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Abstract: Urothelial carcinoma (UC) is characterized by a high incidence of TP53 mutation, and
overcoming resistance to cisplatin-based chemotherapy in UC is a major concern. Weel is a G2/M
phase regulator that controls the DNA damage response to chemotherapy in TP53-mutant cancers.
The combination of Weel blockade with cisplatin has shown synergistic efficacy in several types of
cancers, but little is known regarding UC. The antitumor efficacy of the Weel inhibitor (AZD-1775)
alone or in combination with cisplatin was evaluated in UC cell lines and a xenograft mouse model.
AZD-1775 enhanced the anticancer activity of cisplatin by increasing cellular apoptosis. AZD-1775
inhibited the G2/M checkpoint, improving the sensitivity of mutant TP53 UC cells to cisplatin by
enhancing the DNA damage process. We confirmed that AZD-1775 combined with cisplatin reduced
tumor volume and proliferation activity and increased the markers of cell apoptosis and DNA
damage in the mouse xenograft model. In summary, the Weel inhibitor AZD-1775 combined with
cisplatin elicited a promising anticancer efficacy in UC, and constitutes an innovative and promising
therapeutic strategy.

Keywords: WEE1; urothelial carcinoma; chemotherapy; DNA damage; cell cycle; TP53 mutation

1. Introduction

Metastatic urothelial carcinoma (mUC) is a lethal disease with a poor prognosis and
5-year survival rate barely exceeding 5% [1]. Platinum-based chemotherapy has been the
standard of care in the first-line treatment of patients with mUC, with an objective response
rate (ORR) of 40-50% and a median progression-free survival (PFS) of 7-8 months [2—4].
Once the disease progresses in patients on first-line platinum-based chemotherapy, the
choice of second-line chemotherapy is limited because of the lack of effective therapeutic
approaches [5]. Vinflunine, paclitaxel, and docetaxel are widely used in Europe and the
U.S.; however, the PFS and overall survival (OS) are poor, at only 3.0 and 6.9 months,
respectively [6,7]. Although recent advances in immune checkpoint inhibitors (ICIs) yield a
robust survival benefit for mUC refractory to platinum-based chemotherapy, the ORRs of
second-line ICIs were reported to be 13.4-21.1%, indicating that a majority of patients with
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mUC are unresponsive to the ICIs and required urgent therapeutic breakthrough [8-10].
The poor survival outcome is a result of the emerging and unavoidable resistance to
chemotherapy [11,12]. Hence, effective therapies that are not susceptible to chemoresistance
are urgently required for patients with mUC.

TP53 is a well-known tumor suppressor gene that is involved in several biological
activities including the cell cycle, apoptosis, transcription, and DNA damage [13-16]. TP53
mutation is the most common genetic alteration in human cancers, including UC of the
bladder (UCB) and upper tract UC (UTUC) [17-19]. DNA damage activates cell cycle
regulators and arrests the cell cycle in the G1/S and G2/M phases, enabling the action
of several intricate mechanisms underlying DNA repair. Cancer cells lacking adequate
p53 function depend on the G2/M cell cycle arrest in response to DNA damage [20,21].
Therefore, the G2/M checkpoint is crucial for the DNA repair process; a novel treatment for
p53 dysregulated cancer cells aims to inhibit the G2/M checkpoint and cause G2/M arrest.

Weel is a tyrosine kinase that regulates the G2/M checkpoint by inhibiting cyclin-
dependent kinase 1 (CDK1), preventing entry into the mitosis phase in response to DNA
damage [22,23]. Inhibition of Weel also triggers the phosphorylation of cyclin-dependent
kinase 2 (CDK2), which subsequently enhances its activity, leading to abnormal DNA
replication and causing double-stranded DNA breaks [24]. High Weel expression was
reported to be strongly associated with increased cancer metastasis and poor survival in
several cancer types, including breast cancer, ovarian cancer, colorectal cancer and laryngeal
cancer [25-28]. Moreover, the silencing of Weel expression increases cell death, decreases
metastasis, and sensitizes cancer cells to chemotherapy [29,30]. AZD-1775 (formerly MK-
1775) is a potent ATP-competitive inhibitor of Weel kinase. Several preclinical studies
have demonstrated the synergistic antitumor activity of AZD-1775 with chemotherapy in
p53-deficient cancer cells [31-33]. Because UC is characterized by a high incidence of TP53
mutation and often responds to cisplatin (CDDP) treatment, Weel blockade is expected
to be synergistic with cisplatin for UC. However, few studies have demonstrated such a
synergy in mUC.

