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Abstract
Overcoming cisplatin (CDDP) resistance is a major issue in urothelial cancer (UC), in 
which CDDP-based chemotherapy is the first-line treatment. WEE1, a G2/M check-
point kinase, confers chemoresistance in response to genotoxic agents. However, the 
efficacy of WEE1 blockade in UC has not been reported. MK-1775, a WEE1 inhibitor 
also known as AZD-1775, blocked proliferation of UC cell lines in a dose-dependent 
manner irrespective of TP53 status. MK-1775 synergized with CDDP to block prolif-
eration, inducing apoptosis and mitotic catastrophe in TP53-mutant UC cells but not 
in TP53-WT cells. Knocking down TP53 in TP53-WT cells induced synergism of MK-
1775 and CDDP. In UMUC3 cell xenografts and two patient-derived xenograft lines 
with MDM2 overexpression, in which the p53/cell cycle pathway was inactivated, 
AZD-1775 combined with CDDP suppressed tumor growth inducing both M-phase 
entry and apoptosis, whereas AZD-1775 alone was as effective as the combination in 
RT4 cell xenografts. Drug susceptibility assay using an ex vivo cancer tissue-originated 
spheroid system showed correlations with the in vivo efficacy of AZD-1775 alone or 
combined with CDDP. We determined the feasibility of the drug susceptibility assay 
using spheroids established from UC surgical specimens obtained by transurethral 
resection. In conclusion, WEE1 is a promising therapeutic target in the treatment of 
UC, and a highly specific small molecule inhibitor is currently in early phase clinical 
trials for cancer. Differential antitumor efficacy of WEE1 blockade alone or combined 
with CDDP could exist according to p53/cell cycle pathway activity, which might be 
predictable using an ex vivo 3D primary culture system.
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1  | INTRODUC TION

Bladder cancer is a major malignancy, with 430 000 new cases and 
165  000 deaths worldwide each year.1 Histopathologically, most 
bladder cancer is classified as urothelial carcinoma (UC). Although 
non-muscle-invasive bladder cancer can be treated by transure-
thral resection (TUR) with an excellent survival outcome,2 muscle-
invasive bladder cancer (MIBC) is highly associated with lymph node 
involvement, distant metastasis, and disease-specific mortality.

Until recently, the treatment outcomes of patients with MIBC or 
metastatic UC had not been remarkably improved for decades. For 
patients with advanced UC, cisplatin (CDDP)-based chemotherapy 
is the center of first-line systemic treatment with an initial response 
rate ranging from 50% to 70%.2 However, only a subset of patients 
achieves durable response or disease control because of early acqui-
sition of drug resistance. Thus, sensitization to CDDP or overcoming 
CDDP resistance has been a major unmet need for effective treat-
ment of UC patients.

WEE1 is a tyrosine protein kinase that regulates G2/M check-
points in the cell cycle in response to DNA damage.3 Activated 
WEE1 phosphorylates the cyclin-dependent kinase 1 (CDC2)-cyclin 
B complex, arresting the cell cycle and gaining time for DNA repair. 
Additionally, WEE1 maintains genomic integrity through regulating 
histone synthesis in S phase and stabilizing replication forks during 
the DNA repair process.4,5 During anticancer treatment, WEE1 is 
activated following DNA damage by either chemotherapy or irradia-
tion.6 Thus, WEE1 is involved in resistance to such anticancer treat-
ment through its negative regulation of the cell cycle.

MK-1775 (also known as AZD-1775 or adavosertib) is a selec-
tive WEE1 inhibitor that inhibits the phosphorylation of CDC2.7 
Several studies have shown the synergistic effects of MK-1775 and 
DNA-damaging agents such as CDDP8-11 and gemcitabine.6,12,13 
Synergistic effects of MK-1775 with various types of drugs related 
to cell-cycle regulators or DNA repair proteins such as the aurora 
A kinase (AURKA) inhibitor,14 ATR inhibitor,15 and poly(ADP-ribose) 
polymerase (PARP) inhibitor16 have been also reported. MK-1775 as 
a monotherapy has also shown antitumor effects in multiple cancer 
cell lines and tumor xenografts.5 Most recently, clinical efficacy and 
safety of adavosertib in combination with gemcitabine for the treat-
ment of platinum-resistant or -refractory high-grade serous ovarian 
cancer has been shown in a double-blind, randomized, placebo-
controlled phase II trial.17

Several reports have shown that the differential antitumor ac-
tivity of the WEE1 inhibitor appears to be particularly dependent on 
TP53 mutation status.9-11,14 Given that TP53 is the most frequently 
altered gene in UC18,19 and CDDP is the flagship drug for advanced 
UC, a synergistic antitumor effect of MK-1775 and CDDP can be 
expected. However, the antitumor effects of WEE1 blockade, used 
alone or in combination with other drugs, vary within the same can-
cer type depending on the genetic background of the tumor.14,20 
Notably, advanced UC is characterized by a broad spectrum of 
gene alterations18,19 and several distinct molecular subtypes based 
on gene expression profiles.21 Although it is clinically important to 

investigate potential treatment strategies for UC involving WEE1 
blockade in combination with CDDP, the efficacy and genetic deter-
minants for treatment with WEE1 inhibitor alone or in combination 
with CDDP are not yet fully understood.

