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Drug resistance greatly reduces the efficacy of doxorubicin-based chemotherapy

in bladder cancer treatment; however, the underlying mechanisms are poorly

understood. We aimed to investigate whether N1-guanyl-1,7-diaminoheptane

(GC7), which inhibits eukaryotic translation initiation factor 5A2 (eIF5A2) activa-

tion, exerts synergistic cytotoxicity with doxorubicin in bladder cancer, and

whether eIF5A2 is involved in chemoresistance to doxorubicin-based bladder

cancer treatment. BIU-87, J82, and UM-UC-3 bladder cancer cells were transfected

with eIF5A2 siRNA or negative control siRNA before incubation with doxorubicin

alone or doxorubicin plus GC7 for 48 h. Doxorubicin cytotoxicity was enhanced

by GC7 in BIU-87, J82, and UM-UC-3 cells. It significantly inhibited activity of

eIF5A2, suppressed doxorubicin-induced epithelial–mesenchymal transition in

BIU-87 cells, and promoted mesenchymal–epithelial transition in J82 and UM-UC-3

cells. Knockdown of eIF5A2 sensitized bladder cancer cells to doxorubicin, pre-

vented doxorubicin-induced EMT in BIU-87 cells, and encouraged mesenchymal–

epithelial transition in J82 and UM-UC-3 cells. Combination therapy with GC7

may enhance the therapeutic efficacy of doxorubicin in bladder cancer by inhibit-

ing eIF5A2 activation and preventing epithelial–mesenchymal transition.

B ladder urothelial cancer is a tumor type whose high
malignancy is the major reason for the high morbidity

and mortality worldwide.(1) It has been shown that cystectomy
or transurethral bladder resection is the most effective
treatment and is often used in combination with chemother-
apy drugs to prevent recurrence and to eradicate bladder can-
cer.(2,3) However, chemoresistance to traditional chemotherapy
agents largely compromises the effects of therapy,(4) and a
mechanism facilitating bladder tumor chemoresistance remains
to be elucidated before it can be exploited. Doxorubicin is a
widely used chemotherapy drug in bladder cancer treatment,
especially in intravesical chemotherapy,(5) however, the
increased resistance capacity of bladder cancer and intolerable
side complications are a serious obstruction to its extensive
application in the treatment of bladder cancer.(6) Several recent
studies have revealed that the combination of novel molecular
agents and traditional chemotherapy drugs such as doxorubicin
is very helpful for enhancing the chemotherapy effect and pro-
longing the survival of bladder cancer patients.(7,8)

Tumorigenesis in the bladder is a multistep process that is
believed to be regulated by several aberrantly expressed genes
that cause alterations of morphological and molecular
features.(9) Initiation of EMT in bladder cancer cells has been
recognized as a key procedure promoting the malignant prop-
erties of bladder cancer.(10) The term “EMT” refers to the
complicated progression in which cancer cells lose epithelial
properties and barrier functions mediated by cell-to-cell adher-
ence and gain mesenchymal morphology with capacity for
metastasis.(11,12) Emerging evidence suggests that EMT in
bladder cancer is a response for the acquisition of invasive and
chemoresistance properties.(10) There are two bladder cancer
subtypes, superficial and muscle-invasive. The latter shows
more mesenchymal phenotype with greater capacity for
chemoresistance and is accountable as the main cause of death
in bladder cancer.(13) Recent research has revealed that there is
enrichment of mesenchymal-related gene expression in mus-
cle-invasive bladder cancer, such as Twist-1, snail, ZEB1, and
ZEB2.(11,14) Along with these observations, overexpression of
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vimentin and downregulation of b-catenin or plakoglobin were
proven to be closely related with poor response to chemother-
apy and consequent shorter disease-free survival.(15) These
reports indicate that EMT may serve as an important factor in
inducing the poor effect of chemotherapy in bladder cancer.
Consistent with this hypothesis, other research groups have
detected doxorubicin-induced EMT progress in many human
tumor types that resulted in chemoresistance. Thus, it is of
great importance to investigate whether doxorubicin-treated
bladder cancer cells undergo EMT in consideration of the
oncogenic potential of EMT.
Chromosomal aberrations are one of the most frequent events

during the progress of cancer.(16) This includes the amplifica-
tion of 3q, which has been detected in bladder,(17) liver,(16) and
ovarian cancer.(18) An analysis of metastasis-related genes
revealed that DHPS, an enzyme catalyzing hypusination, con-
tributes to the progress of tumor malignance and poor progno-
sis.(19) To date, the eukaryotic translation initiation factor 5A
family (eIF5A and eIF5A2) is the only known substrate of
DHPS.(20) Post-translational modifications of eIF5A2 catalyzed
by DHPS are necessary for maturity of eIF5A2.(16) Interest-
ingly, eIF5A2, first identified as an oncogene in ovarian cancer,
is located on 3q26.(18) These facts imply that aberrant eIF5A2
expression is a response to the malignant behavior of cancer
cells. Moreover, GC7, a DHPS inhibitor, exerts antiproliferation
effects in many solid tumors.(21) Hence, it is important to
exploit the underlying mechanism that eIF5A2 exerts and pre-
dict the oncogenic pathway, the benefit of which may be
improvement of the prognosis for patients with bladder cancer.
More recently, eIF5A2 was found to have great impact on

EMT progression in many cancer types, including HCC(16) and
colorectal carcinoma,(20) through different downstream molecu-
lar pathways; however, the relationship between eIF5A2 and
EMT in bladder cancer cells has not been investigated. Herein,
we examined the antitumor effect of doxorubicin-based treat-
ment combined with GC7 in bladder cancer cells. We also
investigated the underlying mechanisms of this combined ther-
apy, and found that inactivation of eIF5A2 induced by GC7
was associated with suppression of doxorubicin-induced EMT
in bladder cancer cells.