Therefore, we conducted this preclinical study to investigate the potential synergistic
antitumor effect by combining cisplatin and AZD-1775 in p53-wild-type and p53-deficient
UC cell lines. We found that AZD-1775 augmented the cytotoxic effect of cisplatin by
increasing cell apoptosis through the DNA damage pathway. Our findings suggest that
AZD-1775 in combination with chemotherapy may improve clinical outcomes for UC
patients with TP53 mutation.

2. Materials and Methods
2.1. Cell Culture and Reagent Treatment

Human UC cell lines (BFTC-909, T24, J82, and RT4) (BCRC, Hsinchu, Taiwan) were
used in this study. BFTC-909 cells were derived from patients with renal pelvis UC. T24,
J84, and RT4 cells were human bladder cancer cells. BEFTC-909 and ]82 cells were cultured
in Dulbecco’s modified Eagle medium, supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 pg/mL streptomycin. T24 and RT4 cells were cultured in
McCoy’s 5A medium, which contained 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin. All cell lines were incubated at 37 °C with 5% CO;. Before undergoing
analysis by apoptosis and cell cycle assays, cells were treated with a Weel inhibitor, 50 nM
AZD-1775 (Selleckchem, Houston, TX, USA), 2 uM cisplatin (CDDP, Sigma-Aldrich, St.
Louis, MO, USA), or a combination of both, for 48 h.

2.2. MTT Assay

Human urothelial cancer cell lines were seeded at a density of 2.5 x 10° cells per well in
96-well plates, and allowed to attach overnight. After treatment with various experimental
conditions for 72 h, 50 uL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) (Sigma, St. Louis, MO, USA) was added to each well and incubated for 4 h. The
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supernatant was discarded and 50 pL of dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO,
USA) was added to dissolve the formazan. The optical density at 570 nm was measured.

2.3. Apoptosis Assay

BFTC-909 and T24 cells were seeded into 6-well plates and allowed to attach overnight.
The cells were harvested after the treatment with cisplatin alone, AZD-1775 alone, or cis-
platin + AZD-1775 and stained with propidium iodide (PI) and Annexin V-APC (BioLegend,
San Diego, CA, USA) for 15 min. Apoptotic cells were analyzed using BD FACSAria, and
the results were analyzed using the FACSDIVA V8.0.2 software.

2.4. Cell Cycle Assay

BFTC-909 and T24 cells were seeded into 6-well plates and allowed to attach overnight.
After the treatment with cisplatin alone, AZD-1775 alone, or cisplatin + AZD-1775, the
cells were washed in phosphate-buffered saline (PBS), centrifuged, and fixed in cold 70%
ethanol for 30 min at 4 °C. After being treated with ribonuclease A to remove RNA, the
cells were stained with PI and incubated. Cell cycle distribution was analyzed using BD
FACSAria, and results were analyzed using the Flow]Jo V10 software.

2.5. Colony Formation Assay

BFTC-909 and T24 cells were treated with cisplatin alone, AZD-1775 alone, or cisplatin
+ AZD-1775, for 24 h. A total of 100 cells/well were then seeded into 6-well plates and
incubated for 14 days. The colonies were fixed and stained with 0.1% crystal violet for
20 min at room temperature. Colonies consisting of more than 50 cells were counted.

