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Abstract
Tyrosine kinase inhibitors (TKIs) are widely accepted as treatment for metastatic clear cell renal cell carcinoma (ccRCC).
However, most patients eventually experience disease progression despite TKI treatment, even if the initial response is
favorable. To define the underlying mechanism of TKI resistance, 10 TKI-treated metastatic ccRCC cases in which tumor
samples were harvested before treatment and immediately after disease progression were examined. Gene expression profiles
and copy number variations of matched pre- and post-treatment tumor samples were investigated. Altered biologic
characteristics were confirmed in sunitinib-resistant ccRCC cell lines, which were generated by long-term treatment with
sunitinib-containing media. Gene transcript levels related to the cell cycle and epithelial-mesenchymal transition (EMT)
were significantly upregulated in the treated tumor samples compared with the pre-treatment samples. The mitotic count and
sarcomatoid component were significantly increased in treated tumor samples. Alteration of EMT-related genes was also
demonstrated in a sunitinib-resistant ccRCC cell line that showed enhanced migration and invasion compared to the parent
cell line. siRNA-induced inhibition of EMT-related gene expression significantly suppressed the migration and invasion
capacity of TKI-resistant cell lines. The present study shows that both ccRCC cases that progressed after TKI treatment and
sunitinib-resistant ccRCC cell lines demonstrated alteration of EMT-related gene expression and enhancement of EMT-
related behavior. These results suggest that EMT may explain the aggressive behavior of TKI-resistant ccRCC.

Introduction

Clear cell renal cell carcinoma (ccRCC) is the most com-
mon histologic subtype of renal cell carcinoma, accounting
for ~70% of cases, and is the most lethal malignant neo-
plasm in the urinary system [1]. Approximately 30–40% of
renal cell carcinoma cases are present as metastatic disease,
either initially or after curative treatment. Metastatic ccRCC

is considered to have poor prognosis, with a 5-year survival
rate of only 8% [2]. Metastatic ccRCC patients are treated
with tyrosine kinase inhibitors (TKIs), including sunitinib,
pazopanib, sorafenib, and axitinib, as first-line agents. A
clinically beneficial response to TKI treatment has been
observed in several clinical trials, with an objective
response rate of up to 31% [2–5]; however, nearly all
patients develop resistance to TKI therapy, the mechanism
of which remains largely unknown [6].

Epithelial-to-mesenchymal transition (EMT) is driven by
upregulation of specific transcription factors that activate
mesenchymal genes and repress epithelial genes, including
Twist1/2, Snail, Slug, and ZEB1/2 [7, 8]. EMT is integral to
embryonal development, tissue regeneration, and fibrosis
[9]. It also plays an important role in cancer progression and
is involved in migration and invasion of tumor cells, sup-
pression of senescence and apoptosis, and resistance to
radiotherapy and chemotherapy [10–12]. Induction of EMT
generates CD44-expressing cancer stem cells in various
cancers [13–15]. In renal cell carcinoma, sarcomatoid
transformation, which is a histologic manifestation of EMT,
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has been associated with poor response to TKI therapy [16–
18]. However, the role of EMT in the development of TKI
resistance in ccRCC remains to be elucidated [19, 20].

Materials and methods

Patients

This study was approved by the Asan Medical Center
Institutional Review Board (2012-0788) and the procedures
involving human subjects were carried out in accordance
with the revised Helsinki Declaration in 1983. Initially, 553
cases of recurrent or metastatic RCC patients treated with
vascular endothelial growth factor receptor (VEGFR)-TKI
at the Asan Medical Center, Seoul, Republic of Korea, from
1997 to 2013 were retrieved. To define the mechanism of
resistance to TKI in ccRCC, we searched for cases with
clinical signs of progression despite TKI treatment, then
further extracted those cases with matched pairs of pre- and
post-treatment tumor samples available, and with the post-
treatment tumor samples that were obtained within a month
after the progression had been recognized clinically.
Finally, 10 patients that fulfilled the selection criteria were
included in the analysis.

