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Abstract

Cisplatin (CDDP)-based chemotherapy is the gold standard treatment for many types of cancer. However, the phenotypic
hallmark of tumors often changes after CDDP treatment, with the acquisition of epithelial-to-mesenchymal transition (EMT)
and platinum resistance. Furthermore, the mechanisms by which cancer cells acquire EMT under the control of CDDP
remain unclear. Following an investigation of urothelial carcinoma (UC) before and after the acquisition of platinum
resistance, we offer the new target TNFAIP2, which led to EMT and tumor invasion in platinum-treated UC cells. TNFAIP2
expression in cancer was examined at the protein and transcriptional levels. A potential target for TNFAIP2 during EMT was
assessed by microarray. Clinically, upregulated TNFAIP2 expression was identified as a significant predictor of mortality
following surgery in three different cohorts of patients with UC (n = 156, n = 119, and n = 54). Knockdown of TNFAIP2
resulted in upregulation of E-cadherin expression and downregulation of TWIST1 expression, which decreased motile
function in platinum-resistant UC cells. TNFAIP2 overexpression led to downregulation of E-cadherin expression and
upregulation of TWIST1 expression in platinum-naive UC cells. Clinical investigation of matched pre- and post-CDDP-
treated UC sections confirmed upregulation of TNFAIP2 expression in CDDP-treated tumors but downregulation of E-
cadherin expression. Global gene expression analysis following TNFAIP2 knockdown identified MTDH as a positive
regulator of TNFAIP2-derived EMT acquisition in cancer cells. The present results suggest a relationship between TNFAIP2
and EMT in cancers under the control of CDDP, in which MTDH expression levels in cancer cells are vital for promoting
TNFAIP2-derived EMT acquisition.

Introduction

Urothelial carcinoma (UC) is a primary tumor arising in the
urothelium of the renal pelvis, ureter (the so-called upper
urinary tract), and urinary bladder [1, 2]. Although organ-
confined UC may be surgically resected, the prognosis of
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locally invasive and/or metastatic disease remains poor [3].
Patients with metastatic or recurrent disease after radical sur-
gery routinely receive cisplatin-based (CDDP-based) che-
motherapy, such as M-VAC (methotrexate, vinblastine,
doxorubicin, and CDDP) [4] and/or GC (gemcitabine and
CDDP) regimens [5]. Since chemotherapy for UC has limited
efficacy, most tumors relapse and eventually develop resistance
to platinum.

Epithelial-to-mesenchymal transition (EMT) is a pro-
cess by which epithelial cells lose their cell polarity and
cell-to-cell adhesion and gain migratory and invasive
potentials to become mesenchymal cells. The loss of E-
cadherin expression is considered to be a key step in the
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initiation of EMT and is mediated by several transcrip-
tional factors, such as TWIST1, SNAIL, SLUG, and
ZEB1/2 [6, 7]. Accumulating evidence has demonstrated
the acquisition of EMT in cancer cells under the control of
CDDP [8, 9]. However, limited information is currently
available on the underlying molecular mechanisms.

We previously established UC cell lines with acquired
platinum resistance, 5637PR, which were derived from
the platinum-naive UC cell line 5637 [10]. We reported
that these cells had a robust phenotype and underwent
EMT [11]. Marked differences were observed in migra-
tory potential before and after the acquisition of platinum
resistance, and we demonstrated that ubiquitin-
proteasome dysregulation may play a role in EMT when
tumors acquire platinum resistance [11]. In this study, we
investigated other mechanisms for the initiation of EMT
in UC cells. We found that TNFAIP2 expression
increased in human UC cells that acquired platinum
resistance. TNFAIP2, a protein induced by TNF-alpha, is
associated with tumor migration and invasion in other
cancers [12-14], and we hypothesize that upregulated
TNFAIP2 expression induces EMT in and confers plati-
num resistance to UC cells.

Methods
Cell lines and culture conditions

The human bladder cancer cell lines 5637, T24, and
UMUC-3 were obtained from the American Type Culture
Collection. Cells were routinely maintained in RPMI-
1640 (Invitrogen, Carlsbad, CA) supplemented with 10%
fetal bovine serum (FBS) (Dainippon Pharmaceutical,
Tokyo, Japan) at 37 °C in a humidified 5% CO, atmo-
sphere. The acquired platinum resistance subline of 5637
cells, namely 5637PR, was previously established [10]
and used in this study. Briefly, 5637 cells were grown in
RPMI-1640 supplemented with 10% FBS containing up
to 3uM CDDP at 37°C in a humidified 5% CO,
atmosphere.