2.6. Western Blotting

After the human UC cells had been treated with different experimental conditions,
cell lysates were harvested and lysed in a radioimmunoprecipitation assay (RIPA) buffer
containing a protease inhibitor. The lysates were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto a polyvinylidene fluoride
(PVDF) membrane (Amersham, UK), and blotted with primary antibodies followed by
horseradish peroxidase (HRP)-conjugated secondary antibodies (BioCan Technologies,
Vancouver, BC, Canada). The primary antibodies used included PARP (#9542, Cell Signal-
ing, Danvers, MA, USA), Caspase3 (#9662, Cell Signaling, Danvers, MA, USA), cleaved-
Caspase3 (#9664, Cell Signaling, Danvers, MA, USA), Caspase9 (#9508, Cell Signaling,
Danvers, MA, USA), ATM (#2873, Cell Signaling, Danvers, MA, USA), p-ATM (ab81292, ab-
cam, Cambridge, UK), YH2AX (#9718, Cell Signaling, Danvers, MA, USA), p-ATR (#30632,
Cell Signaling, Danvers, MA, USA), ATR (GTX128146, Genetex, Irvine, CA, USA), p-Cyclin
Bl (Invitrogen, Carlsbad, CA, USA), Cyclin Bl (MA5-14327, Invitrogen, Carlsbad, CA,
USA), p-CDK1 (MA5-15062, Invitrogen, Carlsbad, CA, USA), CDK1 (33-1800, Invitrogen,
Carlsbad, CA, USA), p-Chkl (PA5-34625, Invitrogen, Carlsbad, CA, USA), Chkl (MA1-
23336, Invitrogen, Carlsbad, CA, USA), p-Chk2 (#2197, Cell Signaling, Danvers, MA, USA),
Chk2 (GTX113055, Genetex, Irvine, CA, USA), p-Histone H3 (#3377, Cell Signaling, Dan-
vers, MA, USA), Histone H3 (#9715, Cell Signaling, Danvers, MA, USA), p-CDK2 (ab176312,
abcam, UK), CDK2 (MA5-17052, Invitrogen, Carlsbad, CA, USA), cyclin E (SC-247, Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and (3-actin (MA5-11869, I Invitrogen, Carlsbad,
CA, USA). Protein bands were detected with enhanced chemiluminescence (ECL) reagent
(Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the relative protein expression
levels were quantified using Image] software.

2.7. Immunofluorescence Staining

Cisplatin-treated, AZD-1775-treated, and combination cisplatin with AZD-1775-treated
UC cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.3% Tri-
ton X-100 in PBS, blocked with 3% bovine serum albumin in PBS and incubated with
anti-yH2AX at 4 °C overnight. The staining was completed with Alexa Fluor 594-labeled



Cells 2023, 12, 1471

4 of 14

anti-rabbit IgG (Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 1 h. Cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI) for 15 min. The slides were observed
using fluorescence microscopy.

2.8. Comet Assay

The Comet assay kit (Trevigen, Minneapolis, MN, USA) was used according to the
manufacturer’s instructions to assess the DNA damage level. Harvested cells were sus-
pended in low-melting agarose and spread on a comet slide. The slides were incubated at
41 °C for 10 min to enhance the adhesion and gel polymerization. The slides were then
immersed in the lysis buffer at 4 °C, then in an alkaline solution (0.3 M NaOH, 1 mM
EDTA) and neutralized in TBE buffer. Electrophoresis was conducted in the same TBE
buffer at 1 V/cm for 10 min. The slides were fixed with cold 70% methanol, air dried, and
stained with SYBR-Red (Molecular Probes, Carlsbad, CA, USA). Images were captured by
fluorescence microscopy.

2.9. Animal Model

The animal study was approved by the Institutional Animal Care and Use Com-
mittee of Kaohsiung Chang Gung Memorial Hospital and was conducted following the
Animal Research: Reporting in Vivo Experiments (ARRIVE) guidelines. Seven-week-old
NOD-SCID mice from the National Laboratory Animal Center of Taiwan were injected
with 3 x 10 BFTC-909 cells. When tumor volumes reached 50-100 mm?, the mice were
randomly divided into four groups (control, cisplatin alone, AZD-1775 alone, and cisplatin
+ AZD-1775), with each group consisting of five mice. The mice were then injected with
different reagents for a period of 2 weeks. Tumor volumes were calculated using the
formula (width? x length)/2.

2.10. Immunohistochemical (IHC) Staining

Tumors sampled from the xenograft mouse were fixed in 10% formalin, dehydrated,
embedded in paraffin, and cut into 4 pm sections. The sections were deparaffinized with
xylene and hydrated using a series of graded ethanol solutions. The sections were subjected
to antigen retrieval, using a retrieval solution. Hematoxylin and eosin staining kits (Abcam,
Cambridge, UK) were used, according to the manufacturer’s instructions. The sections
were then stained with primary antibodies against Ki67 and yH2AX at 4 °C overnight.
The sections were incubated with HRP-conjugated secondary antibodies at 37 °C, and
3,3'-diaminobenzidine tetrachloride (DAB) was used to detect the HRP activity.

2.11. Statistical Analysis

All experiments were conducted in triplicate. Data are expressed as the mean =+ standard
error. Differences between experimental groups were determined using one-way analysis of
variance and Tukey’s post hoc test for multiple comparisons. An independent ¢ test was used
to compare the differences between two groups. p < 0.05 indicated statistical significance.

