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ABSTRACT
In this study, we identified microRNAs (miRNAs) involved in cisplatin (CDDP)
resistance in bladder cancer (BCa). After establishing CDDP-resistant BCa cell lines
(T24RC and EJ138RC), TaqMan arrays revealed that members of the miR-200 family
(miR-200b, miR-200a and miR-429) were downregulated in T24RC as compared to
parental T24 cells. miR-200b was associated with CDDP sensitivity in BCa cells, and
its downregulation was associated with CpG island hypermethylation. Pharmacological
demethylation using 5-aza-2’-deoxycytidine restored miR-200b expression, and
the combination of 5-aza-2’-deoxycytidine + CDDP strongly inhibited T24RC cell
proliferation. Microarray analysis revealed that miR-200b + CDDP induced genes
involved in CDDP sensitivity or cytotoxicity, including IGFBP3, ICAM1 and TNFSF10,
in the resistant cells. Expression and DNA methylation of miR-200b were inversely
associated in primary BCa, and low expression/high methylation was associated with
poor overall survival. These results suggest downregulation of miR-200b is associated
with CDDP resistance in BCa. Epigenetic silencing of miR-200b may be a marker of
CDDP resistance and a useful therapeutic target for overcoming CDDP resistance in BCa.

INTRODUCTION

neoadjuvant chemotherapy reportedly provides only a 5%
absolute improvement in survival at 5 years [5]. That
said, a recent meta-analysis suggested that a pathological
complete response to adjuvant chemotherapy is associated
with better survival of MIBC patients [6]. Understanding
the mechanism underlying chemoresistance would
contribute to overcoming it and enable better identification
of patients who will benefit from adjuvant chemotherapy.
MicroRNAs (miRNAs) are small (21–25 nucleotides)
noncoding RNAs that act post-transcriptionally to
suppress gene expression, and dysregulation of miRNAs
has been implicated in the pathogenesis of BCa [7]. We
previously reported that a number of miRNAs, including

Around 430,000 bladder cancers (BCas) were newly
diagnosed worldwide in 2012 [1]. Approximately 70% of
BCa is diagnosed as non-muscle invasive BCa (NMIBC),
while the remaining 30% is muscle invasive (MIBC) [2].
For decades, the standard treatment for metastatic BCa
has been cisplatin (CDDP)-based chemotherapy, though
the survival period for patients treated with CDDP plus
gemcitabine (GEM) is only 13.8 months [3, 4]. Resistance
to CDDP is the major cause of treatment failure. CDDP is
also widely used for neoadjuvant chemotherapy in MIBC,
but the survival benefit is relatively small, as CDDP-based
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miR-137 and miR-124, are silenced in association with
DNA hypermethylation of upstream CpG islands in BCa
cells, and that epigenetic silencing of miRNAs may be
associated with the development of BCa [8]. Recent studies
also suggest the potential involvement of miRNAs in
determining chemosensitivity. For instance, miR-34a is a
well-known tumor suppressor that acts as a downstream
effector of p53, and its induction reportedly sensitizes BCa
cells to CDDP [9]. miR-34a is frequently downregulated by
DNA methylation in MIBC, whereas CDDP induces DNA
demethylation and transcriptional activation of miR-34a in
BCa cells, which could lead to increased chemosensitivity
[10]. In addition, miR-193a-3p reportedly promotes multichemoresistance by targeting multiple genes, including
SRSF2, PLAU and HIC2 [11]. Moreover, decreased
expression of miR-203 was shown to be an indicator of poor
prognosis of BCa, while induction of miR-203 enhances the
CDDP sensitivity of BCa cells [12].
To better understand the contribution made
by miRNAs to acquired CDDP resistance in BCa,
we established CDDP-resistant BCa cell lines and
comprehensively analyzed their miRNA expression profiles.
We found that a number of miRNAs were differentially
expressed in BCa cells before and after acquisition of
chemoresistance. Among the identified miRNAs, we
found that epigenetic downregulation of miR-200b is
associated with CDDP resistance, and that it could serve as
a prognostic marker and as a therapeutic target to overcome
chemoresistance.

To validate the results in other BCa cells, we
conducted a qRT-PCR analysis in a series of BCa cell
lines and detected abundant expression of miR-200b in
EJ138 and HT1376 cells (Supplementary Figure 2). We
then established a CDDP-resistant EJ138 line (EJ138RC,
Figure 1E) and found that, as in T24RC cells, miR-200b
expression was also reduced in EJ138RC cells (Figure 1F).
Moreover, inhibition of miR-200b in EJ138 and HT1376
cells diminished their CDDP sensitivity (Supplementary
Figure 2).

miR-200b is epigenetically downregulated in
CDDP-resistant BCa cells
Earlier studies showed that miR-200b is silenced in
association with hypermethylation of its upstream CpG
island in various malignancies, including breast, colon
and bladder cancer [13, 14]. We therefore assessed the
methylation status of the CpG island upstream of miR200b in BCa cells (Figure 2A). Quantitative bisulfite
pyrosequencing analysis revealed that, although both T24
and EJ138 cells exhibited substantial levels of methylation,
even greater methylation was present in the resistant
cells (Figure 2B). Bisulfite sequencing analysis also
confirmed the increased methylation in CDDP-resistant
cells (Figure 2C). Treatment with the DNA demethylating
agent 5-aza-dC upregulated miR-200b expression in both
T24RC and EJ138EC cells (Figure 2D). The presence of
unmethylated DNA in T24RC cells treated with 5-aza-dC
was confirmed using methylation-specific PCR (MSP;
Figure 2E). To clarify the role of histone modifications in
the repression of miR-200b in CDDP-resistant cells, we
assessed acetylation of histone H3 lysine 9 (H3K9ac), a
mark of active transcription, and trimethylation of H3K27
(H3K27me3), a repressive mark, in the CpG island region.
Chromatin immunoprecipitation (ChIP)-PCR revealed
lower levels of H3K9ac and higher levels of H3K27me3
in T24RC cells than in the parental cells (Figure 2F).
Moreover, the combination of low-dose 5-aza-dC + CDDP
strongly suppressed T24RC cell proliferation (Figure 2G).
These results suggest miR-200b is epigenetically silenced in
CDDP-resistant BCa cells and that this epigenetic alteration
could be a therapeutic target to overcome drug resistance.