Drugs and antibodies

CDDP was generously supplied by Nippon Kayaku Co.
(Tokyo, Japan) or purchased from Wako Pure Chemical
Co. (Osaka, Japan). The monoclonal antibody for
TNFAIP2 (#sc28318) was purchased from Santa Cruz
Biotechnology Inc. (Santa Cruz, CA). The monoclonal
antibody for E-cadherin (#ab1416) was purchased from
Abcam Inc. (Cambridge, MA). The monoclonal antibody
for Beta-actin (#A5316) was purchased from Sigma-
Aldrich (St. Louis, MO).

Construction of TNFAIP2 expression vectors and
transfection

Human TNFAIP2 ¢cDNA (4180 bp) was synthesized with
reference to the human TNFAIP2 sequence registered in the
Genebank Database (http://www.ncbi.nlm.gov/genbank/),
accession number NM_006291, and then subcloned into the
BamHI-Xbal sites of the pABpo-CMV Neo Vector (Takara
Bio, Otsu, Japan). The TNFAIP2 expression vector or
control empty vector was transfected into 5637 cells using
TranalT-2020 transfection Reagent (Mirus Bio, Madison,
WI) according to the manufacturer’s instructions. After
48 h, cells were used for further experimentation.

Cell extracts and WB analysis

Whole-cell extracts were obtained using RIPA buffer (Cell
Signaling Technology Inc., Danvers, MA) containing a
protease inhibitor, according to the manufacturer’s protocol.
The extracted whole protein (50 pug) with sample buffer
containing 2-mercaptoethanol (Nacalai Tesque Inc., Kyoto,
Japan) was separated on 4-15% SDS-PAGE, transferred to
a nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA), and then incubated overnight with 5% skim milk.
Primary antibodies were applied at room temperature for
1 h. The membranes were then incubated with the appro-
priate secondary antibodies. Signals were detected using an
enhanced chemiluminescence reagent (ECL plus Western
Blotting Detection System; Amersham Pharmacia Biotech,
Amersham, UK) and analyzed. Signal intensity was quali-
fied using an LAS3000 Images Analysis System (Fuji Film,
Tokyo, Japan). Beta-actin was used as the internal protein
control.

Real-time PCR

Total RNA from cultured cells was isolated using RNAiso
Plus (Takara Bio) according to the manufacturer’s protocol.
RNA quantity and quality were evaluated using a Nanodrop
ND 2000 spectrophotometer (Thermo Scientific, Waltham,
MA). The reverse transcription of RNA to cDNA was
performed using a High Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, CA). Quantitative gene
expression was performed for TNFAIP2 (Hs_00196800),
MTDH (HS_00757841), E-cadherin (Hs_00170423),
SLUG (Hs_00950344), ZEBI (Hs_01566407), TWISTI
(HS_00361186), and GAPDH (Hs_99999905) with gene-
specific probes (Applied Biosystems) using the Tagman
Universal PCR Master Mix and 7500 Fast Real-time PCR
system (Applied Biosystems). The protocol of cycling
conditions was described previously [15]. Data were then
quantified using the comparative Ct method for relative
gene expression using GAPDH as an endogenous control.
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Immunofluorescence analysis

To evaluate immunofluorescence staining, 4 x 10* cells were
seeded on 14-mm coverslips in 8-well plates (Thermo Fisher
Scientific). After 24 h, 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, slides
were incubated with the primary antibody for TNFAIP2 at
room temperature for 1 h. Slides were then incubated with an
Alexa 555-conjugated secondary antibody. Coverslips were
mounted on glass slides in Vectashield® mounting medium
containing DAPI, and visualized under a fluorescence micro-
scope (IX8, Olympus, Tokyo, Japan).

In vitro cell invasion assay

The invasion of tumor cells was assessed by counting the
number of cells that migrated through transwell inserts with
a polyethylene terephthalate membrane (pore size of 8 pm)
coated with a uniform layer of BD Matrigel Basement
Membrane Matrix (BD Biosciences, San Jose, CA). Cells
were seeded at a density of 5x 10* per insert. After an
incubation in RPMI 1640 medium with 1% FBS, cells that
remained inside the inserts were removed, and those that
invaded the reverse side of the inserts were rinsed and
counterstained using a Diff-Quick stain Kit (Sysmex Co.,
Kakogawa, Japan). Cells that had migrated through the
membranes were counted.