3. Results
3.1. Combining AZD-1775 and Cisplatin Synergistically Reduces the Viability of UC Cells

To examine the antitumor effect of AZD-1775 on UC cells, we treated four UC cell
lines (RT4, BFTC-909, T24, and J82) with varying doses of AZD-1775, from 25 to 800 nM,
and analyzed cell viability with an MTT assay. As shown in Figure 1A, a low AZD-1775
concentration was associated with minimal cytotoxicity, whereas an increased concentration
of 100 nM resulted in approximately 40% cell death in all the UC cell lines except BETC-909.
Additionally, cell death increased with AZD-1775 dose across all UC cell lines. We further
compared the ICs5y of AZD-1775 between wild-type p53 cells (RT4) and mutant p53 cells
(BFTC-909, T24, and J82). Our results showed that the ICs in the p53 mutant UC cells
was approximately 170-230 nM, which was higher than that in the p53 wild-type cells
(Figure 1B). We treated UC cells with cisplatin (CDDP)+ AZD-1775 to verify the synergistic
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effect of inhibiting Weel. Cisplatin (2 uM) alone resulted in cell death of about 20%, whereas
the combination with 50 nM AZD-1775 resulted in cell death of 40% in the BFTC-909 cells.
The synergistic effect of cisplatin with AZD-1775 was also observed in T24 cells. AZD-1775
also enhanced the cytotoxicity of cisplatin in wild-type p53 (RT4) cells (Figure 1C).
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Figure 1. AZD—1775 alone or in combination with cisplatin inhibits growth in UC cells. (A) Cell
viability was measured by MTT assay in UC cells (BFTC-909, T24, ]82, and RT4) treated with increasing
doses of AZD—1775. (B) Correlation of AZD—1775 ICs; values with TP53 status in UC cells. Y126*
indicated substitution of the amino acid tyrosine (Y) with a premature stop codon (*) at position 126.
(C) Analysis of cell viability in UC cells treated with AZD—1775 + cisplatin (CDDP).

3.2. Concomitant Treatment of AZD-1775 with Cisplatin Reduced Proliferation and Enhanced
Apoptosis of UC Cells

Our earlier findings demonstrated that AZD-1775 increased the cytotoxicity of cisplatin
in UC cells. We further investigated the effect of combining AZD-1775 and cisplatin on cell
proliferation. Based on colony analysis, cisplatin alone markedly reduced the number of
colonies in T24 and BFTC-909 cells. In addition, AZD-1775 enhanced cisplatin-induced
inhibition of cellular proliferation (Figure 2A,B). We used Annexin V staining to verify
the effect of AZD-1775 on cisplatin-induced antiproliferative activity. As expected, the
proportion of Annexin V* cells in the cisplatin + AZD-1775 group was higher than in the
cisplatin-alone group in both BFTC-909 and T24 cells (Figure 2C). Because cisplatin and the
Weel inhibitor had antitumor effects through the induction of apoptosis, we also measured
the expression of apoptotic proteins, specifically PARP, Caspase-3, and Caspase-9. Cisplatin
alone led to cytotoxic cell death by increasing the relevant apoptotic process. As shown in
Figure 2D, apoptotic proteins increased in the cisplatin-alone group and increased the most
in the cisplatin + AZD-1775 group. This finding suggests that the combination of cisplatin
and Weel inhibitor enhanced the antitumor ability by inducing apoptosis in the UC cells.
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Figure 2. Combination treatment of cisplatin and AZD—1775 synergistically reduces cell proliferation

and enhances apoptosis in UC cells. (A) Colony formation assay for TP53-mutant UC cells (BFTC-
909 and T24) after treatment with cisplatin alone, AZD—1775 alone, or cisplatin + AZD—1775.
(B) Quantitative results of colony formation assay. (** p < 0.01, ** p < 0.001). (C) Apoptotic cells were

analyzed using Annexin V-APC/propidium iodide (PI) apoptosis assay. (D) Western blot was used

to examine the protein expression of apoptosis-related proteins in UC cells.

