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MREIIA and SKP2 genes are associated with the increased
cytotoxicity induced by the synergistic effects of cisplatin
and gemcitabine in bladder cancer cells
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Abstract The combination of gemcitabine and cisplatin
has been shown previously to elicit a synergistic thera-
peutic effect on bladder cancer cell lines and result in
reduced cell survival. However, the precise mechanism by
which cells die has not been elucidated. Cell cycle-related
genes are the predominant targets of chemotherapeutic
protocols. Therefore, molecular biomarkers that are pre-
dictive of therapeutic outcomes associated with tumor
sensitivity might be important for optimal treatment pro-
tocol selection. The aim of this study was to investigate the
changes in gene expression in cell cycle-related genes that
were induced by cisplatin, gemcitabine or a combined
treatment using both agents in a low-grade urinary bladder
transitional carcinoma cell line (RT4). The following three
treatment protocols were used: 1.0 pM cisplatin, 1.56 uM
gemcitabine and a combination of 1.0 uM cisplatin and
1.56 uM gemcitabine. Cytometry and morphology analysis
(by phase-contrast photomicrography) were performed in
addition to pathway-specific gene expression analysis using
quantitative RT-PCR gene arrays. The following results
were observed after 1.0 UM cisplatin treatment: (1) a
decrease in cell number, (2) an increased percentage of
scattered cells and (3) downregulated expression of genes
related to cell cycle arrest, G1/S-to-mitotic cell cycle
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transition, DNA repair, apoptosis, transcription and mito-
sis. Treatment with 1.56 pM gemcitabine, or with both
drugs simultaneously, induced the following effects: (1) a
decrease in cell number, (2) an increased percentage of
scattered and elongated cells, (3) the modulation of genes
that are predominantly involved in DNA repair and (4) a
significant upregulation of genes related to cell cycle arrest.
Reduced cell density was observed after the combined
treatment compared to the two other single-agent protocols.
The downregulation of MREIIA and SKP2 was observed
only in cells subjected to the combined treatment. In con-
clusion, cisplatin, gemcitabine and the combination of both
drugs elicited distinct toxicogenomic effects in the RT4
bladder transitional carcinoma cell line, although disrup-
tions in the expression of cell cycle control-related genes
and other pathways responsible for cell survival were
observed for all of the protocols. MREIIA and SKP2
downregulation appeared to be responsible for the syner-

gistic therapeutic effects elicited by cisplatin and
gemcitabine.
Keywords Cisplatin - Gemcitabine - Gene expression

profiling - RT4 cell line

Introduction

Cancer is a serious public health problem. Bladder cancer
is one of the costliest tumor types for health care systems to
treat, particularly because of the need for routine clinical
monitoring (urine cytology and cystoscopy). Bladder can-
cer is predominantly of the transitional cell type (TCC),
and 90 % of all bladder carcinomas are classified as this
type [1]. Approximately 70 % of all TCC tumors are
confined to the epithelium or subepithelial connective
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tissues, and the remaining 30 % exhibit solid and invasive
growth patterns [2]. Patients with non-muscle-invasive
urothelial tumors experience high rates of recurrence and
progression despite aggressive therapy [3]. A previous
study conducted in our laboratory revealed that genetic
instabilities remain in urothelial cells from patients after
tumor resection and chemotherapy [4].

To standardize chemotherapeutical protocols, the genes
associated with tumor resistance or sensitivity to antineo-
plastic drugs must be identified. The resulting molecular
biomarkers that are predictive of therapy outcomes might
help clinicians to choose the most appropriate treatments.
Regarding bladder cancer, some studies have shown that
gemcitabine/cisplatin regimens elicit a similar efficacy as
the methotrexate, vinblastine, doxorubicin and cisplatin
(MVAC) protocol but with superior safety and tolerability
[5]. These two drugs exhibit different mechanisms of
action. Whereas cisplatin induces DNA cross-linking and
causes severe lesions that can lead to apoptosis [6], gem-
citabine is a deoxycytidine analog, which becomes an
active dFACTP metabolite when phosphorylated, and is
incorporated into DNA, thereby blocking replication [7].