Response to VEGFR-TKI was assessed according to the
Revised Response Evaluation Criteria in Solid Tumors
guidelines (version 1.1) [21]. Patients showing complete
response, partial response, or ≥24 weeks stable disease
in response to TKI treatment were defined as the clinical
benefit group, whereas those showing <24 weeks
stable disease or progressive disease were defined as the
clinical non-benefit group by an oncologist (J.L.) at this
institution [22].

Patient medical records were reviewed for characteristics
including age, sex, tumor stage during TKI treatment, and
outcome. Pathologic materials were reviewed by three
uropathologists (H.S.H., H.G., and Y.M.C.) according to
the 2016 World Health Organization (WHO) Tumor Clas-
sification, graded according to the ISUP grading system,
and staged according to the American Joint Committee on
Cancer (AJCC) Staging System, 8th edition [23, 24].

Total RNA expression profiling

The RNAs of the 20 matched pairs of pre- and post-
treatment formalin-fixed paraffin-embedded (FFPE) tumor
samples derived from 10 enrolled patients were extracted
and subjected to expression profiling. Briefly, the tumor
areas of the samples were identified on the FFPE tissue
block by two uropathologists (H.G. and Y.M.C.) and cut
from the tissue section. After deparaffinization, RNA from
tumor tissues was extracted using the Ambion RecoverAll

Total Nucleic Acid Isolation Kit (Thermo Fisher Scientific,
Waltham, MA) according to the manufacturer’s protocol.
Then, 50 ng of extracted RNA per tumor sample was ana-
lyzed for total RNA expression profiling using the Affy-
metrix Human Transcriptome Array 2.0 platform
(Affymetrix, Santa Clara, CA). The data were normalized
using Transcriptome Analysis Center version 3.0 (Affy-
metrix) by default option. The probes were annotated using
the chip annotation file for Human Transcriptome Array 2.0
platform provided on the Broad Institute website (http://
software.broadinstitute.org/gsea/index.jsp) (Broad Institute,
Cambridge, MA).

Copy number variation analysis

Copy number variations (CNV) were also evaluated in the
10 pairs of pre- and post-treatment tumor samples. DNA
was extracted from FFPE tumor samples using the QIAamp
DNA FFPE Tissue Kit (Qiagen, Hilden, Germany). Then,
50 ng of extracted DNA per individual sample was analyzed
using the Affymetrix OncoScanⓇ FFPE Assay Kit. The data
was analyzed using Nexus Express Software for OncoScan
version 3.1 (BioDiscovery, El Segundo, CA).

Differentially expressed genes and gene set analysis

Differential gene expression between paired pre- and post-
treatment tumor samples was evaluated by the empirical
Bayes moderated paired t-test using R package limma [25].
We set the positive criterion for differential expression as an
unadjusted P-value < 0.05 because of the small number of
cases.

For gene set analysis, both over-representation and gene
set enrichment analysis (GSEA) were performed using R
package clusterProfiler and GSEA Java program provided
by the Broad Institute (http://software.broadinstitute.org/
gsea/index.jsp), respectively [26, 27]. For GSEA, the
GSEAPreranked tool was used because it supports pairwise
comparison while the conventional GSEA method does not.
The t-statistics for the genes calculated during DEG analysis
were used as input data during GSEAPreranked analysis.
False discovery rate (FDR) < 0.05 was considered as sta-
tistically significant for the gene set analysis.

Tissue microarray construction and
immunohistochemistry

A tissue microarray was constructed using two representa-
tive cores 1.5 mm in diameter from FFPE tumor tissues and
was employed in immunohistochemical staining.

Immunohistochemistry was carried out using an auto-
mated staining system (BenchMark XT, Ventana Medical
Systems, Tucson, AZ) according to the manufacturer’s

660 H. S. Hwang et al.

http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp


instructions. The primary antibodies used are listed in
Supplementary Table 1.

Generation of sunitinib-resistant renal cell
carcinoma cell lines

Two renal cell carcinoma cell lines, ACHN and Caki-1,
were grown in RPMI 1640 supplemented with 10% fetal
bovine serum in a humidified atmosphere containing 5%
CO2 at 37 °C. To generate TKI-resistant renal cell carci-
noma cell lines, ACHN and Caki-1 were treated with
sunitinib dissolved in culture media at 2.5 and 2.0 μM,
respectively, for 6 months. Sunitinib resistance was con-
firmed by cell viability assay as described below.

