
ORIGINAL RESEARCH
published: 05 March 2020

doi: 10.3389/fonc.2020.00296

Frontiers in Oncology | www.frontiersin.org 1 March 2020 | Volume 10 | Article 296

Edited by:

Anjali Mishra,

Sidney Kimmel Cancer Center,

United States

Reviewed by:

Paul Dent,

Virginia Commonwealth University,

United States

Guru Prasad Maiti,

Oklahoma Medical Research

Foundation, United States

*Correspondence:

Rajeev Vibhakar

rajeev.vibhakar@ucdenver.edu

Christopher C. Porter

chris.porter@emory.edu

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Hematologic Malignancies,

a section of the journal

Frontiers in Oncology

Received: 24 October 2019

Accepted: 20 February 2020

Published: 05 March 2020

Citation:

Garcia TB, Uluisik RC, van Linden AA,

Jones KL, Venkataraman S,

Vibhakar R and Porter CC (2020)

Increased HDAC Activity and c-MYC

Expression Mediate Acquired

Resistance to WEE1 Inhibition in Acute

Leukemia. Front. Oncol. 10:296.

doi: 10.3389/fonc.2020.00296

Increased HDAC Activity and c-MYC
Expression Mediate Acquired
Resistance to WEE1 Inhibition in
Acute Leukemia
Tamara B. Garcia 1†, Rizvan C. Uluisik 2†, Annemie A. van Linden 3, Kenneth L. Jones 3,

Sujatha Venkataraman 3, Rajeev Vibhakar 3*† and Christopher C. Porter 2*†

1Medical Scientist Training Program, University of Colorado School of Medicine, Aurora, CO, United States, 2Department of

Pediatrics, Emory University School of Medicine, Atlanta, GA, United States, 3Department of Pediatrics, University of

Colorado School of Medicine, Aurora, CO, United States

WEE1 is a cell cycle and DNA damage response kinase that is emerging as a therapeutic

target for cancer. AZD1775 is a small molecule inhibitor of WEE1, currently in early phase

clinical trials as a single agent and in combination with more conventional anti-neoplastic

agents. As resistance to kinase inhibitors is frequent, we sought to identify mechanisms

of resistance to WEE1 inhibition in acute leukemia. We found that AZD1775 resistant

cell lines are dependent upon increased HDAC activity for their survival, in part due to

increased KDM5A activity. In addition, gene expression analyses demonstrate HDAC

dependent increase inMYC expression and c-MYC activity in AZD1775 treated resistant

cells. Overexpression of c-MYC confers resistance to AZD1775 in cell lines with low

baseline expression. Pharmacologic inhibition of BRD4, and thereby c-MYC, partially

abrogated resistance to AZD1775. Thus, acquired resistance to WEE1 inhibition may be

reversed by HDAC or BRD4 inhibition in leukemia cells.

Keywords: WEE1, c-MYC, histone deacetylase, AZD1775, adavosertib, KDM5A

INTRODUCTION

Inhibition of WEE1 is emerging as a promising therapeutic strategy in cancer. Many preclinical
studies have demonstrated that inhibition of WEE1 enhances the efficacy of DNA damaging
agents. For example, AZD1775, a small-molecule inhibitor of WEE1, synergizes with cytarabine in
AML and T-ALL cells (1–3), with cisplatin in medulloblastoma cells (4), and with doxorubicin in
colon adenocarcinoma cells (5). AZD1775 has also been identified as an effective monotherapy
in cancers including NSCLC, ovarian clear cell carcinoma, and melanoma (6). ClinicalTrials.gov
(accessed October, 2019), lists over 50 clinical studies investigating the effectiveness of AZD1775
in monotherapy and in combination with DNA damaging agents in both solid tumors and
hematologic malignancies.

