
ORIGINAL ARTICLE

Trichostatin A, a histone deacetylase inhibitor, induces synergistic
cytotoxicity with chemotherapy via suppression of Raf/MEK/ERK
pathway in urothelial carcinoma
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Abstract
In this study, we aimed to investigate the antitumor effects of trichostatin A (TSA), an antifungal antibiotic that inhibits histone
deacetylase (HDAC) family of enzymes, alone or in combination with anyone of the three chemotherapeutic agents (cisplatin,
gemcitabine, and doxorubicin) for the treatment of human urothelial carcinoma (UC). Two high-grade human UC cell lines (T24
and NTUB1) were used. Cytotoxicity and apoptosis were assessed by MTT assay and flow cytometry, respectively. The
expression of phospho-c-Raf, phospho-MEK1/2, and phospho-ERK1/2 was measured by western blotting. ERK siRNA knock-
down and the specific MEK inhibitor U0126 were used to examine the role of Raf/MEK/ERK signaling pathway in combined
cytotoxicity of TSA and chemotherapy. TSA co-treatment with any one of the three chemotherapeutic agents induced synergistic
cytotoxicity (combination index < 1) and concomitantly suppressed chemotherapeutic drug-induced activation of Raf-MEK-
ERK pathway. Combination of ERK siRNA knockdown and treatment with the specific MEK inhibitor (U0126) enhanced the
cytotoxic effects of the chemotherapy on UC cells. These observations were confirmed in a xenograft nude mouse model.
Moreover, activated Raf/MEK/ERK pathway was observed in human bladder UC specimens from patients with chemoresistant
status. In conclusion, TSA elicits a synergistic cytotoxic response in combination with chemotherapy via targeting the Raf/MEK/
ERK pathway. TSA elicits synergistic cytotoxic response in combination with three DNA-damaging drugs (cisplatin,
gemcitabine, and doxorubicin). Activated Raf/MEK/ERK pathway is involved in chemoresistant mechanism of UC.
Combining chemotherapeutic agents with HDAC inhibitor (TSA) or with targeting Raf/MEK/ERK pathway is promising to
circumvent chemoresistance in UCs.
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Abbreviations
ERK extracellular signal-regulated kinase

1 and 2 (ERK1/2)
UC urothelial carcinoma
HDAC histone deacetylase
TSA trichostatin A

Introduction

Bladder urothelial carcinoma (UC) ranks 4th in incidence
among cancers in men and 11 in women in the USA [1].
Recurrence and metastases occur in 20–50% of patients after
radical surgery. Once bladder UC progresses to metastatic dis-
ease, cisplatin-based chemotherapy is the mainstay of treatment
in these patients. Despite treatment with the current first-line
regimen, including cisplatin, gemcitabine, or other combina-
tions such as methotrexate, vinblastine, doxorubicin, and cis-
platin, the overall response rate is approximately 50–60%
[2–4]. Moreover, the side effects of chemotherapy remain sub-
stantial. The newly approved immunotherapy drug PD-1 or
PD-L1 inhibitor shows effectiveness and tolerable side effects
in patients with metastatic UC, whose cancers had worsened
during or after treatment with platinum-containing chemother-
apy. However, the response rate was approximately 15–20%.
Nearly all patients with metastatic UCs inevitably experience
drug resistance and eventually die of disease progression. The
search for novel compounds to enhance effectiveness of treat-
ment, reduce chemotherapy-related side effects, and overcome
drug resistance are imperative in UC treatment.

Aberrant epigenetic modifications and alterations in chro-
matin structure without changing DNA sequences commonly
exist in human cancers [5]. Histones are the primary protein
molecules of chromatin and undergo several types of post-
translational modifications. These modifications can influence
interactions between DNA and histones and result in alter-
ations of gene transcription, DNA repair, and even DNA rep-
lication [6, 7]. Among them, histone acetylation and
deacetylation have a critical role in translational activation
and gene expression [8, 9]. HDAC inhibitors modulate a wide
range of cellular processes. The acetylation status of histones
influences chromatin conformation and the accessibility of
transcription factors and effector proteins to DNA, thereby
regulating gene expression. In addition, HDACs regulate gene
expression indirectly by mediating the post-translational acet-
ylation and deacetylation of various non-histone protein sub-
strates, including DNA-binding proteins, transcription factors,
signal-transduction molecules, DNA-repair proteins, and
chaperone proteins. TSA used in this study is a pan-inhibitor
rather than isoenzyme-specific inhibitor of HDAC [10, 11].