Small interfering RNA

TNFAIP2 expression was transiently downregulated using
the following predesigned duplex siRNA directed against
TNFAIP2 (si-TNFAIP2 A and B) and MTDH (si-MTDH A
and B). The sense sequences of siRNA for TNFAIP2 were
as follows: si-TNFAIP2 A, 5’-GCAAGCAGCUGACGAA
UUATT-3’; si-TNFAIP2 B, 5’>-CAAACUUCGUGGAUCA
AAATT-3; si-MTDH A, 5-CCGAAGUACUCGUCA
AAAATT-3’; si-MTDH B, 5’-GAAUCUCCCAAACAAA
UAATT-3". 5637PR cells were transiently transfected with
10 nM of si-TNFAIP2 A, si-TNFAIP2 B, si-MTDH A, or si-
MTDH B using Lipofectamine 2000 (Invitrogen) in culture
medium with RPMI 1640 only. After an incubation for 12 h,
siRNA was removed by replacing culture medium with
RPMI 1640 with 10% FBS and cells cultured for 24 h were
then used for further experiments. A mock-transfection
control was prepared using the transfection reagent only.

Patient selection and preparation
All human studies were reviewed and approved by the
Institutional Review Board, Keio University Hospital.

Surgical specimens from urinary urothelial cancer patients
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who had been treated surgically for upper urinary tract (n =
156) and urinary bladder (n = 70) tumors at our institution
were used. No patients received prior radiotherapy before
surgery. Among 70 patients with bladder cancer, 16
received neoadjuvant CDDP-based chemotherapy, while 54
did not. The main surgical procedure was radical
nephroureterectomy for upper urinary tract cancer and
cystectomy for bladder cancer. The dissection of regional
lymph nodes was performed according to the attending
physician’s discrimination. All tumors were histologically
confirmed to be UC. Tumors were staged according to the
2002 TMN classification and graded according to the 2004
WHO classification. Patients were generally followed up
every 3—4 months for 2 years following surgery, every
6 months for the next 3 years, and then every 6-12 months
thereafter. Disease recurrence was defined as any docu-
mented recurrence by radiographically or pathologically
proven failure, including local and distant sites. The cause
of death was established by the attending physician, a chart
review corroborated by death certificates, or by death cer-
tificates alone. The human tissue array slide for 119 upper
urinary tract tumors was obtained from US Biomax Inc.
(Rockville, MD) with the ethical approval of the host
company (catalog #HRaU-Uro120Sur-01).

Immunohistochemistry

Formalin-fixed paraffin-embedded sections (4-5pum) and
paraffin sections of 119 upper urinary tract urothelial cancer
specimens (catalog #HRaU-Urol120Sur-01, US Biomax
Inc.) were deparaffinized, rehydrated, and washed in PBS.
Endogenous peroxidase was quenched and sections were
blocked with skim milk. Primary antibodies against
TNFAIP2 (1:100 dilution) or E-cadherin (1:100 dilution)
were applied at room temperature for 1h. After washing
with PBS, they were incubated with secondary antibodies
against rabbit and mouse IgG conjugated to a peroxidase-
labeled dextran polymer (Nichirei, Tokyo, Japan) for 1 h.
Color was developed with 3,3’-diaminobenzidine (DAB) in
50mM Tris-HCL (pH 5.5) containing 0.005% hydrogen
peroxidase. Sections were counterstained with hematoxylin.
Images were acquired using a fluorescence microscope
(IX8, Olympus). The expression of E-cadherin in tumor
cells was scored as the average of detectable immunoreac-
tions from O to 10 (0, no staining; 10, strong staining), in
3-5 representative areas at x20 magnification. The expres-
sion of TNFAIP2 in tumor cells was scored as the average
of detectable immunoreactions from 0 to 3 (0, no staining;
1, slight staining; 2, medium staining; 3, strong staining), in
3-5 representative areas at %20 magnification. Three
investigators blinded to patient data independently eval-
uvated immunoreactivity, and mean E-cadherin and
TNFAIP2 scores were calculated in each individual cohort.
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The TNFAIP2 expression cut off point of 2.0 was set to the
upper quartile score of the study population, and this cut off
point was used in the tissue array section analysis.

