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Abstract: Chemotherapy with gemcitabine plus cisplatin remains the mainstay of treatment for metastatic urothe-
lial carcinoma (UC); however, drug resistance occurs in most patients and eventually leads to treatment failure. In
this study, we investigated the role of cyclin-dependent kinase 7 (CDK7) regulation in the treatment of human UCs.
Moreover, we studied the effect of THZ1, a CDK7 inhibitor, alone and in combination with gemcitabine, on UCs and
explored the underlying mechanism. Immunohistochemical staining showed that CDK7 expression was significantly
higher in UC tumors than in counterpart urothelium. THZ1 elicited dose-dependent cytotoxicity and apoptosis in
two high-grade UC cells (BFTC905 and T24). THZ1 co-treatment potentiated gemcitabine-induced cytotoxicity with
suppression of B-cell lymphoma 2 (Bcl-2). Studies with a xenograft nude mouse model also confirmed that THZ1
enhanced the antitumor effect of gemcitabine on UC. These findings provide important pilot data to target CDK7 or

Bcl-2 for the treatment of UCs and for overcoming chemoresistance in UCs.
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Introduction

Urothelial carcinoma (UC) was the sixth most
prevalent cancer and accounted for nearly
74,000 new cases of cancer within the United
States in 2015 [1]. Nearly 50% of the cases
with muscle-invasive UCs show metastasis
even after radical cystectomy. Systemic chemo-
therapy remains the mainstay of treatment for
metastatic UC [2]. Gemcitabine in combination
with cisplatin (GC) is the current standard of
care for first-line treatment in suitable patients.
Nevertheless, the response rate and 5-year
survival rate of chemotherapy in such patients
have been found to be approximately 50% and
20%, respectively [3, 4]. Drug resistance exists
or occurs inevitably, which causes relapse and
ominous outcomes. Thus, it is imperative to
find novel strategies to improve chemotherapy

sensitivity or circumvent chemotherapy resis-
tance.

Currently, cisplatin (cis-diamminedichloroplati-
num Il, CDDP) is the main component of chemo-
therapy for metastatic UCs. The antitumor
mechanism of cisplatin involves crosslinking
with purine DNA bases and forming DNA
adducts to hinder DNA replication and tran-
scription [2]. Gemcitabine, a nucleotide analog,
replaces cytidine during DNA replication and
blocks new DNA formation, thus causing cell
death. Several genetic and epigenetic pathways
have been reported to contribute to drug resis-
tance [3, 4]. Altered expression patterns of anti-
apoptotic and pro-apoptotic proteins have been
linked to decreased apoptosis [5-7]. Downre-
gulated B-cell lymphoma-2 (Bcl-2) family pro-
apoptotic proteins have been well explored in
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this aspect [4, 8-10] and drug resistance to
gemcitabine has been linked to increased
expression of anti-apoptotic Bcl-2 in several
solid tumors.

Cyclin-dependent kinases (CDKs/cyclins) play
an essential role in regulating major biological
functions such as cell differentiation, growth,
proliferation, metabolism, and cell cycle pro-
gression [5]. RNA polymerase 1l (RNAPII)-ca-
talyzed gene transcription is a critical process
facilitated by multiple transcription factors [4,
5]. During transcription initiation and elonga-
tion, CDK7 phosphorylates the RNAPII C-termi-
nal domain at serines 5 and 7 to participate in
the initiation and elongation of transcription
[8]. Dysregulated CDK activity is associated
with various cancers [6]. Targeting CDK regula-
tion is emerging as a promising anticancer ther-
apy [6, 7]; however, some CDK inhibitors elicit
non-selective CDK inhibition and off-target
kinase interactions, which detrimentally affect
normal cells and induce intolerable adverse
effects [8-10]. THZ1 is a selective inhibitor of
CDKY. Although THZ1 inhibits the CDK7-medi-
ated transcriptional process and suppresses
tumor growth in several human tumors, its anti-
tumor effect has not been studied in UCs
[11-13].

