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Purpose: Vascular endothelial growth factor tyrosine kinase inhibitors (TKIs) have been the standard of care for advanced and
metastatic clear cell renal cell carcinoma (ccRCC). However, the therapeutic effect of TKI monotherapy remains unsatisfactory given
the high rates of acquired resistance to TKI therapy despite favorable initial tumor response.

Materials and Methods: To define the TKI-resistance mechanism and identify new therapeutic target for TKI-resistant ccRCC,
an integrative differential gene expression analysis was performed using acquired resistant cohort and a public dataset. Suni-
tinib-resistant RCC cell lines were established and used to test their malignant behaviors of TKI resistance through in vitro and
in vivo studies. Immunohistochemistry was conducted to compare expression between the tumor and normal kidney and verify
expression of pathway-related proteins.

Results: Integrated differential gene expression analysis revealed increased interferon-induced transmembrane protein 3 (IFITM3)
expression in post-TKI samples. IFITM3 expression was increased in ccRCC compared with the normal kidney. TKI-resistant RCC
cells showed high expression of IFITM3 compared with TKI-sensitive cells and displayed aggressive biologic features such as higher
proliferative ability, clonogenic survival, migration, and invasion while being treated with sunitinib. These aggressive features were
suppressed by the inhibition of IFITM3 expression and promoted by IFITM3 overexpression, and these findings were confirmed in a
xenograft model. IFITM3-mediated TKI resistance was associated with the activation of TRAF6 and MAPK/AP-1 pathways.
Conclusions: These results demonstrate IFITM3-mediated activation of the TRAF6/MAPK/AP-1 pathways as a mechanism of ac-
quired TKl resistance, and suggest IFITM3 as a new target for TKl-resistant ccRCC.

Keywords: Carcinoma, renal cell; Drug resistance; IFITM3 protein, human; Mitogen-activated protein kinase 1; TNF receptor-associ-
ated factor 6
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INTRODUCTION targeted therapy, employing tyrosine kinase inhibitors (TKIs)
and anti-VEGF antibodies, has been widely used as a first-

Vascular endothelial growth factor receptor (VEGFR)-  or second-line treatment option in metastatic renal cell car-
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cinoma (mRCC), particularly in the clear cell subtype. How-
ever, the therapeutic effect of TKI monotherapy appears
unsatisfactory because intrinsic resistance is common, and
nearly all patients eventually develop acquired resistance
to TKIs. With the recent introduction of immune check-
point inhibitors (ICIs) and the development of combination
strategies using ICIs and TKI, the management of mRCC
has undergone a paradigm shift. Nevertheless, single-agent
TKI treatments such as sunitinib are still used, especially
for patients who wish to avoid the potential toxicities of ICI-
based regimens, whose access to the combination regimens
is limited, or who require next-line treatment after tumor
progression. Therefore, the mechanism of TKI resistance
must be defined to overcome drug resistance and develop
an effective treatment approach for TKI monotherapy and
combination therapy.

Our previous studies investigated the differential gene
expression of RCC tumor samples harvested before TKI
treatment and immediately after disease progression despite
treatment [1,2] Interferon-induced transmembrane protein 3
(IFTTM3) was one of commonly upregulated genes in the ac-
quired TKI resistance [2] IFITM3 has been actively studied
for its anti-inflammatory action and antiviral effects [3,4]
Although less studied in neoplastic disease, previous reports
showed that IFTTM3 expression was increased in malignant
tumors including the colon, breast, and prostate with poor
clinical outcomes [59] Since IFITM3 was under-evaluated in
cancer therapeutics, it was selected for further analysis in
this study to find the clinical significance and underlying
mechanisms of dysregulation of IFITM3 expression in TKI-
resistant clear cell renal cell carcinoma (ccRCC).