Several HDAC inhibitors have been approved for the treat-
ment of cutaneous T cell lymphoma [12, 13].

Bladder UCs are good candidates for HDAC inhibitor
treatment. Approximately 76% of all primary bladder tu-
mors display mutations in at least one chromatin regulatory
gene [14]. Meanwhile, increased expression of HDACs has
been observed in high-grade UC [15]. Some HDAC inhib-
itors (i.e., TSA and belinostat) showed antitumor effects on
bladder cancer cell lines through cell cycle blockade and
apoptosis induction [16–19]. Li et al. found that the
HDAC inhibitor AR-42 exhibited synergistic effects with
cisplatin against bladder cancer [20]. In 2011, Yoon et al.
observed that TSA could exert synergistic antitumor activ-
ity with cisplatin and re-sensitize cisplatin treatment in hu-
man UC cells [21]. Similarly, Yeh et al. demonstrated that
TSA re-sensitized gemcitabine-resistant UC cells [22].
HDAC inhibitors combined with chemotherapeutic agents
might be a promising therapeutic strategy to improve ther-
apeutic efficacy or to overcome resistance of UC.
Nevertheless, the underlying mechanism involved in the
augmented cytotoxicity and re-sensitization of drug resis-
tance in UCs remains unclear.

Systemic chemotherapy is the standard modality to im-
prove survival in patients with metastatic UC. The key
agents in the current standard regimens of chemotherapy
are DNA-targeting agents, including gemcitabine plus cis-
platin (GC) and methotrexate, vinblastine, doxorubicin,
and cisplatin (MVAC). The antitumor efficacy of DNA-
targeting agents is also limited by tight DNA coiling.
Unwinding of tight DNA coiling to facilitate DNA
targeting is becoming a promising approach for improving
the anticancer effects of these DNA-targeting agents.
HDAC inhibitors lead to histone hyper-acetylation and
less compacted DNA to enhance the antitumor effects of
DNA-targeting agents, such as cisplatin and gemcitabine.

In the in vitro and in vivo studies, we examined whether
TSA, an antifungal antibiotic that selectively inhibits class I
and II HDAC families of enzymes, enhances the efficacy of
current primary chemotherapeutic agents (cisplatin,
gemcitabine, and doxorubicin) in treating human bladder
UC. In addition, we aimed to elucidate the mechanism under-
lying the combination effects of TSA and chemotherapy.

Material and methods

Cell culture

Two human UC cell lines were used in this study. NTUB1
cells, which have been proven to be tumorigenic in nudemice,

1308 J Mol Med (2018) 96:1307–1318



were derived from the specimen of a patient with high-grade
transitional cell carcinoma. T24 cells were separated from
highly malignant grade III human urinary bladder carcinoma
[23] and purchased from the Bioresource Collection and
Research Center (BCRC, Hsinchu, Taiwan). The cell lines
were cultured in RPMI-1640 medium (for NTUB1) or
Dulbecco’s modified Eagle’s medium (for T24) supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and
100 μg/mL of streptomycin (Invitrogen, Carlsbad, CA).

Reagents and chemicals

TSA compounds were obtained from Sigma-Aldrich (St. Louis,
MO). Chemotherapeutic agents used in this study were from
clinical medications: cisplatin from Abiplatin (Pharmachemie
BV, GA Haarlem, the Netherlands), gemcitabine from Gemzar
(Lilly, Fegersheim, France), and doxorubicin from Adriblastina
Rapid Dissolution Pfizer (New York, NY). All the other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO)
or Merck Millipore (Billerica, MA).