RESULTS
Downregulation of miR-200b is associated with
CDDP resistance in BCa cells
We first established a CDDP-resistant BCa cell
line by continuously exposing T24 cells to CDDP
(T24RC), and confirmed the drug resistance in cell
proliferation assays (Figure 1A). We next compared the
miRNA expression profiles between T24RC and T24
cells using miRNA arrays, and found that 51 miRNAs
were significantly downregulated in the resistant cells
(>10-fold; Supplementary Table 1). In particular, miR200 family members (miR-200b, miR-200a and miR429) were at the top of the list, and subsequent qRT-PCR
confirmed the decreased expression of miR-200b in
T24RC (Table 1, Figure 1B). We next transfected T24RC
cells with a miR-200a or miR-200b mimic and found that
miR-200a suppressed cell proliferation but did not affect
CDDP sensitivity (Supplementary Figure 1). On the other
hand, exogenous expression of miR-200b in T24RC cells
not only suppressed cell proliferation, it also partially
restored the CDDP sensitivity (Figure 1C, Supplementary
Figure 1). Conversely, inhibition of miR-200b diminished
CDDP sensitivity in the parental cells (Figure 1D).

www.oncotarget.com

Effects of miR-200b on gene expression profiles
in CDDP-resistant BCa cells
To further explore the molecular mechanism by
which miR-200b improves CDDP sensitivity, we carried
out gene expression microarray analysis in T24RC
cells transfected with a miR-200b mimic or a negative
control and/or treated with or without CDDP. To assess
the effects of miR-200b on gene expression profiles, we
identified 733 probe sets (595 unique genes) differentially
expressed between cells transfected with a negative control
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or miR-200b mimic (>1.5-fold, P < 0.05; Figure 3A,
Supplementary Table 2). Gene ontology analysis revealed
that genes associated with “extracellular space/region” and
“regulation of cell migration/motility” were enriched among
the selected genes, while pathway analysis suggested genes
associated with “deregulation of Rab and Rab effector genes

in bladder cancer” were enriched among the selected genes
(Figure 3B). We then compared our microarray results with
the list of miR-200b-target genes predicted by TargetScan
and found that expression of 30 predicted target genes
was decreased by miR-200b in T24RC cells (Figure 3C).
In addition, RT-PCR analysis validated the expression of

Figure 1: Downregulation of miR-200b in CDDP-resistant BCa cells. (A) Anti-tumor effects of CDDP in T24 and T24RC cells.

Numbers of cells treated with the indicated concentrations of CDDP are shown relative to those without treatment. (B) qRT-PCR analysis
of miR-200b in T24 and T24RC cells. (C) Effects of miR-200b on CDDP sensitivity in T24RC cells. Numbers of cells transfected with a
miR-200b mimic or negative control (NC) and then treated with the indicated concentrations of CDDP are shown relative to cells without
treatment. (D) Effects of miR-200b inhibition on CDDP sensitivity in T24 cells. Cells were transfected with a miR-200b inhibitor or
negative control (NC) and then treated with the indicated concentrations of CDDP. (E) Anti-tumor effects of the indicated concentrations
of CDDP on EJ138 and EJ138RC cells. (F) qRT-PCR analysis of miR-200b in EJ138 and EJ138RC cells. Shown are means of 6 (A, C–E)
or 3 (B, F) replications; error bars represent SDs. *P < 0.05, **P < 0.01.
www.oncotarget.com
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Table 1: Expression of top 10 miRNAs downregulated in T24RC as compared to T24 cells
T24
T24RC
miRNA name
miRNA/RNU6B
miRNA/RNU6B

Fold change

hsa-miR-200b-3p

4.31 × 10

1.58 × 10

3.67 × 10–4

hsa-miR-200a-3p
hsa-miR-505-3p
hsa-miR-9-5p
hsa-miR-429
hsa-miR-135b-3p
hsa-miR-150-5p
hsa-miR-192-3p
hsa-miR-34b-3p
hsa-miR-224-5p

3.30 × 10–4
3.38 × 10–5
3.07 × 10–5
9.05 × 10–5
1.66 × 10–5
1.74 × 10–5
1.02 × 10–5
1.41 × 10–4
1.19 × 10–5

1.58 × 10–7
1.58 × 10–7
1.58 × 10–7
5.52 × 10–7
1.13 × 10–7
1.58 × 10–7
1.13 × 10–7
1.58 × 10–6
1.58 × 10–7

4.80 × 10–4
4.68 × 10–3
5.15 × 10–3
6.11 × 10–3
6.80 × 10–3
9.10 × 10–3
1.10 × 10–2
1.12 × 10–2
1.33 × 10–2

–4

–7

representative genes (HAS2, ZEB1 and ZEB2) reportedly
associated with chemoresistance [15–17].

Expression and methylation of miR-200b is
associated with BCa prognosis

miR-200b and CDDP activate genes associated
with chemosensitivity and apoptosis

We next evaluated the clinical relevance of our
findings. Using data sets for primary BCa from The
Cancer Genome Atlas (TCGA), we compared expression
of miR-200b and DNA methylation of its upstream CpG
island [21]. Because chemotherapy is not commonly
administered to patients with NMIBC, we selected the
data from patients with stage II or higher tumors. We
found that methylation levels at multiple CpG sites in the
CpG island correlated inversely with the levels of miR200b expression in BCa (Figure 5A, 5B, Supplementary
Figure 4). Kaplan–Meier curve analysis revealed that
lower levels of miR-200b expression and higher levels
of DNA methylation were associated with poor overall
survival (Figure 5C, 5D, Supplementary Figure 5).
Logistic regression analysis revealed that higher levels of
miR-200b expression (≥10.62) were associated with better
overall survival (HR, 0.57; 95% CI, 0.4–0.82; P < 0.01).
Similarly, lower methylation levels (cg0847826 < –0.3146)
were associated with better overall survival (HR, 0.47;
95% CI, 0.25–0.88; P < 0.01). These results suggest that
miR-200b is frequently silenced in association with DNA
methylation in primary BCa tumors, and that epigenetic
silencing of miR-200b is associated with a poorer outcome
of BCa.
Using the TCGA data sets, we also confirmed that
levels of miR-200b expression are inversely associated
with those of HAS2, ZEB1 and ZEB2 (Figure 5E,
Supplementary Figure 6). Moreover, higher HAS2 and
ZEB1 expression was associated with poorer recurrencefree survival among patients with stage 2 or higher BCa
(Figure 5F), whereas there was no significant association
between ZEB2 expression and clinical outcome
(Supplementary Figure 6).