Cell viability assay

The cells were seeded onto 96-well plates and incubated
with 1 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-
tetrazolium bromide (MTT) for 4 h. After the removal of
MTT, dimethyl sulfoxide (DMSO) was added to each well
and the absorbance was measured at 540 nm. Each experi-
ment was performed in triplicate and repeated three times
for reliable comparison.

Quantitative reverse transcriptase polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from the cultured ACHN and
Caki-1 cell lines. Complementary DNA (cDNA) was syn-
thesized from 300 ng RNA using PrimeScript RT Master
Mix (Takara Bio Inc., Shiga, Japan). qRT-PCR was per-
formed using the Applied Biosystems 7500 Fast Real-time
PCR System (Thermo Fisher Scientific) according to the
manufacturer’s protocol. The primer sequences were
designed using Primer3 software (http://primer3.ut.ee)
(Supplementary Table 2). Gene expression is reported as the
ΔCt value [28]. The ACTB gene was used as an endogenous
control. The procedures were performed in triplicate and
repeated three times.

RNA interference

siRNAs targeting CLDN1 (SI03206336, Qiagen), CD44 (L-
009999-00-0005, Dharmacon, Lafayette, CO), SNAI2 (L-
017386-00-0005, Dharmacon), and TWIST2 (L-012862-02-
0005, Dharmacon) genes were purchased from the indicated
manufacturers. The negative control (NCT) siRNAs were
Stealth RNAiTM siRNAs purchased from Thermo Fisher
Scientific. Lipofectamine® 2000 (Thermo Fisher Scientific)
was used for siRNA transfection. Gene expression, cell
viability, and wound healing and invasion assays were
evaluated at 48 h post-transfection.

Western blotting

Total protein was extracted from the cultured cells
using RIPA lysis and extraction buffer (Thermo Fisher
Scientific). The proteins extracts were subjected to SDS-
PAGE on a 12% polyacrylamide gel for 2 h. After elec-
trophoresis, protein was transferred onto an iBlot 2
polyvinylidene difluoride membrane with the iBlot 2 dry
blotting system (Thermo Fisher Scientific). Then, the
membrane was blocked with 5% skim milk for 1 h
and incubated with primary antibody overnight at 4 °C,
followed by incubation with secondary antibody
conjugated to horseradish peroxidase. The immunor-
eactivity signal was developed using SuperSignal West
Dura Substrate (Thermo Fisher Scientific). β-actin was
used as a control for protein loading. The dilution
levels of primary antibodies are listed in Supplementary
Table 1.

Wound healing assay and Matrigel invasion assay

The wound healing assay and Matrigel invasion assay were
performed to evaluate cell migration capacity and invasive-
ness, respectively. For the wound healing assay, cells were
seeded to reach ~80% confluence as a monolayer after 24 h of
growth. The cell monolayer was scratched using a 10 μL
pipette tip across the center. After washing, cells were incu-
bated for 48 h. During the incubation, microphotographs of
the cell monolayer were taken at 0, 16, 24, and 48 h post-
scratch. The unoccupied areas were measured at the indicated
times using the ImageJ version 1.50i with MRI
wound healing tool macro (http://dev.mri.cnrs.fr/projects/ima
gej-macros/wiki/Wound_Healing_Tool) (National Institute of
Health, Bethesda, MD).

For Matrigel invasion assay, Matrigel basement mem-
brane matrix (Corning Inc., Corning, NY) was coated onto
the transwells of Falcon® Permeable Supports (Corning). A
total of 2.5 × 105 cells were seeded into each transwell.
After 24 h, photomicrographs of the lower wells were taken
to determine the number penetrated cells.