Antibodies

For western blotting, antibodies against cleaved PARP, cleaved
caspase-3, cleaved caspase-7, phospho-Bcl2, phospho-MEK1/
2, phospho-ERK1/2, phospho-p90, phospho-c-Raf, MEK1/2,
p90, and c-Raf were purchased from Cell Signaling
Technologies (Danvers, MA). The other antibodies against
ERK1/2 and ɑ-tubulin were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). β-actin and GAPDH anti-
bodies were purchased from Genetex, Inc. (Irvine, CA). For
immunohistochemistry (IHC), antibodies against phospho-
ERK1/2 and phospho-c-Raf were obtained from Santa Cruz
Biotechnology.

Cell viability assay

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
(MTT, Sigma-Aldrich) was used to determine cell viabil-
ity. The cells were suspended in culture medium, seeded
in 96-well microplates (4500 cells/well), and incubated at
37 °C for 48 h before drug treatment. After drug expo-
sure, the cells were further incubated with 0.5 mg/mL
MTT in complete medium at 37 °C for 4 h. Then, dimeth-
yl sulfoxide (DMSO) was applied to dissolve the reduced
MTT crystals, and the solvents were subjected to a plate
reader for detection of absorbance at 570 nm.

Combination index

The combined effects of chemotherapeutic agents and TSA
were determined using CalcuSyn software (version 1.1.1,
1996, Biosoft, Cambridge, UK). The combined effects at

combination ratios of 1:20 (TSA to cisplatin), 1:5 (TSA to
gemcitabine), and 2:1 (TSA to doxorubicin) were subjected
to median-effect and combination index (CI) analysis as pre-
viously described [24, 25]. The combined dose effects were
presented by median, dose, and CI effects as plotted in Fig. 3.
CI values of less than 1, equal to 1, and greater than 1 were
defined as synergistic, additive, and antagonistic, respectively.

Western blot analysis

To determine protein expression, NTUB1 and T24 cells were
lysed with cell lysis buffer (Cell Signaling Technologies) on
ice after washing with cold phosphate-buffered saline (PBS).
The supernatants were collected after centrifugation of cell
lysates at 14,000 rpm for 10 min at 4 °C, and the BCA protein
assay (Thermo Scientific Pierce, Rockford, IL) was used to
detect the total protein concentrations. Equal protein amounts
from each group, which were mixed with TOOLS sample
loading buffer (Biotools, Taipei, Taiwan), were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and then transferred onto polyvinylidene fluoride (PVDF)
membranes (Merck Millipore). After blocking with 5% bo-
vine serum albumin (BSA) in PBS, the membranes were in-
cubated with various primary antibodies in PBS at 4 °C over-
night. After washing twice with TBST (TBS containing
0.05% Tween 20), the membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies
(Genetex) at recommended dilution ratios in PBS at room
temperature for 2 h. Antibody-labeled membranes were again
washed twice with TBSTand visualized by enhanced chemilu-
minescence (ECL) substrates (Merck Millipore and Biotools)
under ImageQuant LAS 4000 (GE Healthcare) system.

Knockdown of ERK using siRNA

To knockdown ERK1/2, NTUB1 and T24 cells were
transfected with 10 nM ON-TARGETplus SMARTpool
siRNA targeting ERK1/2 (Thermo Scientific Dharmacon,
Lafayette, CO) or 10 nM non-targeting scramble siRNA (as
control, Thermo Scientific Dharmacon) by DharmaFECT 1
transfection reagent (Thermo Scientific Dharmacon) in accor-
dance with the manufacturer’s instructions for 48 h. After var-
ious treatments, the cells were collected for different analyses.