Despite promising preclinical results, development of resistance is a major hurdle in the clinical
application of kinase inhibitors (7). Thus, the aim of the present study is to identify potential
mechanisms of acquired resistance to AZD1775. Cancer cells can develop resistance to drugs by a
variety of mechanisms including increased drug efflux, acquisition of mutations that prevent the
binding of drug to target, and activation of compensatory survival pathways (8). Beyond these
mechanisms, recent studies have described a reversible “drug-tolerant” state mediated by altered
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epigenetic regulation of gene expression (8–10). Specifically,
increased activity of KDM5A leading to a reduction in histone 3
lysine 4 trimethylation (H3K4me3) has been shown to mediate
resistance to gefitinib and cisplatin in NSCLC cells and to
temozolomide in glioblastoma cells. Knockdown of KDM5A or
inhibition of HDACs which bind to and regulate the activity
of KDM5A was capable of reversing drug resistance in these
studies (8, 9). Consistent with these studies, we demonstrate that
acquired resistance to AZD1775 in three acute leukemia cell lines
could be reversed with HDAC or KDM5 inhibition. Furthermore,
AZD1775-resistant cells have increased c-MYC expression which
is reduced upon treatment with HDAC inhibitors. Treatment
with the bromodomain protein inhibitor, JQ1 (11), which inhibits
c-MYC expression (12, 13), partially reversed resistance to
AZD1775. Collectively, these studies indicate HDAC-mediated
overexpression of c-MYC drives resistance to AZD1775 in acute
leukemia cells.

MATERIALS AND METHODS

Chemotherapies, Antibodies, and
Reagents
AZD1775 was provided by AstraZeneca (Wilmington, DE).
The chemical structure of AZD1775 has previously been
described (14). Cytarabine and vincristine were purchased
from Sigma-Aldrich (St. Louis, MO) and diluted in water.
Vorinostat, panobinostat, and CPI-455 were purchased from
Selleckchem (Houston, TX). TP-0906 was purchased from
MedChemExpress (Monmouth Junction, NJ). JQ1 was a kind
gift from the laboratory of Dr. Jay Bradner. Antibodies
specific to actin, c-MYC, pCDK1 Tyr15, CDK1, pCHK1 Ser345,
PARP, γH2AX, histone 3 were purchased from Cell Signaling
Technology (Danvers, MA). The antibody against KDM5A
was purchased from Bethyl Laboratories (Montgomery, TX),
and the antibody against trimethylated histone 3 lysine 4
was purchased from Active Motif (Carlsbad, CA). Primers
to detect levels of AXL expression relative to GAPDH
were 5′- CAGCGCAGCCTGCATGT-3′ (Forward) and 5′-
TTGGCGTTATGGGCTTCG-3′ (Reverse).

Cell Culture and Viability
Jurkat, Molm13, and REH cells were generous gifts from the
laboratories of Drs. James DeGregori and Douglas Graham.
Cell lines were DNA fingerprinted by multiplex PCR using the
Profiler Plus or Identifier Kits (ABI) as previously described
(15), and periodically tested for Mycoplasma by PCR. Cells were
cultured in RPMI with 10% FBS and penicillin/streptomycin
at 37◦C in humidified air supplemented with 5% CO2 and
typically maintained in culture for no longer than 2 months
at a time. However, AZD1775-resistant cells were generated by
culturing Molm13, Jurkat, and REH cells in gradually increasing
concentrations of 50–1,000 nM AZD1775 over 3 months. In
some experiments, CellTiter-Glo Luminescent assay (Promega)
was used to determine the cell viability with or without drug
treatment. Around 3,000 cells per well were seeded in 100 µl
media using 96 well plate. Cells were incubated 24 h prior to drug

treatments. Then, the luminescent assay was applied following 72
h incubation.

Flow Cytometry
Guava EasyCytePlus (Millipore, Billerica, MA) was also used to
determine cell viability by measuring cell counts with propidium
iodide exclusion. Apoptosis was assessed using Guava Nexin
reagent according to themanufacturer’s protocol (Millipore). Cell
cycle analysis was performed using Guava Cell Cycle Reagent
according to the manufacture’s protocol (Millipore). A Cytoflex
(Beckman Coulter) was used to serially measure GFP expression.