In this study, we investigated the therapeutic
efficacy of THZ1 alone and in combination with
gemcitabine or cisplatin in human UC in vitro
and in vivo. Furthermore, we explored the anti-
tumor mechanism of the drug combination,
involving anti-apoptotic Bcl-2 regulation.

Materials and methods
Cell culture

The Taiwan Bioresource Collection and Re-
search Center was the source of the cell lines
BFTC-905 and T24 collected from a patient
with bladder UC (grade Ill). These lines were
subsequently cultured in RPMI-1640 medium.
In addition, sodium pyruvate (1 mM), heat-inac-
tivated fetal bovine serum (10%), and penicillin
(100 U/mL)/streptomycin (100 pg/mL) were
added to all culture media and the cells were
cultured at 37°C with 5% CO,.

Reagents and antibodies

Merck Millipore (Billerica, MA, USA) was the
source of THZ1 and gemcitabine used in this
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study. CDK7, Bcl-2 (for western blotting), phos-
pho-cdc2, phospho-histone H3, cleaved cas-
pase-7, cleaved caspase-3, and cleaved PARP
antibodies were purchased from Cell Signaling
Technology (Danvers, MA, USA). Moreover, anti-
B-actin and anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibodies were sour-
ced from GeneTex (Irvine, CA, USA), while anti-
a-tubulin and anti-Bcl-2 [for immunohistochem-
istry (IHC)] antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The
remaining chemicals used in our study were
obtained from either Sigma-Aldrich (St. Louis,
MO, USA) or Merck Millipore.

Cell viability

We assessed cell viability by performing the
WST-1 assay (Biotools, Taipei, Taiwan). In brief,
cells were seeded onto 96-well microplates
(with a corresponding cell density of 5000 cells
per well), after which they were subjected to
incubation at 37°C for 24 h. The cells were then
subjected to various treatments for the indicat-
ed periods of time, followed by incubation in
WST-1-containing medium at 37°C for 4 h. A
Multiskan™ GO plate reader (Thermo Fisher
Scientific, Rockford, IL, USA) was employed to
measure the absorbance of the resulting mix-
ture at a measurement wavelength of 570 nm.

Western blotting

Lysis buffer (Cell Signaling Technology) in cold
phosphate-buffered saline (PBS) was employed
to lyse the cells, followed by a 10-min centrifu-
gation process at 14000 rpm and 4°C. Subse-
quently, the amount of protein in the superna-
tant containing the cell lysate was measured
using bicinchoninic acid protein assay (sourced
from Thermo Scientific Pierce). Equal amounts
of proteins from each group were mixed with
loading buffer (Biotools) and then separated
using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Following this, the sepa-
rated proteins were transferred onto polyvinyli-
dene fluoride membranes (Merck Millipore) and
the membranes were blocked using bovine
serum albumin (5%) in PBS. Subsequently,
each of the membranes was incubated over-
night with the indicated antibodies in PBS at
4°C. The membranes were then washed twice
using TBS containing 0.05% Tween 20 (TBST),
followed by a 2 h incubation process with
horseradish peroxidase-conjugated secondary
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Figure 1. Assessment of CDK7 protein expression in UC samples using immunohistochemical staining. A. CDK7
expression in UC samples from 10 patients with muscle-invasive UC receiving radical cystectomy. Representative
photographs of two samples showing expression of CDK7 in primary human UC sample, tumor versus normal uro-
thelium. B. Quantitative IHC score measuring the immunoreactivity of CDK7, tumor versus normal urothelium. The
data has been expressed as mean + SD. *P<0.05 compared to normal urothelium group.

antibodies (GeneTex) at room temperature.
Next, the antibody-labeled membranes were
again washed twice with TBST. This was fol-
lowed by imaging of the membranes on an
ImageQuant LAS 4000 system (GE Healthcare)
after treatment with enhanced chemilumines-
cence substrates (Merck Millipore and Biotools)
[14].