Apoptosis assay

The apoptosis assay was performed by FITC Annexin V
Apoptosis Detection Kit (BD Biosciences, Bedford, MA), ac-
cording to the manufacturer’s protocol. Then, the stained ap-
optotic cells were examined and quantified using FACS flow
cytometry (Becton Dickinson, Cockeysville, MD).
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IHC in human UC specimens

Formalin-fixed, paraffin-embedded tissue blocks and fresh UC
specimens from 10 patients with metastatic bladder UC were col-
lected from patients who had received systemic chemotherapy
with gemcitabine and cisplatin regimens. Five of them were de-
fined as chemoresistant for disease progression during chemother-
apy, while five of them were defined as chemosensitive for being
responsive to chemotherapy. IHC staining by phospho-ERK1/2
and phospho-c-Raf antibodies was performed as previously de-
scribed on 5-μm sections of formalin-fixed, paraffin-embedded
specimens. Two board-certified pathologists (Lin W.C. and Sun
C.T.) who were unaware of the clinical data evaluated the immu-
noreactivity of phospho-ERK1/2 and phospho-c-Raf. The staining
intensity was categorized as 0 (negative), 1 (weakly positive), 2
(moderately positive), and 3 (strongly positive).Themean percent-
age of positively stained tumor cells was determined by counting
at least 10 random fields at both 40 and 400magnification in each
section. The IHC score was calculated by multiplying intensity
with the mean percentage of positive staining.

In vivo xenograft

In the present study, 80 mice were used in total. NTUB1 or
T24 cells (5 × 105) were suspended in 200 μL of serum-free
media and mixed with an equivalent volume of Matrigel (BD
Biosciences). Eight-week-old nude mice (obtained from the
Taiwan National Laboratory Animal Center, Taipei, Taiwan)
were injected subcutaneously with the above mixture into the
dorsal flanks. The mice were treated with cisplatin,
gemcitabine, doxorubicin, TSA, or each combined with
TSA after the tumors had grown to approximately 100–
150 mm3 and paralleled with the control group mice (n = 5
for each group). The anti-cancer agents cisplatin (10 mg/kg,
three times weekly), gemcitabine (15 mg/kg, twice weekly),
doxorubicin (10 mg/kg, twice weekly), or TSA (1 mg/kg,
three times weekly) in normal saline were intraperitoneally
(i.p.) injected into the chemotherapy- and TSA-treated groups,
respectively, three times a week for four weeks. Meanwhile,
the same doses of both the drug and TSA were applied with
the same frequency within the same duration in the combined

Fig. 1 TSA inhibits cell viability and enhances cytotoxicity of
chemotherapeutic agents (cisplatin, gemcitabine, or doxorubicin) in
human UC cells. a, b NTUB1 (a) and T24 (b) cells were treated with
various concentrations of TSA (0.1–1 μM) for 48 h in combination with

various concentrations of chemotherapeutic agents (cisplatin 2.5–30 μM,
gemcitabine 0.5–20 μM, and doxorubicin 0.05–5 μM). Cell viability was
assessed by MTT assay

1310 J Mol Med (2018) 96:1307–1318



groups. Mice receiving a mixture of DMSO and normal saline
were designated as the non-treated control group. The tumor
sizes were measured by calipers, and the volume was calcu-
lated as follows: volume = longest tumor diameter × (shortest
tumor diameter)2 / 2 every 4 days. The tumors after 4 weeks of
treatment were abscised, and pictures were taken before being
frozen in liquid nitrogen and stored at − 80 °C. The study that
involve human participants and animal experiments have been
approved by the institutional research ethics committee (no.
201112136RIC) and National Taiwan University College of
Medicine and College of Public Health Institutional Animal
Care and Use Committee (IACUC) (No. 20160117).

Statistical analysis

Statistical analyses was performed using GraphPad Prism® 5
software. All data were presented as the means ± SD and ana-
lyzed by one-way ANOVA. Bonferroni post hoc test was

further applied to compare the significance of each set of two
groups. P values < 0.05 are considered statistically significant.

