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Novelty and impact: We show that combined inhibition of BET and WEEL synergistically
suppresses NSCLC growth. BET inhibition considerably repressed NHEJ pathway-related
genes and diminished NHEJ pathway-mediated DNA double-strand break repair.
Furthermore, BET inhibition repressed MYT1 expression and promoted mitotic entry when
combined with WEEL1 inhibition. This is the first report to show that BET inhibition synergizes
with WEEL1 inhibitor via two distinct mechanisms, impairing NHEJ DNA damage repair and
synergistic forced mitotic entry.
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Abstract

Bromodomain and extraterminal domain (BET) inhibitors are broadly active against distinct
types of cancer, including non-small cell lung cancer (NSCLC). Previous studies have
addressed the effect of BET-inhibiting drugs on the expression of oncogenes such as c-
Myc, but DNA damage repair pathways have also been reported to be involved in the
efficacy of these drugs. AZD1775, an inhibitor of the G2-M cell cycle checkpoint kinase
WEE1, induces DNA damage by promoting premature mitotic entry. Thus, we hypothesized
that BET inhibition would increase AZD1775-induced cytotoxicity by impairing DNA damage
repair. Here, we demonstrate that combined inhibition of BET and WEEL synergistically
suppresses NSCLC growth both in vitro and in vivo. Two BET inhibitors, JQ1 and AZD5153,
increased and prolonged AZD1775-induced DNA double-strand breaks (DSBs) and
concomitantly repressed genes related to non-homologous end joining (NHEJ), including
XRCC4 and SHLD1. Furthermore, pharmaceutical inhibition of BET or knockdown of the
BET protein BRD4 markedly diminished NHEJ activity, and the BET-inhibitor treatment also
repressed myelin transcription factor 1 (MYT1) expression and promoted mitotic entry with
subsequent mitotic catastrophe when combined with WEE1 inhibition. Our findings reveal
that BET proteins, predominantly BRD4, play an essential role in DSB repair through the
NHEJ pathway, and further suggest that combined inhibition of BET and WEE1 could serve

as a novel therapeutic strategy for NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide, and non-
small cell lung cancer (NSCLC) accounts for approximately 80% of all lung cancers.t 2
Despite the recent development of molecular-targeted drugs and immune checkpoint
inhibitors, available therapies have exhibited only limited efficacy in the case of patients with
advanced NSCLC, and the survival rates of these patients have remained poor.
Consequently, urgent demand exists for developing novel strategies for treating advanced
NSCLC.

Bromodomain and extraterminal domain (BET)-family proteins, which include
BRD2, BRD3, BRD4, and BRDT, are epigenetic reader proteins that bind to acetylated-
lysine residues on histones and promote gene transcription by interacting with positive
transcription elongation factor b (P-TEFb) and RNA polymerase 11.3®° BET inhibitors bind to
BET proteins’ (predominantly BRD4's) recognition pocket for acetylated-lysine residues and
thereby inhibit BET-histone binding and recruitment of transcriptional complexes to genomic
loci® 7, and the results of preclinical studies have indicated that BET inhibitors are broadly
active in different cancer types, including NSCLC.%*2 Although the effect of BET inhibitors
on the expression of oncogenes such as c-Myc has been extensively addressed'® 4, the
mechanisms by which BET inhibition produces cytotoxicity remain unknown. However,
several recent studies have reported that BRD4 is essential for the repair of DNA double-
strand breaks (DSBs), and that BET inhibitors suppress both of the major DSB repair
mechanisms, homologous recombination (HR) and non-homologous end joining (NHEJ).>
18