Immunohistochemistry in human UC speci-
mens

We included 12 patients with metastatic blad-
der who received systemic chemotherapy with
the GC regimen. Of the 12 chemotherapy-treat-
ed patients, 6 experienced disease progres-
sion during chemotherapy and were catego-
rized as ‘chemo-resistant’; 6 showed response
to chemotherapy and were categorized as ‘che-
mo-sensitive’. We collected formalin-fixed par-
affin-embedded tissue blocks from these indi-
viduals. The tissue blocks were cut into 5-
pm-thick sections, after which IHC staining was
performed on these sections using anti-Bcl-2
and anti-CDK7 antibodies, as described previ-
ously [14]. One of the authors (Lin W.C.), a
board-certified pathologist specializing in uro-
logic oncology, who was blinded to the clinical
data, analyzed the IHC score based on the fol-
lowing criteria: staining intensity was divided
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into four categories, with 3 signifying strong, 2
moderate, 1 weak, and O negative staining. In
addition, we evaluated the mean percentage of
positivity by counting at least 10 random fields
at 40x and 400x magnifications. The IHC score
was calculated by multiplying the intensity
score with the mean percentage of positivity.
The current study was carried out according to
the standard for the ethics of experimentation
and research integrity. All experiments involv-
ing human participants were approved by the
National Taiwan University College of Medicine
Institutional Research Ethics Committee (No.
201412207RINA).

Cell proliferation assay

We evaluated the effect of THZ1 on UC cell pro-
liferation using a commercial 5-bromo-2-deoxy-
uridine (BrdU) incorporation assay kit (Roche,
Indianapolis, IN, USA). UC cells were seeded
onto 96-well microplates at a density of 4000
cells per well. After 24 h, the cells were exposed
to THZ1 or DMSO (control) for 48 h. Subse-
quently, the assay was carried out according to
the protocol outlined by the manufacturer. The
absorbance of each well was detected at the
dual wavelengths of 450-540 nm using a
Thermo Fisher Scientific Multiskan™ GO plate
reader [14].
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tumors were abscised and
photographed. All the animal
experiments reported herein
were in accordance with the
ARRIVE guidelines and were
approved by the Institutional
Animal Care and Use Com-
mittee (No. IACUC20170177)
of the College of Medicine,
National Taiwan University.

Statistical analysis
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Figure 2. THZ1 induced cytotoxicity and apoptosis in human UC cells in a
dose-dependent manner. (A) T24 and (B) BFTC-905 cells were treated for 24

CDKY expression levels are
higher in UC tumors than in
the normal urothelium

h with various concentrations of THZ1 (0-750 nM) and DMSO (as control),

respectively. Cell viability was assessed using WST-1 assay. The data have
been presented as mean + SD. *P<0.05 compared to control. (C) T24 and
(D) BFTC-905 cells were exposed to THZ1 (250 and 500 nM) and DMSO (as
untreated control) for 24 h, followed by harvesting of cell lysates. Western
blot analyses show the level of cleaved-PARP, cleaved-caspase 7, cleaved-
caspase 3, and Bcl-2. All results shown are representative of at least three
independent experiments. Full-length blots are presented in Figure S1.

In vivo xenograft model in nude mice

We suspended 5x10° cells in serum-free media
(100 pL) and then mixed them with an equiva-
lent volume of Matrigel™ (BD Biosciences).
Subsequently, the derived mixture was inject-
ed subcutaneously into the dorsal flanks of
8-week-old nude mice (Taiwan National Labo-
ratory Animal Center, Taipei, Taiwan). After the
tumor size reached 100-150-mm?3, the mice
received THZ1 (10 mg/kg/day), gemcitabine
(10 mg/kg, administered twice per week), or
gemcitabine plus THZ1 via intraperitoneal ad-
ministration for 4 weeks. Tumor volume was
measured every four days according to the for-
mula: longest tumor diameterx(shortest tumor
diameter)?/2. After the 4 week treatment, the
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The expression of CDK7 in UC
was assessed by immunohis-
tochemically staining tumors
from ten clinical samples of
radical cystectomy. The CDK7
immunoreactivity, along with
the quantitative IHC score, was
significantly higher in UC tumors than in normal
urothelium counterparts (Figure 1A, 1B).