Statistical analysis

Pairwise comparisons of continuous variables were
carried out by the Wilcoxon signed-rank test. For
pairwise comparison of ordinal categorical variables,
cumulative link mixed models regarding the case number
as a random variable were fitted using the clmm
function in R package ordinal. The statistical
significance of the variable was calculated using
the Anova.clm function in R package RVAideMemoire.
Two-sided P-value < 0.05 was considered statistically
significant.
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Results

Clinical characteristics of patients with TKI
resistance

The clinical and pathologic characteristics of the 10 patients
examined in this study are listed in Table 1. The median age
at the start of TKI treatment was 53.5 years (range, 40–66
years). Most of the patients were male (male:female ratio=
4:1). Six patients presented with stage IV disease at the time
of the diagnosis; the other four patients were treated with
TKI due to post-nephrectomy recurrence. Seven patients
(70%) were treated with sunitinib; the other three received
pazopanib. After TKI treatment, eight (80%) achieved
remission status and were regarded as the clinical benefit
group, with complete and partial remission in two and six
patients, respectively. The remaining two patients displayed
stable disease lasting < 24 weeks and were deemed the
clinical non-benefit group. Despite treatment, all submitted
patients exhibited disease progression at a median time of
13.5 months (range, 1–70 months) after TKI treatment.
Eventually all patients died of the disease in a median
time of 24.5 months (range, 5–96 months) after TKI
treatment.

Microarray analysis reveals differentially expressed
genes and enriched pathways in TKI-resistant post-
treatment samples

Microarray analysis of pre- and post-TKI ccRCC samples
revealed 2944 differentially expressed transcripts. The
number of annotated transcripts was 975, of which 715
transcripts were upregulated and 260 were downregulated
(Fig. 1a). Excluding the overlapping gene names of the
differentially expressed transcripts, 675 upregulated and
250 downregulated genes were identified. The top 30
upregulated and downregulated transcripts are presented in
Supplementary Tables 3 and 4, respectively.

Over-representation analyses for hallmark (H) and
canonical pathway (C2cp) gene sets were performed using
the gene names of the upregulated and downregulated
transcripts (Table 2). The significantly enriched gene sets
for the upregulated genes in post-treatment samples inclu-
ded mammalian targets of the rapamycin (mTOR) signaling
pathway, cell proliferation, oxidative phosphorylation, and
EMT-associated genes including CD44, SNAI2, TWIST, and
CLDN1 (Fig. 1a). There was no significant difference in the
expression of other EMT-related genes, such as ZEB1,
ZEB2, SNAI1, TWIST1, and CDH1 (data not shown). GSEA
also displayed significant enrichment for similar gene sets
(Fig. 1b, Supplementary Table 5).

Gene expression is not altered by copy number
alteration in TKI-resistant post-treatment samples

We evaluated the difference in copy number variation
between the pre- and post-treatment ccRCC samples
(Supplementary Figure 1). Both the pre- and post-
treatment samples showed high frequency of copy num-
ber loss of chromosome 3p, which is one of the most
common genetic alterations of ccRCC [29]. Compared to
the pre-treatment samples, post-treatment samples dis-
played significantly increased copy number gains at the
chromosome regions 7q36.3, 8q23.3, and 12q13.13,
which encompass the PTPRN2, CSMD3, and ATF7 genes,
respectively. However, according to the microarray data,
these genes were not upregulated in post-treatment tumor
samples. These results suggest that these copy number
alterations were not directly associated with gene
expression elevation, and may play insignificant roles in
TKI resistance [30].

Pairwise comparisons of the pathologic features
confirm increased proliferative activity and EMT in
post-treatment ccRCC samples

Compared to the pre-treatment samples, post-treatment
samples revealed an increased proportion of sarcomatoid

Table 1 Clinical characteristics of patients (N= 10)

Parameter N

Median age (range) 53.5 years (40–66)

Sex Male 8

Female 2

Initial stage groups Stage I 2

Stage III 4

Stage IV 4

ISUP grade 1 1

2 1

3 3

4 4

Not available 1

TKI Sunitinib 7

Pazopanib 3

Best response with TKI Complete remission 2

Partial remission 6

Stable disease 2

Clinical response Benefit group 8

Non-benefit group 2

Median progression-free survival (range) 13.5 months (1–70)

Median survival after TKI (range) 24.5 months (5–96)

Median overall survival after initial diagnosis
(range)

50 months (7–221)

ISUP international society of urologic pathologists, TKI tyrosine
kinase inhibitor
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spindle cell component and mitotic counts (P= 0.036 and
P= 0.009, respectively) (Fig. 2a, b). The ISUP nuclear
grades tended to be higher in post-treatment samples, but
this relationship was not statistically significant (P= 0.103).
The proportion of tumor necrosis was not significantly
different (data not shown).