TNF receptor-associated factor 6 (TRAF6) is a cytoplas-
mic adaptor protein that plays an important role in signal
transduction from various immune receptors. Upon stimula-
tion, TRAF6 activates mitogen-activated protein kinase 1
(MAPK)/activator protein 1 (AP-1) pathways and induces
the expression of genes associated with innate immunity,
inflammation, and cell survival [10,11]. Overexpression of
TRAF6 is associated with oncogenesis and is involved in
tumor cell proliferation, survival, apoptosis, and invasion.
TRAF6 1s also upregulated in various malignant tumors,
including pancreatic, colorectal, breast, and ovary, with poor
survival outcomes [12]

MATERIALS AND METHODS

1. Patients
This retrospective study was approved by the Asan
Meical Center Institutional Review Board (2012-0788) with
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a waiver of patient consent. The acquired resistant cohort
of 10 ccRCC patients with paired tumor samples harvested
at pre- and post-TKI treatment periods has been described
previously [1,2] The intrinsic resistance cohort comprised 89
advanced ccRCC cases, for which formalin-fixed paraffin-
embedded tumor blocks were available for IFITM3 immu-
nostaining from the previous study [2] For the immunohis-
tochemical comparison of gene expression between normal
kidneys and tumors, 14 cases of surgically resected localized
ccRCC were included.

Response to VEGFR-TKI was assessed according to
the Revised Response Evaluation Criteria in Solid Tumors
guidelines (version 11). Patients with complete response, par-
tial response, and stable disease for at least 24 weeks were
defined as the clinical benefit group. In contrast, those with
progressive or stable disease for less than 24 weeks were de-
fined as the clinical non-benefit group [13]

To verify the clinical significance of candidate gene ex-
pression on intrinsic TKI resistance, we searched for gene
expression studies on patients with RCC treated with TKI
and available TKI responsiveness. We found that Beuselinck
et al. [14] generated transcriptome data of 53 patients with
ccRCC treated with first-line sunitinib, and their data were
retrieved for analysis.

2. Differential gene expression and integrated
DEG analysis

The methods for gene expression profiling and integrat-
ed DEG analysis have been described previously [1,2] Briefly,
the 20 matched pairs of pre- and post-TKI treatment tumor
samples from the 10 patients were used for expression profil-
ing of the acquired resistance cohort. Their differential gene
expression between paired pre- and post-TKI tumor samples
was analyzed with the empirical Bayes moderated paired t-
test using R package limma.

To overcome the limitation of the small number (10) of
cases in our acquired resistance cohort, we used a public
dataset (GSE76068) generated from a ccRCC patient-derived
xenograft (PDX) model [15] We also used GEPIA, which pro-
vides gene expression analysis based on tumor and normal
samples from the TCGA and the GTEx databases. Function-
al transcriptome analyses were performed using Ingenuity
Pathway Analysis (IPA) and MetaCore (Clarivate Analytics)
software with default settings.

3. Cell culture and establishment of TKl-resistant
cell lines
The human RCC cell lines 769-P, 786-O, ACHN, Caki-1,
and A704 were purchased from the American Type Culture
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Collection.

To define the sensitivity of the RCC cells to sunitinib
(Sutent), a dose-response study was first performed by treat-
ing the cells with various concentrations of sunitinib from 01
to 50 uM for 72 hours. Then a 3<(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay was performed,
and various levels of inhibitory concentration (IC) values
were estimated (Supplementary Table 1). Next, to develop
sunitinib-resistant renal cell carcinoma cell lines designated
as suR, the RCC cells were treated with sunitinib for 72
hours. After 24 hours of stabilization in the culture medium
without sunitinib, cells were re-treated with sunitinib at a
higher concentration by either long-term exposure to suni-
tinib at a concentration of 25 pM for 6 months (ACHN/suR)
or stepwise increase of sunitinib concentration from IC10 to
the final concentration up to 17 uM for 5-6 months (Caki-1/
suR, 769-P/suR, 786-O/suR, and A704/suR).