The tyrosine kinase WEE1, which is a crucial component of the G2-M cell cycle
checkpoint, prevents mitotic entry in response to cellular DNA damage by acting in
cooperation with myelin transcription factor 1 (MYT1) kinase. WEE1 and MYTL1 kinases

inhibit CDK1 activity by phosphorylating CDK1 at Thr14 and Tyrl5, which results in the
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activation of the G2-M checkpoint and cell cycle arrest.!’® WEE1 also plays a role in
regulating DNA replication and maintaining stalled replication forks during the S phase by
phosphorylating CDK2.2% 2! |n response to DNA damage, WEE1 and MYT1 kinases
inactivate CDK1/CDK2 and thus prevent cells from proceeding through mitosis by
maintaining G2 arrest, where adequate time is available for the cells to repair their damaged
DNA. WEEZ1 loss of function induces premature CDK1 activity in the S phase and
subsequent unscheduled mitosis coupled with unrepaired DNA damage, which leads to
apoptotic death (mitotic catastrophe).?? 22 In preclinical studies, AZD1775, a selective WEE1
inhibitor, reduced cell viability, increased DNA damage, and induced apoptosis in various
cancer cells, but not in normal mammary epithelial cells and fibroblasts.?* Moreover, a
phase | clinical trial of single-agent AZD1775 demonstrated multiple partial responses in
patients carrying BRCA mutations that could be involved in repairing DNA breaks.?®

Thus, we hypothesized that BET inhibition would increase WEE1-inhibitor-induced
cytotoxicity by impairing DNA damage repair. Here, we present the efficacy and the
mechanistic rationale for using combination therapy of WEE1 and BET inhibitors as a

potential treatment for NSCLC.

Materials and Methods
Cell culture

Five human NSCLC cell lines, A549, H460, H520, H1299, and H1975, were
maintained in RPMI-1640 medium supplemented with 10% FBS and 100 U/mL penicillin-
streptomycin in a humidified atmosphere at 37°C with 5% CO,. The human embryonic
kidney cell line 293T was maintained in DMEM supplemented with 10% heat-inactivated

FBS under the same conditions.

Cell-proliferation assay
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Antitumor activities of each drug applied singly and in combination were analyzed
using the MTT cell-proliferation assay, according to the manufacturer’s instructions (Thermo
Fisher Scientific, Waltham, MA). Synergism between BET inhibitors and AZD1775 was
quantified through combination index (Cl) analysis, adapted from the median-principle

methods of Chou and Talalay?® using CompuSyn 1.0 software (ComboSyn, Paramus, NJ).

Antibodies and Western blotting
Whole-cell lysates and homogenized snap-frozen tumor nodules were subjected
to Western blotting to analyze the expression of various proteins using the specific

antibodies listed in Supplementary Table S1.

Immunofluorescence staining

Analysis of mitotic catastrophe were performed as previously reported.?” 28 For
immunofluorescence staining, cells were treated with specified compounds for 24 h. Cells
were fixed using 4% paraformaldehyde for 20 min at 4°C and permeablized with PBS
containing 0.5% Triton X-100 for 10 min at 4°C. Cells were incubated with Blocking One
Histo (Nacalai Tesque, Kyoto, Japan) for 5 min at room temperature to block nonspecific
antibody-binding sites. Next, cells were incubated with primary antibody (Supplementary
Table S1) at 4°C overnight. They were next incubated with Alexa Flour 488 Goat anti-Rabbit
IgG (Thermo Fisher Scientific) for 90 min, followed by DAPI staining. Coverslips were
mounted with ProLong Diamond Antifade Mountant reagent (Thermo Fisher Scientific).
Fluorescent microscopic analysis was performed using Biorevo BZ-9000 (Keyence, Osaka,

Japan).

Quantitative reverse-transcription (RT)-PCR

Expression of each mRNA was determined through quantitative RT-PCR
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performed using SYBR Green PCR Master Mix and a StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA). Each sample was amplified in triplicate for
guantification of the specified transcript level. Reactions were performed using 1 ug of total
RNA. HPRT1 was amplified as an internal control. The amount of each mRNA is expressed
here as arbitrary units, defined as the n-fold difference relative to the control gene HPRT1

(AACt method). The primers used are listed in Supplementary Table S2.

SiRNA
BRD4 RNA interference was performed using ON-TARGET plus siRNA SMART
pool and ON-TARGET plus Non-targeting Control pool (Dharmacon, Lafayette, CO).

Knockdown efficiency was measured through Western blotting at 48 h after transfection.