Since we previously determined that sarcomatoid fea-
tures are a predictive marker for TKI responsiveness in
ccRCC [18], we decided to focus on EMT for subsequent
experiments. The increased expression of EMT-related
genes determined by microarray was confirmed by immu-
nohistochemistry in the pre- and post-treatment samples.
The expression levels of CD44, Slug, and Twist-2 were
upregulated in the majority of post-treatment samples (P=
0.020, P < 0.001, and P= 0.001, respectively) (Fig. 2c, d,
and Supplementary Table 6); however, a proper statistical
comparison was limited due to the small number of cases.
Claudin-1 expression was elevated in some, but not all post-
treatment samples (Fig. 2d). In line with the results of
mRNA expression, no significant differences were noted in

the protein expression levels of ZEB-1, Snail, and E-
cadherin (Supplementary Figure 2).

Generation of sunitinib-resistant renal cell
carcinoma cell lines

Sunitinib-resistant renal cell carcinoma cell lines designated
as ACHN/suR and Caki-1/suR were generated by long-term
exposure to sunitinib at concentrations of 2.5 μM and 2.0
μM, respectively, for 6 months. Compared to the ACHN
(ACHN/P) and Caki-1 (Caki-1/P) parental cell lines,
ACHN/suR and Caki-1/suR revealed higher viability at
various concentrations of sunitinib, confirming their resis-
tance (Fig. 3a).

Sunitinib-resistant renal cell carcinoma cell lines
show increased expression of EMT-related genes

Compared to the cells of the parental cell lines, ACHN/
suR and Caki-1/suR cells were spindle shaped and

Fig. 1 Microarray analysis between pre- and post-treatment ccRCC
tumor samples. a Gene expression heatmap showing differentially
expressed transcripts between pre- (green) and post-treatment (red)
samples. Upregulated transcripts in post-treatment tumor samples
include cell cycle regulators (CDK2 and CDK4) and EMT-associated

genes (CD44, SDC4, CLDN1, SNAI2, and TWIST2). Macrophage
markers (CD68 and CD163) and some cytokine (CXCL1) genes were
also upregulated. b Enrichment plots of gene set enrichment analysis
(GSEA) revealing significant enrichments for cell cycle regulators and
EMT gene sets
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exhibited a projection of elongated foot processes
(Fig. 3b). To confirm EMT-related gene upregulation in
TKI-resistant ccRCC samples, expression of the EMT-
associated genes CD44, SNAI2, CLDN1, and TWIST2, was
examined in the parental and resistant cell lines. Expres-
sion levels of known EMT-related genes, ZEB1, ZEB2,
SNAI1, and TWIST1, were also evaluated. TWIST1 mRNA
was overexpressed both in TKI-resistant cell lines. SNAI1,
SNAI2, and TWIST2 mRNA expression levels were
increased in ACHN/suR, whereas CLDN1, CD44, ZEB1,
and ZEB2 mRNAs were overexpressed in Caki-1/suR
(Fig. 3c). Nevertheless, protein expression levels of clau-
din-1, CD44, Snail, Slug, and Twist-2 were increased in
both ACHN/suR and Caki-1/suR (Fig. 3d). Although there
was a significant alteration of the mRNA expression level,
ZEB-1 protein expression level was not different in the
western blotting analysis. mRNA and protein expression
levels of CDH1/E-cadherin were downregulated in both

ACHN/suR and Caki-1/suR, compared to their parent cell
lines (Fig. 3c, d). These results suggest that EMT phe-
nomenon occurred consistently in TKI-resistant ccRCC
samples, but this may be regulated by different EMT-
related genes across the samples.

Sunitinib-resistant renal cell carcinoma cell lines
show enhanced EMT-related behaviors

To examine the migration ability of TKI-resistant ccRCC,
ACHN/suR, and Caki-1/suR were subjected to the wound
healing assay. Compared to the parental cell lines, both
ACHN/suR and Caki-1/suR exhibited increased capability
to fill the cleft generated by scratching (Fig. 4c). In the
Matrigel invasion assay, the number of cells penetrating the
Matrigel membrane was also increased in ACHN/suR and
Caki-1/suR compared to the corresponding parent cell lines
(Fig. 4d).