THZ1 induces cytotoxicity and apoptosis in a
dose-dependent manner in human UC cells

To investigate the antitumor effect of THZ1 on
UC cells, we examined the viability of T24 and
BFTC-905 cells after treatment for 24 h with
0-750 nM THZ1. Our results showed that THZ1
induced dose-dependent cytotoxicity in T24
and BFTC-905 cells (Figure 2A, 2B). Additionally,
we examined the apoptotic effect of THZ1 (250
and 500 nM) on T24 and BFTC-905 cells
by measuring the cleavage of caspase-3, -7,
PARP, and Bcl-2, an anti-apoptosis oncoprotein.
THZ1 induced PARP, caspase-3, and caspase-7

Am J Cancer Res 2021;11(1):171-180
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Figure 3. THZ1 inhibits cell proliferation and cell cycle transition in human
UC cells. A. T24 and BFTC-905 cells were treated for 24 h with 500 nM
THZ1 and DMSO (as control), respectively. BrdU assay was performed to
estimate cell proliferation activity. The data have been presented as mean
+ SD. *P<0.05 compared to control. B. Western blot was performed to eval-
uate the expression of cell cycle regulatory proteins, phospho-cdc2, and
phospho-histone H3. Results shown are representative of at least three in-
dependent experiments. Full-length blots are presented in Figure S2.

cleavage with decreased Bcl-2 levels (Figure
2C, 2D).

THZ1 inhibits cell proliferation and cell cycle
transition in human UC cells

Furthermore, we examined the impact of THZ1
on cell proliferation and cell cycle transition in
UC cells. Our results showed that there was a
significant reduction in UC cell proliferation fol-
lowing exposure to 500 nM THZ1 for 24 h
(Figure 3A). The phenomenon of THZ1-induced
proliferation inhibition was accompanied by
suppression of phospho-histone H3 (Ser 10)
and phospho-CDC2 (Figure 3B). BrdU is com-
monly used for the detection of proliferating
cells in living tissues because it gets incorpo-
rated into the newly synthesized DNA of repli-
cating cells during the S phase. Previous stud-
ies have shown that THZ1 induces cell cycle

175
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arrest in cancer cells [15, 16].
Histone H3 is a nuclear core
histone protein that regula-
tes chromatin and functions
in chromosome condensation
and cell-cycle progression dur-
ing the mitotic phase, after
phosphorylation of the ser-
ine-10 residue. Our results in-
dicated that THZ1 suppressed
the expression of phospho-his-
tone H3 (Ser 10) in UC cells.

THZ1 enhances gemcitabine-
induced cytotoxicity via sup-
pression of Bel-2 in human UC

cells
250 500

We then evaluated the cytotox-
-— ic effects of THZ1 in combina-

tion with cisplatin or gemci-
1 tabine on UC cells. The com-
bined effects of TSA (0-500
mM) and gemcitabine (0-6 uM)
on UC cells following exposure
for 24 h were analyzed using
WST-1 assay. THZ1 significant-
ly enhanced gemcitabine-indu-
ced cytotoxicity (Figure 4A,
4B). Western blot analysis of
the expression of cleaved cas-
pase-3, -7, and Bcl-2 showed
that THZ1 suppressed gem-
citabine-induced Bcl-2 over-
expression and potentiated ge-
mcitabine-related apoptosis (Figure 4C, 4D). To
further confirm the role of the Bcl-2 pathway in
the combined effects of THZ1 and gemcitabine,
we used ABT-199, a Bcl-2 inhibitor, and found
that ABT-199 (10 uyM) reduced cell viability to
74%, while co-treatment of THZ1 with ABT-199
did not significantly decrease the viability of the
UC cells (Figure 4E, 4F). Our results showed
that THZ1 enhanced gemcitabine-induced cyto-
toxicity instead of cisplatin-induced cytotoxicity
via suppression of Bcl-2.