Viral Transduction
The c-MYC gene was cloned into the retroviral empty
vector, MSCV-IRES-GFP (MIG), to make MIG-c-MYC. Virus-
containing media was prepared as previously described, with
modification (16). Briefly, HEK293T cells were transfected
with each plasmid of interest along with pCL-Ampho using
FuGENE 6 Transfection Reagent (Promega). After a 48–72 h
incubation, viral media was collected and spun for 5min at
1,500 rpm to remove cellular debris. Jurkat, Molm-13 and REH
cells were infected with viruses including MIG or MIG-c-MYC
using RetroNectin protocol as instructed by the manufacturer
(Clontech). Then cells incubated for 24 h at 37◦C and GFP
expression was determined with flow cytometry.

RNA-Seq
AZD1775-sensitive and -resistant Jurkat cells were treated with
panobinostat (10 nM) and/or AZD1775 (1µM) for 24 h. Total
RNA was extracted using a RNeasy kit (Qiagen Inc., Valencia,
CA). cDNA libraries were constructed for each sample using
the TruSeq Stranded RNA kit (Illumina Inc., San Diego, CA)
according to the manufacturer’s protocol. The unique cDNA
libraries were sequenced as single-pass 50 bp reads on the
Illumina HiSeq4000 platform at the University of Colorado
Genomics and Sequencing Core Facility. The resulting sequences
were analyzed using a custom pipeline consisting of gSNAP,
Cufflinks, and R for sequence alignment and identification of
differential gene expression as previously described (17, 18).
Genes with a false-discovery rate (FDR) <0.05 were analyzed
using Ingenuity Pathways Analysis (Qiagen, Germantown, MD)
to identify pathways modified in sensitive and resistant cells
treated with AZD1775 and/or panobinostat.

Statistical Analysis
Data analysis and graphing was performed using GraphPad
Prism 5 (GraphPad Software, La Jolla, CA). Unless otherwise
indicated, graphs represent the mean from a minimum of three
biological replicate experiments, and error bars portray the
standard error of the mean. One-way ANOVA was used to
compare three or more samples with a single variable. Two-
way ANOVA was used to compare three or more samples
with two variables, with Bonferroni’s post-test analysis. Non-
linear regression was used to generate dose-response curves and
determine IC50 values. Two-way repeated measures ANOVA
with Tukey’s correction for multiple comparison was used to
compare the percentage of GFP+ cells over time.
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RESULTS

Generation and Characterization of
AZD1775-Resistant Acute Leukemia Cell
Lines
We generated resistance to AZD1775 in three acute leukemia
cell lines with diverse phenotypes and genetic backgrounds
(19). Each resistant cell line displayed significantly less
sensitivity to the anti-proliferative effects of AZD1775
(Figures 1A–C). Western blots demonstrated that WEE1
expression levels were similar in parental and resistant cell
lines (Supplementary Figure 1). Reverse transcription of WEE1
mRNA, amplification of overlapping regions of the entire gene
by PCR, and Sanger sequencing from AZD1775-resistant cells

identified no mutations at any point in the WEE1 gene (data
not shown). Additionally, resistant cells treated with AZD1775
at concentrations lower than the IC50 display reduced WEE1
activity as evidenced by decreased phosphorylation of CDK1 at
tyrosine 15 (Figures 1D–F). Thus, resistance to AZD1775 is not
due to reduced activity of the drug in any of the three resistant
cell lines, excluding altered expression, gatekeeper mutations and
enhanced drug efflux as mechanisms of resistance to AZD1775
in these cell lines (7, 20). Recently, increased expression and
activation of AXL was demonstrated to mediate primary and
acquired resistance to AZD1775 in small-cell lung cancer (21).
In contrast to those findings, we did not observe consistent
increases in AXL expression or sensitivity to AXL inhibition in
resistant cell lines, as compared to AZD1775 naive cells, nor