High-throughput methods can help to elucidate molec-
ular mechanisms in different cell types, promoting a more
comprehensive understanding of carcinogenesis, tumor
development and chemotherapeutic protocols [8]. Using
DNA microarray technology, some studies have shown that
the repression of the hTERT (human telomerase reverse
transcriptase) transcript decreases the expression of the
EGFR gene, suggesting that hTERT promotes tumor
growth by mechanisms that are independent of telomere
lengthening [9]. Using the same technology, Missiaglia
et al. [10] have associated the increased expression of
CDKNIA and GADD45A in human pancreatic cancer cells
with the therapeutic efficacy of the methylase inhibitor
5-aza-2'-deoxycytidine (5-aza-CdR). Using PCR arrays,
other studies have reported the downregulation of the EGF
and IGF genes in human prostate cell lines after treatment
with genistein or daidzein, demonstrating a chemopreven-
tive activity of isoflavones [11]. In bladder cancer, this
methodology was important for showing the possible
relationship between the gemcitabine-induced upregulation
of the CCNEI, CDKNIA and GADD45A genes in TP53-
mutated cells and the cell cycle arrest and modulation of
genes related to DNA repair, the G1/S transition and
apoptosis. These findings reinforce that the identification of
gemcitabine-responsive genes can be used in a clinical
setting to predict chemotherapeutic responses [12]. Using
cDNA microarrays, Tsunoda et al. [13] have also suggested
that the cisplatin-induced downregulation of IP3RI
expression was closely associated with the acquisition of
cisplatin resistance in bladder cancer cells. Furthermore,
Takata et al. [14] used the same methodology and
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identified dozens of genes that were differentially expres-
sed between responder and nonresponder tumors in MVAC
(methotrexate, vinblastine, doxorubicin and cisplatin)
therapy. These authors suggest that the sensitivity of an
invasive bladder cancer to the MVAC neoadjuvant che-
motherapy can be predicted by gene expression patterns, a
step toward the achievement of “personalized therapy”.

Based on these findings, the need to predict therapeutic
efficacy and the widespread combined use of cisplatin and
gemcitabine, we sought to investigate the effects of both
drugs on the expression profile of cell cycle control-related
genes in a bladder cancer cell line (RT4). Considering that
70 % of all bladder cancers are confined to the epithelium
or subepithelial connective tissues, we used RT4 cells
because these cells were originally derived from a super-
ficial, low-grade tumor. The elucidation of the antineo-
plastic activity of cisplatin and gemcitabine might improve
treatment protocols and contribute to the selection of the
best medical treatments.

Materials and methods
Cell lines and test compounds

The RT4 cell line (TP53 wild type), derived from a low-
grade papillary bladder tumor, was purchased from the Cell
Bank of the Federal University of Rio de Janeiro, Brazil.
The cells were maintained as previously described by da
Silva et al. [15]. The antineoplastic drugs gemcitabine
(dFdC, Gemzar) and cisplatin were purchased from Eli
Lilly Laboratory (USA) and Sigma-Aldrich, respectively.
Ultra-pure sterilized water was used for dilution.

Experimental design

Cells were seeded into 12-well culture plates (5 x 10*
cells/well) and evaluated for cell viability, cell count and
morphological changes. Cells were seeded into 25 cm®
culture flasks (2 x 10° cells/flask) for RNA extraction.
Twenty-four hours after seeding (T1 = 0 h), the cells were
treated with gemcitabine (0.78, 1.56 or 3.12 pM), cisplatin
(0.5, 1.0 or 2.5 uM) or both drugs simultaneously during a
24-h period (T2 = 24 h). The drug concentrations were
defined in previous experiments [15]. Untreated cells were
cultured in parallel and constituted a negative control. At
T2, the cells were washed with Hank’s solution (0.4 g KCl,
0.06 g KH,PO,4, 0.04 g Na,HPO,4, 0.35 g NaHCO3;, 1 g
glucose and 8 g NaCl in 1,000 ml H,0), harvested and
evaluated for cell viability and gene expression. Fresh
medium was then added, and after another 48-h period
(T3 = 72 h), the cells were collected, counted and evalu-
ated for morphological changes.
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Cytometry and morphology

Viable cells were counted using a hemocytometer before
(20,000 cells) and after the treatments detailed above. Cell
viability was evaluated using the trypan blue exclusion test.
The assays were performed in triplicate. The morphologi-
cal changes were analyzed using a phase-contrast micro-
scope before and after gemcitabine and/or -cisplatin
treatments.