3.3. AZD-1775 Reverses the Cisplatin-Induced G2/M Phase Cell Cycle Arrest in UC Cells

Weel is a crucial component of the G2/M checkpoint that prevents entry into mitosis
in response to cell DNA damage. Thus, we examined whether the chemosensitizing effects
of AZD-1775 were related to interference from cisplatin-induced G2/M phase arrest. AZD-
1755 markedly reversed the accumulation of G2/M phase cells when BFTC-909 and T24
cells were treated with AZD-1775 before cisplatin treatment (Figure 3A,B). Weel arrests
the G2/M checkpoint in response to DNA damage by phosphorylating CDK1 and cyclin
B1 complex at the tyrosine 15 residue. According to our findings, the phosphorylation
level of CDK1 decreased in both the AZD-1775 alone and the cisplatin + AZD-1775 groups
(Figure 3C). We also verified the expression of cyclin B1, which binds to phosphorylated
CDK1 in the regulation of G2/M phase progression. The expression of cyclin B1 exhibited
a large decrease when the UC cells were treated with AZD-1775 + cisplatin, indicating
that more UC cells enter the mitotic phase and do not have sufficient time to repair DNA
damage. The same results were observed in two other G2/M markers, cyclin E and CDK2
(Figure 3C). Furthermore, the M phase marker p-Histone H3 was elevated when cells were
treated with AZD-1775 alone or in combination with CDDP (Figure 3C). These findings
jointly indicate that AZD-1775 enhances the progression of the cell cycle in UC cells with
P53 dysfunction when acting in response to DNA damage, and improves the antitumor
effects of cisplatin.



Cells 2023, 12, 1471

7 of 14

(A)

(B)

DMSO AZD-1775 COM BFTC-009
500 w0
y 80
ol a0 Ge1 w soer ek ek
L oM . 0] T o i == - cTL
H i J E 1.6 =
BFTC-909 ¢ _ | - sub oo e gm..—s':'; s 5 =" sy CDDP 2uM
- — R S B AZD-1775 50nM
4 W-M L. AZDATT5+CDDP
0] e " 0
PR — w SR PR R - 0
Pa Pa s
800 800 800 ] T24
- ol B
| G2M - —i  G2M
T24 Baod 0 . Sa00 Eiﬂﬂjm:;_fn s »ﬂ Ssn L H CTL
st I & 8 5 -
+ ‘—( 141 -
2004 200 207 — % 40 CDDP 2uM
| 1 [} H o BN AZD-1775 50nM
] 3 20 AZD-1776+CDDP
150K 200K 250K 0 SOK 100K 150K 200K 250K © 50K 100K 150K 200K 250K 0 S0K 100K 150K 200K 250K
(C) Pla PI-A Pl-A A ]
BFTC-909 BFTC-909 T24 T24
CDDP 0 2 0 2 M 0 2 0 2 uM CDDP 0 2 0 2 uMm 0 2 0 2 uM
AZD-1775 0 0 50 50 nM 0 0 50 50 nM AZD-1775 0 0 50 50 nMm 0 V] 50 50 nM
— yclin -_— p-histone — e — yelin p— s s D-histone
==  CyclinB1 - hist: H3 Cyclin B1 hist H3
10 04 08 03 10 04 24 44 10 06 10 04 1.0 08 40 35
———— . p-CDK1 @ W W s CyclinE ; P-CDK1 s @S www #s Cyclin E
10 09 02 04 10 10 08 08 1.0 05 05 05 1.0 50 14 12
W e C)[(1 - « == CDK2 W e e s CDK1 e ]
10 08 06 05 10 20 14 16 1.0 07 07 09 1.0 29 23 26
S ——— P\ CtiN — e w— Actin e SN Wy Actin S e— — e Actin

Figure 3. AZD—1775 markedly reverses the cisplatin-induced G2/M phase cell cycle arrest in UC
cells. (A) Cell cycle distribution of BFTC-909 and T24 cells after treatments were analyzed by flow
cytometry using PI staining. (B) Bar charts representing the percentage of cells in each phase of
the cell cycle (*** p < 0.001). (C) Western blot was used to examine the protein expression of G2/M
checkpoint regulators in UC cells.

3.4. AZD-1775 Enhances Cisplatin-Induced DNA Damage

Cisplatin is an alkylating agent that binds to DNA and damages cancer cells. We
used the comet assay (single-cell gel electrophoresis) as a simple and sensitive method
for DNA strand break detection in eukaryotic cells to determine whether AZD-1775 is
synergistic with cisplatin. The percentage of tail DNA in the cisplatin + AZD-1775 group
was markedly higher than in the control and cisplatin-alone groups in the BFTC-909
and T24 cells, suggesting that AZD-1775 with cisplatin induces greater DNA breakdown
(Figure 4A,B). We also detected a marker for DNA damage, the phosphorylated expression
of H2AX (yYH2AX) in BFTC-909 and T24 cells. UC cells treated with AZD-1775 plus
cisplatin markedly increased the fluorescent intensity of YH2AX and enhanced the protein
expression in the Western blotting assay (Figure 4C,D). These findings suggest that the
Weel inhibitor AZD-1775 enhances cisplatin-induced DNA damage in UC cells.