Materials and Methods

Cell culture and reagents. Human bladder cancer cell lines
BIU-87, J82, and UM-UC-3 were purchased from the ATCC
(Manassas, VA, USA). The cell lines were cultured in DMEM
(Gibco, Carlsbad, CA, USA) supplemented with 10% FBS and
1% penicillin ⁄ streptomycin. All cells were maintained at 37°C
in 5% CO2 ⁄95% air. Doxorubicin and GC7 were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Polyamine spermidine
and spermine were purchased from Sigma-Aldrich. The eIF5A2
and Twist-1 siRNA and negative control siRNA were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell viability assay and EdU incorporation assay. Bladder can-
cer cells or siRNA-transfected bladder cancer cells were
seeded onto 96-well plates at 3000 cells ⁄well. The medium
was replaced with the corresponding serum-free medium for
24 h to synchronize the cell cycle, then serum-free medium
was replaced with complete medium containing the drugs at
the indicated concentrations for 48 h. Then 10 lL ⁄well CCK8
solution (Dojindo, Kumamoto, Japan) was added, the plates
incubated for 3 h, and absorbance was measured at 450 nm
using an MRX II microplate reader (Dynex, Chantilly, VA,
USA). Cell viability was calculated as a percentage of

untreated control. Measurement of inhibitive rate of cell prolif-
eration was carried out using a Click-iT EdU Imaging Kit
(Invitrogen, Carlsbad, CA, USA) following the procedure
previously described.(22)

Transfection of siRNA. Cells were transfected with eIF5A2
siRNA, Twist-1 siRNA, or negative control siRNA using
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. The transfection medium (Opti-MEM; Gibco)
was replaced with complete medium 12 h after transfection,
and the cells were incubated for the indicated times. The
effects of transfection of siRNA (scrambled siRNA) on cell
viability and cell phenotype transition were tested by CCK8
and Western blot analyses (Fig. S1).

Western blot analysis. Bladder cancer cells were collected
and lysed in 50 lL cell lysis buffer (Cell Signaling Technol-
ogy, Danvers, MA, USA) containing protease inhibitors
(Sigma-Aldrich). The protein concentration was quantified
using a BCA Protein Kit (Thermo Fisher Scientific, Rockford,
IL, USA). The cell lysates were separated by 10% SDS-PAGE
and the proteins were transferred to PVDF membranes (Milli-
pore, Billerica, MA, USA), blocked with TBS ⁄T containing
5% BSA, and then incubated with primary antibodies against
E-cadherin, vimentin, Twist-1, Zeb-1, snail, or eIF5A2
(Abcam, Cambridge, MA, USA) at 4°C overnight. The mem-
branes were washed three times with TBS ⁄T and then incu-
bated with the appropriate HRP-conjugated secondary
antibodies for 1 h at room temperature. The protein bands
were detected by chemiluminescence (GE Healthcare, Piscata-
way, NJ, USA) and visualized by autoradiography (Kodak,
Rochester, NY, USA).

Measurement of eIF5A2 activity. Formation of hypusinated
eIF5A2 catalyzed by DHPS, which cleaves spermidine and
transfers its 4-aminobutyl moiety to lysine residue of eIF5A2 to
form hypusine residue, is essential for eIF5A2 maturation.
Counting the radioactivity of3H-labelled spermidine incorpo-
rated into bladder cancer cells was used to measure the activity
of eIF5A2. In brief, bladder cancer cells were incubated in the
presence of [1, 8-3H]-spermidine (10 lCi ⁄mL; Perkin-Elmer ⁄
NEN, Boston, MA, USA) for 48 h. Harvested cells were precipi-
tated in 10% trichloroacetic acid containing 1 mM unlabeled
spermidine and spermine and washed repeatedly until no radio-
activity was detectable. The trichloroacetic acid precipitate was
used for SDS-PAGE and the radioactivity of hypusinated
eIF5A2 was detected by fluorography after SDS-PAGE.

Immunofluorescence. Bladder cancer cells were seeded into
48-well plates at 6000 cells ⁄well and treated as described for
the cell viability assays. After treatment for the indicated
times, the cells were fixed with 4% formaldehyde for 15 min,
washed with PBS, treated with 5% BSA for 30 min at room
temperature, and incubated with mouse anti-human vimentin
or anti-human E-cadherin primary antibodies (Cell Signaling
Technology) at 4°C overnight. The cells were incubated with
goat anti-mouse FITC-conjugated secondary antibody (Abcam)
at 4°C for 2 h, incubated with DAPI (Sigma-Aldrich) for
2 min at room temperature, washed twice with PBS, and
observed using an inverted fluorescence microscope (Olympus,
Tokyo, Japan).