Bcl-2 overexpression is associated with che-
motherapy resistance in patients with meta-
static UCs

We then further compared the expression of
Bcl-2 in UC tumors with chemo-sensitive and
chemo-resistant status using IHC staining. As
shown in Figure 5A, 5B, the immunoreactivity

Am J Cancer Res 2021;11(1):471-180
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Figure 4. THZ1 enhances gemcitabine-induced cytotoxicity via suppression of Bcl-2 in human UC cells. (A) T24 and
(B) BFTC-905 cells were treated with various concentrations of THZ1 (0, 250, and 500 nM) for 48 h in combination
with various concentrations of gemcitabine (0-6 uM) and cisplatin (0-20 uM). Cell viability was assessed using WST-
1 assay. (C and D) Western blot was performed to analyze the expression of cleaved-PARP, cleaved-caspase 7, and
Bcl-2 after treatment with gemcitabine (2.5 pM) and THZ1 (500 nM) alone or in combination. (E) T24 and (F) BFTC-
905 cells were treated with gemcitabine (2.5 uM), ABT-199 (10 uM), and THZ1 (500 nM) alone or in combination.
Cell viability was measured using WST-1 assay. All data have been presented as mean + SD of three independents
experiments. Results are representative of at least three independent experiments. Full-length blots are presented

in Figure S3.

of Bcl-2 was stronger in chemo-resistant UC ed that Bcl-2 expression is associated with the
tumors (lower part) than in chemo-sensitive sensitivity of chemotherapy in UC, consistent
tumors (upper part). These results demonstrat- with previous results [17]. Bcl-2 overexpression
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Figure 5. Bcl-2 overexpression is
associated with chemotherapy
resistance in patients with meta-
static UCs. A. Bcl-2 expression in
UC samples from 10 patients with
metastatic UC receiving systemic
chemotherapy (gemcitabine and
cisplatin). Representative photo
showing expression of Bcl2 from
two samples each of chemo-sen-
sitive and chemo-resistant sta-
tus. B. The results of IHC score
of Bcl-2 immunoreactivity have
been shown. The nuclei have been
counterstained with hematoxylin.
The data have been presented as

cer [19, 20]. The importance of
CDK7 in cell cycle transition
and transcription has high-
lighted CDK7 as a potential
diagnostic and prognostic bio-
marker; moreover, it serves as
a promising therapeutic target
for cancer [12, 21]. Previous
studies have reported that
CDKTY is upregulated in various
cancers and is associated with
aggressive characteristics [22,
23]. In this study, we demon-
strated distinctly higher ex-
pression of CDK7 in UCs than
in counterpart urothelium. To
the best of our knowledge, this
is the first study to demon-
strate an abnormal expression
pattern of CDK7 in UCs.

Upregulation of CDK7 overex-
pression in human cancer ma-
kes it a remarkable therapeu-
tic target for UC. THZ1, a cova-
lent inhibitor of CDK7, elicits
antitumor effects in various
human tumors; however, its
antitumor effect on bladder UC
has never been reported. THZ1
inhibits phosphorylation of the
C-terminal domain of RNAPII

mean + SD.

is linked to chemoresistance in patients with
metastatic UC [18].

THZ1 enhances gemcitabine-induced antitu-
mor effects on UC xenograft in nude mice

We evaluated the antitumor effect of THZ1 in
combination with gemcitabine in a xenograft
nude mouse model. Temporal changes in tumor
appearance and volume for each group during
the 4-week treatment with saline/DMSO (sham
control), THZ1 (10 mg/kg/day), gemcitabine
(10 mg/kg, twice per week), or gemcitabine
plus THZ1 via intraperitoneal administration
are shown in Figure 6A-D. Consistently, THZ1
enhanced the antitumor effect of gemcitabine.