RNA extraction

Total RNA was extracted using the Mini RNeasy kit
(Qiagen), according to the manufacturer’s protocols. The
extracted RNA was stored at —80 °C. The RNA integrity
and quality were evaluated using 2 % denaturing agarose
gels and NanoVue equipment, respectively.

PCR arrays

To evaluate changes in the gene expression profile, gem-
citabine and cisplatin were used at concentrations of 1.56
and 1.0 pM, respectively. These two concentrations were
genotoxic, as evidenced by a comet assay [16], but were
not cytotoxic in the trypan blue and XTT tests [15]. A cell
cycle pathway PCR array (PAHS-020A—SA Biosciences)
was used for the qRT-PCR analysis. The RNA was reverse
transcribed using the RT2 First Strand kit (SA Biosci-
ences), according to the manufacturer’s protocol. An ali-
quot of the diluted first-strand synthesis reaction was added
to the SYBR Green/ROX master mix (SA Biosciences)
along with nuclease-free water in accordance with the PCR
array system’s user manual. Afterward, 25 pl of the cDNA/
master mix cocktail was added into each well of the
pathway-specific qRT-PCR microplate. The quality con-
trols for genomic DNA contamination, reverse transcrip-
tion efficiency and PCR amplification efficiency were
analyzed. The qRT-PCR array data were normalized using
the arithmetic mean values of three housekeeping genes
(B2 M, HPRTI and ACTB). All of the arrays were per-
formed in triplicate. Information about the biological
functions of the genes was obtained from FATIGO (http://
babelomics.bioinfo.cipf.es/).

Statistical analysis

For the statistical analysis of cell viability and cell number,
a one-way ANOVA test was used. For the gene expression
analysis, fold change was evaluated. In this case, p values
were calculated using Student’s ¢ test on the expression
values that were collected in triplicate for each gene in the
control and treatment groups. A p value < 0.05 was con-
sidered statistically significant.

Table 1 Mean number of cells after treatment with the three
chemotherapeutical protocols

Protocol Mean number
of cells (x10* cells)?

Negative control 4.7
Cisplatin (uM)

0.5 3.6

1.0 3.2%

2.5 2.1%
Gemcitabine (M)

0.78 1.8%

1.56 1.4%

3.12 1.6*
Cisplatin + gemcitabine (LM)

0.5+ 0.78 1.2%

1.0 + 1.56 0.5+

2.5 +3.12 0.6+

Initial number of cultivated cells = 5 x 10*

* p < 0.05 compared to the negative control; * p < 0.05 compared to
same concentrations of each isolate drug

? Mean number of cells from three independent experiments

Results

Table 1 shows the number of cells after treatment with the
different antineoplastic protocols. All concentrations of
gemcitabine alone, the two highest concentrations of cis-
platin alone and all concentrations of the combined drug
treatment (i.e., all three treatment protocols) resulted in
statistically  significant reductions in cell number
(p < 0.05). Moreover, statistically significant differences
were observed when the combination of 1.0 uM cisplatin
and 1.56 uM gemcitabine was compared to treatments with
only 1.0 uM cisplatin or 1.56 UM gemcitabine. Statisti-
cally significant differences were also observed when
comparing the results of the combined treatment with
2.5 pM cisplatin and 3.12 puM gemcitabine to the results of
the treatment with either 2.5 pM cisplatin or 3.12 uM
gemcitabine.

Phase contrast microscopy revealed scattered cells after
the cisplatin treatment, while scattered and elongated cells
were observed after the gemcitabine and combined treat-
ments. The gemcitabine and combined treatments also led
to a reduction in cell number (Fig. 1).

At the time of sampling for gene expression analyses,
the cell viability was always greater than 90 %. Compared
to the control treatment, 11/84 (13.1 %), 32/84 (38.1 %)
and 31/84 (36.9 %) of the genes were differentially
expressed (p < 0.05) after the cisplatin, gemcitabine and
combined treatments, respectively (Figs. 2, 3 and 4). The
most significantly upregulated genes (fold change >2,
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Fig. 1 Photomicrography of the human bladder transitional carci-
noma cell line RT4 before and after treatments as follows: a control
(without treatment), b 1.0 pM cisplatin, ¢ 1.56 utM gemcitabine and