Statistical analysis. Experimental data are presented as the
mean � SD. Statistical analysis was carried out using PRISM 5
(GraphPad, San Diego, CA, USA). The effects of combined
treatment were compared using two-way ANOVA, followed by
Bonferroni’s post-hoc test. Analyses for two groups comparing
were carried out using Student’s t-tests. A P-value <0.05 was
considered statistically significant.
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Results

Low concentrations of GC7 have little effect on bladder cell

viability. Activation of eIF5A2 is specifically inhibited by GC7
through inhibiting the hypusination of eIF5A2 by DHPS. How-
ever, the cytotoxicity of GC7 towards bladder cells is rarely
reported. To determine the GC7 concentration appropriate for
coadministration with doxorubicin, we tested the effect of a
series of GC7 concentrations on bladder cell viability using
the CCK8 assay. Between 0 and 50 lM, GC7 exerted little
cytotoxicity in bladder cancer cells; however, higher concen-
trations of GC7 (e.g., 100 lM) significantly inhibited the via-
bility of the three cell lines (Fig. 1a–c). Although 50 lM GC7
exhibited little cytotoxicity on bladder cancer cells, rare hypu-
sinated eIF5A2 (mature form) was detected in the presence of
50 lM GC7 (Fig. 1d–f) after incubation with [1, 8-3H]-spermi-
dine. Western blot analyses revealed GC7 did not exert any
effects on the expression levels of eIF5A2 (Fig. 1d–f) in blad-
der cancer cells. Therefore, 50 lM GC7, which exerted a low
toxicity but effectively inhibited eIF5A2 activation, was used
for further cotreatments with doxorubicin.

Cytotoxicity of doxorubicin was enhanced by GC7 in bladder

cancer cells. To assess the synergistic cytotoxic effect of doxo-
rubicin plus GC7, we used the CCK8 assay to measure cell
viability and EdU incorporation assay to test the inhibition of
proliferation of bladder cancer cells treated for 48 h with
doxorubicin alone or doxorubicin plus GC7. BIU-87 cells
showed a higher sensitivity to doxorubicin than J82 and UM-
UC-3 cells (Fig. 2). The IC50 of doxorubicin at 48 h in BIU-
87, J82, and UM-UC-3 cells was 0.38, 0.77, and 0.76 lg ⁄mL,
respectively (Table 1). Cotreatment with GC7 significantly
increased doxorubicin-induced cytotoxicity in all cell lines
(Fig. 2, Table 1). Hence, GC7 significantly sensitized bladder
cancer cells to doxorubicin.
To further ascertain if the phenotype of the bladder cancer

cells contributed to their differing chemosensitivity to the com-
bined therapy, we examined morphology and measured the
expression of epithelial ⁄mesenchymal markers in bladder can-
cer cells. In the views of phase-contrast microscopy, BIU-87

cells showed tight cell–cell adhesion and cobblestone-like col-
ony characters, whereas J82 and UM-UC-3 cells were spindle-
like, more flattened, and had lost the majority of cell contacts
(Fig. 3a). The E-cadherin ⁄vimentin ratio was clearly higher in
BIU-87 cells with an epithelial phenotype than in the J82 and
UM-UC-3 cells, which have a mesenchymal phenotype
(Fig. 3b). Therefore, the ability of GC7 to enhance the cyto-
toxicity of doxorubicin did not occur in relation to phenotype
transition in bladder cancer cells.

Doxorubicin induces EMT in epithelial bladder cancer cells. In
addition to its therapeutic effects, emerging evidence suggests
that doxorubicin also induces EMT and enhances malignant
properties of cancer cells, such as chemoresistance and metasta-
sis.(23,24) To investigate whether doxorubicin induced EMT in
bladder cancer cells, we examined the morphologic changes in
bladder cancer cells during treatment with doxorubicin. After
48 h of incubation, doxorubicin transformed cobblestone-like
BIU-87 cells to a spindle-like phenotype and led to loss of
cell–cell adhesion, which are the hallmarks of mesenchymal
cells (Fig. 3a). We next investigated the changes of underlying
molecular markers of EMT and found that doxorubicin signifi-
cantly decreased E-cadherin expression and upregulated the
mesenchymal marker vimentin in BIU-87 cells (Fig. 3b).
Immunofluorescent staining revealed results consistent with that
of the Western blotting (Fig. 3c). Interestingly, there were no
obvious changes in the morphology and expression of E-cadh-
erin and vimentin in doxorubicin-treated J82 and UM-UC-3
cells (Fig. 3a–c). These data implied that doxorubicin induces
EMT in bladder cancer cells with an epithelial phenotype.
Loss or suppression of E-cadherin is believed to trigger

EMT in cancer cells. Hence, the expression patterns of E-cadh-
erin repressors, such as Twist-1, zeb-1, or snail, were measured
in doxorubicin-treated bladder cancer cells. We found that
doxorubicin increased expression of Twist-1 in BIU-87 cells,
whereas no obvious changes were detected in other E-cadherin
repressors, zeb-1 and snail (Fig. 3b). More interestingly, doxo-
rubicin also upregulated expression of eIF5A2 and promoted
its maturation in BIU-87 cells, however, no such effects were
observed in J82 or UM-UC-3 cells (Fig. 3d).

