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TGF-f1 affects the renal cancer miRNome
and regulates tumor cells proliferation
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Abstract. TGF-f1 is a pleiotropic cytokine that can either
promote or inhibit cancer development and progression. It was
previously found that TGF-f1 can regulate the expression of
several microRNAs (miR or miRNA) involved in the progres-
sion of renal cell carcinoma (RCC). Therefore, the present
study aimed to analyze the effects of TGF-f1 on the global
RCC miRNome. It was found that TGF-B1 can regulate a
complex network consisting of miRNAs and mRNAs involved
in RCC transformation. In particular, TGF-f1 was revealed
to regulate the proliferation of RCC cells while concomi-
tantly modifying the expression of oncogenic regulators,
including avian erythroblastosis virus E26 (V-Ets) oncogene
homolog-1 (ETS1). In addition, TGF-p1 was demonstrated
to regulate the expression of a number of miRNAs including
miR-30c-5p, miR-155-5p, miR-181a-5p and miR-181b-5p. By
contrast, TGF-f1 reciprocally modified the expression of
genes encoding TGF-p1 receptors and SMAD:s, indicating a
novel regulatory feedback mechanism mediated through the
miRNAs. These data suggested that ETS1 served different
roles in different subtypes of RCC tumors, specifically by
functioning as an oncogene in clear cell RCC while as a tumor
suppressor in papillary RCC.
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Introduction

Renal cell carcinoma (RCC) is the commonest subtype of
kidney malignancy affects 300,000 patients annually world-
wide, contributing to the mortality of 100,000 (1). In particular,
80% RCC cases are diagnosed as the clear cell renal cell
carcinoma (ccRCC) subtype, which is the most aggressive and
therapy-resistant malignancy of the kidney. The prognosis for
patients diagnosed with early-stage RCC is typically superior,
since they can be treated efficiently with tumor resection.
However, 25-30% patients with RCC present with metastatic
disease at diagnosis, while a further 25% develop metastasis
at later RCC stages (2). Metastatic RCC is typically treated
using targeted therapeutic strategies involving tyrosine kinase
inhibitors, including sunitinib and sorafenib, monoclonal
antibodies aiming to attenuate angiogenesis, such as bevaci-
zumab, inhibitors of the mTOR pathway, including everolimus
and temsirolimus or immune checkpoint inhibitors, including
nivolumab and ipilimumab. However, the majority of patients
will, develop resistance to these therapies aforementioned even
if they were primarily responsive, leading to disease progres-
sion and mortality (1,3). Key molecular features of ccRCC are
inactivation of the tumor suppressor von Hippel-Lindau protein,
along with mutations in polybromol, SET-domain containing 2
histone lysine methyltransferase, BRCA-associated protein I,
lysine demethylase 5C and MTOR (4,5), as well as metabolic
alterations, including the Warburg effect, disturbances in the
pentose phosphate pathway, Krebs's cycle and the metabolism
of amino acids and lipids (6). The development and progres-
sion of RCC has also been reported to be associated with the
altered expression and function of microRNAs (miRNAs).
miRNAs are short, non-coding RNAs that can regulate gene
expression by interacting with specific miRNA-response
elements (MREs) in mRNA transcripts, resulting in their
degradation or inhibition of translation (6,7).

TGF-f1 is a pleiotropic cytokine, that can regulate a multi-
tude of cellular processes, including proliferation, migration,
invasion and metabolism (3). TGF-p1 serves as a ligand for
the TGF-p1 receptor (TGFBR) family of membrane-bound
receptors, initiating intracellular signaling cascades with
SMAD proteins serving as their main transcriptional regu-
lator downstream. In the kidney, TGF-P1 serves an important
role by controlling its development and function. Aberrant
TGF-B1 activation contributes to the excessive deposition of
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extracellular matrix proteins, leading to renal fibrosis and
chronic kidney disease (3). It has been frequently reported
that TGF-f1 serves an ambiguous role in cancer, where it
can inhibit its development during the early stages while
promoting metastatic spread as the disease progresses (8). In
a previous study, it was found that TGF-1 can control the
expression of a number of microRNAs in addition to being
involved in the regulation of adhesion and migration in RCC
cells (9). Therefore, the present study aimed to analyze the
effects of TGF-B1 on the global RCC miRNome composition
and activity. It was found that TGF-$1 can regulate a complex
network of miRNAs and genes involved in malignant transfor-
mation, leading to the changes in RCC proliferation.

