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To identify the molecules involved in epithelial to mesenchymal transition (EMT) in urothelial
carcinoma (UC) after acquisition of platinum resistance, here we examined the changes in global
gene expression before and after platinum treatment. Four invasive UC cell lines, T24, 5637,

and their corresponding sublines T24PR and 5637PR with acquired platinum resistance, were
assessed by microarray, and the ubiquitin E3 ligase FBX032 was newly identified as a negative
regulator of EMT in UC tumors after acquisition of platinum resistance. In vitro and in vivo
studies showed an intimate relationship between FBX032 expression and EMT, demonstrating
that FBX032 dysregulation in T24PR cells results in elevated expression of the mesenchymal
molecules SNAIL and vimentin and decreased expression of the epithelial molecule E-cadherin.
The association between FBX032 expression and EMT was further validated using clinical
samples. Knockdown of MyoD expression, a specific target of FBX032 polyubiquitination,
revealed upregulation of E-cadherin expression and downregulation of SNAIL and vimentin
expression in T24PR cells. Comparative genomic hybridization array analysis demonstrated loss
of heterozygosity at 8q24.13 in T24PR cells, which harbors FBX032. Our findings suggest the
importance of the association between EMT and ubiquitin-proteasome regulation when tumors
develop acquired platinum resistance.

Introduction

Urothelial carcinoma (UC) is one of the most aggressive epithelial tumors, owing to early local/systemic
dissemination (1, 2). Patients with metastatic disease are routinely treated with cisplatin-based (CDDP-
based) chemotherapy, such as M-VAC (methotrexate, vinblastine, doxorubicin, CDDP) and/or GC (gem-
citabine, CDDP) regimens. However, the vast majority of tumors develop to progressive disease (3), eventu-
ally acquiring platinum resistance.

Accumulating evidence suggests molecular and phenotypic association between chemoresistance and
the acquisition of epithelial to mesenchymal transition (EMT) in cancer (4-11). The phenotypic hallmark
of EMT is loss of E-cadherin, and several experimental models have documented a relationship between
EMT and acquired resistance to chemotherapy (12—-19). Originally, the process of EMT was observed dur-
ing embryonic development (20), and a growing body of evidence has suggested that acquisition of EMT
is also important for cancer progression and metastasis (21-23). Among the EMT-associated molecules, we
have previously elucidated the impact of SNAIL, a member of a super family of zinc-finger transcriptional
factors, on the determination of EMT characteristics and tumor invasion in patients with UC (24). How-
ever, with regard to the details by which acquired resistance to chemotherapy involves EMT in tumors, only
scant evidence is currently available.
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We previously reported 2 different UC cell lines with acquired platinum resistance established in our
laboratory, T24PR (platinum resistant) and 5637PR (25). In preliminary studies, we observed that these
cell lines had an altered phenotype consistent with EMT, and exhibited a marked difference in migratory
potential before and after acquired platinum resistance. In the present study, we investigated possible targets
associated with EMT in tumors after acquisition of platinum resistance, by analyzing the changes in gene
expression patterns of these 2 PR cells.

Results

Development of acquired platinum resistance involves EMT and the migratory potential. After acquisition of plati-
num resistance, we observed that T24PR and 5637PR cells exhibited a distinct difference in their light-
microscopic appearance compared with their corresponding parent cells, T24 and 5637 (Supplemental
Figure 1; supplemental material available online with this article; doi:10.1172/jci.insight.83654DS1). The
morphological changes observed in both PR cell lines included a spindle-shaped morphology and increased
intercellular separation, suggesting that the cells had undergone EMT.

To investigate the specific molecular changes involved with EMT, Western blot (WB) analysis was per-
formed (Figure 1A). Expression of the epithelial adhesion molecule E-cadherin was decreased in T24PR
and 5637PR cells compared with their corresponding parent T24 and 5637 cells. In contrast, a marked
increase in the expression of the mesenchymal marker vimentin was observed after acquired platinum
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Figure 2. Identification of FBX032 as a potent negative regulator of the epithelial to mesenchymal transition after acquisition of platinum resis-
tance. (A) Microarray gene expression analysis revealed that the expression of a total of 2,396 genes was changed in T24PR cells (816 upregulated and
1,580 downregulated genes) and 273 genes were changed in 5637PR cells (118 upregulated and 155 downregulated genes) when compared with the cor-
responding parent cells. The genes with an absolute change > 2 or < 0.5 were identified as being differentially expressed. (B) Venn diagram shows com-
mon genes between T24PR and 5637PR cells that were either upregulated or downregulated upon acquiring platinum resistance. A total of 49 genes
(25 upregulated and 24 downregulated) showed expression changes in both cell lines after they acquired platinum resistance. (C) Western blot analysis
of FBX032 in T24PR, 5637PR, and their corresponding parent cells, T24 and 5637. (D) Immunofluorescence staining of FBX032 in T24PR, 5637PR, and
their corresponding parent cells, T24 and 5637. (E) Representative images of E-cadherin, SNAIL, and FBX032 immunohistochemical staining in T24 and
T24PR tumors. Scale bars: 100 um.

resistance. Furthermore, increased nuclear expression of the EMT-related transcription factor SNAIL was
observed in both PR cell lines. These observations were further confirmed by real-time PCR (Supplemental
Figure 2) and immunofluorescence (IF) staining (Figure 1B).

