2276129

Mouse anti- PCNA Santa Cruz Biotechnology cat. # sc-56, RRID: AB_628110

anti-Rabbit IgG, HRP-linked Antibody Cell Signaling Technology catalog 7074, Lot# 28, RRID: AB_2099233

anti-Mouse IgG, HRP-linked Antibody Cell Signaling Technology catalog 7076, Lot# 32, RRID: AB_330924

Secondary antibody goat anti-Rabbit IgG

(H+L), Alexa Fluor� 647

Thermo Fisher Scientific cat. # A-21246, Lot# 2051068, RRID:

AB_2535814

Bacterial and virus strains

FUW-Luc-mCherry-puro lentivirus (FmC) Liu et al., 201741 https://www.ncbi.nlm.nih.gov/pmc/

articles/PMC5332350/

Biological samples

Human: WO-19 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: WO-58 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: WO-77 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: WO-24 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: WO-20 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: WO-12 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/
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Human: WO-18 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: WU-89 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: WU-94 Patient-derived xenografts

(PDXs)

Hospital of University of Pennsylvania https://www.med.upenn.edu/OCRCBioTrust/

Human: DF-172 Patient-derived xenografts

(PDXs)

Liu et al., 201741 https://www.ncbi.nlm.nih.gov/pmc/articles/

PMC5332350/

Chemicals, peptides, and recombinant proteins

Cholera Toxin Sigma-Aldrich cat. # 227036

OCMI-E media Live Tumor Culture Core at Sylvester

Comprehensive Cancer Center, Miller

School of Medicine

https://www.nature.com/articles/

ncomms8419

Carboplatin Hospira NDC 61703-339-56

WEE1i AstraZeneca AZD1775

ATRi AstraZeneca AZD6738

D-Luciferin, Potassium Salt Gold Biotechnology cat. # LUCK-100

Puromycin dihydrochloride Sigma-Aldrich cat. # P9620

Polybrene Infection / Transfection Reagent Sigma-Aldrich cat. # TR-1003-G

MTT Sigma-Aldrich cat. # M2003

Crystal violet Sigma-Aldrich cat. # V5265

5-chloro-20-deoxyuridine (CldU) Sigma-Aldrich cat. # C6891

5-iodo-20-deoxyuridine (IdU) Sigma-Aldrich cat. # I7125

Nocodazole Sigma-Aldrich cat. # M1404

Critical commercial assays

eBioscience Annexin V Apoptosis

Detection Kit APC

Thermo Fisher Scientific cat. # 88-8007-74

FITC- BrdU Staining Kit from BD Biosciences cat. # 559619

Click-iT Plus EdU Alexa Fluor 488 Flow

Cytometry Assay Kit

Thermo Fisher Scientific cat. # C10633

Genomic Vision FiberPrep� kit Genomic Vision cat. # EXTR-001

Click-iT EdU Alexa Fluor 555 Imaging Kit Thermo Fisher Scientific cat. # C10338

NEBNext� UltraTM DNA Library Prep Kit for

Illumina�
New England BioLabs cat. # E7530L

Lipofectamine 3000 Thermo Fisher Scientific cat. # L3000008

ATR siRNA Assay ID 82 Thermo Fisher Scientific AM51331 (ID 82)

WEE1 siRNA Assay ID 404 Thermo Fisher Scientific AM51331 (ID 404)

Experimental models: Cell lines

Human: OVCAR3 ovarian cancer cells American Tissue Type Collection (ATCC) cat. # HTB-161

Human: FUOV1 ovarian cancer cells Leibniz Institute DSMZ cat. # ACC-444

Human: KLE endometrial cancer cells ATCC cat. # CRL-1622

Human: OVCAR8 ovarian cancer cells NCI-DTP cat. # OVCAR-8, RRID: CVCL_1629

Human: OVSAHO ovarian cancer cells Japanese Collection of Research Bio

resources Cell Bank (JCRB)

cat. # JCRB1046

Human: MFE280 endometrial cancer cells Sigma-Aldrich cat. #98050131

Human: OVKATE ovarian cancer cells Japanese Collection of Research Bio

resources Cell Bank (JCRB)

cat. # JCRB1044

Human: SNU685 endometrial cancer cells AcceGen Biotech cat. # ABC-TC1104

Human: WO-20 patient derived primary

cells

University of Pennsylvania This paper
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human: WO-24 patient derived primary

cells

University of Pennsylvania This paper

Human: FT282 fallopian tube epithelium Karst et al., 20147 https://www.ncbi.nlm.nih.gov/pmc/articles/