Results

TSA reduced cell viability and enhanced cytotoxicity
of chemotherapeutic agents (cisplatin, gemcitabine,
and doxorubicin) in human UC cells

We first assessed the impact of TSA alone and in combina-
tion with three chemotherapeutic agents (cisplatin,
gemcitabine, and doxorubicin) on the viability of UC cells
usingMTTassay. Figure 1 shows that TSA alone effectively
reduced cell viability in a dose-dependent manner (0–1 μM)
in both NTUB1 and T24 cells after 48 h of exposure. We
then investigated the cytotoxic effects of TSA (0.1–1 μM)
in combination with various concentrations of three

Fig. 2 TSA potentiates the apoptotic effects of three chemotherapeutic
agents (cisplatin, gemcitabine, and doxorubicin) on UC cells. a NTUB1
and T24 cells were treated with 0.5 μM TSA in combination with either
cisplatin 10 μM, gemcitabine 2.5 μM, or doxorubicin 0.25 μM.
Quantitative analyses of total apoptosis (early and late) population
following 48-h treatment are presented. Apoptotic cells were analyzed

by FACS flow cytometry with propidium iodide (PI) and Annexin V-
FITC staining. *Indicates significant difference (p < 0.05) between
untreated and treated groups. b Cell lysates were harvested and
analyzed by western blotting with specific antibodies against cleaved
caspase-3, caspase-7, and cleaved PARP. Results shown are
representative of at least three independent experiments
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chemotherapeutic agents (2.5–30 μM cisplatin, 0.5–20 μM
gemcitabine, and 0.05–5 μMdoxorubicin) on UC cells after
48 h of exposure. Figure 2 shows that TSA efficiently en-
hances the cytotoxic effects of the three chemotherapeutic
agents on both NTUB1 and T24 cells.

TSA potentiates the apoptotic effects of three
chemotherapeutic agents (cisplatin, gemcitabine,
and doxorubicin) on UC cells

Next, we evaluated the apoptotic effect of TSA alone
and in combination with three chemotherapeutic agents
(cisplatin, gemcitabine, and doxorubicin) on NTUB1

and T24 cells using flow cytometry (FACS) with
propidium iodide (PI) and Annexin V-FITC staining.
TSA (0.5 μM) alone induced apoptosis in NTUB1 and
T24 cells after 48 h of exposure (Fig. 2a). TSA treat-
ment significantly increased apoptosis compared to
those in untreated cells. TSA significantly potentiates
the apoptotic effects of the three chemotherapeutic
agents (10 μM cisplatin, 2.5 μM gemcitabine, and
0.25 μM doxorubicin) on UC cells. Western blot
showed that TSA in combination with each of the three
chemotherapeutic agents further increased cleaved cas-
pase 3, 7, and PARP compared to those induced by
chemotherapeutic agent alone (Fig. 2b). Consistently, co-

Fig. 3 TSA in combination with chemotherapeutic agents (cisplatin,
gemcitabine, and doxorubicin) synergistically inhibits cell viability in
human UC cells (CI < 1). a, b Human UC cells NTUB1 (a) and T24
(b) were treated with TSA alone or in combination with cisplatin,

doxorubicin, or gemcitabine (1:20 ratio) for 24 h. Cell viability was
determined using MTT assay. The median-effect plot, dose-effect plot,
and combination index (CI) plot of TSA and chemotherapeutic agents are
presented
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treatment with TSA suppressed chemotherapy-induced activa-
tion of phospho-Bcl2, an anti-apoptosis regulator as can be seen
in Fig. S1 of supplemental data. These data consistently indicate
that TSA potentiates the apoptotic effects of chemotherapy on
UC cells.

TSA in combination with chemotherapeutic agents
(cisplatin, gemcitabine, and doxorubicin)
synergistically inhibited cell viability in human UC
cells

The combination index (CI) was analyzed to clarify the
combined effect of TSA and chemotherapeutic agents.
The combination index-effect and dose-effect plots are
shown in Fig. 3. TSA in combination with each of the
three chemotherapeutic agents consistently exhibited
synergistic effects (CI < 1) both on NTUB1 and T24
UC cells. These findings indicate that TSA cooperates
synergistically with chemotherapy to inhibit cell viabili-
ty of UC cells.