We next assessed the effects of CDDP/miR-200b
and found that, by itself, CDDP had only limited effects on
gene expression, whereas miR-200b induced significant
changes in the gene expression profile of T24RC cells
(Supplementary Figure 3). We then selected genes that
were differentially expressed between T24RC cells treated
with miR-200b alone and those treated with miR-200b +
CDDP (P < 0.05), and identified a series of 551 probe
sets corresponding to 509 unique genes (Figure 4A,
Supplementary Table 3). Gene ontology analysis revealed
that genes associated with “DNA packaging complex” and
“nucleosome” were enriched among 509 selected genes
(Figure 4B). Consistent with this result, a number of genes
encoding histones were downregulated by miR-200b +
CDDP, perhaps reflecting inhibition of DNA replication
and the cell cycle (Figure 4A). Pathway analysis suggested
that genes associated with “apoptosis modulation and
signaling” were also enriched among the selected genes
(Figure 4B). Consistent with this finding, apoptosis-related
genes, including TNFSF10 (also known as tumor necrosis
factor-related apoptosis-inducing ligand, TRAIL) and
BBC3 (also known as PUMA), were upregulated by miR200b + CDDP (Figure 4A). We also found that IGFBP3
and ICAM1, which are reportedly associated with CDDP
resistance, were synergistically upregulated by miR-200b
+ CDDP [18–20] (Figure 4A). These microarray results
were validated for selected genes using qRT-PCR (Figure
4C). Collectively then, these results suggest miR-200b
sensitizes BCa cells to CDDP by inducing multiple genes
involved in determining chemosensitivity and cytotoxicity.
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Figure 2: Epigenetic silencing of miR-200b in CDDP-resistant BCa cells. (A) Schematic representation of the miR-200b,

-200a and -429 genomic loci. Location of the CpG island and regions analyzed using the indicated methods are also shown. (B) Results
of bisulfite pyrosequencing in the indicated BCa cells. (C) Results of bisulfite sequencing in the indicated cells. The region analyzed with
bisulfite pyrosequencing is indicated by an arrow. (D) qRT-PCR analysis of miR-200b in CDDP-resistant BCa cells treated with or without
5-aza-dC (Aza). (E) MSP analysis in T24RC cells treated with or without 5-aza-dC. Bands in the ‘‘M’’ lanes are PCR products obtained
with methylation-specific primers; those in the ‘‘U’’ lanes are products obtained with unmethylated-specific primers. In vitro methylated
DNA and DNMT1/DNMT3B double knockout HCT116 cells serve as methylated and unmethylated controls. (F) ChIP-PCR analysis in
the indicated cells. Levels of H3K9ac and H3K27me3 are shown. (G) Proliferation of T24RC cells treated with or without 5-aza-dC (Aza)
and/or CDDP. Numbers of cells with the indicated treatments are shown relative to the numbers on day 0 (5 × 103 cells). Shown in B, D, F
and G are means of 3 replications; error bars represent SDs. NS, not significant; *P < 0.05, **P < 0.01.
www.oncotarget.com
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Figure 3: Effects of miR-200b on gene expression profiles in CDDP-resistant BCa cells. (A) Heat map showing expression

of 733 probe sets (595 genes) identified through microarray analysis of T24RC cells transfected with a miR-200b mimic or negative control
(NC) and then treated with or without CDDP. (B) Results of gene ontology (GO, upper) and pathway (lower) analyses of the 595 selected
genes. (C) Heat map showing expression of miR-200b target genes predicted by TargetScan. (D) qRT-PCR analysis of the indicated genes
in T24RC cells with or without miR-200b and/or CDDP. Shown are means of 3 replications; error bars represent SDs.
www.oncotarget.com
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DISCUSSION

upstream CpG islands. But among these three molecules,
it was downregulation of miR-200b that was associated
with CDDP resistance in BCa cells. The miR-200 family
suppresses epithelial-to-mesenchymal transition (EMT)
by targeting E-cadherin repressors ZEB1 and ZEB2
[22, 23]. Loss of the miR-200 family promotes EMT
and invasive and aggressive cancer phenotypes [14, 24].
miR-200 family genes are encoded in two polycistronic
units, miR-200b/200a/429 on chromosome 1 and miR-

In the present study, we found that expression
of a number of miRNAs is altered after acquisition of
CDDP resistance by BCa cells. We detected significant
downregulation of miR-200 family members, including
miR-200b, -200a and -429 in CDDP-resistant cells. The
simultaneous reduction of these miRNAs is thought to
be associated with increased DNA methylation of their

Figure 4: Effects of miR-200b and CDDP on gene expression profiles in CDDP-resistant BCa cells. (A) Heat map showing