PMC4517944/

Deposited Data

WO-12 patient derived xenograft SRA database; Mendeley PRJNA750496; DOI 10.17632/2xxxzsg6hz.1

WO-18 patient derived xenograft SRA database; Mendeley PRJNA750496; DOI 10.17632/2xxxzsg6hz.1

WO-20 patient derived xenograft SRA database; Mendeley PRJNA750496; DOI 10.17632/2xxxzsg6hz.1

WO-24 patient derived xenograft SRA database; Mendeley PRJNA750496; DOI 10.17632/2xxxzsg6hz.1

WO-77 patient derived xenograft SRA database; Mendeley PRJNA750496; DOI 10.17632/2xxxzsg6hz.1

WU-89 patient derived xenograft SRA database; Mendeley PRJNA750496; DOI 10.17632/2xxxzsg6hz.1

WU-94 patient derived xenograft SRA database; Mendeley PRJNA750496; DOI 10.17632/2xxxzsg6hz.1

WO-19 patient derived xenograft GEO database; Mendeley PRJNA626436; DOI 10.17632/2xxxzsg6hz.1

WO-58 patient derived xenograft GEO database; Mendeley PRJNA626436; DOI 10.17632/2xxxzsg6hz.1

Experimental models: Organisms/strains

NSG mice (NOD/SCID IL2Rg�/�) Stem Cell and Xenograft Core (SCXC)

at the University of Pennsylvania

https://www.med.upenn.edu/scxc/

Recombinant DNA

CCNE1 Harvard PlasmID Repository

HSCD00326535,

RefSeq NM_001322261

pCW57-MCS1-2A-MCS2 Addgene cat. #71782

Software and algorithms

ImageJ National Institutes of Health 1.50i; Fiji

FlowJo Tree Star version VX

FiberStudio Genomic Vision version 2.0

Tumor Manager software Biopticon version 3.3.4

TumGrowth web tool Enot et al., 201857 https://kroemerlab.shinyapps.io/TumGrowth/

GraphPad Prism Graphpad Software version 8.4.2

Broad Institute Cancer Cell Line

Encyclopedia (CCLE)

Barretina et al., 201258 https://sites.broadinstitute.org/ccle

MuTect2 Benjamin et al., 201959 https://www.biorxiv.org/content/10.1101/

861054v1v

ANNOVAR Chang and Wang, 201260 https://pubmed.ncbi.nlm.nih.gov/22717648/

Genome Analysis Toolkit (GATK) McKenna et al., 201061 https://pubmed.ncbi.nlm.nih.gov/20644199/

CODEX v2 Jiang et al., 201862 https://genomebiology.biomedcentral.com/

articles/10.1186/s13059-018-1578-y

Microsoft Excel Microsoft version 2016

MTT calorimetric assay software Gen5

ELISA

BioTek v 1.04.5

Other

SonoSite Edge II Ultrasound System Sonosite Edge II

Leica TCS SP8 WLL Confocal with STED 3X Leica TCS SP8 STED 3X

Nikon Eclipse 80i microscope Nikon Eclipse 80i

FiberVision scanner Genomic Vision SCN-002

MTT calorimetric assay plate reader BioTek EL800

HiSeq 4000 Illumina HiSeq 4000

Perkin Elmer IVIS Spectrum Perkin Elmer IVIS Spectrum

BD LSR II Becton Dickinson LSR II
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Fiona

Simpkins (fiona.simpkins@pennmedicine.upenn.edu).

Materials availability
All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agree-

ment. There are restrictions to the availability of PDX tumors due to the lack of an external centralized repository for its distribution and

our need to maintain the early passage stocks. We are glad to share with reasonable compensation by requestor for processing and

shipping.