Materials and methods

Culturing and treatment of cell lines. Caki-2 and 786-0O cells
were purchased from the American Type Culture Collection
and KIJ265T cells were kindly donated by Dr John A Copland
from Mayo Foundation for Medical Education and Research
(Rochester, USA). All cell lines were cultured according
to the supplier's protocols and mycoplasma testing was
performed for the cell lines used. Treatment of cells with
10 ng/ml TGF-B1 (Thermo Fisher Scientific, Inc.) and/or
10 #M of the TGFBRI1 inhibitor SB431542 (MilliporeSigma)
was preceded by starvation in media containing 1% FBS as
previously described (9). The conditions of these experiments
were selected experimentally (Fig. SI) and/or on the basis
of available publications (9-11). For transfections, Caki-2
or 786-0 cells were seeded into 96-well (10* cells/well, for
BrdU or luciferase assays), 12-well (5x10*/well for RNA isola-
tion) or 6-well (1.25x10°%/well for protein isolation) plates in
complete medium. After 24 h, the cells were transfected with
miRCURY LNA microRNA mimics (20 nM) (miR-181a-5p:
YMO00473040 (5'-AACAUUCAACGCUGUCGGUGAGU-'3);
miR-181b-5p: YMO00473515 (5'-AACAUUCAUUGCUGU
CGGUGGGU-'"3); miR-125b-5p: YM00472608 (5'-CGGAUG
AGCAAAGAAAGUGGUU-'3); miR-155-5p: YM00472490
(5'-UUAAUGCUA AUCGUGAUAGGGGU-'3); miR-30c-5p:
YMO00471185 (5'-UGUAAACAUCCUACACUCUCAGC-'3),
inhibitors (20 nM) (miR-125b-5p: YI04101864 (5'-UCCCUG
AGACCCUAACUUGUGA-'"3) or control oligonucleotides
(20 nM) (Mimic Negative Control: YM00479902 (5'-UCA
CCGGGUGUAAAUCAGCUUG-'3); Inhibitor Negative
Control: YI00199006 (5'-TAACACGTCTATACGCCA-'3)
(Qiagen, Inc.), anti-avian erythroblastosis virus E26 (V-Ets)
oncogene homolog-1 (ETS1) small interfering (si)RNA (Assay
ID: s4847, Thermo Fisher Scientific, Inc.), anti-bone morpho-
genetic protein receptor type 2 (BMPR?2) siRNA (Assay ID:
s2044, Thermo Fisher Scientific, Inc.) (33 nM) or Silencer
Select Negative Control No. 1, using Lipofectamine 2000®
(Thermo Fisher Scientific, Inc.) at 37°C with 5% CO, for
24 h, next BrdU, luciferase assay were performed or proteins
isolated 48 h from the end of the transfection and RNA extrac-
tion 24 h from the end of the transfection.

Tissue samples. ccRCC tumor and adjacent non-tumor tissue
specimens from 33 patients were retrieved from the local
tissue bank deposited at the Department of Biochemistry
and Molecular Biology, Centre of Postgraduate Medical

Education (Warsaw, Poland). Tissue samples were collected
with written informed consent of each patient with approval of
the Bioethical Committee of Centre of Postgraduate Medical
Education (approval nos. 18/PB/2012 and 75/PB-A/2014).

Analysis of cells proliferation. Proliferation was examined
using Cell Proliferation ELISA, BrdU (colorimetric) kit (Roche
Diagnostics, GmbH) in accordance with manufacturer's proto-
cols. For BrdU assays, cells were seeded into 96-well plates
(10* cells/well) for 24 h, before being treated with TGF-f31
or vehicle and transfected with siRNAs/miRNA mimics or
scrambled control using Lipofectamine 2000® (Thermo Fisher
Scientific, Inc.) for 72 h.

microRNA array profiling. RNA was isolated from 786-O
cells treated with TGF-f1 for 48 h using a GeneMATRIX
Universal RNA Purification kit (EURX) according to manu-
facturer's protocol. The subsequent microarray analysis was
performed by Exiqon Services (Exiqon; Qiagen GmbH).
RNA quality was verified using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Inc.). In total, 750 ng RNA was labelled
with Hy3™ and Hy5™ fluorescent dyes using the miRCURY
LNA™ microRNA Hi-Power Labeling kit, Hy3™/Hy5™
(Exiqon; Qiagen GmbH), by following the manufacturer's
protocol. The labelled RNAs were then mixed pairwise and
hybridized to the miRCURY LNA™ microRNA Array 7th
Generation (Exiqon; Qiagen GmbH) according to the protocols
in the Tecan HS4800™ hybridization station (Tecan, Group,
Ltd.). Subsequently, the microarray slides were scanned using
the Agilent G2565BA Microarray Scanner System (Agilent
Technologies, Inc.) and image analysis was performed using
the ImaGeneR 9 miRCURY LNA™ microRNA Array
Analysis Software (Exiqon; Qiagen GmbH).