Fig. 2 Histopathologic and immunohistochemical features of pre- and
post-treatment ccRCC samples. a Representative photomicrographs of
pre- and post-treatment tumor samples of Case No. 4. Contrary to the
pre-treatment tumor showing typical histologic features of ccRCC, the
post-treatment tumor exhibits a sheet-like arrangement of spindle
tumor cells with brisk mitotic activity (black arrow). b Pairwise
comparison of the proportion of sarcomatoid component and mitotic
activities of pre-treatment (PreTx) and post-treatment (PostTx) tumor
samples showing significant elevation of both parameters in post-
treatment tumor samples (paired t-test, P < 0.05). c Representative

photomicrographs of CD44, Slug, Claudin-1, and Twist-2 immuno-
histochemical staining. Images of both pre-TKI treatment (left) and
post-TKI treatment (right) have been shown. d Heatmap of the
immunoreactivity scores for CD44, Slug, Claudin-1, and Twist-2
showing a significant upregulation of CD44, Slug, and Twist-2 pro-
teins. The statistical significance of the difference between the
immunoreactivity scores of the pre- and post-treatment tumor samples
was evaluated using the cumulative link mixed model. The criterion
for the scoring is indicated at the bottom
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Inhibition of EMT-related genes suppress EMT-
related behavior

To examine the effect of EMT-related genes in TKI-
resistant ccRCC, knockdown of CD44, TWIST2, CLDN1,
and SNAI2 genes was achieved using siRNA transfection.
The expression of CD44 and TWIST2 was successfully
inhibited in ACHN/suR, whereas expression of CLDN1 and
SNAI2 was suppressed in Caki-1/suR (Fig. 4a).

When the expression of EMT-related genes was
inhibited, cell survival tended to be decreased in ACHN/
suR and Caki-1/suR, but the difference was statistically
significant only in CLDN1-inhibited Caki-1/suR (Fig. 4b).
In contrast, inhibition of EMT-related genes markedly
decreased the migration rates of ACHN/suR and Caki-1/
suR in the wound healing assay (Fig. 4c). Furthermor-
e, invasion capacity was also suppressed in ACHN/suR
and Caki-1/suR by inhibition of EMT-related genes
(Fig. 4d).

Discussion

This study demonstrates that, compared to pre-treatment
ccRCC, TKI-resistant post-ccRCC tumors had increased
sarcomatoid features and differential gene expression with
upregulation of EMT-related genes CD44, CLDN1, SNAI2,
and TWIST2. Furthermore, the induction of TKI resistance
in ccRCC cell lines increased expression of EMT-related
genes with enhanced migration and invasion capacity,
which was suppressed by inhibition of EMT-related genes.
Therefore, these results suggest that the aggressive behavior
of TKI resistance is associated with EMT.

Several studies using PDX models have suggested that
sphingosine-1-phosphate or mitogen-activated protein
kinase pathways may contribute to TKI resistance in renal
cell carcinoma [31, 32]. The PDX model has been known to
mimic biologic behaviors of human malignancies, but it
may not entirely reproduce the human tumor micro-
environment because it cannot recapitulate the

Fig. 3 a Results of cell viability tests for sunitinib-resistant and parent
ccRCC cell lines, ACHN and Caki-1. Compared to the parent cell lines
(dotted lines), sunitinib-resistant cell lines (solid lines) exhibited
superior survival rates in various concentration of sunitinib. b
Representative microscopic images of cells from parental (P) cell lines
and the sunitinib-resistant (suR) ACHN and Caki-1 cell lines. c
Comparison of the mRNA expression levels of EMT-related genes in
the sunitinib-resistant and parent ccRCC cell lines obtained by qRT-
PCR analysis. ACHN/suR displayed a significantly increased expres-
sion of the SNAI1, SNAI2, TWIST1, and TWIST2 genes, compared to