3.5. AZD-1775 Interferes with the Expression of DNA Repair-Related Proteins

Because AZD-1775 enhances cisplatin-induced DNA damage, and cisplatin-induced
double-strand breaks could be repaired by homologous recombination (HR), we further
investigated whether AZD-1775 alone or in combination with cisplatin could lead to a
defect in HR-mediated DNA damage response. Immunoblots of cell lysates showed that
administration of AZD-1775 increased the phosphorylation of Chkl and ATR in BFTC909
and T24 cells in a dose-dependent manner. However, p-ATM and p-Chk2 were expressed
in T24 cells but not in BFTC-909 cells (Figure 5A,B). These data indicate that AZD-1775
treatment upregulated the DNA damage response pathway (ATR-Chkl and ATM-Chk?2).
When combined with cisplatin, p-ATR, p-Chk2, p-ATM and p-Chkl1 increased in the BFTC-
909 and T24 cells (Figure 5C,D). These findings suggest that Weel inhibition leads to the
activation of the DNA damage response pathway (ATR and ATM), which prompted us to
use the combination of ATR or ATM with Weel inhibition to enhance the cytotoxicity of
urothelial carcinoma.
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Figure 4. Combination treatment with cisplatin and AZD—1775 enhances DNA damage in BFTC-909
and T24 cells. (A) DNA damage was visualized under a fluorescence microscope. Scale bar, 100 pm.
(B) Tail DNA was quantified using the OpenComet software. (* p < 0.05, ** p < 0.01, *** p < 0.001).
(C,D) Phosphorylation of H2AX (YH2AX) was detected by immunofluorescence and Western blot.

Scale bar, 100 pm.

(A) BFTC-909 (B) T24
AZD-1775 0 10 20 30 40 50 nM 0 10 20 30 40 50 NM
p-ATM —— — — e s === ===  p-ATM
1.0 11 1.0 0.8 1.2 1.1 10 07 12 16 17 17
ATM g - — —— — — — w— w— w—  ATM
10 12 07 06 03 06 1.0 10 08 09 10 08
p-ATR B e e e e — — — — — P-ATR
1.0 1.6 1.4 1.1 1.2 2.0 10 22 34 35 39 38
ATR — — — — G— — e — — w— w—— ATR
1.0 1.5 1.7 1.6 29 2.8 1.0 0.8 17 21 21 1.9
p-Chk1 N B3 &% @ s @ p-Chki
1.0 11 1.0 11 1.2 1.5 1.0 37 38 47 41 51
Chk1 — e — W— e — S ‘guan v — —— Chk1
1.0 0.9 0.7 0.7 0.5 0.6 1.0 12 09 11 09 07
1.0 0.5 0.3 0.4 0.3 0.5 10 09 08 14 13 12
Chk2 . —— —— — e — — — - Chk2
1.0 1.0 0.8 1.1 0.8 0.8 10 10 07 08 09 1.0
B-actin EEE—— J S e = e (.actin
(C) BFTC-909 (D) T24
CcDbDP 0 2 0 2 uM CODP 3 2 o 2 uMm
AZD-1775 0 0 50 50 nM AZD-1775 0 0 50 50 nM
—— - - @  ATM S - — w—n_ ATM
1.0 1.3 09 14 1.0 2.0 24 26
1.0 0.9 0.9 0.7 1.0 13 19 19
B s e =sw D-ATR — e e === D-ATR
1.0 1.4 0.9 15 1.0 1.2 1.6 21
- s ®mn ATR — GWN g e=m ATR
1.0 4.7 2.5 7.2 1.0 1.8 27 25
¢ W s s  p-Chk1 S S5 B p-Chk1
12 16 ‘]"7 29 1.0 1.9 2.5 4.4'
W W s s Chk1 ey s e Chk1
1.0 11 0.7 0.7 1.0 08 11 20
e s s @ p-Chk2 Wes S @ n-Chk2
1.0 1.2 1.2 1.8 1.0 24 24 50
— e — w— Chk2 — — — w— Chk2
10 10 1.0 14 1.0 11 14 13
. (-actin eEp SN ews == (-actin