The data obtained, after background correction and
normalization using the global locally weighted scatterplot
smoothing regression algorithm, were statistically analyzed
before miRNAs found to be differentially expressed following
TGF-p1 treatment were reported by Exiqon (Qiagen GmbH).
The threshold of detection for each individual microarray
slide was calculated as 1.2X the 25th percentile of the overall
signal intensity of the slide. In total, 1738 miRNA probes with
intensities <20% of the threshold were removed from the final
dataset used for expression analysis. The complete microarray
analysis data are provided in Table SI.

Reverse transcription and gPCR. For miRNA analysis, cDNA
was synthesized using miRCURY LNA Universal cDNA
Synthesis kit (Qiagen, Inc.), before qPCR was performed
using individual LNA primers (miR-181a-5p: YP00206081;
miR-181b-5p: YM00204530; miR-125b-5p: YP00205878;
miR-155-5p: YP00204308; miR-30c-5p: YP00204783;
miR-28-5p: YP00204322 and miR-103a-3p: YP00204063)
with Exilent SYBR Green Master mix (Qiagen, Inc.) according
to the manufacturer's protocols as previously described (9). The
expression of miRNAs was normalized to that of miR-103a-3p
and miR-28-5p and calculated using the 2-24°4 method (10). In
addition, the expression levels of 45 genes in TGF-f1-treated
786-0 cells were analyzed using Real Time Ready Custom
Panels (Roche Diagnostics, GmbH) and normalized to those
of GAPDH.
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The expression of the individual mRNAs was also analyzed
using SYBR-Green I Master (Roche Diagnostics, GmbH) with
custom-designed primer pairs (Table SII). This was performed
using cDNA synthesized using Transcriptor First Strand cDNA
Synthesis kit (Roche Diagnostics, GmbH) for RNA isolated
from tissue samples or Revert Aid H Minus FirstStrand
cDNA Synthesis kit (Thermo Fisher Scientific, Inc) for RNA
isolated from cell lines. The following qPCR conditions were
used: initial denaturation at 95°C for 10 min and 45 cycles
of 95°C for 15 sec, 57°C for 15 sec, and 72°C for 15 sec,
followed by melting curve analysis (95°C for 5 min, 65°C for
1 min; continuous reading of fluorescence from 65-97°C with
0.11°C/sec ramp rate and five acquisitions per “C). A geometric
mean of hypoxanthine phosphoribosyltransferase 1 (HPRTI)
and GAPDH was the optimal normalizer for the expression
of genes in cells treated with TGF-f31, while that of RNA,
18S Ribosomal N1 and ACTBI expression was used for the
normalization of gene expression in RCC tissue samples. All
qPCR experiments were performed in triplicates.

miRNA target site cloning and luciferase assays. Cloning of
the miRNA target sites from 3'UTRs of ETS1 and BMPR2
into pmiRGLO vectors (Promega Corporation) and luciferase
assays were performed as described previously (9). Sequences
of the oligonucleotides used are provided in Table SIII. For
luciferase reporter assays, Caki-2 cells were co-transfected with
reaction mix contained 20 nM of miRNA mimics or mimic
Negative Control (described earlier), 100 ng of pmiRGLO
vectors (with miRNA target sites) and Lipofectamine 2000®
(Thermo Fisher Scientific, Inc.), at 37°C for 24 h, 48 h after
transfection luciferase activity was measured using Dual-Glo®
Luciferase Assay System (Promega Corporation). Firefly lucif-
erase activity was normalized to Renilla luciferase activity.