Data and code availability
The published article includes all datasets generated or analyzed during this study. All Sequencing data has been deposited in NCBI

Sequence Read Archive (SRA) database (https://www.ncbi.nlm.nih.gov/bioproject) with accession number PRJNA750496 and NCBI

GEOdatabase (https://www.ncbi.nlm.nih.gov/gds/) with NCBI accession # PRJNA626436. All the data are also available inMendeley

Data with DOI 10.17632/2xxxzsg6hz.1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary cells
OVCAR3, KLE cell lines were purchased from ATCC (Manassas, Virginia); FUOV1 was obtained from Leibniz Institute DSMZ;

OVCAR8 was obtained from NCI-DTP; OVSAHO and OVKATE obtained from the Japanese Collection of Research Bioresources

Cell Bank (JCRB). MFE280 was purchased from Sigma-Aldrich and SNU685 from AcceGen Biotech (Fairview, NJ). CCNE1 DNA

copy number data were derived from the Affymetrix SNP 6.0 array and downloaded from the CCLE portal https://sites.

broadinstitute.org/ccle.58 CCNE1Amp lines were: OVCAR3, FUOV1, KLE; CCNE1Gain: OVCAR8, OVSAHO, MFE280; CCNE1 copy

neutral (CCNE1Low): OVKATE, SNU685. Ovarian cancer cell lines included: OVCAR3, FUOV1, OVCAR8, OVSAHO, OVKATE. Endo-

metrial cancer cell lines included: KLE, MFE280, SNU685.

OVCAR3, OVCAR8, OVSAHO, OVKATE and SNU685 cells were maintained in RPMI 1640 media with 10% fetal bovine Serum

(FBS; Thermo Fisher) and 1%penicillin/streptomycin (P/S; Thermo Fisher). MFE280was grown inMEMmedia (Thermo Fisher, Rock-

ford, IL) with 10% FBS and 1%P/S. FUOV1 and KLE cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 media

with 10% FBS and 1% P/S.

FT282 cells, human fallopian tube epithelium was immortalized with hTERT, and transduced with TP53R175H, a common confor-

mational TP53mutants identified in HGSOC as described7. FT282 cells were cultured in DMEM/F12 media supplemented with 10%

FBS and 1% P/S.

The WO-20 and WO-24 primary ovarian cancer tumor cultures were generated in our laboratory. Fresh tumor obtained at the time

of ovarian cancer debulking surgery was minced, digested, and grown in OCMI-E media (Live Tumor Culture Core at Sylvester

Comprehensive Cancer Center, Miller School of Medicine, Miami, FL) with the addition of 30 ng/mL Cholera Toxin (Sigma-Aldrich,

St Louis, MO) as described39 and characterized by immunofluorescence shown to confirm ovarian cancer in origin. Cell lines were

authenticated by short tandem repeat (STR) analysis at theOncogenomics Core atWistar Institute and confirmedmycoplasma nega-

tive by end-point PCR at the Cell Center Service at the University of Pennsylvania.

Mouse Models
NOD-SCID IL2Rg�/� (NSG) mice were purchased from the Stem Cell and Xenograft Core (SCXC) at the University of Pennsylvania

(UPENN, Philadelphia, PA). All mice experiments were performed in adherence to the policies of NIH Guide for the Care and Use of

Laboratory Animals and approved by the Institutional Animal Care and Use Committee (IACUC).

Five to eight week old female mice were used for orthotopic tumor transplantation or intraperitoneal (IP) injection as previously

described.41,63 The WO-19, WO-58, WO-77, WO-24, WO-20, WO-12, WO-18, WU-89, and WU-94 PDX models were developed

by orthotopic transplantation of patient tumor to the ovaries/fallopian tubes of mice for high grade serous ovarian cancer (HGSOC)

and uterine horn for endometrial cancer (EMCA) PDX models using methods previously described.63 After tumors were palpable, tu-

mor volume was measured weekly by ultrasound (SonoSite Edge II Ultrasound System) by a trained sonographer blinded by treat-

ment arm. For the DF-172 PDX and OVCAR3 models, cells expressing firefly luciferase were injected IP to generate ascites models.

The intraperitoneal model DF-172 PDX model utilized HGSOC ascites cells after transduced with FUW-Luc-mCherry-puro lentivirus

(FmC) as previously described.41 For the OVCAR3 intraperitoneal model developed, OVCAR3 cells were transduced with lentivirus

FmC in medium containing polybrene (8 mg/ml). The cells were selected and maintained with puromycin (5 mg/ml) 2 days after virus

infection. Selected cells were then confirmed to be expressing RFP by fluorescent microscopy and luciferase activity detection by

in vitro luminescence assay with 150 ug/ml D-luciferin. Approximately, 2x106 DF-172 or 1x106 OVCAR3-Luc cells were suspended in

PBS and injected into NSG mice. Intraperitoneal luciferized tumors were measured by IVIS Lumina II (PerkinElmer, Waltham, MA)
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weekly by intraperitoneal injection of 10 ml/g D-luciferin at 15mg/ml (Gold Biotechnology, St. Louis, MO). The ascites, body weights,

and condition scores of mice were monitored and recorded weekly. Tumor volume criteria for randomization to treatment arms was

70-100 mm3 forthe orthotopic PDX studies and 1.5-2.5 3 105 Luminescence for intraperitoneal PDX studies.