In this study, we used multiple experimental systems of UC in-
cluding cell lines, cell-based and patient-derived xenografts, and ex 
vivo 3D primary culture to investigate potential treatment strategies 
for UC. We found that MK-1775 in combination with CDDP yields 
a higher efficacy than MK-1775 or CDDP monotherapy in TP53-
altered UC, whereas MK-1775 monotherapy was as effective as MK-
1775 in combination with CDDP in TP53-WT UC.

2  | Mater ia ls  and Methods

2.1 | Cell- and patient-derived xenograft models

Six-week-old female BALB/cAJcl-nu/nu mice were purchased from 
CLEA Japan. For the cell-derived xenograft (CDX) model, 3.0 × 106 
UMUC3 cells or 5.0 × 106 RT4 cells with 75 μL PBS and an equal vol-
ume of Matrigel HC (Corning) were inoculated subcutaneously into 
the left flank of mice.

For the patient-derived xenograft (PDX) model, we used two lines 
of PDX from muscle-invasive UC specimens according to previously 
described methods.22 After successful establishment (>80% en-
graftment rate in three consecutive passages), four developed PDX 
tumors were divided into 40 fragments and subcutaneously trans-
planted to the flank of 6-week-old CB17/lcr-crj SCID mice (Charles 
River). When the tumor volumes reached more than 100 mm3, mice 
were randomly assigned into five treatment groups (n = 8 per group): 
(a) vehicle; (b) 4 mg/kg CDDP monotherapy; (c) 60 mg/kg AZD-1775 
monotherapy; (d) 90 mg/kg AZD-1775 monotherapy; or (e) combina-
tion of 4 mg/kg CDDP +60 mg/kg AZD-1775. The mice were treated 
for 3 weeks. The doses and schedules were determined based on 
previous preclinical studies on AZD-17757,10,15 and a clinical trial on 
AZD1775 in patients with refractory solid tumors (NCT02511795), 
and fixed in all animal experiments regardless of the aggressiveness 
of cell lines and PDX.

Cisplatin was dissolved in corn oil and injected intraperitoneally. 
AZD-1775 was dissolved in DMSO/0.5% methylcellulose and given 
by oral gavage on days 2-4 and 9-11 in the 60  mg/kg AZD-1775 
monotherapy and combination groups and days 2-6 and 9-13 in the 
90  mg/kg AZD-1775 monotherapy group. In the control (vehicle) 
group, corn oil was injected intraperitoneally on days 1, 8, and 15, 
and DMSO was given by oral gavage on days 2-4 and 9-11.

The tumor size was measured with a caliper and volume (V) was 
calculated by the following formula: V (mm3) = L × W × W × 0.5, in 
which L is the largest and W is the orthogonal diameter (mm) of the 
tumor. All animal experiments were approved by the Kyoto University 
animal experiment committees (approval number: MedKyo 18 244). 
All animals used in this study were treated according to the guide-
lines for animal experimentation of the experimental animal center 
of Kyoto University.
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We expected that the vehicle-treated control group would show 
rapid tumor growth. We also predicted approximately 30% of tumor 
growth inhibition with CDDP treatment and approximately 60% 
tumor growth inhibition with the combination treatment. When con-
sidering comparative analyses on the means of a continuous mea-
surement in the two groups with an effect size of 0.8 and SD of 0.5, 
at least eight mice in each treatment group (six in the control group) 
were needed to have the significance level of the test 0.05 and the 
statistical power of 80% (https://sampl​e-size.net/). This number was 
consistent with a previous similar study.10

2.2 | Ex vivo study with cancer tissue-
originated spheroids

The cancer tissue-originated spheroid (CTOS) method23 was used to 
evaluate treatment efficacy ex vivo. We used human bladder tumor 
specimens directly obtained by TUR or from PDX tumors. Briefly, 1-
2-mm tumor tissue fragments were incubated in DMEM/F12 (Gibco) 
supplemented with 100 U/mL penicillin, 100 U/mL streptomycin 
(Nacalai Tesque), and 100 μL Liberase DH (Roche) at 37℃ for 1 hour. 
DNase I (final concentration; 10 μg/mL) was added and samples were 
digested for another 15  minutes. Samples from 40  μm to 100  μm 
were separated using two types of cell strainers and then cultured 
in CTOS medium (9.06 mL DMEM/F-12 with GlutaMAX [Gibco], 100 
U/mL penicillin, 100 U/mL streptomycin, 200  μL StemPro [Gibco], 
720  μL of 25% BSA, and 18.2  μL of 55  mM 2-mercaptoethanol 
[Wako]) in a 5% CO2 humidified chamber at 37℃ for 24  hours. 
After confirming spheroids, a single spheroid was plated in a 10-
μL Matrigel HC (Corning) droplet in a 96-well plate and incubated 
for 30  minutes. Then CTOS medium was added to each plate be-
fore day 1 photographs. After photographs, the wells were divided 
into four treatment groups: vehicle (DMSO), CDDP, MK-1775, or the 
combination at the final concentration of 1 μM CDDP and 0.2 μM 
MK-1775. Each treatment was carried out in triplicate. Photographs 
were taken at day 1 and day 7, and the volume was calculated as 
follows: V (mm3) = L × W × W × 0.5, in which L is the largest and W 
is the orthogonal diameter (mm) of the spheroid. The CTOS growth 
was calculated by dividing the volume measured on day 7 by that 
measured on day 1. See supporting information for further details 
on experimental methods.