d 1.0 pM cisplatin + 1.56 uM gemcitabine. The arrows indicate
elongated cells. The scattered cells and cell groups are shown in
panels B, C and D. Phase-contrast microscopy, 400x
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Fig. 2 Gene expression profiling of the human bladder transitional
carcinoma cell line RT4 after treatment with 1.0 pM cisplatin. A heat
map showing genes that were significantly modulated in three
independent replicates. The red spots indicate upregulation, and the

p < 0.05) after the gemcitabine treatments were BAX,
CCND2, CDC34, CDKNIA, GADD45A, RBBP8 and
SERTADI, while the most significantly downregulated
genes were ATM, CCNBI and CDC20. After the combined
treatment with cisplatin and gemcitabine, BAX, CCND2,
CDC34, CDK6, CDKNIA, GADD45A, RBBPS8 and SER-
TADI were upregulated, while CDC20, MREIIA and
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green spots indicate downregulation. The black spots indicate the
absence of modulation, whereas the gray spots indicate the absence of
values. (Color figure online)

SKP2 were downregulated. The CCNBI, CCND2, CDC20,
CDKNIA, CDKN3, CUL 2, GADD45A, KPNA2 and SER-
TADI genes were equivalently modulated (upregulated or
downregulated) after all of the treatment protocols used
(p < 0.05). The significant upregulation of CKS2 was
observed exclusively during cisplatin treatment, while the
ATR, BCCIP, CCNG1, CDK2, MNATI, RAD9A and RB1
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Fig. 3 Gene expression
profiling of the human bladder
transitional carcinoma cell line
RT4 after treatment with

1.56 UM gemcitabine. A heat
map showing the genes that
were significantly modulated in
three independent replicates.
The red spots indicate
upregulation, and the green
spots indicate downregulation.
The black spots indicate the
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Fig. 4 Gene expression
profiling of the human bladder
transitional carcinoma cell line R
RT4 after the combined PPN
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genes were exclusively modulated after the gemcitabine
treatments. The MRE11A and SKP2 genes were exclusively
downregulated after the combined treatment (p < 0.05)
(Tables 2, 3 and 4).

Discussion

The identification of genes associated with tumor sensi-
tivity to antineoplastic drugs may be potentially important
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Table 2 The significantly modulated genes in RT4 cells after treat-
ment with cisplatin (1.00 uM)

Table 3 The significantly modulated genes in RT4 cells after treat-
ment with gemcitabine (1.56 pM)