FIGURE 1 | Generation and characterization of AZD1775-resistant cell lines. AZD1775 resistance was generated in Molm13, Jurkat and REH cell lines by culturing

these cell lines in media containing 50–10,000 nM AZD1775 over a period of 3 months. (A–C) AZD1775-naive and -resistant Molm13 (A), Jurkat (B), and REH (C)

cells were treated with 50–2,000 nM AZD1775 for 72 h. Cellular proliferation rates and viability was determined by flow cytometry. Viable cell numbers normalized to

cells receiving no treatment (NT) are shown. Results are shown as mean ± SEM from three independent experiments. IC50 values for each cell line are displayed

below the corresponding graph. (D–F) Molm13 (D), Jurkat (E), and REH (F) sensitive and resistant cells were treated with the indicated concentrations of AZD1775

for 24 h after which protein lysates were subjected to western blotting with antibodies specific to pCDK1 tyrosine 15, CDK1, and actin. (G–I) Molm13 (G), Jurkat (H),

and REH (I) cells resistant to AZD1775 were cultured in drug-free media for 40 passages. Sensitive, resistant cells and resistant cells cultured in drug-free media were

treated with 50–2,000 nM AZD1775 for 72 h. Viable cell counts normalized to cells receiving no treatment are shown. Results are shown as mean ± SEM from three

independent experiments. ****P < 0.0001.
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consistent combinatorial activity of AXL andWEE1 inhibition in
AZD1775 resistant cells (Supplementary Figure 1), suggesting
that alternative mechanisms of resistance to AZD1775 exist.

Drug resistance due to altered cellular signaling or gene
expression in the absence of mutations can be reversible when
resistant cells are released from the selective pressure of the drug
(8, 9). To determine whether resistance to AZD1775 is reversible,
each resistant cell line was cultured in drug-free media for 40
passages. Resistant cells cultured in drug-free media re-acquire
sensitivity to AZD1775 compared with resistant cells maintained
in AZD1775 (Figures 1G–I). While the resistant cells cultured
in drug-free media are still less sensitive to AZD1775 compared
to the AZD1775-naive cell lines, these data indicate resistance to
AZD1775 is at least partially reversible upon drug removal.

Treatment with AZD1775 ultimately results in DNA damage
(22). Thus, prevention of DNA damage or enhanced DNA
damage repair might induce resistance to WEE1 inhibition,
as well as additional DNA damaging agents. To assess this,
sensitive and resistant cells were treated with cytarabine (Ara-
C) and vincristine, two conventional chemotherapy agents used
to treat leukemia. AZD1775-resistant Molm13 and REH cells
were equally sensitive to Ara-C compared with AZD1775-
naive cells (Supplementary Figures 2A,C). Resistant Jurkat cells
were slightly more sensitive to Ara-C than the sensitive cells
(Supplementary Figure 2B). Resistance to AZD1775 was not
associated with reduced sensitivity to vincristine in Jurkat
and REH cells, but AZD1775-resistant Molm13 cells were less
sensitive to vincristine [IC50: 0.336 nM (sensitive cells) vs.
0.613 nM (resistant cells)] (Supplementary Figures 2D–F). The
variable response to conventional chemotherapeutics suggests
these cell lines may vary in ability to repair DNA damage.
However, cells resistant to AZD1775 are not broadly resistant to
conventional DNA damaging agents.