Cell cycle and apoptosis assays

Apoptosis and cell cycle assays were performed using a BD FACSVerse flow
cytometer (Becton Dickinson, Franklin Lakes, NJ). For the apoptosis assay, cells were
treated with specified compounds or vehicle for 72 h and then stained with Annexin V and
Propidium lodide (PI) using an Annexin V-FITC Apoptosis Detection Kit (Merck Millipore,
Burlington, MA) according to the manufacturer’s instructions. Cell cycle was analyzed using

PI Staining Solution (Becton Dickinson), as per the manufacturer’s instructions.

In vitro NHEJ DNA repair assay

NHEJ reporter assay was performed using the chromosomally integrated GFP
reporter pimEJ5GFP in H1299 cells (H1299-EJ5), as previously reported?® 3%; pimEJ5GFP
was a gift from Prof. Jeremy Stark (#44026; Addgene, Cambridge, MA). The H1299-EJ5
cells express GFP after successful NHEJ repair of DSBs induced by I-Scel endonuclease.

Because DsRed is transfected here together with I-Scel endonuclease using 1IScel-GR-RFP
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plasmid (#17654; Addgene), the ratio of GFP-positive cells to DsRed-positive cells after I-
Scel transfection directly correlates with NHEJ DNA repair activity. At 48 h after I-Scel
transfection, GFP and DsRed expression was analyzed using flow cytometer. H1299-EJ5

cells were treated with 0.2 ymol/L JQ1, 0.2 ymol/L AZD5153, or siRNA against BRD4.

Animal experiments
All animal husbandry and experiments were performed using protocols approved
by Hokkaido University Animal Experimentation Committee. Tumor cells were prepared by
suspending 2 x 108 A549 cells in 200 pL of PBS, and the cell suspension was injected
subcutaneously into 6-8-week-old female nu/nu immunodeficient nude mice (n = 4/group).
At 1 week after injection, the mice were randomized and then treated for 5 days each week
for 3 weeks with vehicle control, JQ1 (50 mg/kg, I.P.), AZD1775 (20 mg/kg, oral gavage), or
the drug combination. After the 3-week treatment, the mice were sacrificed, and tumor
nodules were harvested for biochemical studies.
Tumor size and body weight were measured twice weekly for the duration of the
study. Tumor size was calculated using this formula: size = length (mm) x width (mm) x
width (mm) x 1/2. JQ1 was resuspended in 10% 2-hydroxypropyl-B-cyclodextrin. AZD1775

was dissolved in 0.5% methylcellulose.

Immunohistochemical staining

Dissected xenograft tumors were fixed in 10% formalin for 24 h at room
temperature, placed in 70% ethanol, embedded in paraffin, and then sectioned at a
thickness of 5 ym. The sections were deparaffinized using xylene and rehydrated using
graded concentrations of ethanol. For antigen retrieval, sections were placed in 10 mmol/L
citrate buffer, pH 6.0, and heated in a pressure cooker. Next, the sections were immersed

in methanol containing 3% H-O- for 10 min to block endogenous peroxidase activity, and
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then were incubated with normal goat serum to block nonspecific antibody-binding sites.
The sections were reacted consecutively with each primary antibody (Supplementary Table
S1), at 4°C overnight. Immunostaining was performed using the biotin-streptavidin
immunoperoxidase method, with 3,3-diaminobenzidine used as the chromogen.

Hematoxylin solution was used for counterstaining.

Statistical analysis
All data were derived from at least 3 independent experiments and are shown as
means + SD, unless otherwise indicated. Differences between groups were statistically

analyzed using the Welch t test. P < 0.05 was considered statistically significant.

Data availability statement
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

Results
Combined application of BET inhibitors and WEEL inhibitor AZD1775 produces
synergistic cytotoxicity in NSCLC cell lines

We first evaluated how combined use of BET inhibitors (JQ1 and AZD5153) and a
WEEL1 inhibitor (AZD1775) affects the proliferation of 5 NSCLC cell lines with different p53
status (Fig 1A): H1299 (which is p53-null), H1975 (which expresses a mutant p53), H520
(which expresses wild-type but greatly reduced levels of p53), A549, and H460 (the last two
of which express wild-type p53). Cell-proliferation assays revealed that combined BET and
WEE1 inhibition produced strong synergistic effects (Cl: 0.1-0.5) in all 5 cell lines (i.e., the
effect was independent of p53 status) (Fig. 1B and 1C; Supplementary Fig. S1A and S1B).

