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ABSTRACT

◥

Purpose: PARP inhibitors (PARPi) induce synthetic lethality in
homologous recombination repair (HRR)-deﬁcient tumors and are
used to treat breast, ovarian, pancreatic, and prostate cancers.
Multiple PARPi resistance mechanisms exist, most resulting in
restoration of HRR and protection of stalled replication forks. ATR
inhibition was highlighted as a unique approach to reverse both
aspects of resistance. Recently, however, a PARPi/WEE1 inhibitor
(WEE1i) combination demonstrated enhanced antitumor activity
associated with the induction of replication stress, suggesting
another approach to tackling PARPi resistance.
Experimental Design: We analyzed breast and ovarian patientderived xenoimplant models resistant to PARPi to quantify WEE1i
and ATR inhibitor (ATRi) responses as single agents and in
combination with PARPi. Biomarker analysis was conducted at
the genetic and protein level. Metabolite analysis by mass spec-

Introduction
Inhibitors of PARP represent the ﬁrst cancer therapy to speciﬁcally
target the DNA damage response (DDR; refs. 1, 2) and have the
potential to be used as both monotherapy or in combination across
multiple tumor types including ovarian, breast, pancreatic, and prostate cancers (3). A key tenet of DDR-based therapy is that cancers
having lost one or more DDR pathway will have a greater dependency
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trometry and nucleoside rescue experiments ex vivo were also
conducted in patient-derived models.
Results: Although WEE1i response was linked to markers of
replication stress, including STK11/RB1 and phospho-RPA, ATRi
response associated with ATM mutation. When combined with
olaparib, WEE1i could be differentiated from the ATRi/olaparib
combination, providing distinct therapeutic strategies to overcome
PARPi resistance by targeting the replication stress response.
Mechanistically, WEE1i sensitivity was associated with shortage of
the dNTP pool and a concomitant increase in replication stress.
Conclusions: Targeting the replication stress response is a valid
therapeutic option to overcome PARPi resistance including tumors
without an underlying HRR deﬁciency. These preclinical insights
are now being tested in several clinical trials where the PARPi is
administered with either the WEE1i or the ATRi.

on the remaining pathways (4). The potential of PARP inhibitors
(PARPi) was ﬁrst highlighted in cells deﬁcient in the tumor suppressor
genes BRCA1 and BRCA2 (BRCA1/2; refs. 5, 6). PARPi sensitivity
extends beyond the loss of function in BRCA1 and BRCA2 proteins to
additional HRR proteins including RAD51, ATR, CHK1, PALB2, and
other Fanconi anemia-associated repair factors (7–9). Clinical validation was provided using the PARPi olaparib in patients whose
tumors carried BRCA1/2 mutations (10).
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Translational Relevance
Tumors with an underlying deﬁciency in DNA homologous
recombination repair (HRR), such as those from germline BRCA1
or BRCA2 (gBRCA) mutation carriers, are sensitive to targeted
therapies such as PARP inhibitors (PARPi). The ability to overcome PARPi resistance has become relevant for a subset of patients
with breast and ovarian cancers. We argued that inhibitors of the
replication stress response can overcome PARPi resistance. Using
preclinical breast and ovarian cancer patient models, we identiﬁed
that WEE1 inhibitor (WEE1i) response was linked to markers of
replication stress and ATR inhibitor (ATRi) response was associated with ATM mutation. These preclinical insights inform several
clinical trials where the PARPi is administered with either the
WEE1i or the ATRi.

PARP detects and rapidly binds to DNA single-strand breaks (SSB),
utilizing NADþ to initiate repair by generating PAR chain modiﬁcations that result in chromatin remodeling and recruitment of repair
factors (11). PARPis demonstrating clinical monotherapy activity
prevent auto-PARylation and result in PARP trapping onto the DNA,
which during replication, leads to the formation of DNA doublestrand breaks (DSB; ref. 12). In the presence of functional HRR, these
DNA DSBs are accurately repaired, but in cells deﬁcient in HRR, such
as those with loss-of-function BRCA1/2 mutations, the error-prone
nonhomologous end joining (NHEJ) pathway is employed (13) and
over multiple rounds of replication this can lead to unsupportable
genomic instability and cancer cell death.
A number of different PARPi resistance mechanisms have been
described in preclinical models (14–16), although many are yet to be
validated in the clinic. In previous studies, we addressed which
mechanisms of PARPi resistance were associated with a lack of
olaparib response in a cohort of patient-derived xenograft (PDX)
models from patients primarily with triple-negative breast cancer
(TNBC) and enriched with BRCA1 alterations (17, 18). We observed
that reactivation of HRR, determined by the presence of RAD51 foci,
represents a major route to generate PARPi resistance. The aim of this
study was to investigate whether additional dependencies, other than
HRR, pre-exist or are generated by PARP inhibition and whether these
could be targeted to reverse or overcome PARPi resistance.
One potential insight has emerged following recent publications,
suggesting a link between PARP inhibition and replication stress
(12, 19, 20). Replication stress can be deﬁned as any one of a number
of events that leads to the slowing or stalling of replication fork
progression that, in turn, can lead to a decoupling of the replicative
helicase from the polymerase and an increase in extended regions of
single-stranded DNA (ssDNA). As a consequence, a replication stress
response is induced (21). Trapped PARP1 on DNA, resulting from
treatment with a pharmacologic inhibitor, has the potential to induce
replication stress, leading to the stalling of replication forks (12).