For all preclinical studies, mice were randomized into 6 treatment groups: vehicle (2-hydroxylpropyl-b-cyclodextrin); carboplatin

(30 mg/kg IP weekly; Hospira); WEE1i (AZD1775; 60 mg/kg/day 1-5 weekly by oral gavage; AstraZeneca); ATRi (AZD6738; 40 mg/kg

daily on day 1-5 weekly by oral gavage; AstraZeneca); combinationWEE1i + ATRi (AZD1775 60mg/kg/day + AZD6738 40mg/kg day

1-5 weekly by oral gavage; drugs were dosedWEE1i followed by ATRi 1-2 h apart); and sequential WEE1i + ATRi (AZD1775 90mg/kg

daily on days 1-7 + AZD6738 50mg/kg daily on days 8-14 by oral gavage for a 2week cycle and repeated), exceptWU-94 (WEE1i and

ATRi at 30 mg/kg/day with same treatment schedule as other PDXs). In all the models, percentage change in body weight during

treatment was used as a marker for toxicity and dose level adjustments. Significant treatment toxicity was defined as a 15% drop

in body weight and the mice require treatment reduction at 25% dose and supplements supportive. For mice with 20% drop in

body weight, treatment was stopped and supportive measures (i.e., food supplement and subcutaneous fluid) were provided.

Body weight was rechecked every 3-4 days. Once improved, treatment was restarted with a 25% dose reduction. If body weight

was not regained after one week, PDX was sacrificed in accordance with the Institutional Animal Care and Use Committee (IACUC)

protocols. Trial endpoints were defined as tumor volume > 1000 mm3 for orthotopic PDX model or significant ascites (defined as

score of 5 using an ascites range of 1-5) for intraperitoneal PDX models or poor condition score (defined as score of 1 on a 1-5-point

scale). Mice were euthanized according to Institutional Animal Care and use Committee guidelines. Tumors were collected and snap

frozen for protein and genomic analysis and fixed in formalin for IHC.

METHOD DETAILS

Cell line transduction and knock-down
Human fallopian tube epithelial cells were immortalized with hTERT, and transduced with TP53R175H, a common conformational

TP53mutant identified in HGSOC (FT282) as described.7 Cyclin E was then overexpressed in FT282 cells in a doxycycline-inducible

manner (FT282CCNE1 induc) as described.7 To generated CCNE1 inducible OVKATE and SNU685 cells, the CCNE1 inducible lenti-

virus was produced. pCW57-CCNE1 was generated by PCR subcloning CCNE1 (Harvard PlasmID Repository, HSCD00326535,

RefSeq NM_001322261) into pCW57-MCS1-2A-MCS2 (Addgene #71782). All cloning was verified by DNA sequencing. Replica-

tion-deficient lentivirus was produced by transient transfection of 6.0 mg psPAX2 (Addgene #12260), 2.0 mg pMD2.G (Addgene

#12259), and 8.0 mg transfer plasmid into HEK293T cells in a 10 cm dish with Lipofectamine 3000 reagent (Thermo Fisher Scientific,

Carlsbad, CA), according to the manufacturer’s instructions. Viral supernatants were collected at 48 h and passed through a 0.2 mm

filter. Functional titration was performed by transduction of OVKATE and SNU685 cells with serially diluted virus in the presence of

polybrene (4 mg/ml, Sigma-Aldrich) for 6 h followed by puromycin (5 mg/ml, Life Technologies) selection for 48 h post-infection.

To evaluate the off target effect of ATR and WEE1 inhibitors, ATR and WEE1 siRNAs (Thermo Fisher Scientific) were transfected

with Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific) following the transfection protocol. 2 nMWEE1i, 10 nMATRi or com-

bination were transfected into OVCAR3 and WO-20 cells. The cell viability and protein expression were detected 48 h post

transfection.