Consistently, siRNA-mediated knockdown of the BET protein BRD4 significantly increased
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the sensitivity to AZD1775 (Fig. 1D; Supplementary Fig. S2A). Efficient BRD4 knockdown
was confirmed through Western blotting (Fig. 1E; Supplementary Fig. S2B). By contrast,
the synergistic cytotoxic effect of combined BET and WEEL1 inhibition was not observed in
non-tumorigenic 293T cells (Supplementary Fig. S2C). Moreover, flow-cytometry results
showed that JQ1 induced little apoptosis when applied alone but significantly increased
AZD1775-induced apoptosis in A549, H1299, and H1975 cells (Fig. 1F; Supplementary Fig.
S3A-C), and Western blotting revealed clear cleavage of PARP and caspase-3 after
combined JQ1 and AZD1775 treatment (Supplementary Fig. S3D). Collectively, these
results demonstrate that combined inhibition of BET and WEEL1 synergistically suppresses

cell proliferation by inducing apoptosis in NSCLC cell lines.

BET inhibitors enhance and prolong AZD1775-induced DNA damage

We next assessed the effect of the combined inhibition of BET and WEE1 on DNA
damage by measuring yH2AX, a surrogate marker for unrepaired DSBs. In Western blotting
analysis, JQ1 or AZD5153 single treatment did not induce yH2AX expression substantially,
but combined BET-inhibitor plus AZD1775 treatment markedly increased yH2AX expression
relative to that induced by AzZD1775 single treatment in all 5 cell lines (Fig. 2A;
Supplementary Fig. S4A and S4B). In addition, siRNA-mediated BRD4 knockdown
increased yH2AX expression considerably compared to non-target siRNA transfected cells
after AZD1775 treatment (Supplementary Fig. S4C). Immunofluorescence staining
confirmed that the combined inhibition of BET and WEEL1 greatly increased yH2AX-positive
cells (Fig. 2B).

To evaluate the impact of BET inhibition on AZD1775-induced DSBs, we examined
the temporal changes in yH2AX expression (Fig. 2C). AZD1775 upregulated yH2AX
expression, which peaked at 4 h after the end of the drug exposure and declined thereafter;

however, JQ1 treatment persistently impaired the reversal of AZD1775-induced yH2AX
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expression (Fig. 2D), and thus, the yH2AX level was significantly elevated at 8 h after the
end of AZD1775 exposure (Fig. 2E). These results demonstrate that BET inhibition disrupts

the repair of AZD1775-induced DSBs.

BET inhibitors repress the expression of NHEJ-related genes

We reasoned that BET proteins mediate the transcriptional regulation of DSB
repair genes. Therefore, we examined the mRNA expression of DSB repair-related genes
after BET inhibition. After treatment with JQ1 or AZD5153, the expression of HR pathway-
related genes was nearly unchanged (Supplementary Fig. S5A and S5B), but a
considerable reduction was observed in the expression of NHEJ pathway-related genes,
including SHLD1, SHLD3, XRCC4, SASS6, and TP53BP1 (Fig. 3A; Supplementary Fig.
S5C and S6A-D). Western blotting results confirmed that the BET inhibitors decreased the

expression of proteins involved in the NHEJ pathway (Fig. 3B; Supplementary Fig. S5D).

BRD4 inhibition diminishes NHEJ activity

To test whether BET inhibition hampers NHEJ, we used an engineered H1299-EJ5
NHEJ reporter cell line; in these cells, GFP is expressed after successful NHEJ repair of
DSBs induced by I-Scel endonuclease. The ratio of GFP-positive cells was significantly
decreased after treatment with JQ1 (Fig. 3C; Supplementary Fig. S7) or AZD5153 (Fig. 3D),
and NHEJ activity was also significantly impaired after siRNA-mediated knockdown of
BRD4 (Fig. 3E). These results indicate that BET inhibition, predominantly BRD4 inhibition,

critically affects the NHEJ pathway.