TSA suppresses the activation of Raf/MEK/ERK
pathway associated with chemotherapeutic agent
treatment in human UC cells

Raf/MEK/ERK signaling pathway is involved in the regula-
tion of cell growth proliferation, survival, and apoptosis [26].
The Raf/MEK/ERK pathway can govern drug resistance, ap-
optosis, and sensitivity to chemo- and targeted therapy and has
been reported to be a therapeutic target of cancer [27].
However, the precise role of Raf/MEK/ERK pathway in the
combinatorial effects of TSA and chemotherapeutic agents
has never been explored. Thus, we examined the expression
levels of phospho-c-Raf, phospho-MEK1/2, phospho-ERK1/
2 and the downstream target phospho-p90 after treatment with
TSA alone, each chemotherapeutic agent alone (10 μM cis-
platin, 2.5μMgemcitabine, and .25μMdoxorubicin), or TSA
in combination with each chemotherapeutic agent. We ob-
served that each chemotherapeutic agent alone markedly acti-
vated Raf/MEK/ERK pathway and the downstream p90
(Fig. 4). Co-treatment with TSA with chemotherapy sup-
pressed chemotherapy-induced activation of Raf/MEK/

Fig. 4 Expression Raf/MEK/ERK signaling pathway after TSA alone
and in combination with chemotherapeutic agents (cisplatin,
gemcitabine, and doxorubicin) in human UC cells. a, b NTUB1 (a) and
T24 (b) cells were treated with 0.5 μM TSA in combination with either
cisplatin 10 μM, gemcitabine 2.5 μM, or doxorubicin 0.25 μM for 48 h.

Cell lysates were harvested and analyzed by western blotting with
specific antibodies against phospho-c-Raf, c-Raf, phospho-MEK1/2,
MEK1/2, phospho-ERK1/2, total ERK1/2, phospho-p90 and p90.
Results shown are representative of at least three independent
experiments
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ERK pathway and phospho-p90. Raf/MEK/ERK signaling
pathway seemed to be involved in TSA and DNA dam-
aging drug synergy.

ERK knockdown and an inhibitor of the Raf/MEK/ERK
signaling pathway, U0126, augmented
the effectiveness of chemotherapy in UC cells

To clarify whether regulation of the Raf/MEK/ERK pathway
potentiated chemotherapy efficacy in UC cells, we used
U0126, a specific MEK inhibitor, and ERK siRNA knock-
down to examine the role of the Raf/MEK/ERK pathway in
the combination effects of chemotherapy and TSA on UC

cells. Figure 5 shows that U0126 decreased chemotherapy-
induced phospho-ERK1/2 activation without changing total
ERK1/2 level. ERK knockdown by siRNA decreased
ERK1/2 level and enhanced chemotherapy-induced cytotox-
icity. Downregulation of Raf/MEK/ERK pathway by U0126
or ERK siRNA significantly enhanced chemotherapy-induced
cytotoxicity in UC cells.

TSA enhanced chemotherapy-induced antitumor
effects in a xenograft mouse model

We then evaluated the antitumor effects of chemotherapy and
TSA alone or in combination in vivo using a xenograft mouse

Fig. 5 Inhibition of Raf/MEK/ERK pathway enhances the cytotoxic
effects of chemotherapeutic agents (cisplatin, gemcitabine, doxorubicin)
on UC cells. a NTUB1 and T24 cells were treated with cisplatin 10 μM,
gemcitabine 2.5 μM, or doxorubicin 0.25 μM for 48 h in combination
with U0126 10 μM. Cell viability was assessed by MTT assay. b Cell
lysates were harvested and analyzed by western blotting with specific
antibodies against phospho-ERK1/2 and ERK1/2. Results shown are
representative of at least three independent experiments. c Effects of

combination treatment and ERK knockdown on viability of NTUB1
and T24 cells. Cells were transfected with ERK siRNA (10 nM) or
scramble siRNA (10 nM) (as a control), followed by treatment with
cisplatin 10 μM, gemcitabine 2.5 μM, or doxorubicin 0.25 μM for
48 h. Cell viability was assessed by MTT assay. Data are presented as
means ± SD of three independents experiments. *p < 0.05 compared with
scramble siRNA and chemotherapeutic agents
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model. NTUB1 or T24 cells were mixed with Matrigel and
then injected subcutaneously into the flanks of homozygous
nude mice. Figure 6 shows that the combination of chemo-
therapy and TSAyielded significant antitumor effects on T24
and NTUB1 xenografts compared to chemotherapeutic agent
or TSA alone. These results further confirm the in vitro find-
ings that TSAworks together with chemotherapeutic agents to
improve the antitumor effect on UCs.