In situ hybridization

The RNA scope 2.0 assay was performed following the
manufacturer’s instructions (Advanced Cell Diagnostics,
Hayward, CA) using a proprietary probe capable of
detecting TNFAIP2 [16]. Formalin-fixed paraffin-embedded
sections were deparaffinized. Tissues were then treated
serially with pretreatment 1 solution (endogenous perox-
idase block with pretreat 1 solution at room temperature for
10 min); pretreatment 2 (100 °C, 15 min immersion in pre-
treat 2 solution); and pretreatment 3 (protease digestion,
40 °C for 30 min); rinses with water were performed after
each pretreatment step. Tissues were then hybridized in
TNFAIP2 hybridization solution, without a cover slip, at
40 °C for 2 h in HybEZ Oven (Advanced Cell Diagnostics).
After wash buffer steps, signal amplification from the
hybridized probe was performed by the serial application of
Amp 1 (preamplifier step), Amp 2 (signal enhancer step),
Amp 3 (amplifier step), Amp 4 (label probe step), Amp 5,
and Amp 6 (signal amplification steps); wash buffer steps
were performed after each Amp step. TNFAIP2 activity was
then demonstrated by the application of DAB at room
temperature for 5 min. Sections were then counterstained
with hematoxylin and dehydrated through graded ethanol
and xylene. Images were acquired using a fluorescence
microscope (IX8, Olympus). The expression of TNFAIP2
mRNA in tumor cells was semiquantitatively scored from 0
to 3 based on the number of dots per cells in 3 repre-
sentative areas at x20 magnification. Three investigators
blinded to patient data performed independent evaluations,
and the mean TNFAIP2 mRNA score was calculated in each
individual cohort.

Microarray gene expression analysis

Gene expression profiles were assessed using the Affymetrix
GeneChip Human Gene 2.0 ST array according to the
manufacturer’s instructions. After generating single-stranded
cDNA, fragmentation and sense-strand cDNA labeling was
performed with the Affymetrix GeneChip WT Terminal
Labeling Kit (Affymetrix Inc., Santa Clara, CA) according
to the manufacturer’s protocol. After hybridization, Gene-
Chip Fluidics Station 450 (Affymetrix Inc.) was used to
wash the arrays, and scanning was performed with Gene-
Chip Scanner 3000 7G (Affymetrix Inc.). Raw intensity data
from the scanned images of microarrays were preprocessed
using Affymetrix Expression Console software. Expression
intensities were stored as cell intensity (CEL) files, and CEL
files were normalized by the robust multichip average

method. These datasets were filtered, and genes with an
absolute fold change greater than 2 or less than 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 accession num-
ber is GSE118233.

Statistical analysis

In human studies, samples were randomly collected and no
statistical method was used to predetermine sample group
sizes. All data were presented as means * standard error
(SE), medians, and interquartile range (IQR) for continuous
variables, and frequencies with percentages for categorical
variables. Variables between groups were compared using
the two-tailed Student’s #-test, paired t-test, and
Mann—Whitney U-test, where appropriate. Survival curves
were estimated using the Kaplan—-Meier method and com-
pared using the log-rank test. Differences among groups
were regarded as significant when P <0.05. All analyses
were performed using the SPSS Version 22.0 statistical
software package (IBM, Armonk, NY) and JMP version
13.0 (SAS Institute Inc., Cary, NC).

Results

Acquisition of platinum resistance and upregulated
TNFAIP2 expression

Changes in global gene expression patterns between par-
ental platinum-naive cancer cells and derived platinum-
resistant cancer cells are available (the accession number of
the GEO is GSES58624 (http://www.ncbi.nlm.gov/geo/).
Forty-nine genes with altered expression profiles were
identified in UC cells before and after the acquisition of
platinum resistance [11], with higher levels of TNFAIP2
being observed in platinum-resistant 5637PR cells than in
platinum-naive 5637 cells. Consistent with global gene
expression data, we verified stronger TNFAIP2 expression
in platinum-resistant 5637PR cells at the protein (Fig. 1a)
and transcription (Fig. 1b) levels than in platinum-naive
5637 cells. Immunofluorescence signals from 5637PR cells
also revealed a high intensity of TNFAIP2 in the cytoplasm
(Fig. 1c¢).

TNFAIP2 expression and outcomes

To assess the clinical significance of upregulated TNFAIP2
expression in cancer, we examined the relationship between
TNFAIP2 expression and the outcomes of 156 patients of
urothelial cancer in the upper urinary tract treated surgically
(Supplementary Table 1). The results obtained showed that
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Fig. 1 Development of acquired platinum resistance, TNFAIP2
expression, and outcomes. a WB analysis of TNFAIP2 in platinum-
naive 5637 and platinum-resistance 5637PR cells. b mRNA expres-
sion of TNFAIP2 in 5637 and 5637PR cells. ¢ Immunofluorescence
staining for TNFAIP2 in 5637 and 5637PR cells. Bar, 100 um.
*P<0.05, from the Student’s t-test. Box plots show a significant
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TNFAIP2 expression was significantly upregulated in high
grade (P =0.047, Fig. 1d) and advanced stage (P = 0.036,
Fig. le) tumors, which both have a major impact on the
outcome of urothelial cancer [1]. Figure 1f shows repre-
sentative images of TNFAIP2 expression from low-grade/-
stage lymphovascular invasion (LVI)-negative superficial
tumors and high-grade/-stage LVI-positive muscle-invasive
tumors. TNFAIP2 staining was stronger in muscle-invasive
cancers, while weak staining was observed in superficial
diseases.