Ref seq Symbol Complete name Change p value Ref seq Symbol Complete name Change p value
NM_031966 CCNBI Cyclin B1 —1.36  0.050 NM_000051 ATM Ataxia telangiectasia —2.03  0.045
NM_001759 CCND2  Cyclin D2 151 0.006 mutated
NM_001239 CCNH Cyclin H ~1.17 0.021 NM_001184 ATR Ata)zliaRteégngifCta;ia —1.29 0.003
t
NM_001255 CDC20  Cell division cycle ~ —1.40  0.024 ane Rado refate
20 homolog (5. NM_004324 BAX BCL2-associated X 2.73  0.0085
cerevisiae) protein
NM_000389 CDKNIA  Cyclin-dependent 1.94  0.001 NM_016567 BCCIP BRCA2 and —1.24 0021
kinase inhibitor 1A CDKNIA _
(p21, Cip1) Interacting protein
NM_005192 CDKN3  Cyclin-dependent ~ —1.41  0.001 NM_031966 CCNBI  Cyclin Bl —2.11  0.003
kinase inhibitor 3 NM_004701 CCNB2 Cyclin B2 —1.45 0.006
NM_001827 CKS2 CDC28 protein —1.12  0.024 NM_001759 CCND2 Cyclin D2 2.51  0.000
kif;asf{ rzgulatory NM_001238 CCNEI  Cyclin El 192 0011
M 003501 CUL2 CS;‘I.”“; L0 oot NM_004060 CCNGI  Cyclin Gl —1.13  0.037
M 001924 CADDASA G“ mh ; _1'76 0,004 NM_004354 CCNG2  Cyclin G2 174 0.036
- rowth arrest an ‘ ‘ NM_001239 CCNH  Cyclin H ~125  0.027
DNA-damage-
inducible, alpha NM_001255 CDC20  Cell division cycle ~ —2.84  0.001
NM_002266 KPNA2  Karyopherin alpha2 —130  0.047 20 homolog (S.
(RAG cohort 1 cerevisiae)
importin alpha 1) NM_004359 CDC34  Cell division cycle 212 0.026
NM_013376 SERTADI ~SERTA domain 132 0.044 34 homolog (S.
containing 1 cerevisiae)
NM_001798 CDK2 Cyclin-dependent 1.20  0.037
kinase 2
for the selection of more effective chemotherapeutical ~ NM-001259  CDK6 Ci.cli“'dzpendem 1.96  0.009
protocols. Therefore, using bladder transitional carcinoma 1n'ase
. . . . NM_000389 CDKNIA  Cyclin-dependent 4.23  0.000
cells, we investigated whether the effectiveness of different i e
. . L. K inase inhibitor 1A
cisplatin and gemcitabine treatment protocols was associ- (p21, Cipl)
ated with the expression of a panel of cell cycle-related  NM_005192 CDKN3 Cyclin-dependent ~138 0.001
genes. Prior to analyzing the gene expression profiles, we kinase inhibitor 3
assessed the effects of gemcitabine and cisplatin on cell NM_001274 CHEKI CHKI1 checkpoint —1.55  0.001
g P
proliferation and morphology. We observed reduced cell homl‘;log (S
density after the simultaneous treatment with cisplatin and pombe)
o1 . . . . . . NM_003591 CUL2 Cullin 2 —1.23  0.010
gemcitabine. This finding is consistent with our previous ]
study, which demonstrated that the combined treatment NM_003590  CUL3 Caullin 3 —1.69  0.045
with gemcitabine and cisplatin induces a Gl-phase arrest ~ \M-001924  GADD45A Gg’l‘\}vglj:rs:t :nd 728 0.000
and triggers apoptosis [15]. The observed morphological inducible jpha
c.hanges (scattered and elongated .cells) were also sugges- NM_016323 HERCS Hect domain and 172 0001
tive of abrogated cell cycle dynamics. Gongalves et al. [17] RLD 5
have suggested that irregular morphologies may indicate NM_014708 KNTCI Kinetochore —131  0.022
the possible involvement of the actin cytoskeleton. Addi- associated 1
tionally, morphological changes and low cell density after =~ NM_002266 KPNA2 Karyopherin alpha 2 —1.80  0.003
gemcitabine treatment were previously reported to be gRAGt?Oh;’rL 1’]
suggestive of cell cycle arrest and apoptosis [15]. l_mPor in alpha 1)
. . . NM_002388 MCM3 Minichromosome —1.94 0.024
For gene expression profiling, the applied concentra- maintenance
tions of 1.56 UM gemcitabine and 1.0 UM cisplatin were complex
carefully selected based on our previous findings and component 3
showed significant genotoxicity in comet assays [16];  NM_002431 MNATI Menage a trois .19 0.026

however, these concentrations resulted in low levels of
detectable apoptosis (assayed by flow cytometry) [15].
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Table 3 continued

Ref seq Symbol Complete name Change p value

NM_182649 PCNA Proliferating cell 1.48  0.008
nuclear antigen

NM_004584 RAD9YA RAD9 homolog A 1.64  0.026
(S. pombe)

NM_000321 RBI Retinoblastoma 1 .52 0.022

NM_002894 RBBPS8 Retinoblastoma 2.04 0.002
binding protein 8

NM_013376 SERTADI SERTA domain 434 0.000
containing 1

NM_003334 UBAI Ubiquitin-like 1.34  0.025

modifier activating
enzyme 1

Therefore, based on these earlier observations, our tran-
scriptome profiles were not reflective of dead cells.