Activated Raf/MEK/ERK signaling pathway in UC is
associated with chemo-resistance in patients
with metastatic UC

We then examined the expression of phospho-ERK1/2 and
phospho-c-Raf in bladder UC tissue samples from 10 patients
with metastatic UC who had received systemic chemotherapy
with gemcitabine and cisplatin regimen by using IHC staining.
The immunoreactivities of phospho-ERK1/2 and phospho-c-

Raf in 5 chemo-resistant UCs (a-e) were stronger compared to
those in 5 chemo-sensitive UCs (f-j) (Fig. 7). The IHC scoring
of p-ERK and p-c-Raf in five chemo-sensitive and five
chemo-resistant UC tumors are shown in Fig. S2 of supple-
ment data.

Figure S2 shows western blot analysis in two chemo-
sensitive (a, b in Fig. 7) and two chemo-resistant samples (f,
g in Fig. 7) among ten tumors. The IHC scores for phospho-
ERK1/2 and phospho-c-Raf showed stronger in chemo-
resistant UCs compared to those in chemo-sensitive UCs
(p = 0.01 and 0.14, respectively) (Fig. S2).

Discussion

In the present study, we demonstrated that TSA synergistically
enhanced cytotoxic and apoptotic effects of cisplatin,
gemcitabine, or doxorubicin on human UC cells. Previous

Fig. 6 Xenograft model demonstrates the efficacy of the combination of
chemotherapy and TSA in vivo. a, b Nude mice bearing NTUB1 (a) or
T24 (b) xenograft tumors were treated with dimethyl sulfoxide (as
control), cisplatin, gemcitabine, doxorubicin, TSA, cisplatin/TSA,
gemcitabine/TSA, and doxorubicin/TSA for 4 weeks, respectively. The

representative excised tumors from each group are shown in the upper
part. The lower part shows the time-dependent tumor volume (mm3)
change presented as means ± SD. *p < 0.05 represents a significant
difference between the cisplatin group and combination group
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studies have indicated the synergistic effects of similar com-
binations as we described in introduction [20–22]. Moreover,
we observed that Raf/MEK/ERK was involved in the combi-
nation effects of TSA and chemotherapy. TSA suppressed
chemotherapy-induced Raf/MEK/ERK signaling activation.
Inhibition of Raf/MEK/ERK pathway by U0126 and ERK
knockdown potentiated the cytotoxicity of chemotherapy in
UC cells. Raf/MEK/ERK pathway play a role in the drug
synergy. Regulation of Raf/MEK/ERK pathwaymay augment
chemotherapy and re-sensitization of drug resistance in UCs.

The Raf/MEK/ERK pathway plays a critical role in many
aspects of tumorigenesis and is a promising therapeutic tar-
get because it represents a common downstream pathway
for several growth factors of tyrosine kinase receptors,
which are frequently mutated or overexpressed in human
cancers [28]. Raf kinases are a family of serine threonine
kinases that phosphorylate and activate MEK1/2, which
then phosphorylates and activates ERK1/2.When activated,
ERK1/2 phosphorylates various downstream substrates,

such as p90 (90–90-kDa Ribosomal S6 kinase) involved
in multiple cellular responses from cytoskeletal changes to
gene transcription, which are associated with apoptosis, in-
vasion, and metastasis of cancer cells.