4, Cell viability assay and clonogenic survival

assay

The MTT assay was used for the cell viability assess-
ment. For the clonogenic survival assay, cells were diluted
into a cell density of 500 cells/mL: and plated in triplicate
into six-well plates. After 7—11 days in culture, the colonies
were examined and subjected to photographs. Each experi-
ment was performed in triplicate and repeated at least three
times [16]

5. RNA interference and mimic expression

For the RNAi-mediated IFITM3 knock-down assay,
shRNAs designed for IFITMS3 were cloned into the pLLKO1-
CMV-Neo vector (SHCLND, TRCN0000118024; Sigma-
Aldrich). Among the three candidate sequences, the sShRNA4
sequence, 5- CCTCATGACCATTCTGCTCAT -3, showed
the best performance and was used for further experiments
(Supplementary Fig. 1). The lentivirus containing the IF-
ITM3 shRNA was delivered into 786-O/suR as previously
described [17] For ectopic overexpression of IFITMS3 proteins,
a lentivirus containing the pCMV6-Entry vector cloned with
IFITM3 ORF construct was purchased (RC201635, OriGene).
The recombinant pseudo-lentiviral particles were concen-
trated using the Lenti-X Concentrator kit (Clontech), then
infected into 786-O/P using 6 pg/mL polybrene (Invitrogen).

6. Western blotting and immunoprecipitation
pull-down assay
For western blotting, total protein was extracted from
the cultured cells using RIPA lysis and extraction buffer
(Thermo Fisher Scientific) and separated on a 12% SDS—
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PAGE polyacrylamide gel.

The primary antibodies used in this study were IFITM3
(11,000 dilution, ab109429, Abcam), TRAF6 (1:100, sc-8409,
Santa Cruz Biotechnology), IRAK1 (1:200, ab238, Abcam), p-
ERK (1:800, #4376, Cell Signaling Technology), c-Fos (1:20,
#4384, Cell Signaling Technology), c-Myc (1:100, 395R16, Cell
Marque), and survivin (1:50, ab76424, Abcam). B-actin served
as the internal control.

For the immunoprecipitation (IP) assay, the protein ex-
tracts from cultured cells were prepared using IP lysis buf-
fer (50 mM Tris—Cl [pH 7.4], 056% NP-40, 150 mM NaCl, 15
mM MgCl,, 2 mM DTT, 2 mM EGTA) supplemented with
protease/phosphatase inhibitor mixtures (Roche), then cen-
trifuged (12000 g for 10 minutes at 4°C). The IP assay was
performed as previously described [18]

7. Scratch assay, Matrigel invasion assay and soft
agar colony formation assay

The scratch assay and Matrigel invasion assay were per-
formed as previously described [1,2] Anchorageindependent
growth was examined by performing soft-agar assays using
Agarose (A9539, Sigma-Aldrich). Cells (300 cells/well) were
plated in triplicates in 6-well plates. After 7—14 days, colonies
were stained with Crystal Violet (C1035, Biosesang), counted,
and subjected to photographs. Each experiment was repeated
at least three times.

8. Immunohistochemistry

Immunohistochemical staining was performed using
an automated staining system (BenchMark XT, Ventana
Medical Systems) with the abovementioned antibodies. All
immunostained slides were evaluated by H-score assessment
semi-quantitatively by two independent pathologists (S.U.J.
and Y.M.C), whom were blinded to clinical and pathological
information [19].

9. Xenograft model of renal cell carcinoma

The animal study was approved by the Institutional
Animal Care and Use Committee of Asan Institute for
Life Sciences, Asan Medical Center, Seoul, Republic of Ko-
rea, which abides by the Institute of Laboratory Animal
Resources guide (approval number: 2021-12-134). Male SID
(NSGA mouse; Scid mediated-total Immune Deficient mouse)
mice were supplied by Orient. After expansion in vitro, 1X10°
cells were inoculated subcutaneously into the dorsum of the
right thigh of 6-week-old mice. Ten mice were used in each
replicate. Sunitinib (20 mg/kg) was administered by gavage
every 3 days beginning on the 3lst day after transplantation
[20] Tumors were measured with calipers twice weekly after
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transplantation. Mice were euthanized when a significant
loss of body weight (more than 20%) was noted, according to
the Laboratory Animal Resources guide. The xenograft tu-
mors were dissected, fixed in 10% buffered formalin, embed-
ded in paraffin, and cut into 4 um thick sections for patho-
logic examination.