Following the binding of replication protein A (RPA) to ssDNA at
stalled replication forks, a complex set of responses are initiated by the
kinase Ataxia Telangiectasia and Rad3-related (ATR), and its effector
Checkpoint Kinase 1 (CHK1; ref. 22). As a result, replication fork
structures are stabilized, and cell-cycle progression is delayed allowing
time for DNA repair, replication fork restart, and completion of DNA
synthesis ahead of mitosis (23). Another important component of the
RSR is the regulation of replication origin ﬁring to prevent unscheduled DNA synthesis and rescue stalled replication forks, and ATR and
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CHK1 can facilitate this by negatively regulating cyclin-dependent
kinase (CDK) activity through inhibition of the CDC25 family of CDK
phosphatases (24). ATR can also activate an S/G2 cell-cycle checkpoint
to prevent progression of cells with under-replicated DNA (23). WEE1
kinase, through phosphorylation of CDK1, is essential for regulating
the G2–M checkpoint and preventing unrepaired damage being taken
into mitosis, but it also plays an important role in regulating replication
initiation through phosphorylation of CDK2 (25, 26). Consequently, the dependencies on ATR, CHK1, and WEE1, resulting from
cancer-associated replication stress, make them potentially attractive therapeutic targets and a number are currently undergoing
evaluation in the clinic (27).
It has previously been shown that PARPi-resistant BRCA1-deﬁcient
cells are increasingly dependent on ATR for survival, and that an ATR
inhibitor (ATRi) can disrupt BRCA1-independent RAD51 loading to
DSBs and stalled forks (28). Consequently, ATR inhibition was
proposed as a unique strategy to overcome the PARPi resistance in
BRCA1/2-deﬁcient cancers. We have recently described single-agent
activity of the WEE1 inhibitor (WEE1i) adavosertib (AZD1775, MK1775) in a subpopulation of diffuse large B-cell lymphoma (DLBCL)
associated with high levels of replication stress (29). In addition, the
combination of adavosertib with the PARPi olaparib, enhanced antitumor activity in a patient-derived small cell lung cancer model in a
manner that was associated with the induction of unsupportable levels
of replication stress (30). We were therefore interested to understand
whether the WEE1i in combination with olaparib could overcome
PARPi resistance, and how this might compare with an ATRi /olaparib
combination. Here, we have analyzed one of the largest cohorts of
breast and ovarian cancer patient-derived explant models studied to
date, for their WEE1i and ATRi responses as single agents, and in
combination with the PARPi olaparib, the latter being of interest
because this PDX cohort is enriched for tumors demonstrating both
innate and acquired PARPi resistance.

Materials and Methods
Patient-derived tumor xenografts and in vivo experiments
Fresh tumor samples from patients with breast or ovarian cancer
were prospectively collected for implantation into nude mice under an
institutional IRB-approved protocol and the associated written
informed consent. All animal procedures were approved by the Ethics
Committee of Animal Research of the Vall d’Hebron Institute of
Oncology and by the Catalan Government and were conformed to the
principles of the WMA Declaration of Helsinki, the Department of
Health and Human Services Belmont Report, and following the
European Union’s animal care directive (2010/63/EU). Surgical or
biopsy specimens from primary tumors or metastatic lesions were
immediately implanted in mice. Fragments of 30 to 60 mm3 were
implanted into the mammary fat pad (surgery samples) or the lower
ﬂank (metastatic samples) of 6-week-old female athymic HsdCpb:
NMRI-Foxn1nu mice (Harlan Laboratories). Animals were continuously supplemented with 1 mmol/L 17b-estradiol (Sigma-Aldrich) in
drinking water. Upon growth of the engrafted tumors, the model was
perpetuated by serial transplantation onto the lower ﬂank.
To evaluate the sensitivity to the drugs, tumor-bearing mice were
equally distributed into treatment groups with tumors ranging 100 to
300 mm3. As single agent, AZD1775 was administered orally 5 days
out of 14 at 120 mg/kg in 0.5% methylcellulose. In some experiments, indicated with an  , AZD1775 was administered at 60 mg/kg 3
days out of 7. Olaparib was given at 50 mg/kg orally ﬁve times per
week in 10% v/v DMSO, 10% w/v Kleptose [HP-b-CD]. AZD6738
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was given at 25 mg/kg, ﬁve times per week in 10% v/v DMSO, 40% v/v
PEG300. Cisplatin (6 mg/kg) was administered weekly unless
RTV <0.5 or weight loss >20%. Tumor growth was measured with
caliper bi-weekly from ﬁrst day of treatment to end of study (typically
day 21) and every 7 days in the acquired resistance setting. In all
experiments, mouse weight was recorded twice weekly. The tumor
volume was calculated as V ¼ 4/3pLl2, “L” being the largest diameter
and “l” the smallest. Mice were euthanized when tumors reached
1,500 mm3 or in case of severe weight loss, in accordance with
institutional guidelines.
The antitumor activity was determined by comparing tumor
volume at 21 days to its baseline: % tumor volume change ¼
(V21 days  Vinitial)/Vinitial × 100. For sensitive PDX, the best
response was deﬁned as the minimum value of % tumor volume
change sustained for at least 10 days. To classify the response of
the subcutaneous implants, we modiﬁed the Response Evaluation
Criteria in Solid Tumors (RECIST) criteria to be based on the %
tumor volume change (31, 32): Complete Response (CR), best
response <95%; Partial Response (PR), best response <30%;
Stable Disease (SD), 30% < best response < þ20%; Progressive
Disease (PD), best response > þ20%.
Patient-derived tumor cells and nucleoside rescue
Patient-derived tumor cells were isolated from PDXs through
combination of mechanic disruption and enzymatic disaggregation
following the protocol described by ref. 33. Single cells were seeded
2  105 cells/mL on collagen-enriched matrix Corning Matrigel
growth factor reduced (GFR) basement membrane matrix (Corning)
and overlaid with MEGM Mammary Epithelial Cell Growth Medium
Bullet Kit (LONZA) supplemented with 2% of FBS and 10 mmol/L of
ROCK inhibitor (Sigma-Aldrich). Next day, patient-derived tumor
cells were treated with vehicle (DMSO), AZD1775 at 1 mmol/L plus
vehicle, or AZD1775 1 mmol/L plus EmbryoMax Nucleosides 100
(Sigma-Aldrich) at 1:12.5, 1:25, or 1:50. After 72 hours, bright ﬁeld
pictures of ex vivo cultures were taken and cell viability was measured:
Matrigel was dissolved adding PBS-EDTA 1 mmol/L and incubated at
4 C for 1 hour; spheroids were collected, rinsed once with PBS, and
ATP content was measured using CellTiter-Glo (Promega) according
to the manufacturer’s instructions.