Matrigel invasion assay was performed to examine whether acquired platinum resistance induced a
motile phenotype (Figure 1C). Both T24PR and 5637PR cells demonstrated a remarkable increase in the
number of invading cells compared with T24 and 5637 cells (T24, 13.3 £ 3.7 vs. T24PR, 89.5 £ 134, P<
0.05; 5637, 8.5 £ 2.4 vs. 5637PR, 46.0 = 7.3, P < 0.05). These results were further confirmed by wound-
healing assay (Supplemental Figure 3).
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Figure 3. Immunostaining of SNAIL, E-cadherin, and FBX032 from the same upper urinary tract urothelial carcinoma
case. pTa, low-grade, and lymphovascular invasion-negative (LVI-negative) superficial tumor (A, B, and C) and pT3,
high-grade, LVI-positive invasive tumor (D, E, and F). Scale bars: 100 um.

Newly identified target gene FBXO32 is a negative regulator of EMT after acquisition of platinum resistance. To
investigate the possible targets associated with the common phenomenon of EMT in the 2 PR cell lines, we
analyzed the changes in global gene expression before and after acquisition of platinum resistance. Com-
paring the 2 PR cells and their corresponding parent cells, a total of 2,396 genes were changed in T24PR
cells (816 upregulated and 1,580 downregulated genes) and 273 were changed in 5637PR cells (118 upregu-
lated and 155 downregulated genes) (Figure 2A).

The Venn diagram in Figure 2B shows the common upregulated/downregulated genes between T24PR
and 5637PR cells. Forty-nine common genes (25 upregulated and 24 downregulated genes) were identified
with changed expression in both PR cell lines (Supplemental Table 1). Among these 49 genes, we focused
on the expression of the muscle-specific F-box protein FBX032, a member of the SCF family of E3 ubig-
uitin ligases. FBXO32, also known as atrogin 1/MAFbx, was first identified in models of skeletal muscle
atrophy. These studies demonstrated that overexpression of FBXO32 in skeletal myotubes led to atrophy,
and mice deficient in FBXO32 were resistant to denervation atrophy of the skeletal muscle (26-31). Also,
previous studies have suggested the association between FBXO32 and its substrates and the reduction of
EMT-related marker expression during muscle atrophy (32-34). Thus, we hypothesized that the decrease
in FBXO32 expression after acquisition of platinum resistance may be associated with the EMT phenotype
and migratory potential.

WB and real-time PCR results showed that T24PR and 5637PR cells had significantly lower FBXO32
expression than their corresponding parent cells (Figure 2C and Supplemental Figure 2). Similar results
were observed by IF staining (Figure 2D). Furthermore, these results were consistent with in vivo immu-
nohistochemistry assessment (Figure 2E), showing mouse xenograft T24PR tumors with lower FBX032
expression than that of T24 tumors (T24, 127 + 14.4 vs. T24PR, 68 + 5.9, P < 0.05). Regarding EMT-
related markers, the expression of SNAIL in T24PR tumors (150 * 11.3) was significantly higher than in
T24 tumors (114 + 9.5, P < 0.05), while T24PR tumors showed significantly lower E-cadherin expression
(19 £ 2.3) than T24 tumors (31 3.8, P < 0.05).

Association between EMT, FBXO32 expression, and clinicopathological features in 201 surgically treated patients
with upper urinary tract UC. To further examine the association between FBXO32 expression and EMT, we
investigated the expression of SNAIL, E-cadherin, and FBXO32 in 201 human upper urinary tract UC
specimens (Figure 3, A—F). Immunohistochemical analysis revealed that nuclear SNAIL staining tended to
be weak in superficial UCs, while strong nuclear staining of SNAIL was observed in the invasive tumors,
as we have previously reported (24). On the other hand, E-cadherin and FBXO32 staining tended to be
strong in superficial UCs, while weak staining was observed in the invasive tumors. Table 1 summarizes the
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Figure 4. FBX032 expression and survival outcome of surgically treated upper urinary tract urothelial carcinoma patients. (A and B) Kaplan-Meier
curves according to FBX032 expression of recurrence-free and cancer-specific survival of 201 patients. (C and D) Kaplan-Meier curves according to FBX032
expression of recurrence-free and cancer-specific survival of 97 patients who had pT3 or greater tumors. (E and F) Kaplan-Meier curves according to
FBX032 expression of recurrence-free and cancer-specific survival of 35 patients who received adjuvant CDDP-based chemotherapy following surgery.
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association between SNAIL, E-cadherin, and FBXO32 expression and the clinicopathological features of

the 201 subjects. FBXO32 expression was significantly decreased in tumors of a high grade, advanced pT

stage, and with positive lymphovascular invasion (LVI).

Prognostic significance of FBXO32 expression. To evaluate the prognostic value of FBXO32 expression,
we performed univariate and multivariate analyses to determine the indicators for predicting disease
recurrence and cancer-specific mortality in these 201 subjects (Supplemental Table 2). In Kaplan-Meier

analysis, decreased FBX0O32 expression was shown to be an independent risk factor for predicting dis-
ease recurrence (P = 0.015, hazard ratio [HR] = 2.11) as well as cancer-specific mortality (P = 0.044, HR

= 1.93), in addition to other indicators, such as advanced pT stage and positive LVI. The 5-year recur-

rence-free and cancer-specific survival rates were 53.1% and 59.4% in patients with decreased FBX0O32
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Table 1. Baseline characteristics and FBX032 expression of 201 patients treated
with radical nephroureterectomy

expression, and 76.3% (Figure 4A, P = 0.003)
and 79.5% (Figure 4B, P = 0.018) in those with
higher expression, respectively.