Figure 5. AZD—1775 alone or in combination with cisplatin upregulated DNA repair-related protein
expression in BFTC-909 and T24 cells. (A,B) Dose-dependent effect of AZD—1775 in BFTC-909 and
T24 cells. (C,D) Combination of cisplatin and AZD-1775 in BFTC-909 and T24 cells.
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3.6. AZD-1775 Increases the Sensitivity of UC Cells to Cisplatin in Mouse Tumor Xenografts

We used NOD-SCID xenograft mice to verify the efficacy of AZD-1775 + cisplatin
observed in vitro. Monotherapy with cisplatin or AZD-1775 showed a modest antitu-
mor effect, but cisplatin + AZD-1775 produced the greatest inhibition of tumor growth
(Figure 6A,B). Notably, no significant differences in body weight were observed between
the experimental groups (Figure 6C). H&E staining results of excised tumors showed
a significant reduction in tumor size with prominent necrotic and fibrotic surrounding
stroma in the cisplatin + AZD-1775 group (Figure 6D). IHC staining results showed that the
proliferation indicator Ki-67 decreased in the combination therapy group (Figure 6E,F). At
the molecular level, AZD-1775 + cisplatin induced apoptosis (c-caspase 3), DNA damage
(YH2AX), and decreased levels of G2/M regulator (pCDK1) in xenograft mice (Figure 6G).
In conclusion, AZD-1775 enhanced the antitumor efficacy of cisplatin by disrupting G2/M
cell cycle arrest and increasing DNA damage.
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Figure 6. Concomitant treatment with AZD—1775 and cisplatin enhances antitumor efficacy and
induces apoptosis in BEFTC-909 cells in a mouse xenograft model. (A) Representative images of the
solid tumors obtained from each group. (B) Tumor volume measured during the treatment periods in
each group. (C) Body weights of the mice monitored during the treatment periods. (D) Hematoxylin
and eosin (H&E) staining of tumor samples. Scale bar, 200 um. (E,F) Immunohistochemical staining
of Ki67 and y-H2AX in tumor samples. Scale bar, 200 um. (G) Mechanism validation confirmed by
Western blot.

4. Discussion

Cisplatin (CDDP)-based chemotherapy has long been the first-line treatment for mUC.
Although mUC is sensitive to cisplatin-based chemotherapy, the duration of chemother-
apy treatment may not last long, because of the inevitable emergence of drug resistance.
Consequently, researchers have investigated cisplatin resistance and the synergy between
cisplatin and new therapeutic agents. The inhibition of Weel kinase has been demonstrated
to overcome resistance to cisplatin associated with several solid tumors harboring TP53
mutations [34-37]. We demonstrated that the Weel inhibitor AZD-1775 enhances the anti-
cancer efficacy of cisplatin in UC cells, facilitating the progression of the G2/M phase, and
leading to an increase in DNA strand breaks and cell apoptosis, both in vitro and in vivo.

Extensive research has been conducted into the targeting of Weel kinase, a crucial
regulator of the G2/M checkpoint, as a therapeutic strategy for treating TP53 mutant cancer.
However, the efficacy of Weel inhibition is not restricted to TP53 mutant cancer cells. Our
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study revealed that AZD-1775 monotherapy resulted in a dose-dependent death of TP53
wide-type and mutant UC cells in vitro (Figure 1). Irrespective of the presence of TP53
mutations, the combination of AZD-1775 and cisplatin showed synergistic cytotoxicity in
all UC cells. The aforementioned outcome has been observed not only by our team, but
also by other researchers. Murakami and colleagues demonstrated that the administration
of AZD-1775 alone effectively inhibited the growth of UC cell lines in a dose-dependent
manner regardless of TP53 status, which aligns with our own experimental observations.
However, in contrast to Murakami’s findings, our data revealed a synergistic effect when
AZD-1775 was combined with other treatments, irrespective of TP53 status. This disparity
could potentially be attributed to variations in drug concentrations and treatment durations
employed in the respective studies [38]. Furthermore, the administration of AZD-1775
leads to wide-type TP53 tumor shrinkage through the PDX model and cancer organoid
spheroids [38]. Not only UC, but also AZD-1775, exhibit a robust cytotoxicity against both
p53-mutant or p53 wild type pancreatic adenocarcinoma and ovarian cancer [39,40]. A
recent phase I trial of AZD-1775 monotherapy demonstrated a favorable ORR (14%) in
advanced solid cancers [41]. Notably, one patient who had neither TP53 nor BRCA1/2
mutation achieved a partial response to AZD-1775, indicating that the antitumor effect of
AZD-1775 was not limited to TP53 mutant tumors. These effects may be related to the fact
that AZD-1775 induces DNA double-strand breakdown in the S phase, and just functions
as a G2/M phase regulator. Further in-depth studies should be conducted to investigate the
antitumor mechanism of the Weel inhibitor and to explore the potential predictive markers.