expression of 551 probe sets (509 genes) identified through microarray analysis of T24RC cells transfected with a miR-200b mimic or
negative control (NC) and then treated with or without CDDP. (B) Results of gene ontology (GO, upper) and pathway analyses (lower) of
the selected 509 genes. (C) qRT-PCR analysis of the indicated genes in T24RC cells with or without miR-200b and/or CDDP. Shown are
means of 3 replications; error bars represent SDs.
www.oncotarget.com
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Figure 5: Analysis of the expression and DNA methylation of miR-200b in clinical BCa tumors using TCGA data sets.
(A) Locations of Infinium BeadChip probes in the CpG island of miR-200b. Genomic locations are based on Human GRCh38/hg38. (B)
Correlation between levels of miR-200b expression and DNA methylation of the indicated probe in primary BCa (n = 345). The Pearson’s
correlation coefficient (R) is also shown. (C) Kaplan–Meier curve showing the effect of miR-200b expression on overall survival of BCa
patients (n = 353). (D) Kaplan–Meier curve showing the effect of DNA methylation of the indicated probe on overall survival of BCa
patients (n = 347). (E) Correlation between levels of miR-200b expression and expression of HAS2 (left) or ZEB1 (right) in primary BCa
(n = 345). (F) Kaplan–Meier curves showing the effects of HAS2 (left) and ZEB1 (right) expression on recurrence-free survival among
patients with stage 2 or higher BCa (n = 275).
www.oncotarget.com
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200c/141 on chromosome 12 [14]. CpG islands are
located in the upstream of both units, and they are targets
of hypermethylation in various cancers, including BCa
[14]. Epigenetic silencing of the miR-200 family is seen
in MIBC tumors and undifferentiated BCa cell lines [13].
Several studies have implicated the miR-200 family
in chemoresistance. For instance, the CDDP-resistant
variant of MCF7 breast cancer cells expresses lower levels
of miR-200b and miR-200c than the parental cells [25].
Similarly, miR-200b expression is decreased in CDDPresistant tongue cancer cells, and ectopic expression
of miR-200b sensitizes the cells to chemotherapy [26].
Subsequent studies also showed that increasing miR200b expression leads to improved chemosensitivity in
lung and esophageal cancer cells [27, 28]. More recently,
a study using a mouse model to track EMT during
metastasis of breast tumors showed that miR-200 not
only inhibits EMT but also reduces chemoresistance to
cyclophosphamide [29]. By contrast, other studies showed
that miR-200b/200c/429 could induce chemoresistance
in endometrial cancer and Ehrlich ascites tumor cells,
suggesting the miR-200 family may exert opposite effects
in different tumor types [30, 31]. To our knowledge, this is
the first study to show an association between miR-200b
downregulation and CDDP resistance in BCa.
Our microarray analysis revealed that ectopic
expression of miR-200b significantly altered expression of
a number of genes, including well-characterized miR-200targets in CDDP-resistant BCa cells. Notably, ZEB1 and
ZEB2 are implicated in chemoresistance in a variety cancer
types. For instance, ZEB1 induces CDDP resistance in
tongue cancer cells by transcriptionally activating carbonic
anhydrase 9 (CA9) [16]. Another study showed that miR128 sensitizes prostate cancer cells to CDDP by suppressing
ZEB1 [32]. Similarly, miR-200c, miR-203 and miR-218
increase CDDP-sensitivity via targeting ZEB2 in gastric,
nasopharyngeal and lung cancers [17, 33, 34]. Hyaluronan
(HA) is a major ligand of CD44, and the HA-CD44
signal promotes cell adhesion, migration and proliferation
[35]. The oncogenic HA-CD44 signal is also involved
in chemoresistance, and hyaluronan synthase 2 (HAS2)
reportedly induces CD44-dependent CDDP resistance in
oral cancer [15]. Treatment with carboplatin significantly
increases expression of HAS2 and HAS3, and the resultant
increase of HA secretion may contribute to chemoresistance
in ovarian cancer [36]. These results suggest suppressing
miR-200b may induce CDDP resistance by upregulating its
target genes in BCa cells.
We also found that miR-200b and CDDP act
synergistically to upregulate multiple genes associated with
chemosensitivity or cytotoxicity in CDDP-resistant BCa
cells. IGFBP3 is a key regulator of insulin growth factor
(IGF) signaling. IGF1 binds to IGFBP3 with higher affinity
than for its specific receptor (IGF1R), which disrupts
interaction between IGF1 and IGF1R and suppresses the
mitogenic and anti-apoptotic actions by IGF1 [18]. An
www.oncotarget.com

earlier study showed that IGFBP3 is silenced by CpG
island hypermethylation in CDDP-resistant NSCLC, and
that IGFBP3 knockdown diminishes CDDP sensitivity in
NSCLC cells [18]. A subsequent study demonstrated that
methylation of IGFBP3 mediates CDDP resistance by
activating the IGF1R/Akt pathway [19]. Loss of IGFBP3
also mediates acquired resistance to EGFR tyrosine kinase
inhibitors [37], and upregulation of IGFBP3 is reportedly
associated with increased chemosensitivity of esophageal
cancer cells to nimotuzumab (anti-EGFR monoclonal
antibody) with CDDP [38].
A recent study searched for genes differentially
expressed and methylated in CDDP-resistant NSCLC
cells and their parental cells [20]. Among the genes
identified, ICAM1 was confirmed to be silenced by DNA
methylation in CDDP-resistant cells. Although functional
association between ICAM1 and CDDP sensitivity has
not been fully characterized, an earlier study showed that
the combination of CDDP + 5-fluorouracil synergistically
induced ICAM1 expression in cancer cells, which may
facilitate recognition of cancer cells by T lymphocytes
[39]. CDDP also induces ICAM1 expression in endothelial
cells via a NF-κB dependent pathway, which could lead to
CDDP-induced vascular toxicity [40]. In addition, it was
recently reported that upregulation of ICAM1 suppresses
growth of ovarian cancer cells in the absence of immune
cells [41]. However, this study also showed that induction
of ICAM1 leads to reduced CDDP sensitivity in ovarian
cancer cells. Further study will be necessary to clarify the
role of ICAM1 in BCa.
TNFSF10 (tumor necrosis factor ligand super family
member 10), also known as TRAIL, is a member of the
TNF superfamily that induces apoptosis in various cancers
by activating death receptors [42]. Although TRAIL is not
reportedly associated with CDDP sensitivity, multiple
lines of evidence show that CDDP enhances susceptibility
to TRAIL-mediated apoptosis in various malignancies,
including esophageal, lung and bladder cancers [43–46].
More recently, a study showed that CDDP-resistant cancer
cells are sensitive to TRAIL-mediated apoptosis [47]. This
suggests induction of TRAIL by miR-200b and CDDP
may lead to increased cytotoxicity in BCa cells.
Our study has several limitations. Although our
data suggest miR-200b is epigenetically silenced in
CDDP-resistant BCa cells, the CpG island is already
highly methylated in the parental cells, and 5-aza-dC
treatment induces only moderate re-expression of miR200b. These findings together with our ChIP-PCR results
suggest both DNA methylation and histone modification
are involved in suppressing miR-200b. Consequently, the
clinical usefulness of DNA methylation as a predictive
marker of CDDP resistance may be limited. In addition,
due to a lack of clinical information, we were unable
analyze the association between miR-200b expression
and clinical outcomes in BCa patients treated with CDDP.
Nonetheless, the combination of low dose 5-aza-dC
24465
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Transfection of miRNA mimics or inhibitors

and CDDP strongly suppressed proliferation of CDDPresistant BCa cells. This suggests multiple factors involved
in chemosensitivity may be epigenetically silenced in
CDDP-resistant BCa, and that epigenetic drug treatment
could be a therapeutic option for such tumors. Further
study is warranted to clarify the clinical implications and
usefulness of miR-200b in BCa.
In summary, our data suggest that downregulation
of miR-200b is associated with CDDP resistance in BCa,
and that restoration of miR-200b or treatment with a DNA
demethylating agent could be an effective therapeutic
approach to overcoming chemoresistance. Moreover,
epigenetic alteration of miR-200b may be a predictive marker
of BCa chemoresistance and useful for identifying patients
who will benefit from the neoadjuvant chemotherapy.