Characteristic

No of patients (%) FBX032 score (mean + SEM) Pvalue

When assessing the 97 patients who had pT3

Age 0188 or greater tumors, the results were similar; mul-
<70 years 97 (48.3) 928+53 tivariate analysis showed that lower FBXO32
>70 years 104 (517) 10243 expression was an independent risk factor for pre-

Gender 0.078 dicting disease recurrence (P = 0.004, HR = 2.64)

F,:Inilaele 1;0 ((275446)) ;2,15114;1 and cancer-.speciﬁc mF)rtality (P = 0.010, HR =

Tumor grade <0.001 2.42). In this population, the 5-year recurrence-

Low 54 (26.9) 19 +77 free and cancer-specific survival rates were 28.2%
High 147 (73.1) 89.5+3.8 and 37.5% in patients with decreased FBXO32
Pathological T stage 0.015 expression, and 64.6% (Figure 4C, P = 0.002) and
pTa/1 70 (34.8) 12 +61 67.3% (Figure 4D, P = 0.008) in those with higher

pT2 34 (16.9) 90.9+6.0 expression, respectively.
pT3 90 (44.8) 30.2£5.6 Further, in subgroup analysis of the 35 patients

LymphovascEI-Ia—:r‘invasion 7(3.5) 671+18.2 oGE who received adju.vant CDDP-based chemothefa—
Negative 119 (59.2) 104546 py afte.r surgery (Figure 4, E and F), ].(aplan—Me1.er

Positive 82 (40.8) 881+5.6 analysis revealed that there was a significant dif-

Lymph node involvement 0.568 ference in cancer-specific survival rates between
pNx or pNO 191(95.0) 98.0+3.7 patients with low versus high FBXO32 expres-

pN+ 10 (5.0) 85.0 +14.8 sion (Figure 4F, P = 0.047), while the difference

Adjuvant chemotherapy 0.062 in recurrence-free survival rates between patients

No 163 (35.0) 101+4.0 with low versus high FBXO32 expression was
Yes 38(5.0) 817174 marginal (Figure 4E, P = 0.101).
E-cadherin expression 0.037 Validation of the association among EMT,
Low 108 (53.7) N.2£4.3 FBXO032 expression, and outcome in 94 surgically treat-
High 93 (46.3) 104 + 5.2 !
SNAIL expression 0.006 ed patients with bladder UC. Next, we externally val-
Low 101(50.2) 107 + 51 idated the association among SNAIL, E-cadherin,
High 100 (49.8) 878 +4.9 and FBXO32 expression in 94 entirely new cohorts
of bladder UC treated with cystectomy (Supple-
mental Figure 4 and Supplemental Table 3). In
this population, the level of FBXO32 expression
was significantly decreased in tumors with higher
SNAIL expression and lower E-cadherin expression, consistent with previous results in upper urinary tract
UCs (Figure 3, A-F, and Table 1). Furthermore, Kaplan-Meier curves of these patients revealed that the
5-year recurrence-free and cancer-specific survival rates were 44.3% and 53.7% in patients with decreased
FBXO32 expression, and 73.2% (Supplemental Figure 4C, P = 0.010) and 80.9% (Supplemental Figure 4D,
P =0.023) in those with higher expression, respectively.

Of the 94 patients with bladder UC, 16 underwent neoadjuvant CDDP-based chemotherapy before
cystectomy, and we obtained 16 matched pre- and posttreatment sections (Figure 5, A-F, and Supplemental
Table 4). Of the 16 patients, tumors tended to exhibit a higher level of SNAIL expression (Figure 5E, P
=0.012) and a lower level of FBXO32 expression (Figure 5F, P = 0.094) after chemotherapy. Further, 12
tumors (75%) after chemotherapy exhibited a lower level of FBXO32 expression when comparing with that
in the corresponding tumors before chemotherapy. In this group, 9 experienced subsequent disease recur-
rence and 8 died of disease with a median followup of 34 months after surgery. In Kaplan-Meier analysis,
the association with FBXO32 expression and outcome was similar, showing that patients with decreased
FBXO32 expression at cystectomy tended to have subsequent disease recurrence (Supplemental Figure 5A,
P =0.058) and cancer-specific mortality (Supplemental Figure 5B, P = 0.092), compared with those with
higher expression, respectively.

Effect of FBXO32 knockdown in platinum-naive UC cells. To examine the effects of FBX032 knockdown,
we transfected T24 cells with FBXO32-specific siRNA (si-FBX032) and evaluated the subsequent changes
in EMT. WB analysis showed that si-FBX032 reduced the level of FBXO32 expression compared with
mock-transfected cells (Figure 6A). Furthermore, si-FBX032 downregulated E-cadherin expression and
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Figure 5. Inmunostaining from 16 bladder urothelial carcinoma (UC) patients who underwent neoadjuvant CDDP-based chemotherapy. (A-D) Immu-
nostaining of SNAIL and FBX032 from the same bladder UC case before and after neoadjuvant CDDP-based chemotherapy. Scale bars: 0.1 mm. (E and F)
Box plot of SNAIL and FBX032 expression from 16 subjects before and after neoadjuvant CDDP-based chemotherapy. The box boundaries represent the
upper and lower quartiles, and the horizontal line is the median value. The whiskers represent the minimum and maximum values.
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upregulated SNAIL and vimentin expression in T24 cells. Similar results were also observed in real-time
PCR (Supplemental Figure 6), and we confirmed these results in 5637 cells (Supplemental Figure 7).