While some studies suggest AZD1775 might be effective in
single-agent therapy, the majority of pre-clinical studies with
AZD1775 have been performed in combination with DNA
damaging agents (6). Thus, we sought to determine whether
cells resistant to single-agent AZD1775 were also resistant to
AZD1775 combinedwith Ara-C. Consistent with previous results
from our lab (1, 2, 15), AZD1775 enhanced the anti-proliferative
effects of Ara-C in AZD1775-naive cell lines. However, AZD1775
did not sensitize resistant cells to Ara-C at concentrations
effective in sensitive cells (Supplementary Figure 3). Therefore,
cells resistant to single-agent AZD1775 treatment also display
reduced sensitivity to AZD1775 combined with Ara-C.

HDAC Inhibition Increases Sensitivity to
AZD1775 in Resistant Cell Lines
The observation that resistance to AZD1775 is partially reversible
after prolonged treatment in drug-free media suggested that
an altered epigenetic landscape could promote resistance to
AZD1775. HDAC inhibition has been demonstrated to abrogate
resistance to a number of drugs including imatinib in CML cells
and gefitinib and cisplatin in lung cancer cells (10). Consistent
with these findings, treatment with pan-HDAC inhibitors
panobinostat or vorinostat enhanced the anti-proliferative effects

of AZD1775 in resistant Molm13, Jurkat, and REH cells
(Figures 2A–C, Supplementary Figure 4).

Next, cells were treated with panobinostat, vorinostat, and/or
AZD1775 to determine whether HDAC inhibition could restore
DNA damage and apoptosis induction in response to WEE1
inhibition. Naive cells treated with AZD1775 display a dose-
dependent increase in Annexin V positive cells indicating an
increase in apoptosis (Figures 2D–F). None of the three resistant
cell lines have increased apoptosis induction over baseline upon
treatment with AZD1775 (Figures 2D–F). HDAC inhibition
alone does not increase apoptosis in resistant cells; however, it
does promote a dose-dependent increase in apoptosis in response
to AZD1775 as indicated by increased Annexin V positive cells.
Further supporting an increase in apoptosis, treatment with
panobinostat or vorinostat resulted in an increase in cleaved
PARP in resistant cells treated with AZD1775 (Figures 2G–I).
HDAC inhibition also increases DNA damage induction, as
evidenced by elevated γH2AX, in resistant cells treated with
AZD1775 (Figures 2G–I).

We also questioned whether altered cell cycle progression due
to HDAC inhibition (23) could contribute to the re-sensitization
to AZD1775. Consistent with previous reports (24), inhibition of
WEE1 leads to arrest in S phase in all three AZD1775-naive cell
lines as well as an increase in cells in G2/M phase in Jurkat and
REH AZD1775-naive cells (Supplementary Figures 5A–C), but
not in any of the AZD1775-resistant cells. Treatment of resistant
cells with HDAC inhibitors produces a slight increase in S and/or
G2/M phase cells (Supplementary Figures 5A–C). However, this
cell cycle arrest is less pronounced than that in naive cells treated
with AZD1775. Thus, while altered cell cycle progression might
contribute to the increased sensitivity to AZD1775, it does not
appear to be the primary mechanism by which HDAC inhibitors
restore sensitivity to AZD1775 in resistant cells.

HDAC inhibitors including vorinostat have been reported
to synergize with AZD1775 in AML cells without acquired
resistance to WEE1 inhibition (25), which we were able to
corroborate (Supplementary Figure 6). In addition, AZD1775
treatment was reported to lead to increased phosphorylation of
CHK1, and HDAC inhibition abrogated CHK1 phosphorylation
leading to decreased DNA damage repair and subsequent
apoptosis (25). Thus, we sought to determine whether resistance
to AZD1775 was the result of increased CHK1 activity
promoting DNA damage repair. AZD1775 treatment promoted
increased phosphorylation of CHK1 in AZD1775-naive Jurkat
cells (Supplementary Figure 5D). AZD1775-resistant Jurkat
cells do not have increased CHK1 phosphorylation with
AZD1775, and this is not increased with HDAC inhibition
(Supplementary Figure 5D). Thus, increased DNA damage
repair mediated by ATR/CHK1 is not responsible for resistance
to AZD1775 in Jurkat cells.