(a) (b) (c)

(d) (e) (f)

Fig. 1. Determination of the effect of N1-guanyl-1,7-diaminoheptane (GC7) on cytotoxicity and inhibition of eukaryotic translation initiation
factor 5A2 (eIF5A2) activity in bladder cancer cells. BIU-87 (a), J82 (b), and UM-UC-3 (c) cells were incubated with different concentrations of GC7
for 48 h. The CCK8 values of the treated bladder cancer cells were normalized to the control group (Ctrl), which was incubated without GC7.
**P < 0.01; ***P < 0.001. Effects of GC7 (50 lM) on hypusine formation of eIF5A2 in BIU-87 (d), J82 (e), and UM-UC-3 (f) cells after incubation in
the presence of 3H-labeled spermidine were measured by fluorography after SDS-PAGE separation. Western blot analyses showed eIF5A2 steady
state protein expression.
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Doxorubicin-induced EMT can be reversed and MET promoted

by GC7 in bladder cancer cells. To investigate whether GC7
could regulate doxorubicin-induced EMT, we examined mor-
phologic changes and expressions of EMT markers in bladder

cancer cells treated by GC7 with or without doxorubicin.
The dramatic shape change of BIU-87 cells induced by doxo-
rubicin was reversed by GC7, and cells sustained the epithelial
phenotype during doxorubicin plus GC7 treatment (Fig. 3a).

(a) (d)

(b) (e)

(c) (f)

Fig. 2. Cytotoxicity of doxorubicin or doxorubicin plus N1-guanyl-1,7-diaminoheptane (GC7) in bladder cancer cells. GC7 (50 lM) significantly
enhanced the cytotoxicity of doxorubicin in BIU-87 (a), J82 (b), and UM-UC-3 (c) cells. Solid and dashed lines denote the best fit and 95% confi-
dence intervals, respectively, of the different treatments. Photomicrographs and bar charts depict the 5-ethynyl-2′-deoxyuridine (EdU) staining
pattern and relative EdU-positive ratio, respectively, of BIU-87 (d), J82 (e), and UM-UC-3 (f) cells after 48 h of treatment with doxorubicin or
doxorubicin plus GC7. ***P < 0.001.

Table 1. Statistical analyses and IC50 values of doxorubicin and doxorubicin plus N1-guanyl-1,7-diaminoheptane (GC7) treatment in bladder

cancer cell lines

Bladder cancer

cell line

IC50 (lg ⁄mL)† Two-way ANOVA results

Doxorubicin Doxorubicin+GC7
Treatment Concentration Interaction

F(1,60) F(5,60) F(5,60) P-value

BIU-87 0.38 (0.31–0.44) 0.17 (0.15–0.19) 48.29*** 177.41*** 4.58** <0.010

J82 0.77 (0.56–0.97) 0.18 (0.16–0.21) 108.81*** 123.47*** 6.17*** <0.001

UM-UC-3 0.76 (0.56–0.97) 0.22 (0.18–0.27) 58.84*** 92.92*** 2.89* <0.050

*P < 0.05; **P < 0.01; ***P < 0.001. †IC50 value and 95% confidence interval of doxorubicin in each treatment.
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However, GC7 alone exerted little effect on BIU-87 cells. In
line with the morphologic change, there was an increase in E-
cadherin expression and decrease in vimentin expression in
BIU-87 cells after coincubation with doxorubicin plus GC7,
compared to doxorubicin-treated cells. (Fig. 3b,c). Hence,
these results indicated that GC7 reverses doxorubicin-induced
EMT in epithelial bladder cancer cells.
Moreover, although doxorubicin alone did not affect the

mesenchymal phenotype of J82 and UM-UC-3 cells, GC7 pro-
moted development of cell–cell contacts and reversed their
epithelial ⁄mesenchymal ratio (Fig. 3a–c). These results sug-
gested that treatment with GC7 leads to MET in mesenchymal
bladder cancer cells and contributes to the sensitization of
bladder cancer cells to doxorubicin. In addition, we tested the
expression of eIF5A2 after incubation with GC7 or GC7 plus
doxorubicin and found that GC7 did not affect expression of

eIF5A2 in the presence or absence of doxorubicin, however,
GC7 significantly reduced formation of mature eIF5A2
(Fig. 3b,d).

Doxorubicin-induced EMT is required for doxorubicin resistance

in bladder cancer cells. In order to ascertain the roles of EMT
in doxorubicin sensitivity in bladder cancer cells, we examined
the effect of doxorubicin on Twist-1 siRNA-treated bladder
cancer cells. According to morphologic changes, Twist-1 siR-
NA-transfected BIU87 cells sustained the epithelial phenotype
during doxorubicin treatment compared to the negative control
(Fig. 4a). In line with these observations, Twist-1 siRNA
reversed doxorubicin-induced changes of E-cadherin and
vimentin in BIU-87 cells (Fig. 4b). These results indicated that
Twist-1 siRNA reversed doxorubicin-induced EMT. Next,
we explored the sensitivity change to doxorubicin in Twist-1
siRNA-treated BIU-87 cells and found that Twist-1 siRNA

(a)

(c)

(d)

(b)