Metabolite analysis and tissue extraction
One hundred milligrams of tissue was homogenized and extracted
twice with 1 mL ACN/MeOH/H2O 40/40/20 v/v/v using a reinforced
lysis tube (CKMic50-R) on a temperature controlled Precellys
24 device following three circles of 20 seconds shake at 5,000 rpm
with 30 seconds pause in between them. Clear supernatant (maximum
700 mL) was collected in a 2-mL cryovial after centrifugation (Eppendorf 5417R) at 10,600  g for 5 minutes at 0°C. Precipitated tissue was
extracted again following the same procedure described above. Both
clear supernatant combined to the same cryovial and was stored at
20°C until further analysis.
Ten microliters of tissue extract was added to 90 mL HPLC grade
water in a polypropylene vial and vortexed for 5 seconds to ensure
homogeneity. Samples were then analyzed following U(H)PLC separation on an Ultimate RS system (Thermo Fisher Scientiﬁc) operating
with Chromeleon 6.8 software. Chromatographic resolution of endogenous metabolite was obtained after a gradient solvent mixing mode of
H2O spiked with 10 mmol/L tributylamine/15 mmol/L acetic acid
(solvent A) and MeOH/Isopropanol 80/20 v/v (solvent B). The
gradient program started at 0 to 0.5 with 100% A, 0.5 to 4 minutes
from 0% to 95% A, 4 to 6 at 95% A, 6 to 6.5 changed linearly to 80% A,
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6.5 to 8.5 kept at 80% A, 8.5 to 14 changed from 80% to 45% A at
14 minutes, 14 to 15 minutes steep increase to 100% B to ﬂush the
column for 2 minutes before changing to 100% A and re-equilibrate
the HSS T3 2.1 mm  100 mm 1.8 mm column for 3 minutes prior to
next sample injection. Mass data were acquired on ABScienx 4000
triple quantrupole instrument (Analyst 1.6.3) following a scheduled
multiple reaction monitoring experiment. Raw spectrometric data was
imported to MultiQuant 2.1 software to extract peak areas for each
detected metabolite. Further data normalization, scaling, univariate
statistical analysis (ftest t test) and data validation was performed on
Excel. For more details of the analytical platform, sample preparation
and data analysis can be obtained at ref. 34.
Statistical analysis
Unless otherwise stated, statistical tests were performed with
GraphPad Prism version 7.0. Paired, unpaired t test (two-tail), or
two-way ANOVA with Tukey multiple comparison test were used and
P values given. Error bars represent SEM of at least three biological
replicates, unless otherwise stated.
Data availability
Readers can ﬁnd the genomics data acquired and used in this study
in Supplementary Tables S3 and S5. Further data can be provided upon
request to the corresponding author. Additional methods are found as
Supplementary Data.

Results
Screening of patient-derived tumor xenografts identiﬁes a
subset of tumors intrinsically sensitive to WEE1 inhibition
The WEE1i (adavosertib, AZD1775, MK-1775) was previously
tested in a small number of cancer cell xenograft models using a daily
dose of 120 mg/kg (35). We carried out an assessment of the WEE1i in
a panel of 27 TNBC and two high-grade serous ovarian cancer
(HGSOC) PDX models with detailed clinical information (Supplementary Table S1). Figure 1A shows the individual PDX models by
best response in a waterfall plot and Fig. 1B indicates the mean tumor
volume changes over time in a spider plot. We identiﬁed two TNBC
models, PDX098 and PDX236, exhibiting a CR (Fig. 1A; Supplementary Table S2; ref. 33). Six other models showed a PR, namely the
HGSOC PDX280, and ﬁve TNBCs (PDX094, PDX156, PDX060,
STG139, and HBCx17). All other PDX models underwent disease
stabilization (n ¼ 6) or disease progression (n ¼ 16). Although singleagent treatment with the WEE1i induced durable responses, tumors
resumed growth upon continuous treatment in four of six models
tested (Fig. 1B).
Response biomarkers of WEE1 inhibition in TNBC
We next aimed to identify the genetic and proteomic markers
associated with WEE1i sensitivity, to deﬁne candidate selection or
enrichment biomarkers that could be used for patient selection.
Analysis of exome sequencing indicated that STK11/LKB1 mutations,
in the presence of RB1 and TP53 mutations, was the most signiﬁcantly
associated biomarker with response (P value ¼ 0.004; Fig. 2A). Lack of
LKB1 protein expression by IHC was also associated with WEE1i
response (Supplementary Fig. S1A; Fig. 2B; P ¼ 0.02) and this
association was also signiﬁcant with concomitant alterations in pRb
being taken into account (P ¼ 0.01).
LKB1 encodes the serine/threonine kinase, which acts as a tumor
suppressor by activating the tuberous sclerosis complex protein, TSC2,
and by inactivating ribosomal S6-kinase (36). In addition, LKB1deﬁcient cells exhibit defects in nucleotide metabolism (37, 38). A
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Figure 1.
Screening of patient-derived tumor
xenografts identiﬁes a subset of WEE1inhibitor intrinsically sensitive tumors.
A, Waterfall plot showing the best
response to AZD1775, plotted as the
percentage of tumor volume change
compared with the tumor volume
on day 1 after at least approximately
21 days of treatment using the
120 mg/kg schedule summarized in
Supplementary Table S2 (n ¼ 29).
þ20% and 30% are marked by
dashed lines to indicate the range of
PR, SD, and PD. Bars represent
means of an average of six individual
tumors and error bars represent
SEM. B, Time response to AZD1775
for the PDX models shown in A.
The percentage of tumor volume
change during AZD1775 treatment is
plotted. Shades of blue are used to
label PDX models with PD, SD, PR, or
CR response to the treatment.