Western blotting. Isolation of total protein was performed
using the RIPA Lysis and Extraction Buffer (Thermo Fisher
Scientific, Inc.) with 0.5 mM PMSF and protease inhibitor
cocktail (MilliporeSigma). Proteins concentration was
analyzed using Pierce BCA Protein Assay kit (Thermo Fisher
Scientific, Inc.). Proteins samples (30 pg per lane) were sepa-
rated by 10% SDS-PAGE and transferred onto nitrocellulose
membranes and subsequently blocked (8°C, overnight) in 5%
non-fat milk/TBST (1X Tris-buffered saline, 0.1% Tween-20
detergent) (MilliporeSigma). Signal detection was performed
using SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific, Inc.). The expression of proteins was
normalized to -actin. Catalogue numbers and dilutions of the
primary and secondary antibodies used in the present study
are as follows: anti-BMPR2, cat. no. ABIN5693167 (Picoband;
Boster Bio), 1:1,000; anti-ETSI, cat. no. 14069 (Cell Signaling
Technology,Inc.), 1:1,000; anti-f3-actin, 1:10,000, cat. no. ab6276
(Abcam, Inc.) Polyclonal Goat Anti-Rabbit Immunoglobulins/
HRP: P0448 (Dako; Agilent Technologies, Inc.), 1:10,000.
Quantification of scanned images was performed with ImageJ
version 1.53j software (National Institute of Health, Bethesda).

Bioinformatics analysis. Genes and signaling pathways
targeted by miRNAs were predicted using miRSystem
(https://mirsystem.cgm.ntu.edu.tw/microrna.org) (11). Only
genes identified by =3 independent algorithms were selected
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for further analysis. The expression levels of the selected
genes, correlation between their expression levels and TGF-f31
expression in addition to the association between their expres-
sion and the survival of patients with RCC were evaluated
using The Cancer Genome Atlas (TCGA) transcriptomic
data of kidney renal clear cell carcinoma (KIRC; n=535) and
kidney renal papillary cell carcinoma (KIRP; n=289) cohorts
provided by ENCORI v2.0 (https://starbase.sysu.edu.cn/index.
php) (12). The expression of proteins were also analyzed
using the UALCAN database (https://ualcan.path.uab.edu/
analysis-prot.html) (13) and proteomic data of a KIRC cohort
(n=110) Confirmatory/Discovery dataset deposited by the
Clinical Proteomic Tumor Analysis Consortium (CPTAC).

Statistical analysis. Data were analyzed using GraphPad
Prism 5.00 software for Windows (GraphPad Software,
Inc.). Normality of data distribution was determined using
the Shapiro-Wilk test. Statistical analysis was performed
using unpaired t-test, Wilcoxon matched-pairs signed rank
sum, Mann-Whitney, one-way ANOVA followed by Turkey's
multiple comparisons or Dunnett's multiple comparison tests
as well as Spearman's rank correlation coefficient.

For microarray analysis, to find statistically significant
differences in miRNA expression between TGF-f1 treated
and untreated cells, P-values were calculated using moderated
t-statistics, with Benjamini and Hochberg multiple testing adjust-
ment method. The results are shown as mean + SEM. P<0.05
was considered to indicate a statistically significant difference.

Results

Global effects of TGF-f1 on miRNAs expression in RCC.
Previous studies suggested that miRNAs can regulate the
proliferation of RCC cells (14-16). Therefore, the present study
first analyzed the global changes in the miRNA expression
profile following TGF-P1 treatment. A microarray analysis
of miRNAs was performed in 786-O cells, which found that
TGF-p1 treatment altered the expression of 15 microRNAs
(Figs. S2 and S3; Table I).

Based on signal intensity (average Hy3 fluorescence
intensity, 7.0-14.5) and fold change (minimum, +2.6), six
microRNAs (miR-181a-5p, miR-181b-5p, miR-181d-5p,
miR-125b-5p, miR-155-5p and miR-30c-5p) were selected
for further analysis (Table I). RT-gPCR verified that TGF-f1
significantly upregulated the expression of miR-181a-5p (by
74%), miR-181b-5p (by 94%), miR-181d-5p (by 171%) and
miR-125b-5p (by 85%), while downregulating the expression
of miR-30c-5p and miR-155-5p (by 39 and 40%, respectively)
in 786-0 cells (Fig. 1A).