BET inhibition represses MYT1 and synergizes with WEEL1 inhibition to promote

mitotic entry and mitotic catastrophe

We evaluated how the combined inhibitor treatment affects cell cycle progression.

10



272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

JQ1 treatment has been shown to induce G1 arrest.® 3% 32 Unexpectedly, in 2/3 cell lines
tested, JQ1 treatment in combination with AZD1775 resulted in a significant increase in the
percentage of cells in G2-M phase as compared with the percentages after single
treatments (Fig. 4A-C). Furthermore, the combined treatment increased the level of
phosphorylated histone H3 (pHH3) relative to that after each single treatment in all 5 cell
lines (Fig. 4D; Supplementary Fig. S8A and S8B). Obvious G1 arrest was not observed in
the cells after JQ1 treatment. Quantitative RT-PCR analysis of G2-M checkpoint-related
genes revealed that BET inhibitors significantly reduced the expression of MYT1 (Fig. 4E;
Supplementary Fig. S9A and S9B), and Western blotting results confirmed that the BET
inhibitors decreased MYT1 expression (Fig. 4F; Supplementary Fig. S9C). Because MYT1
acts in concert with WEEL1 to restrain G2-M transition as a crucial component of the G2-M
cell cycle checkpoint, it is reasonable that BET inhibition-induced MYT1 suppression could
promote mitotic entry when WEEL is simultaneously inhibited.

Next, we examined the effects of the combined inhibition of BET and WEE1 on
mitotic catastrophe using immunofluorescence staining. Cells that displayed signs of
aberrant nuclei, such as micronuclei, multi-lobular nuclei, or fragment nuclei, were regarded
as cells undergoing mitotic catastrophe as previously reported (Fig. 5A).22 The combined
JQ1 and AZD1775 treatment considerably increased mitotic catastrophe relative to that
after each single treatment (Fig. 5B). Furthermore, abnormal mitosis with unaligned,
dispersed chromosomes and disorganized multipolar spindles were observed after the
combined treatment (Fig. 5C). These results suggest that BET inhibition suppresses MYT1
expression and synergizes with WEE1 inhibition to promote forced mitotic entry and

subsequent mitotic catastrophe.

Combined inhibition of BET and WEEL synergistically reduces tumor growth in vivo

Lastly, we examined whether the combined inhibition of BET and WEE1 also

11
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exhibits synergism in an in vivo setting. JQ1 and AZD1775 were administered either as
single agents or in combination to A549 tumor-bearing mice. The single-drug treatment and
the combination therapy of JQ1 and AZD1775 were both well tolerated, and no significant
body weight loss was observed in the treated mice (Supplementary Fig. S10). After 3 weeks
of administration, the combination therapy significantly reduced tumor growth as compared
to each single treatment (Fig. 6A). In accord with the in vitro findings, pharmacodynamics
analysis revealed that the combination therapy significantly increased yH2AX and pHH3
levels in xenograft tumor nodules, as shown by the results of immunohistochemical staining
(Fig. 6B—D) and Western blotting (Fig. 6E). The Western blotting results showed that MYT1
expression in the xenograft tumors was also suppressed after the combined treatment (Fig.

6E).

Discussion

We have shown here that BET inhibition synergizes with WEE1 inhibition to Kkill
NSCLC cells in both in vitro and in vivo settings. We found that the mechanisms underlying
this synergistic cytotoxicity include BET inhibition-induced impairment of NHEJ DNA
damage repair and synergistic forced mitotic entry.