Fig. 3. N1-guanyl-1,7-diaminoheptane (GC7) alters the expression of doxorubicin-induced epithelial–mesenchymal transition (EMT) markers in
bladder cancer cells. Phase-contrast microscopic images (a), Western blot analyses of expression of EMT markers (E-cadherin and vimentin), and
EMT-associated transcription factors (Twist-1, Zeb-1, and snail) (b), and immunofluorescent images of EMT markers (c) in control bladder cancer
cells and bladder cancer cells treated for 48 h with doxorubicin alone, GC7 alone, or doxorubicin plus GC7. (d) Activity of eukaryotic translation
initiation factor 5A2 (eIF5A2) was measured by fluorography through detection of newly synthesized hypusinated eIF5A2 in bladder cancer cells
treated with doxorubicin (Dox), doxorubicin plus GC7, or vehicle.

Table 2. Statistical analyses and IC50 values of doxorubicin treatment in Twist-1 or negative siRNA transfected bladder cancer cell lines

Bladder cancer

cell line

IC50 (lg ⁄mL)† Two-way ANOVA results

Negative siRNA Twist-1 siRNA
Treatment Concentration Interaction

F(1,60) F(5,60) F(5,60) P-value

BIU-87 0.53 (0.44–0.62) 0.18 (0.15–0.22) 167.49*** 277.99*** 6.99*** <0.001

J82 0.96 (0.78–1.14) 0.18 (0.17–0.23) 224.82*** 189.15*** 12.10*** <0.001

UM-UC-3 0.65 (0.59–0.74) 0.21 (0.19–0.24) 131.13*** 199.56*** 5.97** <0.010

**P < 0.01; ***P < 0.001. †IC50 value and 95% confidence interval of doxorubicin in each treatment.

Cancer Sci | February 2014 | vol. 105 | no. 2 | 223 © 2013 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas J. Yang et al.



significantly enhanced the cytotoxicity of doxorubicin (Fig. 4c,
Table 2). Hence, doxorubicin-induced EMT is a major reason
accounting for doxorubicin resistance.
Moreover, Twist-1 siRNA promoted MET in J82 and UM-

UC-3 mesenchymal bladder cancer cells (Fig. 4a,b) and sensi-
tized them to doxorubicin treatment (Fig. 4c, Table 2).

Knockdown of eIF5A2 alters doxorubicin-induced EMT in BIU-

87 cells and mesenchymal phenotype of J82 and UM-UC-3

cells. Deoxyhypusine synthase is specifically inhibited by GC7
in mammalian cells, which catalyzes the post-translation modi-
fications required to activate eIF5A2. Thus, to ascertain the
role of eIF5A2 in doxorubicin-induced EMT, we used RNAi
to knockdown eIF5A2 expression in bladder cancer cells. The
siRNA-transfected bladder cancer cells were incubated with
doxorubicin or doxorubicin plus GC7 for 48 h. The CCK8
assay and EdU incorporation assay revealed that the eIF5A2
siRNA significantly enhanced the cytotoxicity of doxorubicin
in bladder cancer cells (Fig. 5, Table 3). Western blotting also
revealed the upregulation of E-cadherin and downregulation of
vimentin in eIF5A2 siRNA-transfected BIU-87 cells, and the

contrary alteration of E-cadherin and vimentin expression in
J82 and UM-UC-3 cells treated with doxorubicin for 48 h,
compared to doxorubicin-treated cells transfected with the neg-
ative control siRNA (Fig. 6). We also preliminarily investi-
gated the relationship between eIF5A2 and Twist-1 in bladder
cancer cells. Knockdown of eIF5A2 decreased expression of
Twist-1 in bladder cancer cells in the presence of doxorubicin
(Fig. 6). Analogously, inhibition of activation of eIF5A2 by
GC7 also showed similar effects (Fig. 3b). These results indi-
cated that eIF5A2 is an important factor in the pathway
involved in EMT regulations of bladder cancer cells. Twist-1,
the E-cadherin repressor, may serve as an important down-
stream target of the eIF5A2 pathway in bladder cancer cells.

Discussion

Adjuvant or neoadjuvant chemotherapy is the most indispens-
able component in the treatment of bladder urothelial carci-
noma, which is frequently detected at a late stage at the clinic
due to a lack of early symptoms and effective diagnostic tech-

(a)

(b)

(c)

Fig. 4. Effects of Twist-1 siRNA on expression levels of epithelial–mesenchymal transition markers and sensitivity to doxorubicin treatment in
bladder cancer cells. Phase-contrast microscopic images (a) and Western blot analyses (b) of expression of epithelial–mesenchymal transition
markers in doxorubicin-treated Twist-1 or negative siRNA-transfected bladder cancer cells. (c) Cytotoxicity of doxorubicin in Twist-1 or negative
siRNA-transfected bladder cancer cells. Solid and dashed lines denote the best fit and 95% confidence intervals, respectively, of the different
treatments.
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niques.(25,26) In fact, chemotherapy may represent the only
means of retarding the malignant progression of advanced-stage
bladder cancer.(26) However, the outcome of the doxorubicin-

based treatment approach, the most frequently used chemother-
apy regimen in diverse tumor types, including bladder cancer,
has been reported as poor in bladder cancer patients.(27,28) Thus,