the ACHN/P cell line. In the Caki-1/suR cell line, CLDN1, CD44,
ZEB1, ZEB2, and TWIST1 expression levels were significantly ele-
vated. CDH1 expressions were constantly downregulated in both the
ACHN/suR and Caki-1/suR cell lines. d Results of western blotting of
the sunitinib-resistant and parent cell line samples. The protein
expression levels of CD44, Claudin-1, Snail, Slug, and Twist-2 were
increased in the sunitinib-resistant cell lines. Although the ZEB-1
expression level was not significantly altered, the E-cadherin expres-
sion level was consistently decreased in both the ACHN/suR and Caki-
1/suR cell lines
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Fig. 4 a siRNA transfection successfully depleted target mRNAs of
CD44 and TWIST2 in sunitinib-resistant ACHN (ACHN/suR) and
CLDN1 and SNAI2 in Caki-1 (Caki-1/suR) cell lines. b mRNA
depletion of CD44, TWIST2, and SNAI2 did not significantly affect cell
viability except CLDN1 in Caki-1, which significantly reduced cell
viability similar to that of the parent cell line. c Results of scratch test
in sunitinib-resistant cell lines with or without siRNA inhibition.
Compared to the parent cell lines, both sunitinib-resistant cell lines

filled the central void area faster than the parent cell lines (gray line
plots). This ability was successfully inhibited by siRNA-induced
depletion of EMT-associated genes. d Results of Matrigel invasion
assay showing the significantly increased number of permeating cells
in the sunitinib-resistant cell lines, compared to the case for their
parent cell lines. This invasive capacity was also decreased by inhi-
bition of EMT-related genes by siRNA
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antineoplastic immune reaction and tumor interaction with
human stromal cells [33]. Furthermore, the pathways
implicated in prior studies have not been validated in patient
samples. In the present study, in silico analysis of matched-
pair tumor samples of patients were carried out, revealing
the significant enrichments of EMT, cell proliferation-
associated signatures, and mTOR pathway in ccRCC
patients with TKI resistance, rather than the pathways stated
above. It is shown in the present study that of these path-
ways, EMT has been suggested as one of the mechanisms
underlying the development of resistance to chemother-
apeutic agents in non-small cell lung cancer and breast
cancer [34, 35]. Although EMT has not been intensively
studied in renal cell carcinoma, several reports have
implicated the role of EMT in TKI resistance in renal cell
carcinoma [36]. Therefore, it can be postulated that the
activation of EMT may be an important factor in TKI
resistance of ccRCC, which needs to be confirmed in further
studies.

EMT response in post-TKI treatment ccRCC is not well
studied [20, 37], because post-treatment tumor tissue is
rarely biopsied in practice and EMT may be reversible.
Furthermore, contrary to conventional cancer therapies that
mainly suppress cancer cell proliferation, TKI treatment in
ccRCC is known to target the pro-angiogenic signaling
pathway of tumor-associated endothelial cells rather than
the tumor cells themselves [38]. In this context, angiogenic
escape and/or switching have been widely accepted as the
major mechanisms underlying TKI resistance [19, 39].
However, there is a report showing that sunitinib may also
inhibit renal cell carcinoma cell growth in vivo at a clini-
cally actionable dose [40], which suggests a role of TKI
cytotoxicity in the control ccRCC tumor cells. There are
few reports implicating the role of EMT in TKI resistance in
renal cell carcinoma, but these studies used renal cell car-
cinoma cell lines and/or patient-derived xenograft (PDX)
models, and their findings have not been clinically validated
in patient samples [20, 36, 41]. In the present study, using
post-TKI treatment tumor samples biopsied immediately
after the development of TKI resistance and tumor pro-
gression, we found that EMT features were increased in
ccRCC patients with upregulation of CD44, CLDN1,
SNAI2, and TWIST2. Although significant E-cadherin
downregulation was not shown in post-treatment tissue
samples, which may be related to the essentially low E-
cadherin expression in ccRCC [42, 43], an increased sar-
comatoid component in the TKI-resistant tumor samples
implies an upregulated EMT response. Moreover, this
finding was supported by in vitro studies showing the
downregulation of E-cadherin, increased invasion capacity,
and upregulation of some EMT-related genes in sunitinib-
resistant renal cell carcinoma cell lines. Although mRNA
levels of CD44 in ACHN/suR and SNAI2 and TWIST2 in

Caki-1/suR were not significantly elevated, their protein
expression levels were elevated, which could be due to
post-translational modification of these proteins [44, 45].
The invasion capacity of TKI-resistant ccRCC cells was
decreased by the depletion of these genes. Our findings
suggest that EMT is an important mechanism in TKI-
resistant ccRCC and may be a novel therapeutic target for
TKI resistance.