To validate the results of microarray analysis, TGF-p1 treat-
ments were repeated using the RCC-derived cell line Caki-2.
Consistent with its effect on the 786-O cell line, TGF-f31
upregulated the expression of miR-181a-5p, miR-181b-5p and
miR-125b-5p in Caki-2 cells (Fig. 1B). However, the upregu-
lation of miR-181d-5p expression by TGF-f31 in Caki-2 cells
was not statistically significant (Fig. 1B). In addition, TGF-f1
suppressed the expression of miR-155-5p and miR-30c-5p in
Caki-2 cells (Fig. 1B). Based on these results, miR-181a-5p,
miR-181b-5p, miR-125b-5p, miR-155-5p and miR-30c-5p were
selected for further analysis.
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Table I. MicroRNAs differentially expressed in TGF-f1 treated vs. non-treated 786-O cells as revealed by microarray analysis.

Probe ID Annotation Average Hy3 logFC P-value FC
42865 hsa-miR-181a-5p 8.02 0.61 3.10x10° 4.06
28950 hsa-miR-455-3p 5.96 0.53 2.05x10° 3.37
10952 hsa-miR-146a-5p 6.58 048 4.20x1073 3.00
10972 hsa-miR-181b-5p 7.36 0.46 2.05x103 2.88
169408 hsa-miR-181d-5p 7.46 045 4.20x10* 2.84
30787 hsa-miR-125b-5p 7.13 0.44 1.69x10°3 2.75
11020 hsa-miR-22-3p 7.83 0.37 2.97x107 2.35
10928 hsa-miR-125a-5p 791 0.36 9.14x10 2.31
10306 hsa-miR-146b-5p 6.76 0.34 1.29x107 2.21
11052 hsa-miR-31-5p 6.07 0.34 2.97x103 2.17
145676 hsa-miR-30e-3p 6.07 -0.22 2.87x102 -1.67
169416 hsa-miRPlus-A1086 6.72 -0.29 2.97x103 -1.97
17848 hsa-miRPlus-A1087 8.29 -0.32 1.50x102 -2.08
42923 hsa-miR-30c-5p 7.27 -0.39 8.91x10 -2.29
10964 hsa-miR-155-5p 8.60 -0.50 2.05x103 -3.18
The microRNAs selected for further analysis are in bold.
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Figure 1. Quantitative PCR validation of miRNA expression in the renal cell carcinoma cell lines. miRNA expression in (A) 786-O and (B) Caki-2 cells
following treatment with TGF-f1. The plots show results from three independent biological experiment performed in triplicate. "P<0.05, “P<0.01, ““P<0.001,

“P<0.0001. miRNA, microRNA.

Additional analysis of the publicly available transcriptomic
data [GSE42718; (17)] of the effects of TGF-3 on mouse renal
tubular cells revealed that consistent with the present study,
the expression of mmu-miR-125b-5p and mmu-miR-181b
were significantly (P<0.05) upregulated following TGF-f
treatment. By contrast, the expression of miR-30c tended to
be decreased TGF--treated cells. No statistically significant
changes were found for mmu-miR-181a and mmu-miR-155
(Tables SIV and SV).

Effects of TGF-1 on miRNAs are mediated by TGFBRI. To
verify if TGFBRI1 can mediate the effects of TGF-f31 on target
miRNA expression, 786-O cells were cultured in the presence
of the TGFBR1 inhibitor. The TGFBR1 inhibitor, was found

to reverse the TGF-B1-induced expression of miR-181a-5p,
miR-181b-5p and miR-125b-5p, while also reversing the suppres-
sion of miR-30c-5p expression (Fig. 2). These results suggest
that TGFBRI1 can mediate the effects of TGF-f1 on these
microRNAs. In addition, the expression of miR-125b-5p was
observed to be suppressed following addition of the TGFBR1
inhibitor, regardless of the presence of the TGF-p1 ligand
(Fig. 2). This suggests that TGFBR1 can regulate miR-125b-5p
expression in a mechanism independent of TGF-f1.

TGF-p1-regulated microRNAs can in turn regulate the expres-
sion of genes involved in proliferation of RCC cells. To gain
additional insight into the molecular mechanism involved in the
action of TGF-P1 in RCC cells, potential target genes that can
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Figure 2. Effects of TGFBRI1 inhibition on TGF-f1-induced changes in miRNA expression. The plots show the results of gPCR analysis of miRNAs in 786-O
cells treated (+TGF-p1) or not (-TGF-f1) with TGF-p1 in the presence (SB431542) or absence (Control) of TGFBRI inhibitor for 48 h. Statistical analysis
was performed using one-way ANOVA followed by Turkey's multiple comparisons test on data from three independent biological experiments. P<0.05 was
considered statistically significant. “P<0.05, “P<0.01, ““P<0.001, “*"P<0.0001. TGFBR, TGF-B1 receptor; miRNA, microRNA; a.u., arbitrary units.
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Figure 3. Common genes and pathways targeted by miRNAs downstream of TGF-f1-treatment. miRNA-targeted genes and pathways were predicted using
miRSystem. Left: Venn diagrams showing the number of common genes predicted to be targets of miRNAs stimulated or attenuated by TGF-f1. The names of
these genes are shown in Table SVII. Right: signaling pathways predicted to be targeted by miRNAs downstream of TGF-f1-treatment. miRNA/miR, microRNA.