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recent analysis of non–small cell lung carcinoma cell lines and a Kras/
Lkb1 mutant genetically engineered mouse model, suggests that LKB1
defects might also be associated with WEE1i sensitivity, possibly via
loss of an ATM/LKB1 signaling cascade required to maintain cellular
ﬁtness in response to WEE1i exposure (39). We therefore tested
whether loss of LKB1 function could cause WEE1i sensitivity on the
background of TP53 and RB1 defects in a breast cancer–relevant
model. We found that two distinct siRNAs designed to target LKB1
caused signiﬁcant WEE1i sensitivity in TP53-defective, RB1-defective
MCF10A cells (Fig. 2C; Supplementary Figs. S1B and S1C). In
addition, we identiﬁed a TSC2 frameshift truncation (p.915fs VAF
0.95) and RPS6KA6 ampliﬁcation (6.8 copies) in PDX156 and
PDX094, respectively, two WEE1i-sensitive PDXs (PR) that did not
present LKB1 alterations (Fig. 2A). In total, ﬁve of six WEE1i-sensitive
PDXs had activating mutations in at least one member of the LKB1/
mTORC1/metabolism pathway. We also noted in our analysis of the
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molecular features in the PDX panel, which genetic alterations in
CCNE1, encoding Cyclin E1, exhibited a trend towards being associated with WEE1i sensitivity (Fig. 2A). Cyclin E1 dysregulation has
previously been linked to replication stress (40) as well as to WEE1i
sensitivity (30, 41). A trend was also observed towards mutation/
expression of the phosphatase-encoding gene PTEN being associated
with WEE1i resistance in the PDX panel (P values ¼ 0.09 and 0.41,
respectively; Supplementary Fig. S2A). Accordingly, phosphorylation
at S473 or T308 of the PTEN target AKT was statistically higher in
nonresponsive PDXs than in responsive PDXs when measured by
RPPA (P ¼ 0.005 and 0.002; Supplementary Fig. S2B). No evidence of
association with mTORC1/p70S6K-downstream activation markers
was observed (4EBP1 pS65, S6 pS235/236, S6 pS240/244; Supplementary Fig. S2C), suggesting that LKB1/mTORC1-mediated WEE1i
sensitivity is not driven via protein translation but is more likely to
be linked to nucleotide metabolism.
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Figure 2.
Response biomarkers to AZD1775. A, Summary of selected DDR genetic alterations (see Materials and Methods, for the complete gene list) identiﬁed by exome
sequencing in the PDX cohort from Fig. 1A. Sensitivity (CRþPR) or resistance (SDþPD) to AZD1775 is indicated, as well as the cancer subtype. The frequency of each
mutation within the PDX cohort and the P value for the association of each alteration with AZD1775 response is shown. Different colors indicate the speciﬁc type of
mutation. B, Forest plot and odds ratio analysis of the response to AZD1775 according to the IHC/genetic markers LKB1, pRb/RB1 and PTEN (n ¼ 28). mut, mutant;
null, no expression by IHC. C, Sensitivity to AZD1775 of MCF10A p53/ Rb/ cells upon LKB1 knockdown using two independent siRNAs separately and pooled.
Bars indicate the AUC relative to the control siRNA (siCON). Error bars indicate SD of three independent experiments. P values are shown. D, Metabolite data
annotation to KEGG metabolic pathways for PDX098 and PDX060 (AZD1775 sensitive), compared with PDX102 (AZD1775 resistant). Nodes represent metabolic
pathways and the depicted color indicates the number of signiﬁcant changes following treatment with AZD1775 for 8 or 24 hours compared with vehicle [|log2(fold
change)|>0.5, P value < 0.05]. E, REVEALER analysis for AZD1775 antitumor response in the PDX cohort. The nonlinear information coefﬁcient (IC) and conditional
information coefﬁcient (CIC) values are provided.
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To further establish if WEE1 inhibition resulted in intracellular
nucleotide depletion in vivo, we conducted a metabolite analysis by
mass spectrometry (34), in the RB1/LKB1-mutant WEE1i-sensitive
model PDX098 (Fig. 2D; Supplementary Fig. S3). Treatment with
WEE1i induced a profound and durable change in the purine and
pyrimidine pathways in PDX098, as quantiﬁed after annotation to
KEGG metabolic pathways, that resulted in perturbation of the
pentose phosphate pathway. In contrast, the CCNE1-ampliﬁed
PDX060 (exhibiting a PR) showed a distinct pattern of metabolic
perturbation upon treatment with WEE1i, with a short-lived change in
the purine and pyrimidine pathways. The WEE1i-resistant PDX102
showed minimal metabolic perturbation.
We next explored and validated a subset of hypothesis-based
markers at the protein level. In addition to LKB1, we included direct
targets of WEE1 (WEE1 and CDK1; Supplementary Fig. S4A),
markers of early entry into S-phase (p53, p16, pRb, and pRb
S807/811; Supplementary Table S3; Supplementary Fig. S4B), as
well as markers of replication stress [RPA32 pS4/S8 (pRPA),
c-MYC, cyclin E1, ATM, CHK1 pS345, and BRCA1 nuclear foci;
Supplementary Fig. S4C; Supplementary Table S3]. Besides LKB1/
pRB, only the percentage of pRPA nuclear foci–positive cells was
found to be statistically higher in responders, than in nonresponders (P ¼ 0.01; Supplementary Fig. S4C).
As well as assessing the contributions of individual biomarkers to
WEE1i response in our PDX panel, we also exploited recent advances
in the ability to identify coherent groups of genomic alterations and/or
functional biomarkers that together were associated with WEE1i
sensitivity. To do this, we used the REVEALER analysis (repeated
evaluation of variables conditional entropy and redundancy; ref. 42), to
identify molecular features associated with antitumor responses in
PDX-bearing mice treated with AZD1175 (Supplementary Table S3).
We used this approach to analyze WEE1i PDX responses both with or
without the use of LKB1 expression as a “seed” feature. Without using a
seed feature, we found that an elevated percentage of pRPA-positive
cells provided the strongest correlation with single-agent AZD1775
sensitivity (CIC 0.51; Fig. 2E). High Cyclin E1 or high c-MYC
expression were not signiﬁcantly associated with WEE1i sensitivity but
it improved the CIC value to 0.61 and 0.55, respectively. Using null
LKB1 expression as a seed feature resulted in a less correlated
biomarker solution being identiﬁed (CIC 0.49), which also included
elevated pRPA.