10. Statistical analysis

A Student’s t-test for continuous variables, expressed
as meanststandard error, was used to compare statistical
significance in the intrinsic resistance cohort. The Kaplan—
Meier method and the log-rank test were used to evaluate
differences in survival outcomes. The threshold for statisti-
cal significance was a p-value of less than 0.05.

RESULTS

1. Upregulation of IFITM3 in ccRCC compared with
normal kidney
In the normal kidney, IFITM3 was expressed in glomeru-
lar and interstitial vascular endothelial cells and glomerular
parietal epithelial cells as a cytoplasmic pattern. IFITM3
expression was inconspicuous in tubular epithelial cells, in-
cluding proximal convoluted tubules, from which ccRCC was
proposed to arise. In contrast, damaged or atrophic tubules
expressed IFITMS3 (Fig. 1A).
In ccRCC, IFITM3 was expressed in tumor cells with

IFITM3 activation of TKI-resistant clear cell RCC

a tendency for membranous pattern in low-grade tumors,
whereas membranous and cytoplasmic patterns were ob-
served in high-grade tumors (Fig. 1B). The higher expression
of IFITM3 in RCC was also confirmed in the public database
GEPIA (Supplementary Fig. 2) [21]

2. Role of IFITM3 on aggressive behavior of
sunitinib-resistant RCC cells

The sunitinib-resistant renal cell carcinoma cell lines
showed higher cell viability at various concentrations of
sunitinib compared with the parental cell lines, confirm-
ing their TKI resistance (Fig. 2A and Supplementary Fig.
3). Among the five suR RCC cells, 786-O/suR and A704/suR
showed increased expression of IFITM3 compared with their
parental cells (Fig. 2B). Based on this finding and the slow
growth rate of A704/suR, 786-O/parental cells (786-O/P) and
786-O/suR were selected for further experiments.

To assess the role of IFITTM3 on the aggressive behavior
of RCC during TKI treatment, the following experiments
were performed using 786-O/P and 786-O/suR subjected to
sunitinib at 20 pM. 786-O/suR migrated rapidly into the
cleft in the scratch assay and showed higher invasion activ-
ity with more cells invading the Matrigel membrane (Fig.
2C, D). In addition to the high proliferation (Fig. 2A), 786-O/
suR showed higher clonogenic survival with larger numbers
and sizes of colonies in the colony-forming assay compared
with 786-O/P (Fig. 2E). Furthermore, 786-O/suR showed an
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increase in anchorage-independent growth compared with
786-0/P (Fig. 2F). Taken together, these results suggest that
786-O/suR has aggressive cancer cell properties, similar to
patients with TKI-resistant RCC.

To evaluate whether IFITM3 could regulate the aggres-
sive behavior of TKI-resistant RCC, the aforementioned
experiments were conducted while the expression of IFITM3
was inhibited by shRNA transfection into 786-O/suR or in-
creased by IFITM3 mimic transfection into 786-O/P (Fig. 2G).
Inhibition of IFITMS3 expression resulted in the suppression
of proliferation, clonogenic survival, migration, and inva-
sion of 786-O/suR. In contrast, these aggressive behaviors
increased as a result of the IFITM3 overexpression in 786-O/

P (Fig. 2CF).
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! Fig. 2. Generation of sunitinib-resistant
overexpression

renal cell carcinoma (RCC) cell lines and
role of interferon-induced transmem-
brane protein 3 (IFITM3) on aggressive
behavior of sunitinib-resistant RCC cells.
(A) Sunitinib-resistant RCC cell lines
showed higher cell viability at various
concentrations of sunitinib compared
with the parental cell lines of five
sunitinib-resistant RCC cell lines (786-
O/suR and 786-0/P shown). Although
both 786-0/suR and A-704/suR showed
increased IFITM3 protein expression
compared with the parental cell lines
(B), 786-0/suR was finally selected for
further analysis due to the slow pro-
liferative rate of A704/suR. The migra-
tion (C), invasion (D), and proliferative
capacities (E, F) of 786-0/P, 786-0/suR,
786-0 P/empty, 786-O suR/empty, 786-
0O/suR with inhibition of IFITM3 and
786-0/P with overexpression of IFITM3
were determined by the scratch test
assay, the Matrigel invasion assay and
the soft agar colony formation assay, re-
spectively. (G) The expression of IFITM3
was inhibited by shRNA transfection
into 786-0/suR or increased by IFITM3
mimic transfection into 786-0/P.