3  | RESULTS

3.1 | WEE1 expression in human UC tissues and 
cells

We first evaluated the expression of WEE1 in human UC tissues 
using immunohistochemistry (IHC). We used 34 MIBC specimens 
(pretreatment specimens) (Table  S2) obtained from patients that 
were consequently treated with neoadjuvant platinum-based sys-
temic chemotherapy and radical cystectomy. As we envisioned that 

WEE1 inhibition will be used in chemoresistant settings as well as 
a first-line or perioperative drug treatment for advanced bladder 
cancer, we also evaluated postchemotherapy cystectomy specimens 
from 29 of the 34 patients; we were unable to evaluate specimens 
from five patients who had no residual viable malignant cells in cys-
tectomy specimens because of complete remission (ypT0).

Approximately 82% (n  =  28) of MIBC pretreatment specimens 
expressed WEE1 (Figure 1A,B), whereas normal urothelial cells did 
not (data not shown). The majority of postchemotherapy specimens 
(69%, n = 20) showed WEE1 expression, although it was significantly 
lower compared with pretreatment specimens (P  =  .045, χ2 test). 
Approximately 70% of the MIBC specimens showed detectable p53 
in IHC, suggesting that the majority of tumors harbored TP53 muta-
tion, as reported previously.19 There was no statistically significant 
difference in p53 immunostaining between pretreatment and post-
chemotherapy settings (74% vs. 76%, P =.26, χ2 test). In UC cell lines, 
although J82 cells showed an approximately 2-fold increase of WEE1 
mRNA expression following CDDP treatment (Figure  S1A), 253J 
did not show such CDDP-induced WEE1 expression (Figure  S1B). 
Additionally, WEE1 expression at the protein level did not show 
CDDP-induced upregulation, even in J82 cells (Figure S1C).

In terms of correlation between WEE1 and p53 expression, the 
rate of strongly positive WEE1 increased as p53 immunostaining 
increased, although the correlation did not reach statistical signifi-
cance (P =.10, Spearman’s rank correlation test; Figure S1D). There 
was a statistically significant correlation between WEE1 and p53 ex-
pression in postchemotherapy specimens (P =.014, Spearman’s rank 
correlation test; Figure S1E). These data suggested that WEE1 is ex-
pressed in the majority of MIBCs both pre- and postchemotherapy 
and correlated with mutant p53 expression.

We next evaluated WEE1 expression in four human UC cell lines 
with TP53 alteration (UMUC3, TCCSUP, T24, and J82) and two with 
wild-type TP53 (RT4 and 253J). There were no differences in WEE1 
mRNA (Figure  1C) and protein (Figure  1D) levels between TP53-
altered and TP53-WT cell lines. Additionally, no remarkable induc-
tion of WEE1 expression was observed following CDDP treatment in 
TP53-altered or TP53-WT cell lines (Figure S1). The six UC cell lines 
showed dose-dependent responses to both CDDP and the WEE1 
inhibitor MK-1775 as monotherapy (Figure S2). There were no differ-
ences in IC50 values for CDDP (Figure 1E) and MK-1775 (Figure 1F) 
between TP53-altered and TP53-WT cell lines. However, when the 
two drugs were given in combination, a synergistic effect was ob-
served in UC cells with TP53 alteration but not in cells with WT TP53 
(Figures 1G and S3). These results indicate that CDDP and MK-1775 
show a synergistic effect in UC harboring TP53 mutation.

3.2 | Pharmacological and genomic loss of 
function of WEE1 increased the sensitivity of TP53-
mutant but not TP53-WT UC cells to CDDP

To further investigate the relationship between TP53 status and 
the synergistic effect of CDDP and MK-1775 in UC, we treated 

https://sample-size.net/
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the six UC cell lines with CDDP and MK-1775 alone or in combi-
nation. MK-1775 alone suppressed proliferation by 50%-75% in 
all six cell lines (Figures 2A and S4). Cisplatin combined with MK-
1775 showed a significantly greater suppressing effect compared 
with MK-1775 alone in TP53-altered UMUC3, TCCSUP, T24, and 
J82 cells (P < .05) but not in TP53-WT RT4 and 253J cells. A simi-
lar tendency was observed in colony-forming assays (Figures 2B 
and S5).