Taken together, these analyses suggest that WEE1i sensitivity
may relate to a composite of biomarkers encompassing early entry
into S-phase (e.g., mutation in TP53, along with RB1 mutation or
CCND1 ampliﬁcation) and increased replication stress (e.g., STK11
mutation and TSC2 loss, Cyclin E1 or MYC overexpression) that
result in an elevated replication stress phenotype, visualized by
pRPA-positive cells (Fig. 2E).
AZD1775 treatment downregulates RRM2 and induces an
S-phase DNA damage response
In addition to regulating CDK1 activity at the G2–M checkpoint,
leading to early entry into mitosis, WEE1 also phosphorylates CDK2,
the activity of which is critical in regulating DNA replication (25, 43).
To gain further insights into the mechanism of action of AZD1775, we
assessed downstream pharmacodynamic effects initially in four TNBC
cell lines, MDA-MB157, BT20, MDA-MB231, and MDA-MB436 with
GI50 values ranging between 268 and 406 nmol/L (Supplementary
Fig. S1D) and then in a subset of 12 of our PDX tumors. Exposure to
AZD1775 resulted in a marked accumulation of cells with DNA
content below 4N (Supplementary Fig. S5A), consistent with observa-
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tions in other breast cancer and DLBCL cell lines (29, 44). We then
analyzed two of the four cell lines (MDA-MB-231 and MDA-MB-436)
and demonstrated that WEE1i exposure inhibited CDK2 phosphorylation on tyrosine 15 (pY15) in a dose-dependent manner, in addition
to its effect on CDK1 pY15 (Fig. 3A).
An important function of CDK2 is to regulate the expression of
RRM2 either directly, or through controlling the degradation of
E2F1 (45, 46). Increased CDK2 activity following ATR inhibition has
previously been shown to increase origin ﬁring and downregulate
RRM2 expression, events that result in nucleotide depletion, replication stress, and ultimately replication catastrophe (45). RRM2 has also
been implicated as the target of a synthetic lethal interaction between
the loss of histone H3 lysine 36 tri-methylation mark (H3K36me3) and
WEE1 inhibition (46). We therefore examined the impact of AZD1775
exposure on RRM2 expression as a downstream marker of CDK2
activity. In MDA-MB-157, BT-20, MDA-MB-231, and MDA-MB-436
cells, we observed a marked reduction in RRM2 protein levels after
WEE1i exposure (Fig. 3B). In parallel, AZD1775 exposure also
resulted in the induction of DDR markers by 8 hours, speciﬁcally,
phosphorylation of H2AX on S139 (gH2AX), CHK1 on S345, and
RPA32 on S4/S8. In all four TNBC cell lines, we observed that
AZD1775 treatment led to an increase in early mitosis, as indicated
by the phospho-Histone H3 (pHH3) marker, suggesting the WEE1i
was driving cells prematurely into M-phase (Fig. 3B). When cells were
supplemented with exogenous nucleosides during WEE1i treatment,
the activation of this DDR was partially suppressed (Fig. 3C). In
addition to canonical DDR markers of replication perturbation, we
observed signiﬁcant phosphorylation of DNAPK on S2056 following
WEE1i exposure, with delayed kinetics compared with CHK1 phosphorylation (Fig. 3B). DNAPK activation following ATR inhibition
has been associated with persistent replication fork stalling, replication
fork collapse, and subsequent DNA DSB formation (45). To ascertain
whether the induction of the DDR in WEE1i-treated cells is a direct
consequence of increased activity of CDK activity, we co-treated cells
with AZD1775 and CDK inhibitors targeting either CDK2 (CVT-313)
or CDK1 (RO-3306). Inhibition of CDK2 or CDK1 in MDA-MB-231
cells synchronized at the G1–S boundary resulted in restoration of
RRM2 expression and the suppression of the replication stress response induced by the WEE1i (Fig. 3D). Collectively, these data
demonstrate that in the TNBC cell lines tested, AZD1775 induces a
replication stress response via the induction of CDK1/2 activity during
S-phase.
As with the in vitro experiments, AZD1775 treatment in vivo also
induced a marked accumulation of cells in early M-phase, as indicated
by an increase in pHH3 S10-positive staining by immunoﬂuorescence
(Supplementary Fig. S5B). However, this increase in pHH3 upon
WEE1i treatment was similar in both sensitive and resistant PDXs,
suggesting that this was not the major driver of the antitumor response.
We next measured levels of CDK1/2 pY15 by Western blot (WB)
analysis in a representative panel of 12 PDX models (Supplementary
Fig. S6A). Baseline CDK1/2 pY15 levels were higher in PDXs that
exhibited tumor growth regression following treatment with WEE1i,
than in PDXs exhibiting tumor growth delay or no response (P ¼
0.0017). Moreover, the degree of inhibition of pCDK1/2 and RRM2
downregulation achieved with WEE1i was also greater in AZD1775responding PDXs than in resistant PDXs (Supplementary Fig. S6B).
These results are consistent with those observed in cell lines and
suggest that treatment with a WEE1i in sensitive PDX models could
result in a reduction in dNTPs.
We conducted nucleoside rescue experiments in a 3-dimensional
(3D) ex vivo setting. AZD1775 treatment resulted in signiﬁcant
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WEE1 inhibition results in activation of CDK2 and subsequent DNA damage and replication stress response in breast cancer cell lines. A, Immunoblot analysis showing
CDK2 and CDK1 activation 24 hours after treatment with different doses of AZD1775 in MDA-MB-231 and MDA-MB436 cells. To assess CDK2 tyrosine phosphorylation
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antiproliferative activity in short-term patient-derived cultures
(PDC) established from two in vivo sensitive models (PDC098 and
PDC236) when compared with two resistant ones (PDC124 and
PDC044; Fig. 4A). Moreover, addition of nucleosides signiﬁcantly
rescued the 3D ex vivo antiproliferative effect of WEE1i-sensitive
models PDC098 and PDC236 by 2-fold, compared with the resistant models PDC044 and PDC124. Addition of nucleosides also
attenuated the replication stress response markers in the WEE1i
sensitive PDC098 and PDC236 models (Fig. 4B).