During the median follow-up period of 56 months (IQR:
25-98), Kaplan—Meier curves revealed that upregulated
TNFAIP2 expression was a risk factor for disease recur-
rence (P<0.001, Fig. 1g) as well as cancer-specific mor-
tality (P<0.001, Fig. 1h). Five-year recurrence-free and
cancer-specific survival rates were 53% and 61% in patients
with upregulated TNFAIP2 expression, and 77% and 80%
in those with down-regulated expression, respectively. In
the subgroup analysis adjusted by patient tumor stages,
Kaplan—Meier curves also revealed that the upregulated
expression of TNFAIP2 was a risk factor for disease
recurrence in patients with pT3 or greater (p = 0.046) and
less than pT3 UTUC (p =0.018) (Supplementary Fig. 1).

Next, we examined the significance of TNFAIP2
expression using a validated data set of 119 different
patients of upper urinary tract urothelial cancer from tissue
array sections (Fig. 2a—c, Supplementary Table 2). The
results of Kaplan—-Meier curves were similar, i.e., the
upregulated expression of TNFAIP2 may reduce overall
survival following surgery (P =0.082, Fig. 2d). The sig-
nificance of TNFAIP2 was then examined using a different
cohort of 54 patients with urinary bladder cancer who
underwent radical cystectomy without neoadjuvant CDDP-
based chemotherapy (Supplementary Table 3), and the
results of Kaplan—Meier curves also revealed that the
upregulated expression of TNFAIP2 reduced recurrence-
free (P =0.046) and cancer-specific survival (P =0.018,
Supplementary Fig. 2) following radical cystectomy.

TNFAIP2 induces EMT and urothelial cancer
migration

To investigate the relationship between TNFAIP2 and
EMT, we initially examined the effects of the knockdown of
TNFAIP2. We transfected platinum-resistant 5637PR cells
with TNFAIP2-specific siRNA (si-TNFAIP2 A and B) and
evaluated subsequent changes in EMT. Real-time PCR
results showed that si-TNFAIP2 reduced TNFAIP2 expres-
sion levels to lower than those in mock-transfected 5637PR
cells. Furthermore, si-TNFAIP2 significantly upregulated
the expression of the epithelial marker E-cadherin and
downregulated the expression of the mesenchymal markers
SLUG, ZEBI, and TWISTI in 5637PR cells (Fig. 3a),
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Fig. 2 External validation for TNFAIP2 expression on clinical out-
comes using a tissue array section. a Upper urinary tract urothelial
cancer tissue array containing 119 cases of upper urinary tract
urothelial cancer. Representative images of weak (b) and strong
(c) TNFAIP2 expression. Bar, 250 um. d Kaplan—-Meier curves
according to TNFAIP2 expression of the overall survival of 119
patients comprising this tissue array. P values from the log-rank test

revealing that the knockdown of TNFAIP2 negatively
regulated EMT in platinum-resistant cancer cells. Regarding
motile function, a Matrigel invasion assay showed that
5637PR cells transfected with si-TNFAIP2 exhibited sig-
nificantly reduced invasion activity (Fig. 3b). Furthermore,
real-time PCR results on the effects of TNFAIP2
overexpression in 5637 cells revealed downregulated
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box), and minimum and maximum values (bars). ¢ Effects of
TNFAIP2 overexpression and EMT on platinum-naive 5637 cells.
*P <0.05, from Student’s #-test

E-cadherin expression and upregulated TWIST expression
after the transfection of TNFAIP2 (Fig. 3c), suggesting that
TNFAIP2 overexpression positively regulated EMT in
platinum-naive cancer cells via TWIST1 expression.