To more precisely examine the effect of WEE1 functional loss, 
WEE1 expression was silenced using two distinct siRNA oligos 
(Figure 2C). The IC50 of CDDP was lowered by 50%-75% in TP53-
altered cells with WEE1 knockdown, but not reduced in TP53-WT 
cells with WEE1 knockdown (Figure  2D). We next knocked down 
TP53 in 253J cells (Figure 2E). No significant difference in cell pro-
liferation was observed in 253J cells expressing WT TP53 treated 
with MK-1775 alone or in combination with CDDP, but statistically 

F I G U R E  1   WEE1 expression in human bladder urothelial cancer (UC) tissues and cell lines. A, Muscle-invasive bladder cancer (MIBC) 
tissues were evaluated by immunohistochemistry using Abs for WEE1 and p53. Pretreatment tumor tissues were obtained from 34 MIBC 
patients who consequently received neoadjuvant cisplatin (CDDP)-based chemotherapy and radical cystectomy. Postchemotherapy 
tumor tissues were obtained from 29 MIBC patients, excluding five who showed complete response (ypT0) in cystectomy specimens. 
Representative images of H&E, WEE1, and p53 staining in pre- and postchemotherapy tumor specimens from four patients (Pt #20, #07, 
#31, and #32) are shown. B, Distribution of immunostainings of WEE1 (left) and p53 (right) in pre- and postchemotherapy MIBC tissues. 
C, Expression levels of WEE1 mRNA were evaluated by quantitative RT-PCR in human UC cell lines with (UMUC3, TCCSUP, T24, and J82 
cells; orange bars) or without TP53 mutation (RT4 and 253J cells; blue bars). Values were normalized to GAPDH mRNA levels. D, Western 
blotting of WEE1 expression in the indicated human UC cell lines. Vinculin served as the loading control. E, F, The IC50 values for (E) CDDP 
and (F) MK-1775 as single agents in indicated cells were determined by dose-effect analyses. Experiments were carried out in triplicate. G, 
The synergistic effect of CDDP and MK-1775 was evaluated by combination index (CI) based on WST-8 assay. CI < 1 indicates synergistic 
effects, whereas CI = 1 indicates antagonistic effects. Experiments were carried out in triplicate

F I G U R E  2   Cisplatin (CDDP) enhanced the inhibitory effect of MK-1775 on the proliferation of urothelial cancer (UC) cells in a TP53 
status-dependent manner. A, B, Cells were treated with vehicle (DMSO), CDDP, MK-1775, or CDDP plus MK-1775. Cell proliferation rate 
was evaluated by (A) WST-8 assay after 72 h in triplicate and (B) colony-forming assay after 7 days. Values were normalized to levels in 
vehicle-treated cells. *P < .05. C, Western blot analyses showing the efficiency of siRNA-mediated knockdown of WEE1 in UC cells 48 h 
after transfection. D, Chart for relative IC50 values for CDDP. Indicated cells were treated with CDDP for 48 h. Experiments were carried 
out in triplicate. E, Western blot analysis showing the efficiency of siRNA-mediated knockdown of TP53 in 253J cells 48 h after transfection. 
F, Cells were treated as indicated for 72 h and cell proliferation was evaluated by WST-8 assay. Values were normalized to levels in vehicle-
treated cells. Experiments were carried out in triplicate. *P < .05. G, Charts for combination indices for CDDP and MK-1775 in cells treated 
with control siRNA (si-Neg) or siRNAs for TP53 (si-TP53#1 and si-TP53#2). *P < .05. N.S., not significant
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significant differences were observed after TP53 knockdown (ap-
proximately 50% reductions; Figures  2F and S6). The combination 
index was 1 or higher in 253J cells but was significantly decreased 
to less than 1 by TP53 knockdown (P = .017 for siTP53#1 vs control 
siRNA [si-Neg]; P  =  .015 for siTP53#2 vs si-Neg; Figures  2G and 
S7A). These results collectively suggest that WEE1 inhibition alone is 
somewhat effective in reducing UC cell proliferation irrespective of 
TP53 status, whereas the synergistic effect with CDDP occurs only 
in TP53-mutant UC cells. As WEE1 blockade alone seemed to be 
effective in retarding the proliferation or tumor growth in TP53-WT 
UC cells, we hypothesize that WEE1 inhibition itself confers tran-
sient cell-cycle stoppage by activation of p53 and the subsequent 
cell-cycle pathway. When we treated TP53-WT 253J and RT4 cells 
with MK-1775, p53 and downstream p21 were induced (Figure S7B), 
suggesting that the p53-p21 axis was activated by WEE1 blockade 
alone in TP53-WT UC cells.

3.3 | Combined treatment with CDDP and WEE1 
blockade induces mitotic catastrophe in TP53-mutant 
UC cells

As both CDDP and WEE1 have been implicated in the cell cycle and 
apoptosis,24 we next investigated the effect of CDDP and MK-1775 
alone or in combination on the cell cycle and apoptosis of UC cells. The 
proportion of cells in M phase was determined using flow cytometry 
using Abs against phosphorylated histone H3. Less than 1% of J82 and 
RT4 control cells were in M phase (Figure 3A,B). J82 cells treated with 
CDDP and MK-1775 in combination showed substantial increases of 
cells in M phase (7%), whereas RT4 cells treated with the combina-
tion showed no changes (1%-2%). Similar results were observed using 
WEE1 siRNA, with an increase from less than 1.0% to 7% in J82 cells 
compared with maintaining at 1%-2% in 253J cells (Figure 3C,D).