In vitro cytotoxicity assays
Cells were seeded into 96-well plates with the cell number normalized based on cell doubling time (Table S3). Cells were treated with

control (DMSO), WEE1i (AZD1775), ATRi (AZD6738) or combination at indicated concentrations in triplicate for 5 days. Drugs were

clinical grade and obtained fromAstraZeneca. At the end of the treatment period, anMTT colorimetric assaywas performed to detect

the cell viability. Cells were incubated with 10 mL of MTT at 5 mg/ml (Sigma Chemical Co., St Louis, MO) for 4 h at 37�C. The super-

natant was removed and 50 mL DMSO (Fisher Scientific, Hampton, NH) was used to dissolve the MTT formazan. Absorbance was

measured in a microplate reader at a wavelength of 570 nm. Relative cell viability was calculated, with the non-treatment group

as a control.

Colony formation Assay
For colony formation assay, cells were plated onto 24-well plates and cell number normalized based on cell doubling time (Table S3)

and cultured overnight in triplicate. They were then treated with DMSO vehicle, WEE1i, ATRi, or combination as indicated every

3 days for a total of 10 days. Cells were then fixed and stained with 0.5% Crystal violet in 20% methanol solution. The plates

were washed, air-dried, scanned, and quantified in ImageJ (National Institutes of Health, Bethesda, MD).

Western blot
Cells were treated and collected at indicated time, then washed and incubated with 23 Laemmli Sample Buffer (4%SDS, 20%Glyc-

erol, 0.12M Tris-HCl at pH 6.8 in distilled water) containing a protease and phosphatase inhibitor cocktail (EMD Millipore, Billerica,

MA).With protein concentration determined by BCA kit (BioRad, Hercules, CA), whole cell lysates (15 mg) were separated on reducing

4%–15% SDS-PAGE gels, electrotransferred to PVDF membrane (Bio-Rad, Hercules, CA), blocked with 5% BSA (ThermoFisher) in

1x Tris-buffered saline (ThermoFisher) with 0.1% Tween20 (ThermoFisher) (1x TBST), and immunoblotted with respective primary
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antibodies. After that, membraneswerewashed and blottedwith species-appropriate horseradish peroxidase conjugated anti-rabbit

(catalog 7074, Cell Signaling Tech) or anti-mouse (catalog 7076, Cell Signaling Tech) secondary antibody in 5%BSA in 1x TBST for 1

h, followed by chemiluminescent substrate (Thermo Scientific, Rockford, IL) incubation and film development. Actin was used as

loading control for whole cell lysate and total histone H3 was considered as loading control for nucleic proteins.

Flow cytometry detection of apoptosis
Cells were plated, incubated overnight, and treated with DMSO vehicle, 0.2 mM WEE1i (AZD1775), 1 mM ATRi (AZD6738), or com-

bination for 48 h. Apoptosis assay was performed with eBioscience Annexin V Apoptosis Detection Kit APC (ThermoFisher Scienti-

fic), according to the manufacturer’s instruction. Annexin V-APC and propidium iodide labeled cells were detected by BD Accuri C6

Cytometer (BD Biosciences, San Jose, CA). The acquired data was analyzed with FlowJo (Tree Star, Inc., Ashland, OR).

Flow cytometry detection of intracellular protein
Cells were seeded in triplicate and then incubated in 0.2 mMWEE1i (AZD1775), 1 mM ATRi (AZD6738) or combination treatments for

8 h or 24 h. Cells were then trypsinized, fixed washed and incubated with blocking buffer. Cells were then stained with the following

primary antibodies diluted in blocking buffer at 1:300: gH2AX (catalog 9718, Cell Signaling Technology, Inc), pRPA32 (S33, catalog

A300-246A, Bethyl Laboratories, Inc.) or phospho-histone H3 (pHH3, Ser10, catalog 53348, Cell Signaling Technology, Inc). The cells

were washed, and incubated with secondary antibody goat anti-Rabbit IgG (H+L), Alexa Fluor� 647 (ThermoFisher Scientific) for

30 min. The cells were then incubated with 50 mg/mL propidium iodide (Sigma-Aldrich) and subjected to flow cytometry acquisition

on BD LSRII (BD Biosciences) and data analysis with FlowJo (Tree Star, Inc., Ashland, OR). For Phospho-Histone H3 (Ser10), cells

were treated with 0.2 mMWEE1i, 1 mMATRi or combination for 6 h or 12 h then 500 nM nocodazole for 6 h to prevent cells from exiting

mitosis. The supernatant and attached cells were collected and fixed. The staining and detection process was performed same as

above.