Y

3. Role of IFITM3 in tumor growth in TKIl-resistant
RCCin vivo

To examine the in vivo relevance of the above results,
the tumorigenicity of IFITM3-overexpressing 786-O/P and
IFITM3-inhibited 786-O/suR along with 786-O/P and 786-
O/suR was examined in a xenograft model (Fig. 3). 786-O/
suR were grown as larger tumors compared with 786-O/
P throughout the experiments. IFITM3-overexpressing 786-
O/P also exhibited significantly higher tumor growth than
786-O/P cells, whereas IFITM3-inhibited 786-O/suR showed
significantly smaller growth than 786-O/suR.

When sunitinib was administered on the 3lst day af-
ter the transplantation, the tumor size of IFITM3-overex-
pressing 786-O/P decreased in the xenografts. However, we
observed a marked rebound in tumor growth, restoring a
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Fig. 3. (A) The tumorigenicity of 786-O P/empty, 786-O suR/empty, 786-O P/IFITM3-overexpression, and 786-O suR/IFITM3-shRNA was evaluated
in a xenograft model. Sunitinib was administered 31 days after transplantation. (B) Representative images 786-0 P/IFITM3-overexpression (left
upper), 786-0 P/empty, 786-0 suR/IFITM3-shRNA, and 786-0O suR/empty were presented clockwise. Representative images of the high-power
field were presented as inset. IFITM3, interferon-induced transmembrane protein 3 (magnification, x40; x400).

mean of 66% (range, 55%—77%) of tumor volume before the
sunitinib treatment in 12 days, whereas 786-O/P maintained
reduced tumor volume (Fig. 3A). 786-O/suR was barely af-
fected by the sunitinib administration, but IFITM3-inhibited
786-O/suR remained small, similar to those of 786-O/P after
the sunitinib treatment.

On microscopic examination, transfected cells of the xe-
nografts of parental and TKI-resistant 786-O showed similar
histologic features: nests of eosinophilic to clear high-grade
cells with a retained vascular network and variable amounts
of sarcomatoid change and necrosis (Fig. 3B). These findings
suggest that the aggressive behavior of TKI-resistant RCC
could be regulated by IFITMS3 expression in vivo.

4. IFITM3-mediated activation of
TRAF6/MAPK/AP-1 signaling pathway in
TKI-resistant RCC cells

We performed MetaCore gene network analysis using
the transcriptome profile of the 10 paired pre- and post-TKI
tumor tissues to get a mechanistic insight. The MetaCore
analysis revealed that several TRAF6-related genes were
upregulated in post-TKI RCC (Fig. 4A). We speculated that
there may be a direct protein interaction between IFITM3
and TRAF6. IP pull-down assay demonstrated that IFITM3
physically interacted with TRAF6 in 786-O/suR cells (Fig.
4B).

TRAF6 functions as a signal transducer and activates

Investig Clin Urol 2024;65:84-93.

the MAPK pathway. To validate the association of IFITMS3-
mediated TKI resistance with the signaling pathway, we
examined TRAF6 expression levels in 786-O cells. 786-O/
suR showed upregulation of TRAF6 compared with 786-O/P
(Fig. 4C). Accordingly, IRAK1, genes related to MAPK/AP-1
signaling pathways (p-ERK and c-Fos), c-Myc, and survivin
were upregulated or activated in 786-O/suR compared with
786-0O/P (Fig. 4C).

5. Verification of the correlation between
expression of IFITM3 and TRAF6/MAPK/AP-1
pathways in human TKI-resistant RCC tissue

To verify the IFITM3-mediated activation of TRAF6/

MAPK/AP1 signaling pathway at the protein level in hu-

man RCC, immunohistochemical staining was performed on

the 10 paired ccRCC tissues, among which 1 case could not be
examined due to the lack of post-TKI RCC tissue available.