Table 3. Statistical analyses and IC50 values of doxorubicin and doxorubicin plus N1-guanyl-1,7-diaminoheptane (GC7) treatment in eukaryotic

translation initiation factor 5A2 (eIF5A2) siRNA-transfected bladder cancer cell lines

Bladder cancer

cell line

IC50 (lg ⁄mL)† Two-way ANOVA results

Doxorubicin Doxorubicin+GC7
Treatment Concentration Interaction

F(1,60) F(5,60) F(5,60) P-value

BIU-87 0.29 (0.25–0.32) 0.20 (0.17–0.24) 11.39** 177.26*** 2.20 0.074

J82 0.29 (0.26–0.33) 0.19 (0.17–0.21) 24.79*** 264.45*** 1.96 0.107

UM-UC-3 0.25 (0.21–0.28) 0.20 (0.18–0.22) 4.36* 285.14*** 1.43 0.231

*P < 0.05; **P < 0.01; ***P < 0.001. †IC50 value and 95% confidence interval of doxorubicin in each treatment.

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 5. Cytotoxicity of doxorubicin or doxorubicin plus N1-guanyl-1,7-diaminoheptane (GC7) in eukaryotic translation initiation factor 5A2
(eIF5A2) siRNA-transfected bladder cancer cells. Knockdown of eIF5A2 reduced the synergistic effect of GC7 plus doxorubicin in BIU-87 (a), J82
(b), and UM-UC-3 (c) cells. Solid and dashed lines denote the best fit and 95% confidence intervals, respectively, of the different treatments.
Bonferroni’s post-hoc test revealed no significant difference (P > 0.05 for doxorubicin versus doxorubicin plus GC7). Photomicrographs and bar
charts depict the 5-ethynyl-2′-deoxyuridine (EdU) staining pattern and relative EdU-positive ratio, respectively, of eIF5A2 siRNA-transfected BIU-
87 (d), J82 (e), and UM-UC-3 (f) cells after 48 h of treatment with doxorubicin or doxorubicin plus GC7.
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a better, more promising therapeutic intervention to improve
the outcome of bladder cancer patients and prolong their
survival must be investigated. Recently, combination therapy
based on chemotherapeutic drugs or molecular-targeted agents
have demonstrated encouraging synergistic antitumor effects
and relieved the intolerable side-effects usually caused by
chemotherapy drugs.(28) In this study, we examined whether
doxorubicin-based combined therapy with GC7, an inhibitor of
eIF5A2 activation, could exert better effects in bladder cancer
treatment. We confirmed that GC7 significantly sensitized BIU-
87, J82, and UM-UC-3 bladder cancer cells to doxorubicin in
vitro and identified the molecular mechanism mediating the
chemoresistance of bladder cancer cells to doxorubicin.
It is believed that bladder tumorigenesis is a complex pro-

cess driven by numerous genetic alterations, of which the loss
of tumor repressors or accumulation of oncogenes are critical
events in the initiation of bladder tumor, with accumulation of
oncogenes leading to the acquisition of malignant properties
such as invasive ability, metastasis, and chemoresistance.(29)

Recently, several studies have reported that aberrant gene
expression was closely associated to chemoresistance in
diverse tumor types.(16,18,20) Located on chromosome 3q,
eIF5A2 has been newly characterized as an oncogene, the
amplification of which is frequently detected in human can-
cers. The post-translational modification of eIF5A2, hypusina-
tion, is a unique method of activation catalyzed by DHPS.(16)

Interestingly, gene expression profiling revealed that DHPS
was highly expressed in HCC samples and was closely related
with the outcome of patients with HCC.(19) As the substrate of
DHPS, eIF5A2 has been hypothesized to play a key role in the
properties of malignancy of human cancers. Here, we observed
that eIF5A2 was a key factor in doxorubicin-induced EMT in
bladder cancer cells. Accompanying induced EMT in epithelial
bladder cancer cells, doxorubicin increased expression of
mature eIF5A2 and Twist-1 concomitantly. However, when
activity of eIF5A2 was inhibited by GC7, the expression level
of Twist-1 was significantly downregulated. These results indi-
cated that mature eIF5A2 is a major factor in maintaining the
level of intracellular Twist-1, and keeping the balance of phe-
notype transition in bladder cancer cells. In epithelial cells,
basal expression of mature eIF5A2 was insufficient for pheno-

type transition, however, doxorubicin-induced upregulation of
eIF5A2 initiated EMT. In mesenchymal cells, in which the
expression of eIF5A2 and Twist-1are relatively high, GC7-
inhibited activation of eIF5A2 abolished its function of main-
taining mesenchyme and induced MET. Hence, we showed
that GC7 reversed the expression pattern of EMT markers in
mesenchymal cells and induced MET in J82 and UM-UC-3
cells.
To ascertain the mechanism of action of GC7 in combina-

tion with doxorubicin, we silenced eIF5A2 in the three cell
lines using RNAi. Consistent with our hypothesis, the eIF5A2
siRNA-transfected bladder cancer cells showed epithelial phe-
notype properties whether they were incubated with doxorubi-
cin or not, and these cells were more sensitive to doxorubicin.
In addition, eIF5A2 knockdown significantly downregulated
expression of Twist-1 in doxorubicin-treated bladder cancer
cells, which further confirms that eIF5A2 may function as an
upstream factor in the Twist-1 EMT molecular pathways regu-
lating EMT in bladder cancer. The EMT process is believed to
be regulated by a complicated cellular signaling network. It
has also been reported that doxorubicin can induce EMT in
other tumor types(23); however, the mechanism underlying
doxorubicin-induced EMT in bladder cancer cells has not been
investigated. This is the first indication of the involvement of
eIF5A2 in the network regulating EMT, which contributes to
the acquired chemoresistance of bladder cancer cells.
Epithelial–mesenchymal transition may play a key role in

bladder cancer progression and acquired chemoresistance.(30)