Regarding motile function, Matrigel invasion assay revealed that T24 cells transfected with si-FBX032
exhibited a significant increase in invasive activity, up to 6-fold greater than mock-transfected cells (Figure
6B). Furthermore, we examined the effect of FBXO32 knockdown on the sensitivity to CDDP (Figure 6C).
T24 cells transfected with si-FBXO32 revealed decreased sensitivity to CDDP compared with mock-trans-
fected cells, and similar results were observed in 5637 cells (Supplemental Figure 7). These results indicated
a relationship between platinum resistance and decreased FBXO32 expression in cancer cells.

Effect of FBXO32 overexpression in UC cells with acquired platinum resistance. To examine the effects of
FBXO32 overexpression after acquisition of platinum resistance, we transfected T24PR cells with FBXO32
and evaluated the subsequent changes in EMT and sensitivity to CDDP. WB analysis showed that transfec-
tion of FBXO32 in T24PR cells increased the level of FBXO32 expression compared with control cells.
Furthermore, FBXO32 overexpression upregulated the level of E-cadherin in T24PR cells, while SNAIL
and vimentin expression was downregulated (Figure 6D). Changes in motile function were assessed by
Matrigel invasion assay; T24PR cells overexpressing FBXO32 exhibited a marked decrease in invasion
compared with control cells (Figure 6E). Furthermore, we investigated the effect of FBXO32 overexpres-
sion on the sensitivity to CDDP, and observed an increased sensitivity to CDDP compared with control
cells (Figure 6F).

Effect of knockdown of FBXOJ32 substrate target MyoD after acquisition of platinum resistance. To further eluci-
date the details of FBX0O32 dysregulation and EMT, we focused on the expression of MyoD, a specific tar-
get of FBXO32 polyubiquitination, after acquisition of platinum resistance. WB analysis (Figure 6G) and
IF staining (Figure 6H) revealed that T24PR cells had significantly elevated MyoD expression compared
with that of T24 cells, and similar results were observed in 5637 and 5637PR cells (Supplemental Figure 7).
In addition, FBXO32 transfection downregulated the level of MyoD in T24PR cells (Figure 61).

To examine the effects of MyoD knockdown, we transfected T24PR cells with si-MYOD and evalu-
ated the subsequent changes in EMT (Figure 6J). WB analysis revealed that si-MYOD markedly reduced
the level of MyoD expression compared with mock-transfected cells. si-MYOD upregulated the level of
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Figure 6. Knockdown and overexpression of FBX032 and its substrate MyoD. (A) Effect of FBX032 knockdown on the expression of E-cadherin, vimen-
tin, and SNAIL in T24 cells. (B) Matrigel invasion assay of T24 cells transfected with FBX032-specific siRNA (si-FBX032) at 24 hours (n = 6). The invading
cells were stained with Diff-Quik. Box-and-whiskers plots show median (line within box), upper and lower quartile (bounds of box), and minimum and
maximum values (bars). *P < 0.05, **P < 0.01, compared with mock-transfected cells. (C) Effect of FBX032 knockdown on the sensitivity to CDDP in T24
cells. Box-and-whiskers plots show median (line within box), upper and lower quartile (bounds of box), and minimum and maximum values (bars). *P

< 0.05, **P < 0.01, compared with mock-transfected cells. (D) Effect of FBX032 overexpression on the expression of E-cadherin, vimentin, and SNAIL

in T24PR cells. (E) Matrigel invasion assay of T24PR cells transfected with FBX032 at 24 hours (n = 6). The invading cells were stained with Diff-Quik.
Box-and-whiskers plots show median (line within box), upper and lower quartile (bounds of box), and minimum and maximum values (bars). *P < 0.05,
compared with control cells. (F) Effect of FBX032 overexpression on the sensitivity to CDDP in T24PR cells. Box-and-whiskers plots show median (line
within box), upper and lower quartile (bounds of box), and minimum and maximum values (bars). *P < 0.05, compared with control cells. (G) Western
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blot analysis of MyoD in T24PR and T24 cells. (H) Immunofluorescence staining for MyoD in T24PR and T24 cells. (1) Effect of FBX032 overexpression on
the expression of MyoD in T24PR cells. (J) Effect of MyoD knockdown on the expression of E-cadherin, vimentin, and SNAIL in T24PR cells. (K) Matrigel
invasion assay of T24PR cells transfected with si-MYOD at 24 hours (n = 6). The invading cells were stained with Diff-Quik. Box-and-whiskers plots show
median (line within box), upper and lower quartile (bounds of box), and minimum and maximum values (bars). *P < 0.05, **P < 0.01, compared with
mock-transfected cells. HPF, high-power field.
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E-cadherin in T24PR cells, while vimentin and SNAIL expression in the nucleus was downregulated.
These observations were further confirmed by real-time PCR (Supplemental Figure 8). We did not find any
significant difference in the level of FBXO32 expression between si-MYOD and mock-transfected groups.
Matrigel invasion assay revealed that MYOD-knockdown T24PR cells exhibited a significant decrease in
invasive activity compared with mock-transfected cells (Figure 6K).

Array comparative genomic hybridization revealed loss of heterozygosity at 8q24. 13 harboring FBXO032 in T24PR
cells. To clarify the mechanism underlying the change in FBXO32 expression after acquisition of platinum
resistance, we hypothesized that genetic modifications induced during platinum exposure may mediate the
subsequent dysregulation of FBXO32 expression in cancer cells. We performed genome-wide array com-
parative genomic hybridization (CGH) analysis to identify possible chromosome break points, and various
DNA gains and losses were newly detected in T24PR cells (Supplemental Figure 9). Moreover, T24PR
cells showed loss of heterozygosity (LOH) in regions of chromosomes 8, 9, 15, and 20, all of which were
heterozygous in T24 cells (Supplemental Figure 10). We further investigated genetic modifications in the
FBXO32 locus 8q24.13. As shown in Figure 7, T24PR cells had a chromosome break at LOH on this locus,
suggesting that this may be a possible mechanism underlying the FBXO32 dysregulation observed after
acquisition of platinum resistance.