We next examined the expression of cleaved PARP, a marker of 
caspase-dependent apoptosis.25 Cleaved PARP was increasingly de-
tected in TP53-mutant UC cells treated with CDDP and MK-1775 in 
combination but not in TP53-WT cells (Figure 3E). Consistent with 
these findings, annexin V assays revealed that TCCSUP cells treated 
with CDDP and MK-1775 in combination showed a 3-fold increase in 
apoptotic cells whereas RT4 cells showed no changes (Figure 3F,G). 
Furthermore, nuclear morphology analysis26,27 revealed significantly 

increased numbers of cells displaying nuclear fragmentation and mul-
tilobulation, which are prominent characteristics of mitotic catastro-
phe, in TP53-mutant UC cells treated with CDDP and MK-1775 in 
combination (MK-1775 vs CDDP + MK-1775: P = .0002 for UMUC3, 
P = .0003 for T24, P = .029 for TCCSUP, and P = .006 for J82) but 
not in TP53-WT cells (MK-1775 vs CDDP + MK-1775: P =  .139 for 
RT4, and P =  .0902 for 253J; Figure 3H,I). These findings indicate 
that the combination of CDDP and MK-1775 induces cell death in-
cluding apoptosis and mitotic catastrophe in TP53-mutant UC cells.

3.4 | Combined treatment with CDDP and WEE1 
blockade increases M-phase fraction and retards 
tumor growth of UC CDX and PDX in vivo

We next investigated the efficacy of WEE1 blockade alone or in 
combination with CDDP in vivo using CDX and PDX. As PDX has 
several advantages in evaluating drug efficacy in vivo,22 we used 
two PDX lines established from high-grade, locally advanced UC of 
the right renal pelvis (PDX1) and the urinary bladder (PDX2) (Table 1) 
in addition to CDX derived from UMUC3 (CDX UMUC3) and RT4 
(CDX RT4) cells. Both PDXs showed morphological similarity to the 
original tumor on microscopic observation (Figure S8).

The CDX and PDX model mice were randomized into five treat-
ment groups after tumor engraftment was confirmed: (a) vehicle 
(control); (b) CDDP (4  mg/kg i.p.); (c) AZD-1775 (same formula as 
MK-1775; 60 mg/kg i.p.); (d) AZD-1775 (90 mg/kg i.p.); and (e) CDDP 
(4 mg/kg i.p.) plus AZD-1775 (60 mg/kg i.p.) (Figure 4A). No regimen 
induced significant body weight loss (Figure  S9) or hematological, 
renal, or liver function changes (Figure S10) compared with vehicle 
(control) when given to non-tumor-bearing mice.

After two cycles of treatment, tumors on mice treated with 
CDDP and AZD-1775 were significantly smaller than tumors from 
other treatment groups (Figure 4B-E, left panels), with the excep-
tion of CDX RT4 treated with AZD-1775 alone (90 mg/kg i.p.), which 
was as effective as the combined treatment (Figure 4C, left panel). 
In particular, PDX2 did not show growth inhibition or apoptosis by 
CDDP alone, suggesting that this PDX acts as a CDDP-resistant 
model. In this PDX line, combined treatment with CDDP and AZD-
1775 yielded a significant growth inhibition by 2-fold and increased 
apoptosis by 3-fold (Figure 4E).

F I G U R E  3   Effect of WEE1 blockade with or without cisplatin (CDDP) on cell cycle and cell death in human urothelial cancer (UC) cells. A, 
J82 (top) and RT4 (bottom) cells were treated with the indicated drugs for 24 h and then sorted to quantify the M-phase population defined 
by phospho-histone H3 (pHH3)-high population (gated). B, Proportion of cells in M phase after indicated treatments. Values are normalized 
to that of vehicle-treated cells. C, Representative images of immunofluorescence assays carried out using anti-pHH3 Ab. Cells were 
transfected with indicated siRNAs and incubated for 48 h. Bar, 100 μm. D, Chart for the proportion of pHH3-positive cells treated as in (C). 
Quantitative analysis was performed using five randomly selected microscopic fields. Values were normalized to that for si-Control. *P < .05. 
E, UC cell lines were treated as indicated and the expression of cleaved PARP was determined using western blot. HeLa cells treated with 
2 μM staurosporine for 4 h served as the positive control. F, TCCSUP (top) and RT4 (bottom) cells were treated with the indicated drugs 
and then stained with propidium iodide (PI) and annexin V. Cells in early apoptosis and those in late apoptosis or necrosis were gated as 
indicated. G, Proportion of apoptotic cells treated as in (F). H, Representative fluorescent images of cells in mitotic catastrophe, defined by 
nuclear fragmentation or multilobulation. Bar, 10 μm. I, Proportion of cells in mitotic catastrophe. Cells were treated with indicated drugs for 
24 h in triplicate, fixed and stained with DAPI. Five randomly selected microscopic fields were used for quantification. *P < .05
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Tumors that received combined treatment showed the highest 
proportions of p-HH3-positive cells (5%-8%) in every xenograft line 
(Figure 4B-E, middle and right panels), although not significantly dif-
ferent from tumors treated with AZD-1775 alone (90  mg/kg i.p.). 
Tumors that received combined treatment showed significantly higher 
proportions (approximately 2-fold increases) of TUNEL-positive cells 
(from 2%-3% to 4%-6%) than other groups in every xenograft line 
(Figures 4B-E, right panels, and S11).