Recently, BET inhibitors have been reported to hamper DNA damage repair
through several distinct mechanisms. Li et al. reported that BRD4 participated in NHEJ DNA
repair by regulating NHEJ DNA repair genes and interacting with NHEJ DNA repair
proteins.!” Wang et al. discovered a BRD-like module in the catalytic subunit of DNA-
dependent protein kinase (DNA-PKcs-BRD) to which JQ1 could bind, and further showed
that JQ1 hampered NHEJ DNA repair by impairing DNA-PKcs activity.®® Sun et al. reported
that BRD4 inhibition blocked DNA end resection and HR through downregulation of CtIP
(C-terminal binding protein interacting protein).2® In this study, we observed that BET

inhibition repressed the expression of NHEJ-related genes. The genes repressed by BET

12
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inhibitors varied slightly among the tested cell lines but included SHLD1, SHLD3, XRCC4,
SASS6, and TP53BP1. Notably, BET inhibitors downregulated XRCC4 by ~70% in all 3 cell
lines and SHLD1 by ~90% in A549 and H1975 cells. Recently, SHLD1 was reported to be
a component of the shieldin complex, which is a key regulator of NHEJ®® 3+ 35; the shieldin
complex functions downstream of TP53BP1 and suppresses DNA end resection and
promotes NHEJ. Our study here indicates that BET inhibitors could suppress NHEJ-related
genes and thereby impair NHEJ.

JQ1 appears to decrease more NHEJ activity compared with siBRD4 or AZD5153
(Fig. 3C-E). Recent studies have identified a lot of human BRD proteins directly responding
to DNA damage.® In addition, Li et al. reported that c-Myc interacted directly with Ku70
protein and inhibited DNA repair, and that loss of c-Myc recovered the impairment of DSB
repair.®” Thus, indirect effects of BET inhibitors could impact NHEJ activity, and the intensity
of the NHEJ impairment may depend on the cellular context.

The choice between HR and NHEJ depends primarily on the cell cycle stage. HR
is inhibited during the G1 phase when sister chromatids are not available, whereas NHEJ
is active throughout the cell cycle phase.®® In the mitotic phase, little repair of DNA damage
occurs, but the damage is detected and marked for repair after mitotic exit, mainly by NHEJ
in the G1 phase.*®* WEEL1 inhibition promotes the mitotic entry of DNA-damaged cells, and
the damaged cells could be repaired by NHEJ in the G1 phase. Thus, BET inhibition-
induced NHEJ impairment could enhance the efficacy of WEE1 inhibition.

BET inhibitors have been widely reported to sensitize cancer cells to several
genotoxic agents, such as PARP inhibitors®® 8, platinums*®, and topoisomerase inhibitors.*
These agents induce S-phase dependent DNA damage, which is predominantly repaired
by HR. In contrast, as WEE1 inhibitors make mitotic cells have damaged DNA, HR may not
repair the DNA damage induced by WEEL inhibitors. Our data highlight the impact of BET

inhibitors on NHEJ by means of combination with WEE1 inhibition.

13



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

Several papers also have reported that BET inhibitors synergize with cell cycle
checkpoint modulators, such as CDK inhibitors*? or ATR inhibitors.3! 3 Zhang et al. reported
that BRD4 inhibitor synergized with an ATR inhibitor through reducing the phosphorylation
of CHK1.#® CHK1 inhibitors would also synergize with BET inhibitors theoretically, as CHK1
inhibitors could drive mitotic entry. However, the effects of these combinations on DNA
repair or cell cycle remain uncertain and will require further investigations.

AZD1775 has been widely found to show higher cytotoxicity in p53-deleted or -
mutated cells than in wild-type p53-expressing cells.*4* These results potentially support
the notion that cancers lacking functional p53, a key component of the G1-S checkpoint,
exhibit increased reliance on the G2-M checkpoint, and that p53-deficient cells show
enhanced susceptibility to abrogation of the G2-M checkpoint following WEE1 inhibition.
However, other studies have shown that the efficacy is independent of p53 status.*” %8 In
this study, the synergistic toxicity produced by combined inhibition of BET and WEE1 was
found to be independent of the p53 status.

We showed that BET inhibition also represses MYT1 expression, and that the
combined inhibition of BET and WEEL1 increased the level of the mitosis-specific marker
pHH3. WEE1 and MYT1 act in concert to function as a gatekeeper of G2-M checkpoint
arrest. Guertin et al. reported that AZD1775-sensitive cell lines tend to exhibit diminished
MYTL1 expression, and that MYT1 knockdown enhances the sensitivity of cancer cells to
AZD1775 coupled with an increase in DNA damage.*® Our study here is the first to show
that BET inhibitors act as suppressors of MYT1 expression and sensitize cells to a WEEL1
inhibitor.