Discussion

We analyzed 2 different molecular events that occurred after acquisition of platinum resistance. First, the
development of acquired platinum resistance involved EMT, resulting in tumor aggressiveness with motile
function of cancer cells. Second, from global gene expression profiles using 2 types of PR cells, we identi-
fied what we believe to be a novel role for the ubiquitin ligase FBXO32 as a negative regulator of the EMT
after acquisition of platinum resistance, providing an additional mechanism distinct from those causing
platinum resistance of cancer (35, 36).

Over the past decade, many researchers have implicated EMT in chemoresistance (4-11, 24). Kajita
et al. reported that E-cadherin transcriptional suppressors could promote resistance to genotoxic stress (4).
Using human breast cancer cells, Olmeda et al. described marked increases in the sensitivity to chemo-
therapies when silencing SNAIL expression (7). Also, several studies have reported EMT acquisition when
tumors developed acquired resistance to prior therapy, including platinum treatment (12-19). However, the
mechanism underlying the association between acquired platinum resistance and EMT in cancer remains
to be understood.

FBXO032 is an E3 ubiquitin ligase upregulated during skeletal muscle atrophy (26-31). Increasing evi-
dence suggests that FBXO32 functions as an apoptosis regulator, and its expression can be inhibited by
prosurvival signals (29, 31). FBXO32 expression was reported to be transcriptionally silenced in breast,
ovarian, and esophageal tumors (37-39). Furthermore, Chou et al. reported the potent ability of FBXO32
to resensitize cancer cells to CDDP, suggesting that the regulation of FBXO32 expression may be crucial
for cancer progression (38). Recent studies on the epigenetic regulation of FBXO32 expression in malig-
nancies revealed that efficient apoptosis induction by the chromatin modulator DZNep via trimethylation
of H3K27 required FBXO32 (37, 40, 41).

Additionally, MyoD is a well-known target of FBXO32 polyubiquitination, promoting myogenic activ-
ity via the activation of muscle-specific gene expression (33). While these myogenic regulatory factors have
been shown to directly or indirectly affect the expression of EMT-related markers (32, 34), we focused on
the role of FBXO32 as a negative regulator of EMT-like changes in tumors after acquisition of platinum
resistance. Our results revealed that FBXO32 dysregulation resulted in elevated SNAIL expression, leading
to enhanced migratory potential in UC cells after acquisition of platinum resistance. We then investigated
the effect of SNAIL knockdown on the EMT phenotype in T24PR cells with acquired platinum resistance,
observing strong phenotypic changes in EMT and tumor invasion (Supplemental Figure 11, A and B).
Furthermore, to examine the effect of SNAIL knockdown in FBXO32-depleted cells, we investigated EMT
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Figure 7. Identification of the possible mechanism of FBX032 dysregulation in T24PR cells with acquired platinum resistance. Array comparative genomic
hybridization shows the detected copy number events and loss of heterozygosity in chromosome 8 of T24PR cells. The arrow indicates the FBX032 locus,
and color annotation indicates copy number loss (red), copy number gain (blue), and loss of heterozygosity (LOH, purple) in chromosome 8 of T24PR cells.

and tumor invasion in T24 cells cotransfected with si-FBX032 and si-SNAIL; however, no differences were
observed in these cells (Supplemental Figure 11C). These results suggest inverse effects of FBX0O32 and
SNAIL on EMT acquisition in UC tumors after acquisition of platinum resistance.

To improve our understanding of FBX032, we studied the impact of enzyme-dead FBXO32 using a
mutated FBXO032 (L169Q) (33, 42). However, T24PR transfected with mutant FBXO32 did not show any
significant changes in EMT-associated molecules or sensitivity to CDDP (Supplemental Figure 12), sug-
gesting the importance of FBX032 enzymatic activity for the observed EMT-like phenotypic changes and
resistance to platinum treatment. In contrast with these findings, we did not find any significant association
in our models between FBXO32 expression and other EMT-related transcriptional factors, such as SLUG,
TWIST, or ZEB-1 (Supplemental Figure 13). However, while computational analyses using SABiosciences’
Text Mining Application and the UCSC Genome Browser on the SLUG, TWIST, and ZEB-1 promoter
regions identified the presence of MyoD DNA-binding sites, further investigation is needed to clarify the
precise interaction between the FBX032 and/or MyoD axis and EMT in malignancies.

To determine the mechanism underlying the change in FBXO32 expression, we investigated the effect
of CDDP on DNA integrity (43). By array CGH, we newly identified a chromosome break of LOH at the
FBXO32 locus in T24PR cells. While CDDP remains one of the most effective agents for treatment of
some cancer types owing to its potent genotoxic activity, such a paradoxical effect is particularly interesting
in terms of how cancer cells can gain growth and survival benefits during platinum treatment.