These results collectively indicate that high-dose AZD-1775 
and combined CDDP plus AZD-1775 are comparable in inducing 
M phase entry irrespective of TP53 status and suppressing growth 
of TP53-WT CDX tumors. These data also suggest that combined 
CDDP plus AZD-1775 treatment is the most potent to induce apop-
tosis and suppress tumor growth in vivo irrespective of TP53 status, 
although equivalent efficacy can be expected by AZD-1775 alone in 
TP53-WT tumors.

3.5 | Efficacy of combined treatment with CDDP and 
WEE1 blockade in 3D CTOS culture correlates with 
effects in vivo

Based on the results of drug treatment using the preclinical models, 
we considered that PDX1 and PDX2 could harbor TP53 alteration. 
Targeted genomic sequencing of TP53 revealed no mutation (data not 

shown). However, western blotting and IHC of PDX tumors showed 
upregulation of MDM2 compared with normal urothelium scarcely 
expressing it. MDM2 is known as the E3 ligase acting as the pivotal 
negative regulator of p53 that reportedly showed gene amplifica-
tion or overexpression in 25% of MIBC19 and protein upregulation 
in 42%.28 Furthermore, neither PDX1 nor PDX2 showed induction 
of p53 or p21, a downstream target of p53, following treatment with 
CDDP and/or AZD-1775 (Figure 5A,B), which strongly suggested p53/
cell cycle pathway inactivation.

Our findings indicated that sequencing of TP53 would not accu-
rately predict the efficacy of WEE1 blockade alone or in combina-
tion with CDDP but we should look into functional activity of the 
p53/cell cycle pathway. However, no useful or reliable biomarkers 
for the p53/cell cycle pathway inactivation have been reported in 
the clinical setting.29 Therefore, we considered whether a quick pri-
mary culture system could predict treatment response. We exam-
ined the response of PDX1 and PDX2 to MK-1775 and/or CDDP 
using 3D CTOS culture,23 which was reported to predict drug ef-
ficacy in vivo30 (Figure 5C). The CTOS culture was successfully es-
tablished from both PDX1 and PDX2 (Figure 5D,E). MK-1775 and 
CDDP in combination was significantly more effective than the sin-
gle treatments (70%-80% decrease in sphere volume, Figure 5D,E). 
Thus, the CTOS primary culture system was shown to be useful to 
predict the efficacy of WEE1 blockade alone or in combination with 
CDDP.

No. Age (y) Sex Tumor site T stage
Histological 
grade

#01 80 Male Bladder T1 HG

#02 74 Male Bladder T2 HG

#03 71 Female Bladder Ta HG

#04 65 Male Bladder Ta + Tis HG

#05 89 Male Bladder Ta LG

#06 89 Male Bladder T1 HG

#07 87 Female Left ureter Ta HG

#08 85 Male Right renal pelvis T1 HG

#09a  76 Female Right renal pelvis T3 HG

#10a  67 Male Bladder T2 HG

Abbreviations: HG, high grade; LG, low grade.
a#09 was the source for patient-derived xenograft (PDX) #01; #10 was the source for PDX #02.

TA B L E  1   Clinicopathologic 
characteristics of urothelial carcinoma 
patients with specimens subjected to 
cancer tissue-originated spheroid assay

F I G U R E  4   Preclinical modeling of treatment with WEE1 inhibitor alone or in combination with cisplatin (CDDP) using cell-derived 
xenografts (CDX) and patient-derived xenografts (PDX). A, Experimental scheme of preclinical use of AZD-1775 alone or in combination 
with CDDP. CDX of UMUC3 cells (CDX UMUC3), CDX of RT4 cells (CDX RT4), and two newly established PDX (PDX1 and PDX2) were 
implanted into mice. When tumor volumes reached >100 mm3, mice were randomly assigned into five treatment groups (n = 8 per group): 
control (vehicle, i.p. 6q1w), CDDP alone (4 mg/kg i.p. q1w), AZD-1775 (same formula as MK-1775) alone (60 mg/kg i.p. 3q1w), AZD-1775 
alone (90 mg/kg i.p. 5q1w), and CDDP (4 mg/kg i.p. q1w) plus AZD-1775 (60 mg/kg i.p. 3q1w for two cycles). Tumors were harvested after 
3 weeks of treatment (black arrows). B–E, Left panels: tumor growth curves for indicated treatments for (B) CDX UMUC3, (C) CDX RT4, (D) 
PDX1, and (E) PDX2. Middle panels: representative fluorescent images of tumors harvested after 3 weeks of treatment and immunostained 
using anti-phospho-histone H3 (pHH3). Right panels: proportion of pHH3-positive and TUNEL-positive cells quantified from five randomly 
selected microscopic fields (n = 3 tumors per group). *P < .05 vs CDDP + AZD-1775 (60 mg)
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3.6 | Feasibility of drug susceptibility assessment 
by direct 3D CTOS culture from human UC 
surgical specimens

To investigate the feasibility of CTOS culture as a drug susceptibil-
ity assay system in the clinical setting, we established CTOSs from 
eight tumor samples obtained by TUR (Figure 6A, Table 1). Targeting 
sequencing of TP53 revealed single nucleotide variations of TP53 in 
three cases (Figure 6B). Drug susceptibility assay using CTOSs showed 
generally higher efficacy of the combined treatment with MK-1775 
and CDDP compared with MK-1775 or CDDP alone (Figure 6C) but 
was not clearly correlated with TP53 status defined by our target 
sequencing.