Clinical relevance of EMT and increased TNFAIP2
expression after the platinum treatment

We then examined whether CDDP affected EMT and
TNFAIP2 expression within UC tumors from humans. In
order to achieve this, we investigated changes in EMT and
TNFAIP2 expression between 16 matched pre- and post-
CDDP-treated sections of urinary bladder UC (Supplemen-
tary Table 4). The hallmark of EMT is the loss of E-cadherin
expression [17], and immunostaining of 16 tumor sections
revealed a significantly lower expression level of E-cadherin
(Fig. 4a, P<0.001) in residual UC cells after CDDP. In
contrast, upregulated TNFAIP2 expression was confirmed in
residual UC cells after CDDP (Fig. 4b, P =0.053) and 11
cohorts exhibited stronger TNFAIP2 expression with a
median increase of 60%. We further elucidated the
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relationship between E-cadherin and TNFAIP2 expression
using a schematic dynamics of matched bladder urothelial
cancer sections obtained before and after CDDP-based
chemotherapy. Figure 4c shows that E-cadherin expression
sequentially decreased, while TNFAIP2 expression
increased when tumors were treated with CDDP-based
chemotherapy. These results were followed at the tran-
scription level, showing that a higher TNFAIP2 mRNA level
was detected in residual UC cells after CDDP (Fig. 4d, P =
0.062) by in situ hybridization.

MTDH expression mediates TNFAIP2-derived EMT
acquisition in urothelial cancer

To investigate the relationship between TNFAIP2 and EMT,
we attempted to examine changes in global gene expression
after the knockdown of TNFAIP2 (Fig. 5a). In a comparison
of 5637PR cells with and without the knockdown of
TNFAIP2, the expression of 19 genes was altered after si-
TNFAIP?2 transfection (11 downregulated and 8 upregulated
genes) (Table 1). Among these 19 genes, we focused on the
expression of metadherin (for metastasis adhesion protein,
MTDH), also known as astrocyte elevated gene-1 protein
(AEG-1) or lysine-rich CEACAMI1 co-isolated (LYRIC),
which has been suggested to function as an EMT regulator
[18]. We hypothesized that changes in EMT and the
migratory potential of platinum-resistant cancer cells are
affected by TNFAIP2 via MTDH expression.

Real-time PCR results showed that platinum-resistant
5637PR cells had significantly higher mRNA levels of
MTDH than platinum-naive 5637 cells (Fig. 5b). Further-
more, 5637PR cells transfected with si-TNFAIP2 had lower
MTDH expression levels than mock-transfected cells
(Fig. 5¢), indicating a strong relationship between TNFAIP2
and MTDH expression in cancers cells after the acquisition
of platinum resistance. To deepen our understanding of
MTDH and EMT, we then transfected 5637PR cells with
MTDH-specific siRNA (si-MTDH A and B) and evaluated
subsequent changes in EMT. Real-time PCR results showed
that si-MTDH upregulated E-cadherin expression and
downregulated TWISTI expression (Fig. 5d), which is
consistent with the results shown in Fig. 3. The present
results indicated that si-MTDH slightly upregulated the
expression of TNFIP2 in 5637PR cells (Supplementary
Fig. 3). A Matrigel invasion assay revealed significant
decreases in motile function after the knockdown of MTDH
in 5637PR cells (Fig. Se).

We further validated this TNFAIP2-MTDH axis on EMT
using two other human bladder cancer cell lines, T24 and
UMUC-3. Real-time PCR results showed that si-TNFAIP2
B reduced TNFAIP2 expression levels to lower than those
in mock-transfected cell lines. The knockdown of TNFAIP2
expression by si-TNFAIP2 B significantly downregulated



TNFAIP2 expression induces epithelial-to-mesenchymal transition and confers platinum resistance in... 1709

Fig. 4 EMT and TNFAIP2
expression in 16 clinical samples
of bladder urothelial cancer peri-
platinum treatment.
Immunostaining of E-cadherin
a and TNFAIP2 b expression in
matched bladder urothelial
cancer sections obtained before
and after CDDP-based
chemotherapy. Panels a and

b show spaghetti plots of
responses on individual
immunosignals peri-
chemotherapy (red, decreased;
green, increased). ¢ The
schematic dynamics of E-
cadherin and TNFAIP2
expression in matched bladder
urothelial cancer sections
obtained before and after
CDDP-based chemotherapy
(green, pre chemotherapy;

red, post chemotherapy).

d Representative images of
TNFAIP2 mRNA expression in
a bladder urothelial cancer
section obtained after CDDP-
based chemotherapy. Each dot
shows a single RNA transcript.
Spaghetti plots in the right panel
show changes in TNFAIP2
mRNA levels peri-
chemotherapy (red, decreased;
orange, no change; green,
increased). P values from the
paired #-test

a

E-cadherin Zoom
o S TN P < 0.001
—

-
o
)