Our gene expression arrays showed that CCNBI,
CCND2, CDC20, CDKNIA, CDKN3, CUL 2, GADD45A,
KPNA2 and SERTADI were equally modulated (up- or
downregulated) by the three treatment protocols (cisplatin,
gemcitabine and cisplatin + gemcitabine). Based on gene
ontological analyses, these genes are primarily involved in
the negative regulation of the cell cycle (CUL2, CDKNIA,
CDKN3 and GADD45A), cell cycle arrest (CDC20,
CDKNIA and GADDA45A), G1/S transition (CCNBI,
CCND?2 and CDKNIA), DNA repair (GADD45A), apop-
tosis (GADD45A), gene transcription (SERTADI) and
mitosis (KPNA2). Several of these genes have been sug-
gested as important targets for cancer treatment. For
example, the expression of GADD45A was shown to be
associated with the efficacy of 5-aza-CdR in pancreatic
cancer cell lines [10], and the upregulation of CDKNIA
produced similar effects to those of soy isoflavones on
LNCaP (androgen-sensitive human prostate adenocarci-
noma) cells [11]. The activation of TP53 has been dem-
onstrated to increase the level of CDKNIA mRNA, which
leads to cell cycle arrest at the G1/S transition [18]. Despite
the observed upregulation of CDKNIA, we did not detect
any modulation of TP53 after the different treatment pro-
tocols. This finding was also observed in TP53-mutated
bladder transitional carcinoma cells [12], suggesting that
both cisplatin and gemcitabine can induce alternative
mechanisms of activating CDKNIA that are independent of
the TP53 status. The upregulation of CDKNIA induced by
the treatment of cells with either cisplatin or gemcitabine
might be attributed to cell cycle alterations and arrest, as
previously observed in bladder tumor cells [15]. In con-
trast, the GADD45A upregulation could be related to the
decreased cell number observed after the different treat-
ment protocols. We have previously reported that cisplatin,
gemcitabine and combined cisplatin and gemcitabine are

Table 4 The significantly modulated genes in RT4 cells after
simultaneous treatment with cispaltin (1.0 pM) and gemcitabine
(1.56 uM)

Ref seq Symbol Complete name Change p value
NM_000051 ATM Ataxia telangiectasia —2.72  0.025
mutated
NM_004324 BAX BCL2-associated X 391 0.004
protein
NM_007294 BRCAI Breast cancer 1, —1.40 0.029

early onset
NM_031966 CCNBI Cyclin B1 —-1.77  0.011
NM_004701 CCNB2 Cyclin B2 —-1.72  0.002
NM_001759 CCND2 Cyclin D2 330 0.001
NM_001238 CCNEI Cyclin E1 1.93  0.028
NM_004354 CCNG2 Cyclin G2 1.85  0.029
NM_001255 CDC20 Cell division cycle —3.01 0.001
20 homolog (S.
cerevisiae)
NM_004359 CDC34 Cell division cycle 2.65 0.007
34 homolog (S.
cerevisiae)
NM_001259 CDK6 Cyclin-dependent 231  0.001
kinase 6
NM_001799 CDK7 Cyclin-dependent 1.57  0.008
kinase 7
NM_000389 CDKNIA  Cyclin-dependent 695 0.014
kinase inhibitor 1A
(p21, Cipl)
NM_005192 CDKN3 Cyclin-dependent —1.34  0.008
kinase inhibitor 3
NM_001274 CHEKI CHKI1 checkpoint —1.65  0.000
homolog (S.
pombe)
NM_003591 cCUL2 Cullin 2 —-141 0.014
NM_003590 CUL3 Cullin 3 —1.83  0.030
NM_001924 GADD45A Growth arrest and 16.55  0.000
DNA-damage-
inducible, alpha
NM_005316 GTF2HI General transcription 1.32  0.040
factor IIH,
polypeptide 1
NM_016323 HERCS Hect domain and 1.48  0.002
RLD 5
NM_014708 KNTCI1 Kinetochore —-1.65 0.017
associated 1
NM_002266 KPNA2 Karyopherin alpha 2 —1.49  0.020
NM_002388 MCM3 Minichromosome —1.86 0.034
maintenance
complex comp. 3
NM_005590 MREIIA  MREI11 meiotic —3.54  0.024
recombination 11
homolog
NM_002485 NBN Nibrin —1.43  0.048
NM_182649 PCNA Proliferating cell 1.70  0.002
nuclear antigen
NM_002894 RBBPS Retinoblastoma 251  0.019

binding protein 8
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Table 4 continued

Ref seq Symbol Complete name Change p value
NM_005611 RBL2 Retinoblastoma-like  —1.25  0.003
2 (p130)

NM_013376 SERTADI SERTA domain 8.93  0.002
containing 1

NM_005983 SKP2 S-phase kinase- —2.36  0.025
associated protein
2 (p45)

NM_003334 UBAI Ubiquitin-like 1.35  0.013
modifier activating
enzyme 1

able to induce apoptosis, but at different times. Herein,
gene expression was analyzed only 24 h after treatment.
Therefore, genes other than GADD45A might be respon-
sible for the apoptosis rates observed at the different times
in our previous study [15]. However, the simultaneous
modulation of CDKNIA and GADD45A, which was pre-
viously demonstrated in other cell lines [10], might also
occur in bladder cancer cells and might be associated with
the effectiveness of different treatments.