TRAF6 and TRAK1 showed membranous/cytoplasmic pat-

terns, p-ERK showed nuclear and cytoplasmic/membranous

patterns, and c-Fos, cMyc, and survivin showed nuclear pat-
terns (Supplementary Fig. 4). The expression of all relevant
proteins increased in post-TKI tissues compared with pre-

TKI tissues with statistical significance in IRAK1 and sur-

vivin (Fig. 4D).

www.icurology.org 89
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Fig. 4. Interferon-induced transmembrane protein 3 (IFITM3)-mediated TRAF6/MAPK/AP-1 signaling pathway activation in tyrosine kinase inhibi-
tor (TKI)-resistant renal cell carcinoma (RCC) cells and the 10 paired clear cell RCC tissues. (A) The results of MetaCore analysis using the transcrip-
tome profile of the 10 paired pre- and post-TKI tumor tissues revealed that several TRAF6-related genes were up-regulated in post-TKI RCC. (B) An
immunoprecipitation (IP) pull-down assay was performed to examine the interaction between IFITM3 and TRAF6 proteins in 786-0/suR cells. (C)
The expression of IFITM3 with genes related to TRAF6/MAPK/AP-1 signaling pathways (TRAF6, p-ERK, and c-Fos), IRAK1, c-Myc, and survivin were
upregulated in 786-0/suR compared with 786-0/P. (D) All antibodies increased in post-TKI tissues compared with pre-TKI tissues with statistical

significance in IRAKT and survivin.

6. No correlation between IFITM3 expression and
intrinsic TKI resistance
We next speculated that IFITMS3 also plays a role in in-
trinsic TKI resistance. IFITM3 immunohistochemistry was
conducted to evaluate its expression and its association with
TKI response in a separate intrinsic resistance cohort of 89
patients.
90

www.icurology.org

IFITM3 was expressed variably from negative to posi-
tive in tumor cells (mean H-score 184.0). IFITM3 expression
slightly increased in the non-responder group (53 cases, mean
H-score 187.7) compared with the responder group (36 cases,
mean H-score 1786); however, the difference did not meet
the statistical significance (p=0694). There was no prognostic
significance of IFITM3 expression in overall and progression-
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free survival (Supplementary Fig. 5A). The lack of predic-
tive and prognostic significance was confirmed through the
analysis using previously reported transcriptomic data from
53 patients (Supplementary Fig. 5B).

DISCUSSION

This study demonstrates that IFITM3 expression was
increased not only in ccRCC compared with normal kidneys
but also in ccRCC with acquired TKI resistance compared
with TKI-naive ccRCC. We also observed that IFITM3 ex-
pression was responsible for aggressive behaviors of TKI-re-
sistant ccRCC cells, mediated through TRAF6/MAPK/AP-1
pathways using in vitro and in vivo studies. These results
suggest IFITM3-mediated activation of TRAF6/MAPK/AP-1
pathways as a mechanism of TKI resistance, and IFITM3
as a new therapeutic target for TKI-resistant ccRCC. As
summarized in Fig. 5, ¢ccRCC initially responds to sunitinib,
but IFITM3 overexpression is eventually induced as specu-
lated below. The binding of IFITM3 to TRAF6 results in
the activation of TRAF6, which induces oncogenic signaling
pathways, including MAPK/AP-1 pathways, and accelerates
tumor growth and migration despite treatment with TKIs.

IFTTMS3, also known as fragilis or I-8U, is a 15-kD trans-
membrane protein and belongs to the IFITM family. IF-
ITMS3 is induced by interferon and plays a critical role in
antiviral activity by interfering with the fusion of the viral
envelope and the endosome membrane during virus entry
into host cells. In addition, IFITM3 has been implicated in
human disease, such as acute lung injury, leukemia, and
malignant solid tumors [3,22] IFITM3 is expressed in a va-
riety of normal tissues, with particularly high expression in

Investig Clin Urol 2024;65:84-93.

c-Myc: growth and cell cycle
Survivin: survival and proliferation

IFITM3 activation of TKI-resistant clear cell RCC

Fig. 5. The interferon-induced trans-
membrane protein 3 (IFITM3)-induced
acquired tyrosine kinase inhibitor (TKI)
resistance mechanism represented in a
schematic diagram. In patients resistant
to sunitinib, overexpression of IFITM3
is observed. The binding of IFITM3 to
TRAF6 leads to the activation of TRAF6
associated with IRAK1, which induces
oncogenic signaling pathways, includ-
ing MAPK/AP-1 pathways. As a result,
clear cell renal cell carcinoma (ccRCC)
can accelerate tumor growth, survival,
and proliferation despite TKI treatment.