4  | DISCUSSION

The present study has determined the efficacy of WEE1 blockade in 
UC using multiple in vitro and in vivo models including cell lines, CDX, 
PDX, and CTOS. Although there has been only limited evidence for the 
effects of the WEE1 inhibitor in UC, the efficacy of WEE1 blockade has 
been reported in various other cancers.5,6,8-16,30 In addition, 56 clini-
cal studies are listed in ClinicalTrials.gov (accessed January 2021) for 
AZD1775 (MK-1775), covering a range of cancer types. Some of these 
trials have been completed and reported promising results with an ac-
ceptable toxicity profile.31-33 Moreover, increasing the tumor shrinkage 
response by the first-line chemotherapy is becoming more important in 
this era when maintenance treatments with checkpoint inhibitors are 

F I G U R E  5   Drug susceptibility assay 
using an ex vivo patient-derived xenograft 
(PDX)-derived cancer tissue-originated 
spheroid (CTOS) culture system. A, 
MDM2, p53, and p21 expressions 
were analyzed by western blotting. B, 
Representative immunohistochemical 
staining images of the indicated proteins 
in PDX1 and PDX2. C, Experimental 
scheme for CTOS culture established from 
PDX. D, E, Left panels: representative 
images of CTOS from PDX1 (D) and 
PDX2 (E) on days 1 and 7 of the indicated 
treatment. Bar, 100 μm. Right panels: 
growth of CTOS. CTOS volume was 
calculated by dividing the volume 
measured on day 7 with that on day 1. 
Experiments were carried out in triplicate. 
*P <.05, CDDP + MK-1775 vs each of the 
other groups. CDDP, cisplatin
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clinically available.34 Therefore, the present study is timely and clini-
cally relevant. We expect high clinical implementation potential and 
rapid clinical application for WEE1 inhibitor strategies for UC.

Here we reported the antitumor effect of MK-1775 as monother-
apy in UC. MK-1775 monotherapy showed equivalent efficacy to the 
combined treatment using MK-1775 with CDDP in TP53-WT UC. This 
can be explained by p53/cell cycle pathway activation by WT p53 upon 
immature M phase entry because of WEE1 blockade. These effects 
could also be attributable to other antitumor functions of MK-1775, 
such as DNA-damaging effects in inducing DNA double-strand breaks 
in S phase,5 in addition to the G2/M mechanism. The antitumor effi-
cacy of MK-1775 alone, but not combined with CDDP, in TP53-WT 
tumors is consistent with a previous report.10 However, another report 
showed conflicting results,9 suggesting the possibility of the presence 
of other determining factors. Further studies should be undertaken to 
fully determine the anticancer mechanism of the WEE1 inhibitor alone 
and in combination with other therapeutic agents and to elucidate pre-
dictive biomarkers for the efficacy of the treatments. Until then, the 
drug susceptibility tests described in the present study could be useful.

We also revealed the synergism of MK-1775 and CDDP in UC 
with TP53 alteration. Our findings are clinically relevant, as p53 in-
activation is observed in 89% of MIBC cases.19 Additionally, CDDP-
based chemotherapy is frequently used as first-line systemic therapy 
for advanced UC. Moreover, our IHC study showed that WEE1 
expression was, although not upregulated, maintained even after 
multiple courses of CDDP-based chemotherapy and was positively 
correlated with p53 expression determined by IHC, which could be 

indicating mutant p53 protein. These observations partly reflect our 
experimental findings, suggesting that cells with TP53 alteration are 
more dependent on WEE1. However, caution should be applied in 
the interpretation of this result because of the limited sample size. 
Previous studies reported synergistic effects of the WEE1 inhibitor 
and CDDP using TP53-deficient or -mutant head and neck squamous 
cell carcinoma (HNSCC) cells.9,10 These studies focused on isogenic 
HNSCC cell lines expressing WT or mutant TP53, whereas the pres-
ent study examined multiple UC cell lines with different backgrounds 
as well as isogenic cell lines with manipulated TP53 status. These 
studies and our report together suggest that the synergistic effect of 
MK-1775 and CDDP can be achieved in TP53-altered tumors.