potentially mediate the effects of TGF-f1-regulated miRNAs miRNAs were predicted to regulate analogous signaling
were screened using bioinformatics analysis. Specifically, pathways (Fig. 3). Specifically, the key predicted that
genes and pathways predicted to be targeted by the miRNAs  TGF-pl-regulated-miRNAs can regulate the TGF-31 signaling
regulated by TGF-f1 were screened (Fig. 3; Table SV). All  pathway, pathways in cancer and the MAPK-signaling
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pathway (Fig. 3). Therefore, the genes potentially involved in
these commonly shared miRNA-regulated pathways, in addi-
tion to the predicted miRNA target genes related to ERBB,
mTOR signaling, regulation of actin cytoskeleton and renal
cell carcinoma pathways were selected for further analysis
(complete list in Tables SVI-SXIII).

To find possible associations between the predicted
miRNA-regulated genes and RCC pathology, their potential
impact on the survival of patients with RCC was also analyzed
(Table SXIV). In addition, possible RCC-specific changes in
gene expression were also assessed using publicly available
transcriptomic (ENCORI) and proteomic (UALCAN) data-
bases (Table SXIV). These analyzes resulted in the selection
of 42 genes, the altered expression of which were found to
associate with poorer patient survival from RCC and/or with
TGF-p1 expression.

Subsequently, the expression of the 42 selected genes
in TGF-B1-treated 786-O cells were measured using
pre-designed qPCR arrays (Fig. S4). TGF-p1 was found to
alter the expression of 14 genes (Fig. S4), while the expres-
sion of 7 genes (ACVRIC, DCN, FOS, ID4, IFNG, PAK7,
PDGFRA and SMADI) were undetectable or below the
detection limit (>35 Cq, data not shown). The results of qPCR
arrays were next validated using manual qPCR and primer
sets (Table SIV) for the analysis of an independent pool of
786-0 cells treated with TGF-f1. This analysis revealed that
TGF-B1 stimulated the expression of AKT3, BMPR2, CBLB
and ETSI, while inhibiting expressions of PLDI (Fig. 4).
There were no changes in the expression of BCL2, KRAS,
LAMCI, MAP2KI1, MAPKI, PIK3R3, RAPIB, STAT3 and
XIAP in 786-0 cells treated with TGF-f1 compared with that
in control cells (Fig. 4).

These results aforementioned were also assessed in the
Caki-2 cell line (Fig. 5). Consistent with its effects on the
786-0 cell line, TGF-f1 also increased the expression of ETS/
and BMPR?2 in Caki-2 cells (Fig. 5).

MicroRNAs mediate TGF-f1-induced changes in gene expres-
sion. Subsequently, the potential effects of TGF-p1-regulated
miRNAs on their target genes were investigated. Firstly,
the effects of TGF-f1-regulated miRNAs on their predicted
MRE:s in the 3'untranslated regions of selected genes were
assessed (Fig. 6A). MREs (Fig. S5) of the selected genes were
cloned into luciferase reporter vectors and co-transfected
with the respective miRNA mimics into Caki-2 cells. These
analyzes confirmed that the MREs of ETS1 were targeted by
miR-125b-5p and miR-155-5p, while miR-30c-5p interacted
with the MRE of BMPR2 (Fig. 6A). However, none of the
miRNAs analyzed suppressed the luciferase activity of vectors
encoding mutated MREs (Fig. S6).

Next, the effects of miRNAs on the expression of mRNAs
and proteins encoded by the selected genes were tested
(Fig. 6B). Significant suppression of BMPR2 mRNA expres-
sion was observed following transfection with miR-30c-5p,
miR-181a-5p and miR-181b-5p mimics, while ETS] mRNA
expression was inhibited following transfection with
miR-125b-5p mimics. Western blot analysis revealed that
miR-125b-5p and miR-155-5p mimics transfection suppressed
the protein expression of ETS1 (Fig. 6C). No changes in the
protein expression of BMPR?2 could be observed following

transfection with miR-30c-5p, miR-181a-5p (Fig. S7) or
miR-181b-5p (data not shown).