Although our findings showed a relationship between FBXO32 dysregulation and EMT in PR UCs, we
further considered whether such a phenomenon was limited to only platinum treatment. In metastatic or
recurrent patients with UC, other chemotherapeutic agents, such as paclitaxel, have been clinically demon-
strated to be an alternative treatment option (1). Thus, we generated the T24TR (taxane-resistant) cell line,
a subline of T24 with acquired taxane resistance, and evaluated the subsequent EMT-like changes (Supple-
mental Figure 14). However, we did not find any significant differences between T24 and T24TR cells in
light-microscopic appearance. Furthermore, we did not find any significant differences in the expression of
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E-cadherin, vimentin, SNAIL, or FBXO32 between these 2 cell lines. The results were further confirmed
by Matrigel invasion assay, which showed no significant difference in the number of invading cancer cells
between the T24 and T24TR cells. Therefore, in our models, the acquisition of the EMT phenotype may
occur only after platinum treatment.

However, one limitation of the present study was that we did not evaluate an association between
FBXO32 expression and other anticancer agents, such as gemcitabine and molecular targeted agents, which
have all been reported to involve EMT-like changes in acquired resistance models of other cancers (13-16,
44, 45). Other limitations include the limited number of clinical samples, owing to the retrospective nature
of the study, as well as the heterogeneity of the patients, owing to factors such as administration of periop-
erative chemotherapy in some cases. We did not repeat a microarray analysis in our in vitro study. Further-
more, at present, it remains unclear whether EMT itself plays a central role in the development of acquired
chemoresistance in patients with UC. Thus, further investigations to more accurately determine the role of
FBXO32 in EMT and associated chemoresistance are warranted.

In summary, development of acquired platinum resistance involved an EMT with elevated migratory
potential in UC. FBXO32 expression level was associated with the regulation of EMT, showing that FBX032
dysregulation induced EMT-like changes in the 2 PR cells. Further, knockdown of the FBXO32 target sub-
strate MyoD suppresses EMT phenotypically. Our findings suggest the importance of the association between
EMT and ubiquitin-proteasome regulation in UC tumors after acquisition of platinum resistance.

Methods

Cell lines and culture conditions. Two UC cell lines (T24 and 5637) were obtained from the American Type
Culture Collection, and T24PR and 5637PR cells were established in our laboratory as sublines of T24 and
5637 with acquired platinum resistance (25). Briefly, T24 and 5637 cells were grown and passaged upon
reaching confluence in medium containing CDDP over a 6-month period to develop platinum resistance,
with a gradual increase in CDDP concentration to 3 uM. T24 and 5637 cells were also continuously cul-
tured and passaged upon reaching confluence during the study period. T24TR cells were newly established
for this study as a subline of T24 with acquired taxane resistance by passaging cells in medium containing
paclitaxel over a 6-month period to develop taxane resistance. The concentration of paclitaxel was gradu-
ally increased to 60 nM.

All cells were routinely maintained in RPMI 1640 (Invitrogen) supplemented with 10% FBS (Dainip-
pon Pharmaceutical) at 37°C in a humidified 5% CO, atmosphere, and further examinations were per-
formed after 3 months without CDDP/paclitaxel exposure.

Drugs and antibodies. CDDP and paclitaxel were generously supplied by Nippon Kayaku Co. Monoclo-
nal and polyclonal antibodies for E-cadherin (catalog ab1416), vimentin (catalog ab8978), SNAIL (catalog
ab180714, ab85931), SLUG (catalog ab27568), FBXO32 (catalog ab74023), and MyoD (catalog ab16148,
ab64159) were obtained from Abcam. Monoclonal antibody for E-cadherin (catalog 3195) was purchased
from Cell Signaling Technology. Monoclonal antibody for $-actin (catalog A5316) was purchased from Sig-
ma-Aldrich. Monoclonal and polyclonal antibodies against antibody for lamin A and C (catalog sc-7292),
SNAIL (catalog sc-28199), ZEB-1 (catalog sc-10572), and FBXO32 (catalog sc-166806) were purchased
from Santa Cruz Biotechnology. Monoclonal antibody for TWIST (catalog BMR00383) was purchased
from Bio Matrix Research.

Construction of FBX032 expression vectors and transfection. Human FBX032 cDNA (1,086 bp) was
synthesized with reference to the human FBXO32 sequence registered in the GeneBank database
(http://www.ncbi.nlm.gov/genbank/), accession number NM_58229, and then subcloned into the
BamHI-Xbal sites of the pBApo-CMV Neo vector (Takara Bio). The FBXO32 expression vector or
control empty vector was transfected into UC cells using TranalT-2020 Transfection Reagent (Mirus
Bio) according to the manufacturer’s instructions. After 24 to 72 hours, the cells were used for further
experimentation. We also constructed an expression vector with a leucine to glutamine mutation at
position 169 of FBX032 (L169Q) (33).

Murine xenograft bladder cancer model. Six-week-old athymic nude BALB/C mice with an average body
weight of 20 g were obtained from Sankyo Lab Service. T24 and T24PR cells (2 x 10° cells), suspended
in 100 pl of Matrigel (Becton Dickinson Labware), were implanted subcutaneously into the flank of each
mouse. The animals were carefully monitored, and on the 28th day, the animals were sacrificed and the
subcutaneous tumors were harvested.
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Cell extracts and WB analysis. Whole-cell extracts were obtained using RIPA buffer (Cell Signaling Tech-
nology Japan) containing protease inhibitors, according to the manufacturer’s protocol. Total protein lysate
(50 pg) in sample buffer containing 2-mercaptoethanol was resolved by 4%-15% SDS-PAGE, and trans-
ferred to a nitrocellulose or polyvinylidene difluoride membrane, as appropriate (Bio-Rad Laboratories),
and then incubated with 5% skim milk overnight. Primary antibodies were then applied at room tempera-
ture for 1 hour. The membranes were then incubated with the appropriate secondary antibodies. Signals
were detected by an enhanced chemiluminescence reagent (ECL plus Western Blotting Detection System,;
Amersham Pharmacia Biotech), and analyzed. Signal intensity was quantified using an LAS 3000 system
(Fuji Film). B-Actin and lamin A and C were used as internal protein controls.