Accumulating evidence suggests overexpression of the multi-
drug resistance (MDR) gene was frequently detected in EMT
cancer cells, which may be responsible for chemoresistance
during chemotherapy.(23,31) Consistent with these observations,
our data also proved that inhibition of EMT enhanced sensitiv-
ity of bladder cancer cells to doxorubicin. However, clinical
aims for the future treatment of bladder cancer are not only to
increase the efficacy of chemotherapeutic agents but, more
importantly, to eradicate bladder cancer cells with more
aggressive properties, such as mesenchymal-phenotype bladder
cancer cells which survive in stress conditions including che-
motherapeutic drugs treatment. Our data revealed that combi-
nation therapy with GC7 could significantly reduce the dose of
doxorubicin and simultaneously prevent doxorubicin-induced
EMT in bladder cancer treatment, which may benefit to reduc-
tion of occurrence rates of the adverse side-effects induced by
high doses of doxorubicin.
In summary, we showed that combined treatment with GC7

enhances the cytotoxicity of doxorubicin in bladder cancer
cells through inhibiting activation of eIF5A2 and preventing
doxorubicin-induced EMT. Therefore, combination therapy
with GC7 may contribute to a better effect with a lower recur-
rence rate in doxorubicin-based chemotherapy. This study pro-
vides a new insight for improving the survival rate of bladder
cancer patients in the clinic.
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Fig. 6. Knockdown of eukaryotic translation initiation factor 5A2
(eIF5A2) alters doxorubicin-induced epithelial–mesenchymal transition
in BIU-87 cells and the mesenchymal phenotype of J82 and UM-UC-3
bladder cancer cells. Western blot analyses of expression of epithelial–
mesenchymal transition markers (E-cadherin and vimentin) and
E-cadherin repressor (Twist-1) in bladder cells transfected with eIF5A2
siRNA (+) or negative siRNA (�) and treated with doxorubicin for
48 h.
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Abbreviations

CCK8 cholecystokinin octapepetide
DHPS deoxyhypusine synthase
EdU 5-ethynyl-2′-deoxyuridine
eIF5A2 eukaryotic translation initiation factor 5A2

EMT epithelial–mesenchymal transition
GC7 N1-guanyl-1,7-diaminoheptane
HCC hepatocellular carcinoma
MET mesenchymal–epithelial transition
TBS/T TBS and 0.1% Tween 20

References

1 Ploeg M, Aben KK, Kiemeney LA. The present and future burden of urinary
bladder cancer in the world. World J Urol 2009; 27: 289–93.

2 Grimm MO, Steinhoff C, Simon X, Spiegelhalder P, Ackermann R, Vogeli
TA. Effect of routine repeat transurethral resection for superficial bladder
cancer: a long-term observational study. J Urol 2003; 170: 433–7.

3 Chang SS, Alberts G, Cookson MS, Smith JA Jr. Radical cystectomy is safe
in elderly patients at high risk. J Urol 2001; 166: 938–41.

4 Takeuchi A, Shiota M, Tatsugami K et al. p300 mediates cellular resistance
to doxorubicin in bladder cancer. Mol Med Rep 2012; 5: 173–6.

5 Gan Y, Wientjes MG, Badalament RA, Au JL. Pharmacodynamics of
doxorubicin in human bladder tumors. Clin Cancer Res 1996; 2: 1275–
83.

6 Nakagawa M, Emoto A, Nasu N et al. Clinical significance of multi-drug
resistance associated protein and P-glycoprotein in patients with bladder
cancer. J Urol 1997; 157: 1260–4. discussion 4–5.

7 Kinoshita N, Tochigi H, Yanagawa M. et al. [Clinical study of intravesical
instillation therapy of superficial bladder tumor–combination therapy of
mitomycin C, adriamycin, peplomycin and cytosine arabinoside]. Hinyokika
Kiyo 1990; 36: 257–63.

8 Fukui I, Kihara K, Sekine H et al. Intravesical combination chemotherapy
with mitomycin C and doxorubicin for superficial bladder cancer: a random-
ized trial of maintenance versus no maintenance following a complete
response. Cancer Chemother Pharmacol 1992; 30(Suppl): S37–40.

9 Cordon-Cardo C, Zhang ZF, Dalbagni G et al. Cooperative effects of p53
and pRB alterations in primary superficial bladder tumors. Cancer Res 1997;
57: 1217–21.

10 McConkey DJ, Choi W, Marquis L et al. Role of epithelial-to-mesenchymal
transition (EMT) in drug sensitivity and metastasis in bladder cancer. Cancer
Metastasis Rev 2009; 28: 335–44.