Moreover, mutations in RAS genes are the most com-
mon mutations found in bladder UC, and up to 13% of all
UCs harbor mutations in HRAS, KRAS, or NRAS [29].
Raf was the first identified and most characterized down-
stream effector kinase of Ras. Intriguing evidence has
emerged indicating that the Raf/MEK/ERK pathway plays
a critical role in drug resistance. Activated Raf/MEK/ERK
pathway renders tumor cells resistant to chemotherapy.

Novel anticancer agents targeting the Raf/MEK/ERK path-
way are currently being evaluated and may prove to be more
effective and less toxic than conventional cytotoxic therapies.
In the present study, Raf/MEK/ERK activation was observed
after chemotherapy, and co-treatment with TSA suppressed
the activation of Raf/MEK/ERK and enhanced the antitumor
effects on UC cells. Furthermore, downregulation or

Fig. 7 Activated Raf/MEK/ERK signaling pathway in UC cells is
associated with chemo-resistance in patients with metastatic UC. a-j
Immunohistochemical (IHC) staining for analysis of phospho-ERK and
phospho-c-Raf ontumors from all 10 patients with metastatic bladder UC,
5 (a–e) with chemo-sensitive and 5 (f–j) with chemo-resistant status. IHC

staining of formalin-fixed, paraffin-embedded bladder UC tissues. Upper
part shows stronger nuclear and cytoplasmic staining of phospho-ERK1/
2 in chemo-resistant cells than that in chemo-sensitive UC cells. Lower
part shows stronger nuclear staining of phospho-c-Raf in chemo-resistant
cells than that in chemo-sensitive UC cells
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suppression of Raf/MEK/ERK pathway potentially served as
a promising therapeutic option to develop a novel strategy for
the treatment of metastatic UCs. Our findings indicate the
critical role of Raf/MEK/ERK signaling pathway in enhanc-
ing susceptibility to chemotherapy in UC cells. In addition, the
differential expression of phospho-c-Raf and phospho-ERK
between chemo-resistant and chemo-sensitive UC is potential-
ly an indicator of chemotherapy response in clinical practice.

HDAC inhibitors have been studied in pre-clinical inves-
tigations as therapeutic or chemopreventive agents in vari-
ous cancers. In this study, we showed that TSA is capable of
inducing apoptosis and cell death in human UC cells. Co-
treatment with TSA suppressed chemotherapy-induced Raf/
MEK/ERK pathway activation and synergistically en-
hanced chemotherapy efficacy. To date, a number of natural
and synthetic chemical compounds functioning as HDAC
inhibitors have been developed. HDAC inhibitors are clas-
sified into groups based on their chemical structure, includ-
ing hydroxamic acids (TSA, vorinostat), carboxylic acids
(valproate, butyrate), aminobenzamides (entinostat,
mocetinostat), cyclic peptides (apicidin, romidepsin),
epoxyketones (trapoxins), and hybrid molecules. Future
studies are warranted to investigate and clarify the outcomes
by inhibiting specific HDAC-dependent complexes in UC
following treatment with various HDAC inhibitors.

Our study has some limitations. First, we use bladder
cancer cell lines as a surrogate for evaluating primary
bladder cancer behavior. Moreover, the xenograft mouse
model may not totally represent the cancer microenviron-
ment. Second, the potential targets of TSA to non-histone
proteins have not been well explored. Third, we did not
study the alterations of epigenetic modulation after TSA
treatment. HDAC inhibitors have broad effects. Similarly,
Raf/MEK/ERK cascade regulates the activity of many
proteins and is involved in multiple cellular processes.
We could not assume that Raf/MEK/ERK cascade is the
only or main mechanism of TSA and DNA damaging
drug synergy based on the current data; nevertheless, it
cannot be ruled out as a factor.

In conclusion, TSA synergistically enhances the cytotoxic
effects of three DNA-targeting chemotherapeutic agents (cis-
platin, gemcitabine, and doxorubicin). Raf/MEK/ERK path-
way is involved in the synergistic effects of TSA and chemo-
therapeutic agents. These findings are promising for the de-
velopment of new strategies to circumvent drug resistance in
human UC treatment via suppression of Raf/MEK/ERK path-
way and combining with HDAC inhibitors.
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