Cell cycle analysis
For cell cycle detection via BrdU staining, cells were seeded in triplicate and treated with 0.2 mMWEE1i, 1 mMATRi or combination for

12, 24, and 48 h in OVCAR3, KLE, and 24 h in CCNE1induc OVKATE, CCNE1induc SNU685 cells with or without 0.5 mM doxycycline.

Cell cycle was evaluated using the FITC- BrdU Staining Kit from (BD Biosciences, San Jose, CA) per the manufacturer’s instructions.

Flow analysis was conducted on a BD LSRII (BD Biosciences) and data analysis with FlowJo (Tree Star, Inc., Ashland, OR).

For cell cycle detection via via EdU incorporation, the CCNE1induc FT282 were serum starved for 24hrs with DMEM/F12 and RPMI

1640medium containing 0.1% FBS, respectively; then treated and collected as indicated at various times (0, 8, 12, 16 h), in the pres-

ence or absence of 0.5 mM doxycycline with 10 mM EdU added 1 h in advance of cell cycle analysis. The cells were costained with

gH2AX (Cell Signaling Technology, Cat #9718) and 7-AAD to detect DNA damage and DNA content. Click-iT Plus EdU Alexa Fluor

488 Flow Cytometry Assay Kit (Thermo Fisher, Cat #C10633) was applied to for cell cycle analysis.

DNA combing
OVCAR3 and KLE cells were treated with DMSO, 0.2 mM WEE1i, 1 mM ATRi or combination for 30min, pulse-labeled with 100 mM

5-chloro-20-deoxyuridine (CldU; cat. # C6891, Sigma-Aldrich, St. Louis, MO) followed by 100 mM 5-iodo-20-deoxyuridine (IdU;

cat. # I7125, Sigma-Aldrich, St. Louis, MO) for 15min each treatment, in the presence of drug. After treatment, cells were chilled,

trypsinized and embedded into agarose plugs with the Genomic Vision FiberPrep� kit (Genomic Vision, Bagneux, France) per man-

ufacturer’s protocol. The DNA combing assay was performed following EasyComb. The stained cover slides were scanned with

FiberVision� and images were stored and analyzed with Genomic Vision FiberStudio� software. Intact red and green staining,

indicating CldU and IdU respectively, on the same fiber were selected for replication fork speed and asymmetry calculation. The dis-

tances between midpoints of two adjacent replication origins in the same fiber were counted as inter-origin distance (IODs).

Immunofluorescence staining
For PCNA-EdU staining, the FT282 cells were seed into 24-well plates with cover slides (Thermo Fisher) sterilized by 75% ethanol at

105 cells/well. After 12hrs culture, the cells were washed with PBS twice and incubated with DMEM/F12 containing 0.1% FBS for

24hrs to arrest cells in G0. They were released into DMEM/F12 containing 10% FBS, and then treated with DMSO, 0.2 mM WEE1i,

1 mMATRi or combination for 8 h, in the presence or absence of 0.5 mg/ml doxycycline. The cells were fixed with 4%PFA, penetrated

by 0.5%Triton X-100 in PBS containing 5%FBS for 1 h, and then incubatedwith PCNA antibody (Santa Cruz, cat #sc-56) overnight at

4 degree. The cover slides with cells were washed with PBS, stained with anti-mouse secondary antibody conjugated with Alexa 488

for 1 h at room temperature. Afterward, the EdU were stained with Click-iT EdU Alexa Fluor 555 Imaging Kit (Thermo Fisher, Cat

#C10338), incubated with DAPI, and sealed with VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories, Burlin-

game, CA). Images were captured on a Confocal Microscope (Leica TCS SP8WLL Confocal with STED 3X). These images were then

analyzed via ImageJ software.