These results suggested that the analyzed miRNAs could
regulate ETS1 expression either through the degradation of
its mRNA by miR-125b-5p and inhibition of its translation by
miR-155-5p.

The effects of manipulating the expression of the regu-
lating miRNAs on the TGF-f31-mediated regulation of ETS1
expression were next analyzed (Fig. 6D). TGF-f1 treatment
increased the expression of ETSI, although this effect was
higher in the absence of miR-125b-5p or miR-155-5p, where
the cells were transfected with their corresponding miRNA
inhibitors (Fig. 6D). These results suggest that miR-125b-5p
and miR-155-5p partially inhibited the potentiating effects of
TGF-p1 on ETS1 expression.

TGF-fS1-regulated microRNAs and their target genes form a
regulatory network in RCC. To assess the biological context
of the identified TGF-p1-miRNA-target genes associations,
their expression was measured in tissue samples from patients
with RCC (Fig. 7). As previously reported (18), TGFBI1
expression was enhanced in RCC tumors compared with
that in non-tumorous kidney samples. Analysis of the other
genes encoding ligands and receptors of the TGF-f§ pathway
revealed increased expression levels of TGF-33 and decreased
expression levels of TGFBR3 (Fig. 7A). In terms of the
TGF-p1-regulated miRNAs, expression of miR-125b-5p and
miR-30c-5p was significantly decreased, while the expres-
sion of miR-155-5p was enhanced in the RCC tumor samples
compared with those in the adjacent non-cancerous samples.
Expression of miR-181a-5p and miR-181b-5p was not changed
in the RCC tumor specimens (Fig. 7B), whereas the expression
of BMPR?2 and ETS1 was significantly increased in RCC tumors
tissues compared with control samples (Fig. 7C). To analyze
the functional associations between the TGF-f1-regulated
miRNAs and their target genes, the correlation between
their expression in the tissue samples from RCC samples was
calculated (Fig. 8). A strong positive correlation between the
expression levels of genes in the TGF-f1 pathway and those of
BMRP2 and ETS1 was found (Figs. 8 and S8). Specifically, the
expression levels of BMPR2 correlated with those of TGFB2
(r=0.74), TGFB3 (r=0.64) and TGFBR?2 (r=0.61), while ETSI
correlated strongly with TGFB2 (r=0.57), TGFB3 (r=0.63) and
TGFBRI1 (r=0.52) (Figs. 8 and S8). In addition, strong correla-
tion was found between ETS1 and BMPR2 expression (r=0.82).
In terms of the miRNAs, miR-30c-5p correlated negatively
with TGFBI (r=-0.48), TGFB2 (r=-0.40), TGFB3 (r=-0.65),
TGFBRI1 (r=-0.52) and TGFBR2 (r=-0.53) (Figs. 8 and S8).
These negative correlations between the expression levels of
miR-30c-5p and genes in the TGF-f1 pathway in RCC tumors
were consistent with the observed TGF-f1-induced downregu-
lation of miR-30c-5p expression in RCC cells (Fig. 1).

ETSI regulates RCC cells proliferation in a subtype dependent
manner. ETS1 and BMPR2 are known regulators of tumor
cells proliferation and survival (19,20). To study the role of
these two proteins in the regulation of RCC cell proliferation,
Caki-2 and 786-0 cells were transfected with anti-ETS1 and
anti-BMPR2 siRNAs. It was found that BMPR2 knockdown
reduced the proliferation of Caki-2 cells while increasing
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Figure 9. ETSI regulates RCC proliferation in a RCC-tumor subtype dependent manner. (A) The effects of BMPR2 and ETSI signaling in 786-0, K1J265T,
KIJ308T and Caki-2 cells. Plots show proliferation of cells analyzed using BrdU incorporation assay after silencing of BMPR2 (left) and ETSI(right). The
graphs show mean results of 3 independent biological experiments performed in triplicate. (B) The expression of ETS1 in ccRCC and pRCC cells, the graphs
were generated using TCGA transcriptomic data of KIRC (n=535) and KIRP (n=289) cohorts provided by ENCORI. (C) Left graph: Proliferation of 786-0O,
KIJ265T, KIJ308T and Caki-2 cell lines treated (+TGF-f1) or not (-TGF-f1) with TGF-f1 for 72 h. Right graph: ETS1 expression in 786-0, K1J265T, KIJ308T