Recent studies have shown that WEE1 is implicated in multidrug 
resistance, particularly to drugs related to cell cycle modulators, 
DNA-damaging agents, or DNA-repair inhibitors. Consistently, the 
drug resistance of tumors is associated with increased expression of 
WEE1 or activation of WEE1 signaling pathways.11,20 Indeed, several 
reports have shown the synergistic effect of the WEE1 inhibitor with 
various anticancer agents in a variety of malignant diseases, such as 
the AURKA inhibitor alisertib (MLN8237) in HNSCC,14 an ATR inhib-
itor in diffuse large B-cell lymphoma,15 a BET inhibitor in non-small-
cell lung cancer,35 trastuzumab in HER2-positive breast cancer,36 
and avapritinib in gastrointestinal stromal tumors.20 These find-
ings suggest that WEE1 is induced by drug treatment as a process 
toward resistance. These studies suggest that a synergistic effect 
with MK-1775 can be achieved when the cell cycle or DNA damage 
repair processes in tumor cells are dysregulated by concomitantly 

F I G U R E  6   Drug susceptibility tests 
using tumor-derived cancer tissue-
originated spheroid (CTOS) models. 
A, Experimental scheme using CTOS 
established from surgical specimens 
obtained by transurethral resection. 
B, TP53 mutations detected in the 
original tumors for CTOSs used in the 
study. C, CTOS from surgical specimens 
were treated as indicated and growth 
was calculated by dividing the volume 
measured on day 7 by that measured on 
day 1. All experiments were carried out in 
triplicate. *P <.05, CDDP + MK-1775 vs 
MK-1775 group. CDDP, cisplatin; N.S., not 
significant; Pt, patient
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administered drugs, which is consistent with the mechanism of ac-
tion of the WEE1 inhibitor that drives tumor cells to premature mito-
sis. Therefore, the concomitant inhibition of WEE1 with anticancer 
agents is a promising strategy to sensitize cancer cells to anticancer 
treatments and to overcome acquired resistance as well. In particu-
lar, CDDP is a strong DNA-damaging agent and p53 functions as the 
“gatekeeper” regulating the cell cycle. Therefore, there is a strong 
rationale for the use of the combined treatment of CDDP and MK-
1775 for UC with p53/cell cycle pathway inactivation.

The lack of a useful disease model has been a barrier in bladder 
cancer research.37 In this study, in addition to six bladder cancer cell 
lines and two CDX lines, we also used two PDX lines. Neither of the 
two PDX lines harbored TP53 alteration but the p53 pathway ap-
peared to be inactivated because the tumors failed to induce p53 
or p21 in response to MK-1775 and/or CDDP. These tumors also 
showed upregulated expression of MDM2, the E3 ligase of p53 
acting as the pivotal negative regulator of p53. Overexpression of 
MDM2 was reported in approximately 25% of MIBC cases with p53/
cell cycle pathway inactivation.19 Additionally, MDM2 activates the 
AKT/mTOR pathways in a p53-independent manner.38 There has 
been a lack of a UC model with p53/cell cycle pathway inactivation 
by MDM2 overexpression.22,37 Therefore, our PDX lines are valuable 
as a UC model of MDM2-mediated p53 inactivation, particularly con-
sidering that previous studies showed conflicting results with regard 
to the association between MDM2 expression and disease stage 
and grade in UC.28 In addition to upregulated expression of MDM2, 
other biological aberrations that cannot be detected by the target se-
quence of TP53 are known to inactivate the p53/cell-cycle pathways 
including loss of CDKN2AARF and homozygous deletion of TP53.36

The present study has shown the potential usefulness of an ex 
vivo drug susceptibility platform using CTOS of UC. In our two PDX 
models, the response in CTOS culture correlated with the efficacy of 
the same treatment in vivo, which is consistent with previous reports 
from our group30 and others.39 In the eight CTOSs established directly 
from TUR specimens, combined treatment with CDDP and MK-1775 
showed efficacy in most cases. This may be biased by a higher es-
tablishment rate of CTOS in tumors with p53 inactivation, which has 
been associated with tumor initiation ability or cancer stemness.40,41 
Several investigators have shown the usefulness of organoid-based 
platforms for drug screening in various malignancies including lung,42 
liver,43 and gynecological cancers.44,45 Thus, CTOS can be a potent 
system for drug susceptibility tests that can compensate for the lack 
of good predictive markers for the efficacy of drugs.

This study has several limitations. The PDX lines used in the pres-
ent study were not diverse; both appeared to have p53/cell-cycle 
pathway inactivation accompanied with upregulation of MDM2 ex-
pression despite preservation of WT TP53. Drug susceptibility assays 
using CTOS included non-muscle-invasive tumors to have TP53-WT 
tumors, since most of the MIBCs have TP53 alterations. In addition, 
the outcomes of drug susceptibility assays were not clinically vali-
dated because of the unavailability of the WEE1 inhibitor in the clinic.

In conclusion, the present study has revealed that MK-1775 in 
combination with CDDP yields higher efficacy than MK-1775 or CDDP 

monotherapy in TP53-altered UC. MK-1775 monotherapy was as effec-
tive as MK-1775 in combination with CDDP in TP53-WT UC. Targeting 
WEE1 is a promising therapeutic strategy in UC, with a highly specific 
small molecule inhibitor readily available and currently tested in early 
phase clinical trials. The antitumor efficacy of WEE1 blockade alone or 
in combination with CDDP could vary according to p53/cell-cycle path-
way activity. The ex vivo 3D primary culture system could be useful 
for the prediction of treatment efficacy of WEE1-targeting therapies.
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