Inhibition of KDM5A Enhances the
Anti-proliferative Effects of AZD1775 in
Resistant Cells
Previous reports have demonstrated that inhibition of HDACs
abrogates drug resistance by reducing the activity of KDM5A,
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FIGURE 2 | HDAC inhibition sensitizes resistant cells to AZD1775. (A–C) AZD1775-naive and -resistant Molm13 (A), Jurkat (B), and REH (C) cells were treated with

the indicated concentrations of panobinostat and/or 25–2,000 nM AZD1775 for 72 h. Viable cell counts normalized to cells receiving no AZD1775 treatment (NT) are

shown. Results are shown as mean ± SEM from a minimum of three independent experiments. ****P < 0.0001. (D–F) AZD1775-naive and -resistant Molm13 (D),

Jurkat (E), and REH (F) cells were treated with panobinostat (10 nM), vorinostat (1µM), and/or AZD1775 (500 or 1,000 nM) for 24 h and stained with Annexin V-PE.

Results are displayed as mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (G–I) AZD1775-naive and -resistant

Molm13 (G), Jurkat (H), and REH (I) cells were treated with panobinostat (10 nM), vorinostat (1µM), and/or AZD1775 (500 or 1,000 nM) for 24 h after which protein

lysates were subjected to western blotting with antibodies specific to PARP, γH2AX, and actin.

an enzyme that removes di- and tri-methyl groups from histone
3 lysine 4 (8, 9). Therefore, we questioned whether HDAC
inhibition altered H3K4me3 in resistant cells treated with
AZD1775. AZD1775 leads to increased H3K4me3 in sensitive
cells but not in resistant cells (Figures 3A–C). The increase in
H3K4me3 in sensitive cells is accompanied by decreased levels
of KDM5A while KDM5A remains elevated in resistant cells
treated with AZD1775. The increase inH3K4me3 and decrease in
KDM5A in response to WEE1 inhibition are restored in resistant
cells treated with panobinostat or vorinostat (Figures 3A–C).
Notably, upon WEE1 inhibition, we observed increased levels of
histone H3 in sensitive, and to a lesser extent, resistant cell lines,
consistent with a role for WEE1 in regulating histone expression
levels (26). Nonetheless, treatment with an inhibitor of KDM5
isoforms, CPI-455, enhanced the anti-proliferative effects of
AZD1775 in resistant Molm13 and Jurkat cells (Figures 3D,E).
CPI-455 treatment did not sensitize resistant REH cells to
AZD1775 (Figure 3F). Thus, in combination with AZD1775,
HDAC inhibition reduces KDM5A protein levels and increases
H3K4me3 in all resistant cell lines, and inhibition of KDM5
enhances sensitivity to AZD1775 in two of three resistant

lines. This suggests altered histone methylation contributes to
AZD1775 resistance, at least in Molm13 and Jurkat cells, and also
highlights a difference in the mechanisms of AZD1775 resistance
in REH cells.

c-MYC Expression Is Regulated by HDACs
and Contributes to AZD1775 Resistance
Next, we sought to identify changes in gene expression between
AZD1775-naive and -resistant cells treated with AZD1775
and/or panobinostat. To accomplish this, AZD1775-naive
and -resistant Jurkat cells were treated with panobinstat
and/or AZD1775 for 24 h, and extracted RNA was subjected
to RNAseq. Ingenuity Pathway Analysis identified increased
expression and activity of c-MYC in resistant cells treated with
AZD1775 compared with sensitive cells treated with AZD1775
(Supplementary Figure 7A). Addition of panobinostat to
resistant cells treated with AZD1775 resulted in decreased
c-MYC expression as well as altered expression of some c-MYC
target genes (Supplementary Figure 7B). We confirmed that
elevated c-MYC protein levels were observed in all three resistant
cell lines treated with AZD1775 compared with sensitive cells,
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FIGURE 3 | Altered H3K4 trimethylation contributes to AZD1775 resistance. (A–C) AZD1775-naive and -resistant Molm13 (A), Jurkat (B), and REH (C) cells were