For ectopic expression of miRNAs, BCa cells plated
at 5 × 105 cells/well in 6-well dishes were transfected with
25 pmol of mirVana miRNA mimic (hsa-miR-200a-3p,
hsa-miR-200b-3p, Thermo Fisher Scientific) or mirVana
miRNA mimic Negative Control #1 (Thermo Fisher
Scientific) using Lipofectamine RNAiMAX (Thermo
Fisher Scientific) according to manufacturer’s instructions.
For suppression of miRNAs, cells were transfected with
25 pmol of mirVana miRNA inhibitor (hsa-miR-200b-3p,
hsa-miR-661, hsa-miR-21-5p, Thermo Fisher Scientific)
or mirVana miRNA inhibitor Negative Control #1 (Thermo
Fisher Scientific) using Lipofectamine RNAiMAX.

Drug treatment and cell proliferation assay

MATERIALS AND METHODS

To assess drug sensitivity, BCa cells (1 × 104 cells/well
in 24-well plates) were treated with or without CDDP (0.2 to
3.2 μg/ml) for 72 h, after which cell numbers were counted
using a Countess II Automated Cell Counter (Thermo Fisher
Scientific). To assess the involvement of miRNAs in the
drug sensitivity, BCa cells were transfected with a miRNA
mimic or inhibitor as described above and incubated for 48 h.
Cells were then trypsinized, counted, placed in 24-well
plates (1 × 104 cells/well), and incubated for additional 24 h.
Thereafter, cells were treated with or without CDDP for 72 h,
after which cell numbers were counted. For combined
treatment with 5-aza-dC + CDDP, BCa cells (5 × 105 cells in
a 10-cm dish) were treated with or without 100 nM 5-aza-dC
for 48 h, after which the medium was replaced and the cells
were treated with or without 3.0 µg/ml CDDP for additional
72 h. After removing the drugs, 5 × 103 cells were placed in a
10-cm dish, and cell numbers were counted 7, 11 and 14 days
after the start of drug treatment.

Cell lines
The T24, UMUC3 and EJ138 BCa cell lines were
obtained from The European Collection of Authenticated
Cell Cultures (ECACC). TCCSUP, J82 and HT1376
cells were obtained from the American Type Culture
Collection (ATCC). T24 cells were cultured in McCoy’s
5A medium (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% fetal bovine serum (FBS).
The other BCa cell lines were cultured in Eagle’s minimal
essential medium (EMEM; Wako Pure Chemical Industries,
Osaka, Japan) with 10% FBS. To establish CDDP-resistant
BCa cells (T24RC and EJ138RC), T24 and EJ138 cells were
continuously exposed to serially elevated concentrations
(up to 3 μg/ml) of CDDP for >6 months. CDDP-resistant
BCa cells were maintained in culture medium with 3 μg/ml
CDDP. To restore epigenetically silenced genes, cells were
treated with 1 µM 5-aza-2’-deoxicytidine (5-aza-dC; Wako,
Tokyo, Japan) for 72 h. Total RNA was extracted using
TRI Reagent (COSMO BIO, Tokyo, Japan), and genomic
DNA was extracted using the standard phenol-chloroform
procedure.

DNA methylation analysis
Genomic DNA (1 μg) was modified with sodium
bisulfite using an EpiTect Bisulfite kit (Qiagen, Hilden,
Germany). Bisulfite sequencing, bisulfite pyrosequencing
and methylation-specific PCR (MSP) were conducted
as described previously [48]. In vitro methylated DNA
and DNMT1/DNMT3B double knockout HCT116 cells
served as methylated and unmethylated controls [48]. The
pyrosequencing reaction was performed using a PSQ96
system with a PyroGold reagent Kit (Qiagen), and the
results were analyzed using Q-CpG software (Qiagen).
For bisulfite sequencing of the CpG island of miR-200b,
a region including 27 CpG sites was PCR amplified and
cloned into pCR2.1-TOPO vector (Life Technologies),
after which 14 or 15 clones from each sample were
sequenced using an ABI3130x automated sequencer
(Thermo Fisher Scientific). Primer sequences and PCR
product sizes are listed in Supplementary Table 4.

miRNA expression
Expression of a series of 754 miRNAs was examined
using a TaqMan MicroRNA Array v3.0, which includes
qRT-PCR assays for 754 human miRNAs (Thermo Fisher
Scientific, Waltham, MA, USA). The PCR was run in a
7900HT Fast Real-Time PCR System (Thermo Fisher
Scientific), and SDS 2.2.2 software (Thermo Fisher
Scientific) was used for comparative delta Ct analysis.
U6 snRNA (RNU6B) was used as an endogenous control.
Expression of miR-200b and RNU6B was assessed using
TaqMan MicroRNA Assays (Assay ID, 00251 and 001093,
Thermo Fisher Scientific) and a 7500 Fast Real-Time PCR
System (Thermo Fisher Scientific).
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Chromatin immunoprecipitation (ChIP)-PCR

analysis. Differences in survival were compared using the
Kaplan–Meier method with the Log-rank test. All data
were analyzed using EZR ver. 1.35 (Saitama Medical
Center, Jichi Medical University) [50].