Considering clinical utility of the combined inhibition of BET and WEEL, it will be
necessary to assess if concurrent or sequential use of these inhibitors offers more
advantages. We showed that AZD1775 pretreatment and sequential JQ1 administration

generated prolonged DSB. On the other hand, the previous preclinical study has shown that
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JQ1 pretreatment enhanced irradiation-induced DNA damage in NSCLC cells.*® Further
investigations will be needed to clarify the efficacy of the sequential treatment of BET and
WEEL inhibitors.

Currently, multiple BET inhibitors are in various stages of clinical development. The
results of a phase Ib trial of birabresib, a selective BET inhibitor, in patients with advanced
solid tumors, including 10 NSCLC patients, indicated that birabresib single treatment
exhibited a favorable safety profile but produced limited cytotoxic effects®’; given these
results, single treatment with BET inhibitors might be insufficient, and combination treatment
with other agents could be crucial in the case of patients with solid tumors. For castration-
resistant prostate cancer, trials of combination treatment with BET inhibitors and androgen
receptor blockers are ongoing (ClinicalTrials.gov identifiers: NCT02607228 and
NCT02711956). The results of phase | trials of AZD1775 as single treatment and in
combination with existing systemic chemotherapy in patients with solid tumors indicated
that AZD1775 was safe and tolerable both as a single agent and in combination with
chemotherapy.?> %! Confirmed partial responses were observed after single AZD1775
treatment in 2/25 patients with refractory solid tumors.?® Multiple phase Il trials of AZD1775
in single or combination treatment for solid tumors are ongoing.

In conclusion, we demonstrated that combined inhibition of BET and WEE1
induced strong synergistic cytotoxicity in NSCLC cells both in vitro and in vivo. The effect
can be attributed to two findings: (i) BET inhibition increases and prolongs WEE1-inhibitor-
induced DSBs by impairing DSB repair through the NHEJ pathway; and (ii) BET inhibition
represses MYT1 expression and abrogates G2-M checkpoint in concert with WEE1
inhibition and thereby leads to mitotic catastrophe. Our preclinical results can help in

optimizing future use of BET-inhibitor and WEEZ1-inhibitor treatment for NSCLC.
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Figure Legends

Figure 1.

Combined inhibition of BET and WEE1 produces synergistic cytotoxicity in NSCLC cell lines.
(A) Western blotting analysis of p53 in NSCLC cell lines. Combination index plots for JQ1
and AZD1775 (B) or AZD5153 and AZD1775 (C); Fraction affected and combination index
were calculated using MTT cell-proliferation assay. (D) Dose-response curves of the viability
of A549 cells transfected BRD4 siRNA or non-target (NT) siRNA followed by AZD1775
administration. Circles: mean values (n = 4/group); bars: SD. *P < 0.05, Welch t test. (E)
Western blotting results showing the efficiency of BRD4 knockdown through RNA
interference. (F) Bar charts showing percentages of apoptotic cells among A549 cells after
72 h treatment with vehicle or indicated compounds. Apoptotic-cell percentages were
determined using flow cytometry and Annexin V/PI double staining. Boxes: mean values (n

= 3/group); error bars: SD. *P < 0.05, Welch t test.

Figure 2.

BET inhibitors enhance and prolong AZD1775-induced DNA damage. (A) Western blotting
analysis of yH2AX in cells treated with vehicle or indicated compounds for 24 h. (B)
Immunofluorescence images for yH2AX in A549 cells treated with vehicle or indicated
compounds for 24 h (at 0.2 ymol/L). Scale bars in main images: 10 um. Bar chart:
percentages of yH2AX positive cells. Boxes: mean values (n = 3/group); error bars: SD. *P
< 0.05, Welch t test. Positive and total tumor cells were counted in 5 high-power fields in
the case of each sample (n = 3/group). (C) Experimental scheme for evaluating the temporal
impact of JQ1 on yH2AX protein expression. Ab49 cells were treated with 1.0 ymol/L
AZD1775 for 24 h to induce yH2AX, after which the cells were washed and incubated with
1.0 ymol/L JQ1 or vehicle for the indicated periods and harvested for Western blotting. (D)