treated with panobinostat (10 nM), vorinostat (1µM), and/or AZD1775 (0.5 or 1µM) for 24 h after which protein lysates were subjected to western blotting with

antibodies specific to H3K4me3, histone H3, KDM5A, and actin. (D–F) AZD1775-naive and -resistant Molm13 (D), Jurkat (E), and REH (F) cells were treated with the

indicated concentrations of CPI-455 and/or 50–2,000 nM AZD1775 for 72 h. Viable cell counts are normalized to cells receiving no AZD1775 treatment (NT). Results

are displayed as mean ± SEM from three independent experiments. *P < 0.05, ****P > 0.0001.

and this was reduced by addition of panobinostat or vorinostat
(Figures 4A–C). To directly test whether c-MYC can confer
resistance to WEE1 inhibition, we overexpressed c-MYC in
AZD1775 sensitive cell lines. Jurkat, Molm13 and REH cell lines
were transfected with MIG or MIG-c-MYC, and the percentage
of GFP+ cells was monitored over time. As expected, c-MYC
expression provided a proliferative advantage over time in
each of the cell lines to varying degrees in the absence of drug
treatment. However, in the presence of AZD1775, a significant
proliferation advantage was observed in REH and Molm13 cells
which over expressed c-MYC (Figures 4D–F). Notably, no such
advantage was seen in Jurkat cells, which express high levels of
c-Myc at baseline (Figure 4B).

To determine whether inhibition of c-MYC activity could
be contributing to resistance to AZD1775, each resistant cell
line was treated with JQ1, a small-molecule inhibitor of the
bromodomain and extraterminal domain (BET) family proteins
that has been shown to reduce c-MYC expression and inhibit
MYC-dependent transcription by reducing activity of BET family
member BRD4 (12, 13). Consistent with a role for c-MYC in
mediating resistance to AZD1775, treatment with JQ1 enhanced
the anti-proliferative effects of AZD1775 in each resistant cell line
(Figures 4G–I). Together, these results indicate that AZD1775-
resistant cells have elevated c-MYC expression which can be
abrogated by HDAC inhibition, and treatment with JQ1 can
partially restore sensitivity to AZD1775.

DISCUSSION

Previous studies from our lab and others have demonstrated
that the small-molecule inhibitor of WEE1, AZD1775, is
a promising antineoplastic agent alone and in combination

with conventional DNA damaging agents and some targeted
agents (1, 2, 27). However, as with other tyrosine kinase
inhibitors, resistance to AZD1775 is likely to occur. In this
study, we sought to identify potential mechanisms of acquired
resistance to AZD1775 at clinically relevant concentrations
(28) in three genetically diverse acute leukemia cell lines.
AZD1775 resistance was not the result of elevated drug efflux
or a gatekeeper mutation in the WEE1 gene. While there
was some difference in sensitivity to Ara-C and vincristine
between the three cell lines, resistant Molm13, Jurkat, and REH
cells were not consistently resistant to these DNA damaging
agents. While this data does not confirm resistance to AZD1775
is pathway specific, it does demonstrate that cells resistant
to AZD1775 are not broadly drug resistant. Resistance to
AZD1775 was partially reversed after prolonged culture in
drug-free media, consistent with a non-mutational mechanism
of resistance. This reversibility suggests patients who develop
resistance to AZD1775 may benefit from re-treatment after a
“drug holiday.”