In agreement with the observed nucleotide shortage metabolic
effects, WEE1i treatment induced markers of replication stress
in vivo, namely pan-nuclear phosphorylation of H2AX (gH2AX) and
pRPA nuclear foci in S–G2-phase cells (geminin-positive cells; Fig. 4C
and D; Supplementary Fig. S7). Consistent with increased replication
stress, most of the pan-nuclear gH2AX-positive cells were also positive
for pRPA or pDNAPK S2056. Moreover, these markers were reduced
upon tumor regrowth under treatment, that is, with acquired resistance, further arguing that the induction of replication stress drives the
antitumor response (Fig. 4E and F). A higher percentage of doublepositive cells for pan-nuclear gH2AX and pHH3 S10, indicative of
increased DNA damage associated with chromatin condensation, were
also found in WEE1-treated cells, albeit both in AZD1775-sensitive
and -resistant models, like the pHH3 S10 staining (Supplementary
Figs. S7A and S7B). Together, these data suggest that WEE1i-sensitive
tumors exhibit features of high baseline replication stress that is further
enhanced following WEE1i treatment.
Overcoming PDX PARPi resistance by targeting WEE1
We were interested in exploring whether WEE1 inhibition could
overcome PARPi resistance in our cohort of PDX models, and
more speciﬁcally in tumors harboring BRCA1-alterations that had
restored HRR. Our PDX model cohort included 17 models harboring
BRCA1/2 alterations of which 11 exhibited PARPi resistance (refs. 17
and 18; Supplementary Table S1). The PDXs’ response showed a
high concordance with the patients’ response to a platinum/PARPibased therapy, namely in 16 of 17 models (94%; Supplementary
Table S1). Olaparib in combination with AZD1775 increased the
response rate (% of CRþPR) up to 59% (17 of 29) compared with
single agent AZD1775 (28%; 8 of 29) or olaparib (17%; 5 of
29; Figs. 1B and 5A). Interestingly, sensitivity to olaparib (CRþPR)
was not overlapping with sensitivity to AZD1775, demonstrating
that WEE1i sensitivity does not rely on the tumor’s deﬁciency in
HRR (Fig. 5B). Moreover, combination responses resulting in CR/
PR were observed in those PDXs, where treatment with single-agent
AZD1775 or olaparib resulted in tumor growth delay but not
regression (exempliﬁed by Fig. 5C; Supplementary Fig. S8A). In
the context of two BRCA1-altered models, PDX124 and STG201,
combination of AZD1775 with olaparib delayed the acquisition
of PARPi resistance (Supplementary Fig. S8B). In a laboratory
model of acquired resistance to olaparib PDX230OR2, the combination with AZD1775 induced tumor regression (Supplementary
Fig. S8C). Compared with a platinum agent (a relevant standard of
care chemotherapy), olaparib plus AZD1775 demonstrated similar
levels of antitumor activity in 16 models (50%), greater activity in 9
models (28%), and a worse response in only 2 models (6%) out of 32
analyzed (Fig. 5D).
No single-biomarker correlated with response to the olaparib
combination with AZD1775. However, REVEALER identiﬁed the
features that associated with sensitivity to the combination of olaparib
and AZD1775 that differed to those for single-agent WEE1i sensitivity.
Speciﬁcally, in the absence of a seed feature, we found that the
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combination of high c-MYC expression, high Cyclin E1, and low
nuclear p16 correlated with sensitivity to the AZD1775/olaparib
combination together with LKB1 mutation for AZD1775, or lack
of RAD51 nuclear foci for olaparib response (Supplementary
Fig. S8D). Seeding on Cyclin E1 and p16 provided the best correlation
with AZD1775/olaparib sensitivity together with c-MYC (CIC 0.68;
Fig. 5E). In agreement with the observed WEE1i single-agent
phenotypic and response biomarkers, we observed that combination-sensitive tumors also exhibited higher induction of replication
stress than combination-resistant ones, in terms of pan-nuclear
gH2AX and pRPA in geminin-positive cells (Fig. 5F; P < 0.0001).
Comparison of ATR with WEE1 inhibition highlights differences
in biomarker association
Given the role of ATR in the replication stress response, as well as
the dependency of PARPi-resistant BRCA1-deﬁcient cell lines on
ATR (28), we envisaged that targeting ATR in combination with
olaparib might also overcome PARPi resistance in our PDX panel.
Initial investigation into the single-agent activity of the ATRi
AZD6738 demonstrated tumor regression/stabilization in three models (PDX094, PDX098, and PDX196; Fig. 6A; Supplementary S8E;
Supplementary Table S4). Interestingly, ATM missense mutations
(identiﬁed by exome sequencing) associated with AZD6738-induced
stabilization or regression (P ¼ 0.0046; Fig. 6B). A synthetic lethal
interaction between ATM and ATRi treatment in cell line models of
various cancer types has been described (47–49). Here, we provide
further validation for ATRi sensitivity in ATM-deﬁcient backgrounds
by testing AZD6738 in A549 and FaDu cells, where ATM has been
deleted using CRISPR/Cas9 knockout (Supplementary Fig. S8F).
When AZD6738 was combined with olaparib (Fig. 6A; Supplementary
S8G), we also observed a more select number of responsive models
than the olaparib combination with AZD1775. Moreover, with the
exception of PDX127, all AZD6738/olaparib-sensitive models were
also sensitive to the AZD1775 combination with olaparib (Fig. 6C).
Consistent with the single-agent biomarker observation, three out of
ﬁve PDXs that showed tumor regression/stabilization to the
AZD6738/olaparib combination exhibited ATM alterations, of which
two were predicted to be deleterious by in silico analysis (P ¼ 0.17).
FaDu ATM knockout cells also showed response to olaparib plus
AZD6738 in vivo (Supplementary Fig. S8G). REVEALER further
identiﬁed ATRi biomarkers of single-agent response (ATM mutations
or lack of RAD51 foci) to be enriched in tumors responding to the
ATRi/olaparib combination (Fig. 6D; Supplementary Table S5).