The CKS2 gene (a negative regulator of the cell cycle)
has been proposed to be a potential biomarker for pre-
dicting the progression of superficial bladder cancer to
muscle-invasive cancer [19]. Herein, we detected the
downregulation of CKS2 only after cisplatin treatment.
This finding might explain the previously described dif-
ferences in the cell cycle effects elicited by cisplatin
compared to gemcitabine treatments [15]. Whereas most of
the cells were in the S phase after treatment with cisplatin,
gemcitabine induced a cell cycle arrest at G1. In contrast,
ATR (DNA repair), BCCIP (regulation of cell cycle arrest),
CCNGI (negative regulation of the cell cycle), CDK2
(negative regulation of the cell cycle), MNATI (G1/S
transition of the mitotic cell cycle), RAD9A (negative
regulation of the cell cycle) and RBI (negative regulation
of the cell cycle) were only modulated after treating the
cells with gemcitabine. Some of these genes have also been
demonstrated to be important biomarkers. Recently, Weis
et al. [20] reported that the modulation of RAD9YA in skin
fibroblasts prevented the formation of secondary cancers.
Other studies have shown that the ATR gene codes for the
kinase that activates DNA repair in Fanconi anemia [21].
Based on our current results, the gemcitabine-induced
modulation of genes related to DNA repair (A7TR, ATM and
RAD9), the cell cycle (CDKNIA and CDK2) and apoptosis
(BAX and GADD45A) might explain the G1 arrest and
apoptosis rates reported in our previous publication [15].

The majority of the genes that were modulated after the
combined treatment (cisplatin + gemcitabine) were the
same as those modulated after treatment with gemcitabine
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alone. However, MREIIA (which is involved in the
response to a DNA damage stimulus and the cellular
response to stress) and SKP2 (which is involved in the
negative regulation of the cell cycle), both of which are
tightly linked to cancer, were exclusively downregulated
after the combined treatment. Based on the concept of
synthetic lethality, studies have shown that MRE]I-defi-
cient cells are more sensitive to poly (ADP-ribose) poly-
merase (PARP-I) inhibition [22]. When DNA is
moderately damaged, PARP-1 is activated and participates
in the DNA repair process, thus contributing to cell sur-
vival. In contrast, during extensive DNA damage, PARP-1
is over-activated and induces a depletion of cellular
NAD + and ATP levels, which leads to cellular dysfunc-
tion and even necrotic cell death [23]. However, PARP-1
inhibition in cells exposed to DNA-damaging drugs might
decrease DNA repair and induce apoptotic cell death but
prevent necrosis and other pathological side effects [24]. In
fact, we have previously reported increased DNA damage,
as detected by the comet assay, and high apoptosis rates, as
analyzed by flow cytometry, in RT4 cells after treatment
with cisplatin and gemcitabine [15, 16]. The SKP2 protein
has been reported to regulate cell proliferation by targeting
several cell cycle-regulated proteins for ubiquitination and
degradation [25]. Moreover, a recent study has shown that
SKP2 overexpression restores the colony formation
capacity of cells treated with prodigiosin (a bacterial tri-
pyrrole pigment with strong proapoptotic activity) [26].
Therefore, the increased cytotoxic effects observed after
the combined treatment might be explained by the down-
regulation of MREIIA and SKP2. These two proteins
might act by decreasing DNA repair and inducing apop-
totic cell death. Alternative mechanisms, such as the
inhibition and ubiquitination of PARP-1 as well as the
degradation of cell cycle-regulated proteins, might also
explain the observed synergistic effects of gemcitabine and
cisplatin.

In conclusion, we have observed that the treatment of
cells with cisplatin and gemcitabine modulates several
molecular pathways, including those governing the G1/S
transition, apoptosis and the negative regulation of the cell
cycle. In our view, the genes that we have highlighted
represent those that would be associated with the efficacy
of antitumor therapies. Furthermore, the increased efficacy
and synergistic effects of the combined cisplatin and
gemcitabine treatment might be attributed to the down-
regulation of MREIIA and SKP2. The identification of
chemotherapeutic-responsive genes provides insight into
anticancer mechanisms and might be important in clinical
settings to predict chemotherapeutic responses.
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