Morphological and IF analyses. To evaluate differences in morphologies, cells were grown to 70% con-
fluence and assessed at x20 magnification under a light microscope with digital photographic capability.
To evaluate IF staining, 4 x 10* cells were seeded on 14-mm coverslips in 8-well plates. After 48 hours of
incubation, the cells were washed with PBS, fixed in 4% paraformaldehyde, and permeabilized in cold PBS
with 0.2% Triton X-100 at room temperature. After blocking with 3% bovine serum albumin in PBS, the
slides were then incubated with primary antibody for 1 hour at room temperature followed by Alexa 555—
conjugated secondary antibody. Coverslips were mounted on glass slides in Vectashield mounting medium
containing DAPI, and visualized by fluorescence microscopy.

Real-time PCR. Total RNA was isolated using RNAzol (Takara Bio) according to the manufacturer’s
instructions. RNA quantity and quality were evaluated by spectrophotometry (Nanodrop ND-2000 spec-
trophotometer, Thermo Scientific). Reverse transcription of RNA to cDNA was performed using the High
Capacity cDNA Archive kit (Applied Biosystems). Quantitative gene expression was performed for SNAIL
(Hs00195591_m1), E-cadherin (Hs01023894_ml), Vimentin (Hs00185584_4m1), FBX032 (Hs01041408_
ml), MYOD (Hs00159528_m1), and GAPDH (Hs99999905_m1) with gene-specific probes (Applied Biosys-
tems) using TagMan Universal PCR Master Mix and the 7500 Fast Real-time PCR system (Applied Biosys-
tems). Cycling conditions were described previously (24), and data were quantified using the comparative
C, method for relative gene expression, using GAPDH as an endogenous control.

In vitro cell invasion assay. Invasion of tumor cells was assessed by counting the number of cells that
migrated through transwell inserts with a polyethylene terephthalate membrane (8-pm pore size) coated
with a uniform layer of BD Matrigel Basement Membrane Matrix (BD Biosciences), according to the man-
ufacturer’s protocol. Briefly, cells (5 x 10%) suspended in 0.5 ml RPMI 1640 with 1% FBS were seeded in the
upper chamber, and the lower chamber was loaded with 0.75 ml of media containing 10% FBS. After 24
hours, cells that had invaded through to the reverse side of the inserts were rinsed and counterstained using
the Diff-Quik stain kit (Sysmex Co.). The invaded cells were counted in 6 randomly chosen visual fields at
%10 magnification. In the wound-healing assay, the migratory potential of cells was assessed by measure-
ment of the width of the scratches at each time point. A scratch was made using a pipet tip after reaching
confluence, and visualized with a light microscope with digital photographic capability at 0 and 24 hours.

Microarray gene expression analysis. Total RNA was isolated from cell lines using TRIzol (Invitrogen) and
purified by the RNeasy Mini kit (Qiagen). Gene expression profiles were determined using the Affymetrix
GeneChip Human Gene 1.0 ST array according to the manufacturer’s instructions. After generating the
single-stranded cDNA, fragmentation and sense-strand cDNA labeling was performed with the Affymetrix
GeneChip WT Terminal Labeling Kit (Affymetrix) according to the manufacturer’s protocol. After hybrid-
ization, the GeneChip Fluidics Station 450 (Affymetrix) was used for washing the arrays, and scanning was
performed with the GeneChip Scanner 3000 7G (Affymetrix). The raw intensity data from scanned images
of the microarrays were preprocessed using Affymetrix Expression Console software. Expression intensi-
ties were stored as cell intensity (CEL) files, and the CEL files were normalized with the robust multichip
average method. These datasets were filtered, and genes with an absolute fold change greater than or equal
to 2 or less than or equal to 0.5 were identified as being differentially expressed. This microarray data set
has been approved by the Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.gov/geo/); its acces-
sion number is GSE58624.

Patient selection and tissue samples. Surgical specimens from patients who had been surgically treated for
UC of the upper urinary tract (n = 201) and bladder (n = 94) at Keio University Hospital were used for
this study. Patients with prior radiation therapy before surgery and with distant metastasis at the time of
surgery were excluded. In this population, 16 patients with bladder UC were treated with neoadjuvant che-
motherapy. The main procedure in upper urinary tract UC patients was radical nephroureterectomy with
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removal of the bladder cuff, and partial ureterectomy was performed in 3 patients. Dissection of regional
lymph nodes was performed at the attending physician’s discretion; however, lymph node dissection was
generally performed if enlarged nodes were suspected by preoperative evaluation or intraoperative inspec-
tion. The median followup period for all patients with upper urinary tract UC was 57 months (interquartile
range [IQR], 26 to 96) and 35 months (IQR, 10 to 63) for patients with bladder UC.

Patients were generally followed up every 3 to 4 months for 2 years following surgery, every 6
months for the next 3 years, and then every 6 to 12 months thereafter. Followup consisted of taking
history, physical examination, routine blood work, and/or chest radiography. Radiographic evaluation
consisting of computerized tomography (CT), magnetic resonance imaging, and/or excretory urograms
were assessed every 6 months for the first 5 years, and annually thereafter. Elective bone scans and
chest CT were performed when clinically indicated. Disease recurrence was defined as any documented
recurrence by radiographic or pathological proven failure, including local and distant sites. Cause of
death was determined by the attending physician, chart review corroborated by death certificates, or by
death certificates alone.