ChIP was carried out using anti-acetyl-histone H3
lysine 9 (#07-352, Millipore, Billerica, Massachusetts,
USA) and anti-H3K27me3 (#9733, Cell Signaling
Technology, Danvers, MA, USA) antibodies as described
previously [49]. Input DNA and the immunoprecipitates
were subjected to quantitative PCR analysis using PowerUp
SYBR Green PCR Master Mix (Life Technologies).
Primer sequences and PCR product sizes are listed in
Supplementary Table 4.
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Gene expression microarray analysis
T24RC cells were transfected with a miR-200b mimic
or negative control and then treated with or without 1.6 μg/
ml CDDP as described above. One-color microarray-based
gene expression analysis was then carried out according
to manufacturer’s instructions (Agilent Technologies,
Santa Clara, CA, USA). Briefly, 100 ng of total RNA
were amplified and labeled using a Low-input Quick Amp
Labelling kit One-color (Agilent Technologies), after which
the synthesized cRNA was hybridized to a SurePrint G3
Human GE microarray v2 (G4851; Agilent Technologies).
Each sample was hybridized to 2 arrays, and the microarray
data were analyzed using GeneSpring GX version 13
(Agilent Technologies). miR-200b target genes were
predicted by TargetScan. (www.targetscan.org). The Gene
Expression Omnibus accession number for the microarray
data is GSE103250.
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Quantitative reverse transcription PCR
Single-stranded cDNA was prepared using
SuperScript III reverse transcriptase (Thermo Fisher
Scientific). Quantitative reverse transcription PCR (qRTPCR) for IGFBP3, ICAM1 and ACTB was carried out using
TaqMan Gene Expression Assays (Assay ID, Hs00426287_
m1, Hs00164932_m1 and Hs01060665_g1, Thermo Fisher
Scientific). ACTB (β-actin) was used as an endogenous
control. qRT-PCR for HAS2, ZEB1, ZEB2 and TNFSF10
was performed using PowerUp SYBR Master Mix (Thermo
Fisher Scientific). The PCR was run in a 7500 Fast RealTime PCR System (Thermo Fisher Scientific), and SDS ver.
1.4 (Thermo Fisher Scientific) was used for comparative
delta Ct analysis. Primer sequences for TNFSF10 are listed
in Supplementary Table 4.

REFERENCES

Statistical analysis
Comparisons of continuous variables were made
using t tests or one-way ANOVA with post-hoc multiple
comparisons (Tukey HSD test). Correlations were
evaluated based on Pearson’s correlation coefficient.
Values of P < 0.05 (two-sided) were considered
significant. Optimal cut off levels were determined
through receiver operating characteristic (ROC) curve
www.oncotarget.com

1.

Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J,
Jemal A. Global cancer statistics, 2012. CA Cancer J Clin.
2015; 65:87–108.

2.

Kirkali Z, Chan T, Manoharan M, Algaba F, Busch C, Cheng L,
Kiemeney L, Kriegmair M, Montironi R, Murphy WM,
Sesterhenn IA, Tachibana M, Weider J. Bladder cancer:
epidemiology, staging and grading, and diagnosis. Urology.
2005; 66:4–34.

3.

von der Maase H, Hansen SW, Roberts JT, Dogliotti L,
Oliver T, Moore MJ, Bodrogi I, Albers P, Knuth A,
Lippert CM, Kerbrat P, Sanchez Rovira P, Wersall P,
et al. Gemcitabine and cisplatin versus methotrexate,
vinblastine, doxorubicin, and cisplatin in advanced or
metastatic bladder cancer: results of a large, randomized,
multinational, multicenter, phase III study. J Clin Oncol.
2000; 18:3068–3077.

4. von der Maase H, Sengelov L, Roberts JT, Ricci S,
Dogliotti L, Oliver T, Moore MJ, Zimmermann A, Arning M.
Long-term survival results of a randomized trial comparing
gemcitabine plus cisplatin, with methotrexate, vinblastine,
24467

Oncotarget

doxorubicin, plus cisplatin in patients with bladder cancer.
J Clin Oncol. 2005; 23:4602–4608.

16. Zheng G, Peng C, Jia X, Gu Y, Zhang Z, Deng Y,
Wang C, Li N, Yin J, Liu X, Lu M, Tang H, He Z. ZEB1
transcriptionally regulated carbonic anhydrase 9 mediates
the chemoresistance of tongue cancer via maintaining
intracellular pH. Mol Cancer. 2015; 14:84.

5. Vale CL, and Advanced Bladder Cancer (ABC) Meta-analysis
Collaboration. Neoadjuvant chemotherapy in invasive bladder
cancer: update of a systematic review and meta-analysis of
individual patient data advanced bladder cancer (ABC) metaanalysis collaboration. Eur Urol. 2005; 48:202–205.

17. Jiang Q, Zhou Y, Yang H, Li L, Deng X, Cheng C, Xie Y,
Luo X, Fang W, Liu Z. A directly negative interaction
of miR-203 and ZEB2 modulates tumor stemness and
chemotherapy resistance in nasopharyngeal carcinoma.
Oncotarget. 2016; 7:67288–301. https://doi.org/10.18632/
oncotarget.11691.

6. Petrelli F, Coinu A, Cabiddu M, Ghilardi M, Vavassori I, Barni
S. Correlation of pathologic complete response with survival
after neoadjuvant chemotherapy in bladder cancer treated with
cystectomy: a meta-analysis. Eur Urol. 2014; 65:350–357.

18. Ibanez de Caceres I, Cortes-Sempere M, Moratilla C,
Machado-Pinilla R, Rodriguez-Fanjul V, ManguanGarcia C, Cejas P, Lopez-Rios F, Paz-Ares L, de
CastroCarpeno J, Nistal M, Belda-Iniesta C, Perona R.
IGFBP-3 hypermethylation-derived deficiency mediates
cisplatin resistance in non-small-cell lung cancer.
Oncogene. 2010; 29:1681–1690.

7. Catto JW, Miah S, Owen HC, Bryant H, Myers K,
Dudziec E, Larre S, Milo M, Rehman I, Rosario DJ,
Di Martino E, Knowles MA, Meuth M, et al. Distinct
microRNA alterations characterize high- and low-grade
bladder cancer. Cancer Res. 2009; 69:8472–8481.
8. Shimizu T, Suzuki H, Nojima M, Kitamura H, Yamamoto E,
Maruyama R, Ashida M, Hatahira T, Kai M, Masumori N,
Tokino T, Imai K, Tsukamoto T, et al. Methylation of a
panel of microRNA genes is a novel biomarker for detection
of bladder cancer. Eur Urol. 2013; 63:1091–1100.