Pre-

chemotherapy chemotherapy

6]
L

E-cadherin expression

Post-

Pre- Post-

(op

TNFAIP2
P =0.053

Pre-

chemotherapy chemotherapy
N
o

-
o
1

TNFAIP2 expression

Post-
o
=

Pre- Post-

(2}
Q

I 7% 31%
o 13%

L

o |

N
)
1

Pre-
Post-

: il % R s ]
T E g ¥ ',"' 5
\ P =0.062
| —|

Post-
chemotherapy

TNFAIP2 expression
5

N
o
.

0% 63%
ood @ 25% 7%

5 10
E-cadherin expression

=
o
L

o -

TNFAIP2 mRNA expression

g
o
"

Pre- Post-

the expression of MTDH and TWISTI in T24 (Supple- Collectively, the present results suggest a mechanism of
mentary Fig. 4a) and UMUC-3 cells (Supplementary = TNFAIP2-derived EMT acquisition in cancers, in which
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regulated by MTDH.
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Fig. 5 Identification of MTDH as a mediator of TNFAIP2-derived
EMT acquisition. a Microarray gene expression analysis revealed 19
genes (11 downregulated [blue] and 8 upregulated genes [red]) in
5637PR cells whose expression profiles were altered after si-TNFAIP2
transfection. Genes with an absolute change >2 or <0.5 from mock-
transfected cells were identified as being differentially expressed.
b mRNA expression of MTDH in 5637 and 5637PR cells. ¢ Effects of

Discussion

In this study, we analyzed the role of TNFAIP2 in EMT for
human UC cells. The results obtained demonstrated that
upregulated TNFAIP2 expression was prognostic and
associated with high tumor grades and advanced tumor
stages clinically. Also, upregulated TNFAIP2 expression is
a positive regulator of EMT after the acquisition of platinum
resistance and subsequent tumor migration. Based on global
gene expression profiles using the knockdown of TNFAIP2

SPRINGER NATURE

TNFAIP2 knockdown and MTDH expression on 5637PR cells.
d Effects of MTDH knockdown and E-cadherin and TWISTI
expression on 5637PR cells. e Matrigel invasion assay of 5637PR cells
transfected with si-MTDH (n=4). Box-and-whisker plots show
medians (line within box), upper and lower quartiles (bounds of box),
and minimum and maximum values (bars). *P <0.05, from the Stu-
dent’s #-test

in platinum-resistant 5637PR cells, we further identified
MTDH as a downstream target of TNFAIP2-derived EMT
in platinum-resistant tumors.

TNFAIP2 was initially described as a gene whose
expression may be induced by TNF-alpha in human
umbilical vein endothelial cells [19]. In the context of
cancer, TNFAIP2 expression was shown to be induced by
retinoic acid in cells that express a fusion oncoprotein
(promyelocytic leukemia-retinoic acid receptor alpha),
which suggested that TNFAIP2 is a target gene of retinoic
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Table 1 A list of 19 genes that were differentially expressed in 5637
PR cells after si-TNFAIP2 transfection

Gene name Gene symbol Fold change
Downregulated
ANKRDI Ankyrin repeat domain 1 0.19
MEM200A  Transmembrane protein 200A 0.20
SSB Sjogren syndrome antigen B 0.22
CRIM1 Cysteine rich transmembrane BMP 0.22
regulator 1
TNFAIP2 Tumor necrosis factor alpha-induced  0.22
protein 2
MTDH Metadherin 0.22
COX7C Cytochrome c oxidase subunit 7C 0.23
SEMA3C Semaphorin C 0.24
LIN7C Lin-7 homolog C 0.24
SCPEPI Serine carboxypeptidase 1 0.24
CYP51A1 Cytochrome P450 family 0.25
51 subfamily A member 1
Upregulated
CCL20 C—C motif chemokine ligand 20 7.89
NEAT] Nuclear paraspeckle assembly 6.23
transcript 1
ANKRDI Ankyrin repeat domain 36 4.72
SNORD56B Small nucleolar RNA, C/D box 56B  4.44
CSF3 Colony stimulating factor 3 4.20
ZNF107 Zinc finger protein 107 4.17
OLRI Oxidized low density lipoprotein 4.08
receptor 1
STCI Stanniocalcin 1 4.00

acid in acute promyelocytic leukemia [20]. TNFAIP2
expression was shown to be associated with cancer pro-
gression in nasopharyngeal carcinoma [12, 21], breast
cancer [13], and esophageal carcinoma [14]. Chen et al.
reported that the upregulated expression of TNFAIP2 by
Epstein—Barr virus oncoprotein latent membrane protein 1
through NF-kappa B promoted cancer cell motility in
nasopharyngeal carcinoma [21]. We herein revealed that the
clinical significance of upregulated TNFAIP2 expression in
cancer, revealing that upregulated TNFAIP2 expression
may be prognostic and reduce overall survival following
surgery in patients with urinary UC.