Surgical specimens were fixed in 10% formalin and embedded in paraffin, and all slides were reassessed
by a genitourinary pathologist for the present study. All specimens were histologically confirmed to be UC.
Tumors were staged according to the 2002 TMN classification and graded according to the 2004 WHO
classification. LVI was defined as the presence of tumor cells within the endothelium-lined space without
underlying muscular walls.

Immunostaining for E-cadherin, SNAIL, and FBX032. Formalin-fixed paraffin-embedded sections (4 pm)
were deparaffinized, rehydrated, and washed in distilled water. After antigen retrieval, endogenous per-
oxidase was quenched and sections were blocked with skim milk. Primary antibodies against E-cadherin
(1:100 dilution; Abcam), SNAIL (1:400 to 1:800 dilution; Abcam), and FBX032 (1:100 dilution; Abcam)
were then applied at room temperature for 1 hour. After washing, the sections were incubated with sec-
ondary antibodies against mouse and rabbit IgG conjugated to a peroxidase-labeled dextran polymer for
1 hour. Color was developed with 3,3'-diaminobenzidine in 50 mM Tris-HCI (pH 5.5) containing 0.005%
hydrogen peroxide. The sections were counterstained with hematoxylin.

Evaluation of SNAIL and E-cadherin staining was previously described (24). Briefly, expression of
SNAIL was assessed using the following formula: mean percentage of cancer cells with positive nucleus
staining x highest intensity from 0 to 3 (0, no staining; 1, slight staining; 2, medium staining; 3, strong
staining), while E-cadherin expression in the tumor cells was scored as the average of detectable immu-
noreactions. SNAIL and E-cadherin expression cutoff points were set to the median score of the study
population. To evaluate FBXO32 expression, the intensity of FBX(O32 staining in tumor lesions was strati-
fied from 0 to 3 (0, no staining; 1, slight staining; 2, medium staining; 3, strong staining), and the immu-
nopositivity of stained cancer cells was assessed in at least 10 representative areas at x10 magnification.
Finally, the highest histoscore (FBXO32 score) was calculated by applying the following formula: mean
percentage x highest intensity (range 0-300). In this study, the cutoff value of a FBXO32 score less than or
equal to 40 was defined as decreased. Two authors blinded to the patient data independently evaluated the
immunoreactivity.

siRNA. FBX032 and MyoD expression was transiently downregulated using the following prede-
signed duplex siRNA. The sense sequences of the siRNAs were as follows: si-FBX0324, 5'-CUUGU-
CCGAUGUUACCCAATT-3"; si-FBX032B, 5-GCAGAUCCGCAAACGAUUATT-3; si-MYODA,
5-CAAAGUAAAUGAGGCCUUUTT-3'; si-MYODB, 5-GCACGUCGAGCAAUCCAAATT-3". Cells
were transiently transfected with 20 nmol of the respective siRNAs using Lipofectamine 2000 (Life Tech-
nologies). After 12 hours, siRNA was removed by replacing the culture medium with fresh RPMI 1640
containing 10% FBS, and the cells were further incubated for 36 hours. A mock-transfected control was
prepared using the transfection reagent only.

Cell viability assay. All cell lines were seeded at a density of 3 x 103 per well in 96-well culture plates.
Following a 24-hour incubation in RPMI 1640 medium with 10% FBS, the cells were incubated for the
appropriate time with various concentrations of CDDP or paclitaxel to investigate the sensitivity of the
cell lines to each agent. At the end of the incubation period, cell viability was determined using the Premix
WST-1 Cell Proliferation Assay System (Takara Bio). The absorbance value of each well was determined
in a microplate spectrophotometer (Bio-Rad Laboratories).

Array CGH analysis. To detect genome-wide copy number abnormalities and LOH, total DNA was iso-

insight.jci.org  doi:10.1172/jci.insight.83654 13



. RESEARCH ARTICLE

insight.jci.org

lated from cell lines using TRIzol and purified using the DNeasy Mini Kit. The samples were then analyzed
by Affymetrix CytoScan HD array according to the manufacturer’s protocol. After fragmentation and
DNA labeling, the GeneChip Fluidics Station 450 was used to wash the arrays. Scanning was performed
with the GeneChip Scanner 3000 7G. The raw intensity data from scanned images of the microarrays were
preprocessed using GeneChip Command Console software (Affymetrix), and the expression intensities
were stored as CEL files. The copy number and genotyping analyses were performed using Affymetrix
Chromosome Analysis Suite software according to the manufacturer’s protocol.

Statistics. The values are given as the mean + SEM, median, and interquartile range for continuous
variables, and frequency with percentage for categorical variables. Variables between groups were com-
pared using the Mann-Whitney U test and Kruskal-Wallis test, as appropriate. Survival curves were esti-
mated using the Kaplan-Meier method and compared using the log-rank test. Univariate and multivariate
Cox regression models were used to evaluate time to disease recurrence and cancer-specific mortality. All
parameters were included in the multivariate analyses. Differences among groups were regarded as signifi-
cant when P < 0.05. All analyses were performed using the SPSS version 22.0 statistical software package.

Study approval. All animal studies were approved by the Laboratory Animal Center, Keio University
School of Medicine. All human studies were reviewed and approved by the Institutional Review Board,
Keio University School of Medicine.
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