19. Cortes-Sempere M, de Miguel MP, Pernia O, Rodriguez C,
de Castro Carpeno J, Nistal M, Conde E, Lopez-Rios F,
Belda-Iniesta C, Perona R, Ibanez de Caceres I. IGFBP-3
methylation-derived deficiency mediates the resistance
to cisplatin through the activation of the IGFIR/Akt
pathway in non-small cell lung cancer. Oncogene. 2013;
32:1274–1283.

9. Vinall RL, Ripoll AZ, Wang S, Pan CX, deVere White RW.
MiR-34a chemosensitizes bladder cancer cells to cisplatin
treatment regardless of p53-Rb pathway status. Int J Cancer.
2012; 130:2526–2538.

20. Zhang YW, Zheng Y, Wang JZ, Lu XX, Wang Z, Chen LB,
Guan XX, Tong JD. Integrated analysis of DNA methylation
and mRNA expression profiling reveals candidate genes
associated with cisplatin resistance in non-small cell lung
cancer. Epigenetics. 2014; 9:896–909.

10. Li H, Yu G, Shi R, Lang B, Chen X, Xia D, Xiao H, Guo X,
Guan W, Ye Z, Xiao W, Xu H. Cisplatin-induced epigenetic
activation of miR-34a sensitizes bladder cancer cells to
chemotherapy. Mol Cancer. 2014; 13:8.
11. Lv L, Deng H, Li Y, Zhang C, Liu X, Liu Q, Zhang D,
Wang L, Pu Y, Zhang H, He Y, Wang Y, Yu Y, et al. The
DNA methylation-regulated miR-193a-3p dictates the
multi-chemoresistance of bladder cancer via repression
of SRSF2/PLAU/HIC2 expression. Cell Death Dis. 2014;
5:e1402.

21. Cancer Genome Atlas Research Network. Comprehensive
molecular characterization of urothelial bladder carcinoma.
Nature. 2014; 507:315–322.
22. Gregory PA, Bert AG, Paterson EL, Barry SC, Tsykin A,
Farshid G, Vadas MA, Khew-Goodall Y, Goodall GJ.
The miR-200 family and miR-205 regulate epithelial to
mesenchymal transition by targeting ZEB1 and SIP1. Nat
Cell Biol. 2008; 10:593–601.

12. Zhang X, Zhang Y, Liu X, Fang A, Li P, Li Z, Liu T, Yang Y,
Du L, Wang C. MicroRNA-203 Is a Prognostic Indicator in
Bladder Cancer and Enhances Chemosensitivity to Cisplatin
via Apoptosis by Targeting Bcl-w and Survivin. PLoS One.
2015; 10:e0143441.

23. Park SM, Gaur AB, Lengyel E, Peter ME. The miR-200
family determines the epithelial phenotype of cancer cells
by targeting the E-cadherin repressors ZEB1 and ZEB2.
Genes Dev. 2008; 22:894–907.

13. Wiklund ED, Bramsen JB, Hulf T, Dyrskjot L, Ramanathan R,
Hansen TB, Villadsen SB, Gao S, Ostenfeld MS, Borre M,
Peter ME, Orntoft TF, Kjems J, et al. Coordinated epigenetic
repression of the miR-200 family and miR-205 in invasive
bladder cancer. Int J Cancer. 2011; 128:1327–1334.

24. Ceppi P, Mudduluru G, Kumarswamy R, Rapa I,
Scagliotti GV, Papotti M, Allgayer H. Loss of miR200c expression induces an aggressive, invasive, and
chemoresistant phenotype in non-small cell lung cancer.
Mol Cancer Res. 2010; 8:1207–1216.

14. Davalos V, Moutinho C, Villanueva A, Boque R, Silva P,
Carneiro F, Esteller M. Dynamic epigenetic regulation
of the microRNA-200 family mediates epithelial and
mesenchymal transitions in human tumorigenesis.
Oncogene. 2012; 31:2062–2074.

25. Pogribny IP, Filkowski JN, Tryndyak VP, Golubov A,
Shpyleva SI, Kovalchuk O. Alterations of microRNAs
and their targets are associated with acquired resistance of
MCF-7 breast cancer cells to cisplatin. Int J Cancer. 2010;
127:1785–1794.

15. Wang SJ, Earle C, Wong G, Bourguignon LY. Role of
hyaluronan synthase 2 to promote CD44-dependent oral
cavity squamous cell carcinoma progression. Head Neck.
2013; 35:511–520.
www.oncotarget.com

26. Sun L, Yao Y, Liu B, Lin Z, Lin L, Yang M, Zhang W, Chen W,
Pan C, Liu Q, Song E, Li J. MiR-200b and miR-15b regulate
chemotherapy-induced epithelial-mesenchymal transition in
24468

Oncotarget

human tongue cancer cells by targeting BMI1. Oncogene.
2012; 31:432–445.

39. Takizawa K, Kamijo R, Ito D, Hatori M, Sumitani K,
Nagumo M. Synergistic induction of ICAM-1 expression
by cisplatin and 5-fluorouracil in a cancer cell line via a
NF-kappaB independent pathway. Br J Cancer. 1999;
80:954–963.

27. Ahmad A, Maitah MY, Ginnebaugh KR, Li Y, Bao B, Gadgeel
SM, Sarkar FH. Inhibition of Hedgehog signaling sensitizes
NSCLC cells to standard therapies through modulation of
EMT-regulating miRNAs. J Hematol Oncol. 2013; 6:77.

40. Yu M, Han J, Cui P, Dai M, Li H, Zhang J, Xiu R. Cisplatin
up-regulates ICAM-1 expression in endothelial cell via
a NF-kappaB dependent pathway. Cancer Sci. 2008;
99:391–397.