Discussion

Deregulation of the cell cycle and aberrant tran-
scriptional control are common features of can-
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[24] and thus displays its

effects via regulation of tran-

scription. THZ1 also inhibits
the activation of CDK proteins. It has been
reported to disrupt the CDK7 signaling path-
way. Since CDK7 is essential for the CDK-
activating kinase activity, CDK7 inhibition by
THZ1 causes transcription inhibition, cell cycle
arrest, and cancer cell death [25]. Our results
showed that THZ1 effectively induced antitu-
mor effects, apoptosis, and cell cycle retarda-
tion in UC cells.

Additionally, cancer cells are characterized by
decreased pro-apoptotic or increased anti-
apoptotic signal molecules. A previous study
indicated that cytotoxicity of THZ1 is mediated
by reduced expression of anti-apoptotic pro-
teins through inhibition of the STAT3 signaling
pathway [26]. Bcl-2 is a member of the Bcl-2
family that regulates apoptosis by inhibiting
anti-apoptotic factors or inducing pro-apoptotic
factors [27]. Bcl-2 is important in the appropri-
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Figure 6. Xenograft nude mouse model demonstrates the efficacy of gemcitabine in combination with THZ1 in vivo.
Nude mice bearing T24 or BFTC-905 xenograft tumors received intraperitoneal administration of saline/DMSO (as
sham control, n=6), THZ1 (10 mg/kg/day, n=6), gemcitabine (10 mg/kg, twice per week, n=6), or a combination
of gemcitabine and THZ1 (n=6) for 4 weeks. A and B show representative photos of T24 and BFTC-905 excised
xenograft tumors from each group, respectively. C and D show T24 and BFTC-905 xenograft tumor volume (mm3)
for each group, respectively, during the 4 week treatment. The data have been presented as mean + SD. * P<0.05
represents a statistically significant difference between the cisplatin and combination groups.

ate operation of the apoptosis machinery [28].
Bcl-2 overexpression has been correlated with
apoptosis evasion [29] and drug resistance
[18]. Consistently, the results obtained in the
present study upon IHC staining of clinical
specimens demonstrated that Bcl-2 immunore-
activity is associated with chemotherapy re-
sponse. We further demonstrated that THZ1
suppressed Bcl-2 expression and augmented
apoptosis in UC cells. Aberrant Bcl-2 expres-
sion and related chemotherapy resistance in
UC cells provide a potential clinical application
of targeting Bcl-2 to circumvent chemotherapy
resistance.

The gemcitabine/cisplatin combination has be-
come the most frequently adopted first-line
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treatment modality for metastatic bladder UC.
However, the initial response rates are appro-
ximately 60% and the median survival with che-
motherapy is approximately 12-18 months.
Identifying novel drug combinations without
overlapping toxicities and with improved effica-
cy has been an alternative strategy for UC treat-
ment. In addition, the enriched feature patterns
provide insights into the mechanisms underly-
ing drug combinations. In this study, we investi-
gated the antitumor efficacy of THZ1 in combi-
nation with gemcitabine or cisplatin. Our resul-
ts demonstrated that THZ1 enhanced gem-
citabine-induced cytotoxicity in vitro and in
vivo, with concurrent suppression of gemci-
tabine-induced Bcl-2 activation. The drug com-
bination improved the antitumor efficacy of

Am J Cancer Res 2021;11(1):471-180
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gemcitabine. The results of the present study
provide a novel strategy for the treatment of
metastatic UCs.

Conclusion

CDK7 may serve as a potential diagnostic bio-
marker for UC. The CDK7 inhibitor, THZ1,
enhanced gemcitabine-induced cytotoxicity via
suppression of Bcl-2. The aberrant expression
of Bcl-2 after chemotherapy highlights Bcl-2 as
a promising target to circumvent chemoresis-
tance in human UC.
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Figure S1. Full-length gels and blots corresponding to Figure 2C, 2D. Molecular weight (kDa) has been shown in
the left panel.
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Figure S2. Full-length gels and blots corresponding to Figure 3B. Molecular weight (kDa) has been shown in the left
panel.
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Figure S3. Full-length gels and blots corresponding to Figure 4C, 4D. Molecular weight (kDa) has been shown in the
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