CD44 is transmembrane glycoprotein that participates in
various biologic processes including cell adhesion, angio-
genesis, tumor development, and drug resistance [46, 47].
In renal cell carcinoma, CD44 expression has been asso-
ciated with poor prognosis, cancer cell invasion, and
resistance to TKI treatment, which are consistent with our
results showing elevated expression of CD44 in TKI-
resistant ccRCC both in vitro and in vivo [48, 49]. In our
analyses of TKI-resistant ccRCC cell lines, CD44 depletion
was found to significantly decrease cell invasiveness, which
confirms the role of cell invasion in TKI-resistant ccRCC.
Slug and Twist-2, members of the SNAIL and basic helix-
loop-helix families of transcription factors, respectively, are
known to promote EMT [8]. Several studies have indicated
that Slug and Twist-2 contribute to drug resistance in var-
ious human malignancies, including renal cell carcinoma
[50–52]. The present study indicates that these transcription
factors were upregulated in TKI-resistant ccRCC samples.
siRNA-mediated depletion of Slug and Twist-2 induced
reduction of invasion capacity but failed to inhibit cell
proliferation. This is likely because the proliferative capa-
city was dependent upon other signaling pathways, such as
cell cycle or mTOR pathways. Hence, dual inhibition of
these pathways may exert a synergistic effect to overcome
TKI resistance.

Claudin-1 is a component of tight junctions, which are
one of the major constituents involved in cell-to-cell
adhesion of epithelial cells [53]. The role of claudin-1 in
tumor biology is currently under debate; several studies
have suggested that it has a tumor suppressive function [54,
55], while others implicate its role in EMT induction [56–
58]. In renal cell carcinoma, claudin-1 expression has been
associated with an increased risk of postoperative distant
metastasis [59] and poor prognosis [60], but its role in EMT
induction and drug resistance in renal cell carcinoma has
not been elucidated. The present study suggests that
claudin-1 expression may be associated with TKI resistance
in both clinical and experimental settings, which may be
overcome by claudin-1 downregulation. These results
indicate the potential of claudin-1 as a prognostic marker
and therapeutic target for patients with renal cell carcinoma
undergoing TKI treatment [61], which should be researched
in future studies.

The expressions of the EMT-associated genes analyzed in
the study varied across the TKI-resistant patient samples and
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cell lines. Although the phenomenon should be clarified fur-
ther, it could be explained by the fact that EMT represents a
reversible phenotype and is controlled by various cellular
signaling pathways and posttranscriptional modifications
across individual tumors in TKI-resistant ccRCC [8].

The present study has several limitations. First, we could
not perform validation of gene expression alterations iden-
tified by microarray experiments because of the limited size
of biopsy specimens, which were the major tissue type of
the enrolled cases. Additionally, in DEG analysis, because
of the small number of the submitted cases, we used an
unadjusted P-value, which is not a conventional analytical
method [62]. However, we showed that immunohisto-
chemical intensities of the proteins of these genes were
increased in post-treatment tumor samples with statistical
significance for three of four genes, and these genes were
also upregulated in sunitinib-resistant renal cell carcinoma
cell lines. Furthermore, downregulation of EMT-related
gene expression suppressed EMT-related biologic behavior,
and even significantly affected cell viability for some genes.
Therefore, although the DEG analysis method was uncon-
ventional, the EMT-related genes listed above may have a
crucial role in TKI resistance of ccRCC.

In conclusion, EMT is consistently observed in ccRCC
with TKI resistance. Modulation of several EMT-associated
genes may alter the metastatic potential and/or TKI sus-
ceptibility in TKI-resistant ccRCC patients, which impli-
cates it as a therapeutic strategy.
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