11 Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal tran-
sitions in development and disease. Cell 2009; 139: 871–90.

12 Acloque H, Adams MS, Fishwick K, Bronner-Fraser M, Nieto MA. Epithe-
lial-mesenchymal transitions: the importance of changing cell state in devel-
opment and disease. J Clin Invest 2009; 119: 1438–49.

13 Mostofi FK, Sesterhenn IA. Pathology of epithelial tumors & carcinoma in
situ of bladder. Prog Clin Biol Res 1984; 162A: 55–74.

14 Yu Q, Zhang K, Wang X, Liu X, Zhang Z. Expression of transcription fac-
tors snail, slug, and twist in human bladder carcinoma. J Exp Clin Cancer
Res 2010; 29: 119.

15 Ngan CY, Yamamoto H, Seshimo I et al. Quantitative evaluation of vimen-
tin expression in tumour stroma of colorectal cancer. Br J Cancer 2007; 96:
986–92.

16 Tang DJ, Dong SS, Ma NF et al. Overexpression of eukaryotic initiation
factor 5A2 enhances cell motility and promotes tumor metastasis in hepato-
cellular carcinoma. Hepatology 2010; 51: 1255–63.

17 Luo JH, Hua WF, Rao HL et al. Overexpression of EIF-5A2 predicts tumor
recurrence and progression in pTa ⁄ pT1 urothelial carcinoma of the bladder.
Cancer Sci 2009; 100: 896–902.

18 Guan XY, Fung JM, Ma NF et al. Oncogenic role of eIF-5A2 in the devel-
opment of ovarian cancer. Cancer Res 2004; 64: 4197–200.

19 Ramaswamy S, Ross KN, Lander ES, Golub TR. A molecular signature of
metastasis in primary solid tumors. Nat Genet 2003; 33: 49–54.

20 Zhu W, Cai MY, Tong ZT et al. Overexpression of EIF5A2 promotes colo-
rectal carcinoma cell aggressiveness by upregulating MTA1 through C-myc
to induce epithelial-mesenchymaltransition. Gut 2012; 61: 562–75.

21 Lee Y, Kim HK, Park HE, Park MH, Joe YA. Effect of N1-guanyl-1,7-dia-
minoheptane, an inhibitor of deoxyhypusine synthase, on endothelial cell
growth, differentiation and apoptosis. Mol Cell Biochem 2002; 237: 69–76.

22 Chehrehasa F, Meedeniya AC, Dwyer P, Abrahamsen G, Mackay-Sim A.
EdU, a new thymidine analogue for labelling proliferating cells in the
nervous system. J Neurosci Methods 2009; 177: 122–30.

23 Li QQ, Xu JD, Wang WJ et al. Twist1-mediated adriamycin-induced epithe-
lial-mesenchymal transition relates to multidrug resistance and invasive
potential in breast cancer cells. Clin Cancer Res 2009; 15: 2657–65.

24 Bandyopadhyay A, Wang L, Agyin J et al. Doxorubicin in combination with
a small TGFbeta inhibitor: a potential novel therapy for metastatic breast
cancer in mouse models. PLoS ONE 2010; 5: e10365.

25 Scher H, Herr H, Sternberg C et al. Neo-adjuvant chemotherapy for invasive
bladder cancer. Experience with the M-VAC regimen. Br J Urol 1989; 64:
250–6.

26 Sawhney R, Bourgeois D, Chaudhary UB. Neo-adjuvant chemotherapy for
muscle-invasive bladder cancer: a look ahead. Ann Oncol 2006; 17: 1360–9.

27 Lamm DL, Blumenstein BA, Crawford ED et al. A randomized trial of in-
travesical doxorubicin and immunotherapy with bacille Calmette-Guerin for
transitional-cell carcinoma of the bladder. N Engl J Med 1991; 325: 1205–9.

28 Abou-Alfa GK, Johnson P, Knox JJ et al. Doxorubicin plus sorafenib vs
doxorubicin alone in patients with advanced hepatocellular carcinoma: a ran-
domized trial. JAMA 2010; 304: 2154–60.

29 Mitra AP, Cote RJ. Molecular pathogenesis and diagnostics of bladder can-
cer. Annu Rev Pathol 2009; 4: 251–85.

30 Adam L, Zhong M, Choi W et al. miR-200 expression regulates epithelial-
to-mesenchymal transition in bladder cancer cells and reverses resistance to
epidermal growth factor receptor therapy. Clin Cancer Res 2009; 15: 5060–72.

31 Saxena M, Stephens MA, Pathak H, Rangarajan A. Transcription factors that
mediate epithelial-mesenchymal transition lead to multidrug resistance by
upregulating ABC transporters. Cell Death Dis 2011; 2: e179.

Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1. Effects of transfection of negative control siRNA on cytotoxicity and phenotype transition in bladder cancer cells. The cell viability and
expression pattern of epithelial–mesenchymal transition markers were tested after 48 h incubation in control (Ctrl) or negative control siRNA
(siRNA) transfected bladder cancer cells. Transfection of siRNA per se did not exert any effects on the cell viability (A) (all three bladder cancer
cell lines, Ctrl versus siRNA, P > 0.05) or expression levels of epithelial–mesenchymal transition markers (B).
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