Mechanistically, the combination of PARP plus ATR inhibition
resulted in signiﬁcant RRM2 downmodulation and induction of the
replication stress markers pRPA and gH2AX, similar to WEE1i
monotherapy (Fig. 6E; Supplementary S8I). In summary, the antitumor activity of the ATRi/olaparib combination appears more selective
than that of the WEE1i, and is primarily associated with ATM
alterations.

Discussion
Three WEE1 inhibitors have recently entered into clinical
development: Debio 0123, ZN-c3, and adavosertib (AZD1775)
(NCT03968653, NCT04158336; ref. 27). Prior to this study, only
a small number of trials had investigated the monotherapy opportunity that adavosertib might provide (refs. 50, 51; NCT01748825,
NCT00648648, NCT02482311) and these were phase I trials. The
three main goals of the study presented here were to identify
biomarkers of sensitivity to single-agent WEE1i, understand if a
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WEE1i in combination with a PARPi could overcome resistance to
PARP inhibition and if so, to compare PARPi/WEE1i with the
PARPi/ATRi combination.
Cell line–based studies have previously identiﬁed alterations in
either p53 (52), PKMYT1 (35), SETD2, KDM4A (46), LKB1 (39),
MYC, or CDKN2A deletion, that is, deletion of INK4a and ARF (29), as
all being associated with WEE1i sensitivity. In addition, in vitro RNA
interference screens suggested defects in HRR or Fanconi anemiaassociated genes could also induce WEE1i sensitivity (53), but in vivo,
no single biomarker alone adequately explains drug response. More
recently, a study of four patient-derived in vivo explant models of small
cell lung cancer, identiﬁed a sensitive patient-derived explant model
(CDX3) with multiple cell cycle and DDR alterations (Cyclin E1, pRb,
CDK6, and PALB2), which also demonstrated high basal levels of
replication stress (indicated by high levels of pRPA; ref. 30). One of the
challenges in determining the main biological drivers of WEE1
dependency using panels of in vitro cancer cell lines is the relatively
small dynamic range of response to AZD1775. The largest study to date
assessed over 500 cell lines from 16 different tumor types, where the
mean single-agent EC50 range was only 4-fold (0.28–1.16 mmol/L;
ref. 35). In contrast, in vivo studies have demonstrated a full spectrum
of response.
The only single-gene alteration in this study showing a statistically
relevant correlation with WEE1i treatment was STK11/LKB1 and in all
cases, the STK11 mutation was found in tumors with TP53 and RB1
mutations, with or without BRCA1 mutation. STK11/LKB1 is a tumor
suppressor gene and the third most common alteration found in lung
adenocarcinomas, where it is most frequently co-mutated along with
KRAS (54). A previous study linking LKB1 to WEE1i sensitivity in
non–small cell lung cancer (NSCLC), was on a background of KRAS
mutation (39). In our study, the breast and ovarian responsive tumors
did not have accompanying KRAS mutations (these being relatively
rare in these cancer types), but instead were associated with an
accompanying RB1 mutation, suggesting the link between WEE1i
sensitivity and LKB1 deﬁciency might be broader than KRAS-mutant
NSCLC alone. Although LKB1 deﬁciency is linked to pleotropic
biological effects, we provide evidence suggesting that WEE1i sensitivity is associated with the reduction of the dNTP pool and a
concomitant increase replication stress. Previous studies have linked
WEE1 inhibition with the downregulation of RRM2, a key enzyme in
dNTP synthesis (45, 46). Although we observed this effect in both
WEE1i-responsive and -nonresponsive TNBC in vitro models, RRM2
reduction was exclusive to WEE1i in vivo PDX responses. Moreover,
metabolomic analysis showed that a WEE1i-responsive model with
LKB1 alteration exhibited decreased purine and pyrimidine levels
upon treatment and furthermore, WEE1i sensitivity could be abrogated in PDCs treated with nucleosides.

The majority of PDX models in this cohort exhibiting tumor
regression could be linked to STK11/LKB1 mutations or additional
members of the LKB1/mTORC1/metabolism pathway. To understand
drivers of response across all sensitive models, a bioinformatic analysis
comparing 27 different biomarkers (both genomic and protein-based)
across the PDX cohort revealed the top basal biomarker predicting
WEE1i response was pRPA, an observation consistent with elevated
replication stress.
Bringing together the ﬁndings from this study, along with our
previous studies (29, 30) and those of others (35, 39, 41, 52), a pattern
emerges for WEE1i single-agent sensitivity being driven by a number
of different alterations, each of which is associated with replication
stress or the replication stress response (Supplementary Fig. S10A).
The ﬁrst group contains alterations abrogating the G1–S cell-cycle
checkpoint and driving cells into and through S-phase with a suboptimal dNTP pool. In the majority of WEE1i-sensitive models, there
were usually two or more “hits” in this category. The second group
consists of alterations that increase replication stress, either through
replication fork stalling as a consequence of oncogenic drivers such as
mutant KRAS or MYC overexpression, and/or replication fork stalling
resulting from an imbalance in the ratio of available dNTP production
to active replication origins. The third category contains DDR proteins
associated with HRR, but in the context of WEE1i sensitivity, it is their
roles in replication fork stabilization and restart that are most likely to
be relevant. Tumor indications with an enrichment of alterations
captured by these three groups represent an opportunity for testing
adavosertib monotherapy in the clinic. In this respect, the recent
clinical study to assess adavosertib monotherapy in uterine serous
cancer has provided very promising results in a tumor indication with
multiple biomarkers being present in >50% of the tumors treated, as
highlighted in Supplementary Fig. S10A (55).