For primary ovarian tumor culture characterization, cells were seeded at 2 3 103 cells/well, fixed, washed, blocked with blocking

buffer (13 PBS containing 2%FBS, 0.01%Tween 20; Thermo Fisher Scientific and 0.01%Triton X-100), for 30min, followed by anti-

PAX8 (Cat. 10336-1-AP, Proteintech Group, Rosemont, IL) or anti-CK7 (Cat. 14-9005-82, ThermoFisher Scientific) incubation, and
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then Goat anti-Mouse IgG (H+L), Alexa Fluor� 488 (ThermoFisher) and Goat anti-Rabbit IgG (H+L), Alexa Fluor� 555 (ThermoFisher).

The slides were then sealed with VECTASHIELD Antifade Mounting Medium with DAPI and imaged under the Nikon Eclipse 80i

microscope.

Targeted DNA Sequencing
Massively parallel sequencing was performed on DNA from cell lines and PDX models using a custom designed panel of 157 genes

known to be implicated in HGSOC and EMCA tumors.63 500ng of genomic DNA was sheared randomly into 200 base pair fragments

with the CovarisTM LE220 Focused-UltraSonicator (Covaris�, Woburn, MA). Sheared DNA was A-tailed and ligated with adaptor-

embedded indexes using the NEBNext� UltraTM DNA Library Prep Kit for Illumina� (New England BioLabs, Inc., Ipswich, MA).

DNA quality, fragment size, and concentration of library preps were measured using Agilent’s DNA 1000 chips in conjunction with

the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). High quality samples were pooled and hybridized to a custom capture

library using Agilent SureSelect kits. Hybridization pools were assessed for fragment length and concentration using the Qubit� 2.0

fluorometer (Life Technologies, Carlsbad, CA) and the Bioanalyzer. Sequencing was performed on the HiSeq 4000 (Illumina) at the

University of Pennsylvania Next Generation Sequencing Core. All PDX and parent tumors were authenticated using STR analysis

(Wistar Genomics Facility).

Targeted DNA Sequencing Analysis, Variant Calling, and Copy Number Profiling
Sequencing reads were aligned to human reference genome NCBI Build 37 using the Burrows-Wheeler Aligner and following

Genome Analysis Toolkit (GATK) best practices.61 Disambiguation of sequencing read origin was performed by mapping reads to

both the mouse and human genome. Reads that mapped with high accuracy to the mouse genome were removed. Samples

were removed due to poor sequencing quality if more than 10%of targets had 0%coverage, or if at least 10x coverage was achieved

in less than 50% of targets.

Variant calling was performed using MuTect2, and ANNOVAR was used for variant annotation.60,59 Variant identification and clas-

sification was performed using a strict filtering and analysis pipeline that has previously been described and validated.64 Locus-spe-

cific databases, ClinVar, dbSNP, and COSMICwere utilized to help identify suspected deleterious variants, and anymissense variant

calls that could not be confirmed in the literature were considered variants of undetermined significance (VUS) and excluded from

analysis. Copy number variation (CNV) was assessed in primary cells and PDX models using CODEX2 on targeted sequencing

data.62 Segmentation was restricted to exons for all genes. Visual confirmation of CNV calls was done in Nexus 7.5 (BioDiscovery)

software. CNV for DF-172 was performed and reported previously.41 For both MuTect2 and CODEX2, a panel of normal samples

(germline DNA from male patients) was used as controls.

Reverse Phase Protein Array
Patients’ tumor tissues, PDX tumor tissues at different mouse passage numbers and primarily cultured cells are collected and frozen

for evaluation. Reverse Phase Protein Array (RPPA) was performed by theMDAnderson Center RPPA core facility as described65 and

the results were reported as normalized linear as well as normalized Log2. Four hundred and Seventy-two phosphorylated and

total proteins were evaluated (https://www.mdanderson.org/research/research-resources/core-facilities/functional-proteomics-

rppa-core.html). The relative protein levels were analyzed by GraphPad Prism. Heatmaps were generated using the Morpheus soft-

ware from Broad Institute (https://software.broadinstitute.org/morpheus).