28. Lindner K, Borchardt C, Schopp M, Burgers A, Stock C,
Hussey DJ, Haier J, Hummel R. Proton pump inhibitors
(PPIs) impact on tumour cell survival, metastatic potential
and chemotherapy resistance, and affect expression of
resistance-relevant miRNAs in esophageal cancer. J Exp
Clin Cancer Res. 2014; 33:73.
29. Fischer KR, Durrans A, Lee S, Sheng J, Li F, Wong ST,
Choi H, El Rayes T, Ryu S, Troeger J, Schwabe RF,
Vahdat LT, Altorki NK, et al. Epithelial-to-mesenchymal
transition is not required for lung metastasis but contributes
to chemoresistance. Nature. 2015; 527:472–476.
30. Wu Y, Xiao Y, Ding X, Zhuo Y, Ren P, Zhou C, Zhou J.
A miR-200b/200c/429-binding site polymorphism in the 3’
untranslated region of the AP-2alpha gene is associated with
cisplatin resistance. PLoS One. 2011; 6:e29043.
31. Husted S, Sokilde R, Rask L, Cirera S, Busk PK, Eriksen J,
Litman T. MicroRNA expression profiles associated with
development of drug resistance in Ehrlich ascites tumor
cells. Mol Pharm. 2011; 8:2055–2062.
32. Sun X, Li Y, Yu J, Pei H, Luo P, Zhang J. miR-128
modulates chemosensitivity and invasion of prostate cancer
cells through targeting ZEB1. Jpn J Clin Oncol. 2015;
45:474–482.
33. Jiang T, Dong P, Li L, Ma X, Xu P, Zhu H, Wang Y, Yang B,
Liu K, Liu J, Xue J, Lv R, Su P, et al. MicroRNA-200c
regulates cisplatin resistance by targeting ZEB2 in human
gastric cancer cells. Oncol Rep. 2017; 38:151–158.
34. Shi ZM, Wang L, Shen H, Jiang CF, Ge X, Li DM, Wen YY,
Sun HR, Pan MH, Li W, Shu YQ, Liu LZ, Peiper SC, et al.
Downregulation of miR-218 contributes to epithelialmesenchymal transition and tumor metastasis in lung
cancer by targeting Slug/ZEB2 signaling. Oncogene. 2017;
36:2577–2588.
35. Toole BP. Hyaluronan: from extracellular glue to
pericellular cue. Nat Rev Cancer. 2004; 4:528–539.
36. Ricciardelli C, Ween MP, Lokman NA, Tan IA, Pyragius CE,
Oehler MK. Chemotherapy-induced hyaluronan production:
a novel chemoresistance mechanism in ovarian cancer. BMC
Cancer. 2013; 13:476.
37. Guix M, Faber AC, Wang SE, Olivares MG, Song Y, Qu S,
Rinehart C, Seidel B, Yee D, Arteaga CL, Engelman JA.
Acquired resistance to EGFR tyrosine kinase inhibitors in
cancer cells is mediated by loss of IGF-binding proteins. J
Clin Invest. 2008; 118:2609–2619.
38. Zhao L, Li QQ, Zhang R, Xi M, Liao YJ, Qian D, He LR,
Zeng YX, Xie D, Liu MZ. The overexpression of IGFBP-3
is involved in the chemosensitivity of esophageal squamous
cell carcinoma cells to nimotuzumab combined with
cisplatin. Tumour Biol. 2012; 33:1115–1123.
www.oncotarget.com

41. de Groote ML, Kazemier HG, Huisman C, van der Gun BT,
Faas MM, Rots MG. Upregulation of endogenous ICAM-1
reduces ovarian cancer cell growth in the absence of
immune cells. Int J Cancer. 2014; 134:280–290.
42. von Karstedt S, Montinaro A, Walczak H. Exploring the
TRAILs less travelled: TRAIL in cancer biology and
therapy. Nat Rev Cancer. 2017; 17:352–366.
43. Tsai WS, Yeow WS, Chua A, Reddy RM, Nguyen DM,
Schrump DS. Enhancement of Apo2L/TRAIL-mediated
cytotoxicity in esophageal cancer cells by cisplatin. Mol
Cancer Ther. 2006; 5:2977–2990.
44. Kondo K, Yamasaki S, Sugie T, Teratani N, Kan T,
Imamura M, Shimada Y. Cisplatin-dependent upregulation
of death receptors 4 and 5 augments induction of apoptosis
by TNF-related apoptosis-inducing ligand against esophageal
squamous cell carcinoma. Int J Cancer. 2006; 118:230–242.
45. Reddy RM, Tsai WS, Ziauddin MF, Zuo J, Cole GW Jr,
Maxhimer JB, Fang B, Schrump DS, Nguyen DM. Cisplatin
enhances apoptosis induced by a tumor-selective adenovirus
expressing tumor necrosis factor-related apoptosis-inducing
ligand. J Thorac Cardiovasc Surg. 2004; 128:883–891.
46. Mizutani Y, Nakao M, Ogawa O, Yoshida O, Bonavida B,
Miki T. Enhanced sensitivity of bladder cancer cells to
tumor necrosis factor related apoptosis inducing ligand
mediated apoptosis by cisplatin and carboplatin. J Urol.
2001; 165:263–270.
47. Seah S, Low IC, Hirpara JL, Sachaphibulkij K, Kroemer G,
Brenner C, Pervaiz S. Activation of surrogate death receptor
signaling triggers peroxynitrite-dependent execution of
cisplatin-resistant cancer cells. Cell Death Dis. 2015;
6:e1926.
48. Toyota M, Suzuki H, Sasaki Y, Maruyama R, Imai K,
Shinomura Y, Tokino T. Epigenetic silencing of microRNA34b/c and B-cell translocation gene 4 is associated with
CpG island methylation in colorectal cancer. Cancer Res.
2008; 68:4123–4132.
49. Kamimae S, Yamamoto E, Kai M, Niinuma T, Yamano HO,
Nojima M, Yoshikawa K, Kimura T, Takagi R, Harada E,
Harada T, Maruyama R, Sasaki Y, et al. Epigenetic silencing
of NTSR1 is associated with lateral and noninvasive growth
of colorectal tumors. Oncotarget. 2015; 6:29975–90. https://
doi.org/10.18632/oncotarget.5034.
50. Kanda Y. Investigation of the freely available easy-touse software ‘EZR’ for medical statistics. Bone Marrow
Transplant. 2013; 48:452–458.

24469

Oncotarget