Inducers of replication stress and the DDR proteins involved in the
replication stress response are shown in Supplementary Fig. S10B,
which highlights the two main mechanisms behind replication fork
stalling, namely the shortage of dNTPs and the physical blocking of
replication fork progression. The latter can occur as a consequence of
transcription–replication collision, due to oncogenic drivers such as
mutant KRAS and MYC overexpression. However, other physical
blocks to replication fork progression can be generated by proteins
bound to DNA. As an example, topoisomerase I inhibitors covalently
cross-link TOP1 to the DNA and trapped PARP has the potential to
induce replication fork stalling and a replication stress response. In this
sense, the combination of the PARPi olaparib with the WEE1i more
than doubled the response rate in our PDX cohort. The combination
effect did not appear to be driven by an underlying HRR deﬁciency,
because there was no overlap of olaparib and AZD1775 monotherapy
activity and the combination was effective in a substantial proportion

Figure 5.
WEE1 inhibition sensitizes PARPi-resistant tumors. A, Waterfall plots showing the best response to the indicated drugs as percentage of tumor volume change
after at least 21 days of treatment, compared with the tumor volumes on day 1 (n ¼ 29). þ20% and 30% are marked by dashed lines to indicate the range of
PR, SD, and PD. Bars represent means and error bars SEM. B, Radar plot comparatively showing the percentage of tumor volume change upon treatment with
AZD1775, olaparib, and the combination as in Figs. 1A and 5A. C, Relative tumor volume during treatment with vehicle, AZD1775, olaparib, or combination in
PDX252. D, Comparative analysis of the antitumor activity of AZD1775 plus olaparib versus cisplatin (n ¼ 32). AZD1775 was administered at 120 mg/kg (5 days
on / 9 days off) or at 60 mg/kg (5 days on / 2 days off,   ). When both doses were tested in the same model, we observed that:  , the model exhibited a
reduction of antitumor response when treated with the low dose of AZD1775, compared with the high dose, or #, the model exhibited the same antitumor
response upon treatment with the low dose of AZD1775, compared with the high dose. E, REVEALER analysis for AZD1775 plus olaparib antitumor response
in the PDX cohort. The nonlinear information coefﬁcient (IC) and conditional information coefﬁcient (CIC) values are provided. F, Quantiﬁcation of cells with
pan-nuclear gH2AX staining (top) and cells in S–G2-phase of the cell cycle (geminin positive) with pRPA nuclear foci (bottom) following treatment with
vehicle, olaparib, AZD1775, or the combination (Olapþ1775) in PDXs showing (n ¼ 5) or not (n ¼ 10) antitumor response upon combination (Combo)
treatment. Each dot represents the mean of at least two independent tumors per PDX model. P values, Tukey multiple comparison test.
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Figure 6.
ATR inhibition sensitizes PARPi-resistant tumors. A, Waterfall plots showing the best response to the indicated drugs as percentage of tumor volume change after at
least 21 days of treatment, compared with the tumor volumes on day 1 (n ¼ 31). þ20% and 30% are marked by dashed lines to indicate the range of PR, SD, and PD.
Bars represent means and error bars SEM. B, Summary of selected DDR genetic alterations identiﬁed by exome sequencing in the PDX cohort from A. Sensitivity
(tumor regression) or resistance (tumor progression) to AZD6738 is indicated, as well as the cancer subtype. The frequency of each mutation within the PDX cohort
and the P value for the association of each alteration with AZD6738 response is shown.  , To perform this statistical analysis and given the low number of CR/PR
AZD6738 responders, the two models that exhibited SD with AZD6738 were also considered responders. Different colors indicate the speciﬁc type of mutation.
C, Comparative analysis of the antitumor activity of olaparib plus AZD1775 versus olaparib plus AZD6738 (n ¼ 31). AZD1775 was administered at 120 mg/kg (5 days
on / 9 days off) or at 60 mg/kg (5 days on / 2 days off,   ). When both doses were tested in the same model, we observed that:  , the model exhibited a reduction
of antitumor response when treated with the low dose of AZD1775, compared with the high dose, or #, the model exhibited the same antitumor response
upon treatment with the low dose of AZD1775, compared with the high dose. D, REVEALER analysis for AZD6738 plus olaparib antitumor response in the PDX cohort.
The nonlinear information coefﬁcient (IC) and conditional information coefﬁcient (CIC) values are provided. E, Expression levels of the indicated proteins by
immunoblot. Each dot represents individual tumors. Bars represent means and error bars SEM. P values, Tukey multiple comparison test.
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of olaparib-resistant, RAD51 foci–positive tumors. Rather, the driver
of combination response correlated with biomarkers of replication
stress, both genetic (MYC, Cyclin E1) as well as phenotypic (pRPA and
pan-gH2AX). These results were also consistent with high basal
replication stress inﬂuencing the therapeutic index of WEE1i plus
olaparib in vitro (56). We believe these observations therefore support
the notion that PARPi resistance can be overcome by targeting the
replication stress response roles of WEE1.
We have also conducted a direct comparison of a PARPi combination with WEE1i versus ATRi. Either WEE1i or ATRi combinations
with the PARPi olaparib were able to induce tumor regression in >50%
of the gBRCA PARPi-resistant PDXs (8 of 15). Importantly, combination activity was also observed in PDXs without a gBRCA
mutation. These preclinical insights are now being tested clinically
in various arms of a number of trials where the PARPi olaparib is
being given concurrently with either an ATRi (AZD6738) including
OLAPCO (NCT02576444) and CAPRI (NCT03462342; refs. 57–59),
or with a WEE1i (AZD1775; ref. 60). The RP2D and schedules
for the two olaparib combinations indicate an exposure equal to
or greater than achievable in preclinical models for the ATRi in
combination with olaparib (61). Emerging results from the EFFORT
trial (NCT03579316) have demonstrated encouraging results for
both the monotherapy adavosertib arm as well as the olaparib
combination arm in the post-PARPi ovarian cancer setting (60).
Recently published preclinical data have also demonstrated that
alternating sequencing of the WEE1i combination with olaparib
maintains efﬁcacy in tumor cells while decreasing the impact on
normal cells (56) and this new scheduling approach is now being
tested in the clinic in the STAR trial (NCT04197713).
Given the increasing importance of PARPi in the treatment of
multiple tumor types, and their use in earlier lines of therapy, PARPi
resistance will become relevant to a new patient population. The ability
to address PARPi resistance through combinations of WEE1i and
ATRi that target the replication stress response, will therefore also
become increasingly important for patients.
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