The combination of Weel inhibitor with chemotherapy has exhibited synergistic
cytotoxicity in several types of mutant TP53 cancers, including head and neck cancer,
osteosarcoma, breast cancer, and ovarian cancer [34-37]. In this study, we report that AZD-
1775 with cisplatin exhibited enhanced toxicity to UC cells by increasing DNA damage
and impairing cell recovery. AZD-1775 facilitated the progression of UC cells to the G2/M
phase, increased cell apoptosis, and increased susceptibility to cisplatin-related DNA
damage. In the animal model, the combination of AZD-1775 and cisplatin had the best
effect on tumor shrinkage. These results are clinically significant, because cisplatin-based
chemotherapy remains the gold standard for the first-line treatment of mUC. Although
ICIs have been widely used for mUC, the responsiveness to cisplatin-based first-line
chemotherapy remains the primary determinant in choosing a candidate for maintenance
immunotherapy [42]. Notably, Weel inhibition leads to increased eradication of tumor
cells by cytotoxic T-lymphocyte through tumor necrosis factor (TNF)-x-dependent cell
death in several cancer cells [43]. The blockade of Weel kinase also enhances natural-killer-
cell-mediated granzyme-B-dependent cell lysis in head and neck cancer [44]. A recent
study by Taniguchi et al. demonstrated that Weel inhibition promotes CD8* cytotoxic T
cell activation and increases PD-L1 expression through STING and STAT1 pathways in
small-cell lung cancer [45]. Combined AZD-1775 and anti-PD-L1 treatment resulted in a
marked reduction in tumor volume in genetically engineered mouse models. Concomitant
treatment with a Weel inhibitor and an ICI may be a potential therapeutic strategy for
the successful treatment of mUC because UC is considered an inflamed and immune-
responsive tumor.

Mechanistically, the Weel inhibitor AZD-1775 induced DNA breaks and apoptosis in
UC cells. The subsequent result of Weel inhibition leads to activation of the ATR-Chk1 and
ATM-Chk2 signaling pathways, suggesting that activation of the HR signaling pathway
may be due to the resistance of Weel inhibition in UC cells. Blocking the activity of Weel
can cause replication stress and DNA damage, which in turn triggers the activation of
the ATR and ATM pathways. Inhibition of Weel reduces the phosphorylation of CDK1,
leading to the activation of CDK1 and inappropriate initiation of DNA synthesis, resulting
in replication stress. ATR and ATM are then activated in response to this replication stress,
initiating downstream signaling cascades that include the activation of Chkl or Chk2. In a
recent investigation by Redland and colleagues, administration of a Weel inhibitor led to
augmented phosphorylation of Chk1 S317 and ATR expression in all lung cancer cells [46].
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Our findings were in agreement with these results, indicating that the activation of ATR may
play a role in repressing the induction of DNA damage following inhibition of Weel. Earlier
research has demonstrated that in small-cell lung cancer, the activation of Chk1 through
the upregulation of AXL and MET pathways is a significant mechanism of resistance to
AZD-1775 [47]. Thus, combining ATR with Chk1 inhibition can be a rational approach to
overcoming resistance to Weel inhibition, and it has demonstrated a synergistic anti-tumor
effect in multiple types of cancer cells [48-50]. While the application of ATR inhibitors
in urothelial carcinoma is still in its early stages of research, a potential new therapeutic
approach involves combining Weel and ATR inhibition with conventional platinum-based
chemotherapy. This approach is believed to hold promise, as preclinical studies have
indicated that it could enhance the effectiveness of chemotherapy by increasing DNA
damage and cell death in cancer cells. Further clinical trials are needed to confirm these
findings, but they offer a hopeful avenue for the development of more potent treatments
for urothelial carcinoma [51].

5. Conclusions

Our results demonstrated that AZD-1775 markedly improved the anticancer efficacy
of cisplatin in UC cells, resulting in increased cell apoptosis, DNA damage, and decreased
DNA repair mechanism (Figure 7).

CDDP Weel
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LN L w)m

MPBON -
DNA adducts / DNA repair Survive
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Apoptosis 4

Figure 7. Illustration of the mechanism of AZD—1775 enhancing cytotoxicity of cisplatin. Figure was
created with BioRender.com (accessed on 9 August 2022).
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