Cytoplasm

Nucleus

female genital tracts such as the fallopian tube, uterine cer-
vix and endometrium, lung, and adipose tissue [23] Although
IFITMS3 expression levels differed across various types of
tumors, this study showed its increased expression in most
tumors compared with corresponding normal tissues [23].
The overexpression of IFITM3 has been reported to enhance
cancer properties such as proliferation, stemness, replicative
immortality, migration, and invasion, similar to this study
[3] Furthermore, reports have also suggested that Ber-Abl
TKI imatinib resistant leukemia cells extensively release
IFITM3-containing exosomes, increasing the survival of ima-
tinib sensitive cells treated with imatinib [24]

The overexpression of IFITMS3 has been largely suggest-
ed as an indirect effect of inflammatory/immune reaction
and epithelial-mesenchymal transition (EMT). In ccRCC,
the VEGFR-targeted TKI therapy inhibits multiple recep-
tor tyrosine kinases important for tumor angiogenesis, and
results in marked atrophy of capillary sinus surrounding
tumor cells. Consequently, the lack of or limited blood supply
leads to various degenerative changes in tumor cells, such
as nuclear pyknosis, degeneration, and necrosis, which may
trigger an inflammatory reaction and increase of IFITM3
expression [25] Given that IFITM3 expression was higher
in TKI-resistant ccRCC, an alternative mechanism such as
EMT may also play a role in the overexpression of IFTIMS.
We have previously reported that the expression of EMT-
related genes such as SNAI2, TWIST, CD44, and CLDN1 was
upregulated in TKI-resistant ccRCC tumors in this acquired
resistance cohort [1]. Emerging evidence also suggests that
the expression of IFITM3 is regulated by multiple signal-
ing pathways, including interferon-mediated JAK/STAT
pathway, transforming growth factor-8-mediated activation
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of SMAD proteins and MAPK/PI3 pathways, and Wnt/
B-catenin pathway [8,26,27]

Our study has some limitations. First, it is a retrospec-
tive single-center study. Although we showed IFITM3 and
TRAF6 expression was increased in TKI-resistant ccRCC
by comparing matched ccRCC tissues harvested at pre- and
post-TKI treatment periods, only a small number of patients
(10 patients) could be analyzed. It has been difficult to pro-
cure post-treated tumor tissues within 1-month post-clinical
recognition of tumor progression. Once the diagnosis of
ccRCC is confirmed during the pretreatment period, treat-
ment responsiveness 1s usually determined clinically by im-
aging studies. To overcome this limitation, we performed an
integrated analysis using a public dataset. While we showed
that IFITM3 increased in a subset of TKI-resistant ccRCC
patients via the TRAF6/MAPK/AP-1 pathway, we cannot
exclude the possibility of other mechanisms being involved.
Therefore, conducting prospective multi-center studies with
a large number of matched pre- and post-TKI treatment
tumor tissues is necessary to confirm the study’s results and
identify potential alternative mechanisms. With the recent
introduction of combination therapy using ICIs and TKIs,
examining whether the IFITM3-mediated activation of
TRAF6/MAPK/AP-1 pathways also plays a role in acquired
resistant RCC after the combination therapy would be in-
teresting.

CONCLUSIONS

IFITMS3 expression was increased in ccRCC than nor-
mal kidneys and in ccRCC with acquired TKI resistance
than TKI-naive ccRCC. IFITM3-mediated activation of the
TRAF6/MAPK/AP-1 pathways is a mechanism of acquired
TKI resistance in ccRCC. IFITM3 may serve as a new poten-
tial therapeutic target for TKI-resistant ccRCC.
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