We then focused on the role of TNFAIP2 as a positive
regulator of EMT in UC cells after the acquisition of pla-
tinum resistance. We revealed that the downregulated
expression of TNFAIP2 by si-RNA resulted in the upre-
gulated expression of E-cadherin and downregulated
expression of SLUG, ZEBI, and TWISTI, leading to
decreased migratory potential in UC cells after the acqui-
sition of platinum resistance. The overexpression of
TNFAIP2 downregulated E-cadherin expression and upre-
gulated TWIST! expression. We clinically demonstrated

changes in TNFAIP2 expression using 16 matched pre- and
post-CDDP-treated UC sections and revealed increased
TNFAIP2 and decreased E-cadherin expression levels after
CDDP. TNFAIP2 expression in UC samples was verified at
the transcription level, showing that higher TNFAIP2
mRNA levels were detected in tumor cells after CDDP by
in situ hybridization. The RNA scope, a new RNA in situ
hybridization system using target-specific signals, enables
the quantitative detection of mRNA in formalin-fixed par-
affin-embedded tissue samples [16].

We further investigated the regulatory molecules con-
necting TNFAIP2 and EMT. A comparison of global gene
expression with and without TNFAIP2 knockdown revealed
MTHD as a candidate gene that regulates EMT-like changes
in UC cells. MTDH, also known as AEG-1 or LYRIC, was
initially identified as a TNF-alpha-induced gene in primary
human fetal astrocytes infected with human immunodefi-
ciency type 1 [22]. Brown et al. subsequently isolated a
domain in the protein MTDH from phage expression
libraries of breast carcinoma cDNA. They showed that
MTDH is a protein overexpressed in breast cancers and
mediates the lung-specific dissemination of metastatic cells
[23]. MTDH expression has been associated with cancer
metastasis and chemoresistance [18, 24], and has also been
suggested to promote cancer invasion or metastasis through
the induction of EMT [18, 25-28]. Liang et al. reported that
MTDH drives the expression of cancer stem-like cells, a
cell subpopulation responsible for chemoresistance, through
TWISTI1 expression indirectly facilitated by histone H3
acetylation on the TWISTI promoter [29]. Our results
revealed that the downregulation of MTDH by si-RNA
upregulated E-cadherin expression and downregulated
TWISTI expression, leading to decreased migratory poten-
tial in UC cells after the acquisition of platinum resistance.
These results suggest that MTDH is a target of TNFAIP2
for the development of EMT. Although further investiga-
tions are needed to clarify the precise interaction between
the TNFAIP2/MTDH axis and EMT in malignancies, our
results suggest a new axis of TNFAIP2/MTDH/TWIST]1
that is involved in EMT in platinum-resistant UCs and has
potential as a therapeutic target in patients with cancer
receiving CDDP.

This study has several limitations including the small
number of clinical samples, the retrospective nature of this
cohort, and heterogeneous groups of patients. We did not
repeat the microarray analysis in our in vitro study. Fur-
thermore, it remains unclear whether EMT itself plays a
central role in the acquisition of platinum resistance in
patients with UC. For example, intratumoral heterogeneity
profiles are closely associated with acquired drug resistance
[30]. Using the recent technical development of single-cell
RNA sequencing, we investigated the influence of CDDP
on intratumoral heterogeneity in platinum-naive 5637 cells

SPRINGER NATURE



1712

N. Niwa et al.

and platinum-resistant 5637PR cells [31]. The findings
obtained revealed that both cell lines were heterogeneous
populations at the single-cell level. However, we found a
small fraction of the subclones of parental 5637 cells that
matched 5637PR cells at the transcriptome level. These
findings support platinum-resistant subclones already being
present in tumors and behaving as cancer cells with
acquired platinum resistance in platinum-naive cancers. We
also speculate that these subclones will dominate if tumors
acquire platinum resistance and EMT features. Taken
together, further investigations to more accurately elucidate
the role of TNFAIP2 in EMT and associated platinum
resistance are warranted.
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