Western blotting results showing temporal changes in yH2AX expression. Bar chart: yH2AX
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levels normalized relative to those of actin; yH2AX expression level at 0 h was arbitrarily
designated as 1. (E) Western blotting results showing yH2AX level at 8 h after the end of
AZD1775 exposure. Bar chart: yH2AX expression levels normalized relative to those of
actin; mean expression level of vehicle group was arbitrarily designated as 1. Boxes: mean

values; error bars: SD. *P < 0.05, Welch t test.

Figure 3.

BET inhibition represses the expression of NHEJ pathway-related genes and diminishes
NHEJ activity. Quantitative RT-PCR (A) and Western blotting (B) analyses of NHEJ
pathway-related genes and proteins in A549 cells treated for 24 h with 1.0 pmol/L indicated
compounds or vehicle. Boxes: mean values (n = 3/group); error bars: SD. Bar charts
showing NHEJ efficiency quantified using EJ5-GFP reporter after treatment with 0.2 ymol/L
JQ1 (C), 0.2 umol/L AZD5153 (D), or siRNA against BRD4 (E). Mean value of vehicle group
was arbitrarily designated as 1. Boxes: mean values (n = 3/group); error bars: SD. *P < 0.05,

Welch t test.

Figure 4.

BET inhibition represses MYT1 and synergizes with WEEL1 inhibition to promote mitotic
entry. Cell cycle profiles of A549 (A), H1299 (B), and H1975 (C) cells after 24 h treatment
with indicated compounds (at 1.0 pmol/L) or vehicle. Boxes: mean values (n = 3/group);
error bars: SD. *P < 0.05, Welch t test. (D) Western blotting analysis of phosphorylated
histone H3 (pHH3) in cells treated with indicated compounds or vehicle for 24 h. (E)
Quantitative RT-PCR analysis of G2-M checkpoint-related genes in A549 cells treated with
1.0 umol/L JQ1 or vehicle for 24 h. Boxes: mean values (n = 3/group); error bars: SD. (F)

Western blotting analysis of MYTL1 in cells treated with JQ1 or vehicle for 24 h.
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Figure 5.

Combined inhibition of BET and WEE1 promotes mitotic catastrophe. (A) Representative
images of Ab49 cells possessing features of mitotic catastrophe, such as micronuclei,
fragmented nuclei, and multilobular nuclei. Scale bars represent 10 ym. (B) Bar charts
showing percentages of mitotic catastrophe in A549 cells after 24 h treatment with indicated
compounds (at 0.2 pmol/L) or vehicle. Boxes: mean values (n = 3/group); error bars: SD.
*P < 0.05, Welch t test. Positive and total tumor cells were counted in 5 high-power fields in
the case of each sample (n = 3/group). (C) Representative images of abnormal mitotic cells
among A549 cells after 24 h combination treatment (at 0.2 ymol/L). Scale bars represent

10 pm.

Figure 6.

Combined inhibition of BET and WEEL suppresses tumor growth in a mouse xenograft
model of NSCLC. (A) Growth curves of tumors in nu/nu mice implanted with A549 cells and
treated with JQ1 (50 mg/kg), AZD1775 (20 mg/kg), or their combination. Circles: mean
volumes (n = 4/group); bars: SD. (B) Representative low- and high-magnification images of
xenograft tumors subject to hematoxylin and eosin (H&E) staining and
immunohistochemical staining for yH2AX and pHH3. Scale bars in main images: 50 ym. (C,
D) Percentages of yH2AX-positive (C) and pHH3-positive (D) cells in mouse xenograft
tumors. Positive and total tumor cells were counted in 5 high-power fields in the case of
each sample (n = 4/group). Horizontal lines: means + SD. *P < 0.05, Welch t test. (E)

Western blotting analysis of MYT1, yH2AX, and pHH3 in mouse xenograft tumors.
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Figure 5.
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Figure 6.
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