Immunohistochemistry
The tumors were collected and immunohistochemistry staining was performed in PDX models. Samples were fixed with 10%

formalin overnight and maintained in 70% ethanol at 4�C. The tissue samples were dehydrated in graded ethanol, xylene, and

embedded in paraffin. The paraffin blockswere cut into 4-6 mmsections and placed onto slides. After deparaffinizedwith Histo-Clear,

rehydrated with degraded ethanol, and antigen retrieval with 1x target retrieval solution, the endogenous hydrogen peroxidase ac-

tivity was blocked with hydrogen peroxide for 10 min. Slides were individually immunoblotted with primary antibodies pCHK1

(Cat. 2348, Cell Signaling Technology, Inc.), Phospho-Histone H2A.X (Ser139) (Cat. 9718, Cell Signaling Technology, Inc.), CyclinE1

(Cat. 20808, Cell Signaling Technology) at 1:500 titer for 60min. The slides were incubated with anti-rabbit or anti-mouse horseradish

peroxidase polymer for 30 min following primary antibodies wash out. The slides were developed using 3,30-diaminobenzidine

(DAB)+ chromogen for 10min andwashedwith water. The slides were then counterstained, dehydrated, andmountedwith mounting

media. The pictures were taken under Nikon Eclipse 80i microscope. The quantification of immunohistochemistry signal was per-

formed blindly by a pathologist (K.D, L.S.).

Statistical Analysis
In vitro studies were performed using at least three biological replicates per sample and as three independent experiments. Two-

tailed unpaired t tests were used when comparing two groups. One-way ANOVA followed by Tukey’s post hoc comparison was per-

formed for multiple group comparisons. p < 0.05 was considered statistically significant. Drug interaction between ATRi and WEE1i

was analyzed using the coefficient of drug interaction (CDI).66 CDI = AB/(AxB); AB is the ratio of two-drug combination group to con-

trol, and A or B is ratio of a single drug to control. CDI < 1 indicates synergism, CDI < 0.7 indicates significant synergism, CDI = 1
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indicates additivity, and CDI > 1 indicates antagonism. GraphPad Prism (Graphpad Software version 8.4.2, San Diego CA) was used

for statistical analyses.

For Analysis of PCNA and EdU positivity, an ROI Mask analysis technique was performed with Fiji/ImageJ. Over 100 cells were

analyzed from each replicate and Corrected Total Cell Fluorescence (CTCF) was calculated by subtracting the background fluores-

cence per area for each fluorescent channel. To count foci, we used a prominence threshold of 175 to detect PCNA foci within the

DAPI ROI mask regions. We then calculated foci by using a single point analysis of PCNA maxima and dividing the raw integrated

density of the single points by the maximum pixels per nucleus. FT282 cells with a CTCF 1000 or greater were considered EdU pos-

itive. FT282 cells with 20 or more foci were considered PCNA positive cells.

For statistical power for in vivo studies, we transplanted 12 mice/arm.63,66 After randomization, once pre-specified tumor volume

was achieved, there were approximately 10mice/arm (range 4-12). Randomization was performed using TumorManager software (v

3.3.4, Biopticon). Mice that died for unknown reason (low tumor burden, normal weight and condition scores) were excluded from

analysis. Weekly ultrasound measurements, weights, and condition scores were obtained in a blinded manner. Longitudinal analysis

of tumor growth was carried out by linear mixed-effect modeling with type II ANOVA and pairwise comparisons across groups on log

pre-processed tumor sizes using the TumGrowthweb tool (https://kroemerlab.shinyapps.io/TumGrowth/).57 Natural log transformed

tumor volume was used to better satisfy normal distribution. Survival data was analyzed by Mantel-Cox log rank test. Using the

slopes obtained from PRISM for each treatment group as effects measurements, synergy under the Bliss definition of independence

was used. The index was defined as the ratio of sums of slopes (Both and Control over ATRi and WEE1i) would indicate synergy,

additivity, and antagonism if < 1, 1, > 1 respectively.

To determine whether higher CCNE1 is associated with more reduction in tumor growth rates for the combination over WEE1i

monotherapy in the PDX models (i.e., CCNE1 is a predictive biomarker), we tested the differential treatment effects using a linear

mixed effects model for the log transformed tumor volumes with an interaction term of treatment assignment, time, and whether

CN> = 4 or not. Because the data indicated no treatment effects in PDXmodels with CN < 4, we refitted the datawith a smaller nested

linear mixedmodel assuming treatment effects only appeared inmodels with CN > = 4 Similarly,CCNE1 as a predictive biomarker for

OS was tested using a Cox proportional hazard model with the indicators of the two treatment groups, CN > = 4 versus < 4, and the

interaction term of the two indicator terms. A significant interaction implies CN > = 4 is associated with more improvement of OS for

the combination over WEE1i monotherapy (i.e., predictive). A two-sided p value is considered statistically significant.
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