Previous studies have identified a population of reversible
“drug-tolerant” cells in which tolerance is mediated by an
altered epigenetic landscape that can be reversed by inhibition
of HDACs or KDM5A (8, 9). Consistent with these reports,
we identified HDACs as mediators of acquired resistance
to AZD1775 in each of our three resistant cell lines. In
addition to increasing sensitivity to AZD1775, HDAC inhibition
restores reduced KDM5A protein levels and increased H3K4
trimethylation in response to AZD1775 treatment in resistant
cells. We did not interrogate whether AZD1775 resistance is the
result of HDAC-mediated alterations in histone acetylation or
of KDM5A-mediated changes in histone methylation. However,
the association between HDAC inhibition and reduced KDM5A
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FIGURE 4 | c-MYC expression contributes to AZD1775 resistance. (A–C) AZD1775-naive and -resistant Molm13 (A), Jurkat (B), and REH (C) cells were treated with

panobinostat (10 nM), vorinostat (1µM), and/or AZD1775 (0.5 or 1µM) for 24 h after which protein lysates were subjected to western blotting with antibodies specific

to c-MYC and actin. (D–F) AZD1775-naïve Molm13 (D), Jurkat (E) and REH (F) cells were transfected with MIG or MIG-c-MYC plasmids and cultured with 200 nM

AZD1775 or 0.02% DMSO (UT). The percentage of GFP+ cells was measured and the cells were re-plated with fresh media and drug every 72 h. (G–I)

AZD1775-naive and -resistant Molm13 (G), Jurkat (H), and REH (I) cells were treated with the indicated concentration of JQ1 and/or 50–2,000 nM AZD1775 for 72 h.

Viable cell counts normalized to cells receiving no AZD1775 treatment (NT) are shown. Results are displayed as mean ± SEM from three independent experiments. *P

< 0.05, ** P < 0.01, ***P < 0.001, ****P < 0.0001.

protein levels and re-sensitization to AZD1775with eitherHDAC
or KDM5 inhibition suggests one or both of the KDM5A-
containing HDAC complexes, NuRD or SIN3B-containing
complex, may mediate acquired AZD1775 resistance. Notably,
KDM5 inhibition did not sensitize REH resistant cells to
AZD1775. While this could indicate that HDACs mediate
resistance in REH cells through mechanisms different from
those in Molm13 and Jurkat cells, compensatory activity of
KDM1A on H3K4me3 could also be possible in REH cells
(29). The similarity of dependence on HDAC and KDM5A
activity for AZD1775 resistance in acute leukemia cells, gefitinib
resistance in NSCLC cells (8), and temozolomide resistance
in glioblastoma cells (9), suggests multiple cancer types may
adopt an altered epigenetic landscape that promotes drug
tolerance in response to agents with differing mechanisms
of action.

Gene expression analysis identified increased expression of
c-MYC in resistant cells treated with AZD1775 which was
reduced with HDAC inhibition. c-MYC binds to and regulates
the transcription of up to 15% of all genes and influences
many cellular processes including cell cycle progression, DNA
replication, survival, and differentiation (30). Thus, altered
expression of many genes may contribute to AZD1775
resistance. Notably, c-MYC regulates multiple genes involved

in nucleotide synthesis (31). Inhibition of WEE1 leads to
nucleotide shortage and subsequent replication fork collapse
(22), so c-MYC could function to increase nucleotide production
in resistant cells. Increased nucleotide pools could prevent
DNA damage accumulation in the context of WEE1 inhibition,
and this is consistent with the observations of reduced
γH2AX and CHK1 phosphorylation in resistant cells treated
with AZD1775.

In conclusion, this report describes a novel mechanism
of resistance to AZD1775 in three acute leukemia cell lines
mediated by increased HDAC activity leading to increased c-
MYC expression and activity. Whether these pathways will be
important with other drugs that inhibit WEE1 activity remains
to be determined, and as clinical trials with AZD1775 progress,
future work using primary patient samples will be required to
determine whether patients develop resistance to AZD1775 in
a mechanism similar to that observed our cell lines. However,
this work provides preliminary evidence for potential therapeutic
options in the setting of AZD1775 resistance.
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