Hhk

and Caki-2 cell lines treated (+TGF-f1) or not (-TGF-B1) with TGF-f1 for 48 h .Statistical analysis was performed using paired t-test. “P<0.05; “P<0.01;
P<0.001. ETS, avian erythroblastosis virus E26 (V-Ets) oncogene homolog-1; RCC, renal cell carcinoma; BMPR, bone morphogenetic protein receptor type;

c¢cRCC, clear cell RCC; pRCC, papillary RCC; TCGA, The Cancer Genome Atlas.

the proliferation of 786-O cells. Conversely, silencing of
ETS1 expression, which was confirmed on both mRNA and
protein levels (Figs. 9A and S9) increased the proliferation of
Caki-2 cells while decreasing the proliferation of 786-O cells
(Fig. 9A). These results suggest that the proliferation of 786-O

cells was inhibited by BMRP2 but activated by ETS1, while in
Caki-2 cells these effects were opposite.

The Caki-2 cell line is considered to be of papillary
(p) RCC, while 786-0 is a ccRCC cell line. To test if the roles
of BMPR2, ETS1 and TGF-f1 in the regulation of proliferation
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Figure 10. miRNAs regulated by TGF-f1 reciprocally regulate the expression of genes involved in the TGF-f signaling pathway. The plots show the expression
of genes 48 h after the transfection of Caki-2 cells with (A) miR-181a-5p as well as miR-181b-5p, (B) miR-155-5p and (C) miR-30c-5p mimics or non-targeting
control mimics. Statistical analysis was performed using t-test. ‘P<0.05; “P<0.01; ““P<0.001; “*"P<0.0001. miRNA/miR, microRNA.

were dependent on the origins of the cell lines, the aforemen-
tioned experiments were repeated using the additional two
ccRCC cell lines: K1J265T and KIJ308T [from Dr J. Copland
from Mayo Foundation for Medical Education and Research
(Rochester, MN, USA)]. In accordance with the results from
786-0 cells, silencing ETS1 expression decreased the prolif-
eration of KIJ265T and KIJ308T cells. However, inhibition
of BMPR?2 expression did not affect the proliferation in these
cells (Fig. 9A). These results suggest that ETS1 can stimulate
the proliferation of ccRCC-derived cell lines, while decreasing
the proliferation of the papillary RCC-derived cell line Caki-2.
To evaluate this tumor-subtype-dependent ETSI role in RCC,
its expression was measured in papillary RCC tumor samples
using the publicly available TCGA data (Fig. 9B). This analysis
revealed that in contrast to that in ccRCC tumors, ETS1 expres-
sion levels were significantly lower in pRCC tumors (Fig. 9C).
In agreement with the data of ccRCC tumors in the present
study, this TCGA data confirmed the enhanced expression of
ETSI in ccRCC tumors (Fig. 9C). These observations suggest
that ETS1 serves different roles in different subtypes of RCC
tumors, functioning as a tumor suppressor in papillary RCC,
while potentiating proliferation in ccRCC.

BrdU assay results revealed that TGF-f1 treatment also
decreased the proliferation of all three ccRCC-derived cell
lines tested (786-0, KIJ265T and KIJ308T), but increased
the proliferation of Caki-2 cells (Fig. 9C). By contrast, ETS1
expression was significantly increased by TGF-f1 treatment
in all cell lines tested except for KIJ308T cells (Fig. 9C). This
suggests that the effects of TGF-p1 on the ccRCC and pRCC
cell lines were mediated not only by ETSI.

TGF-f-regulated microRNAs reciprocally regulate the
expression of genes involved in the TGF-f signaling pathway.

miRNAs frequently function in regulatory feedback circuits
in which genes targeted by specific miRNAs can recipro-
cally regulate their expression (21). Therefore, the effects
of TGF-p-regulated miRNAs on the expression of genes
involved in the TGF-B1 signaling pathway were next tested.
Transfection of Caki-2 cells with the miR-181a-5p mimic led
to the downregulation of TGFBR1, TGFBR3, SMAD3 and
SMAD?7 expression, while miR-181b-5p mimic transfection
inhibited the expression of SMAD3 and miR-155-5p overex-
pression attenuated the expression of TGFBR1 and SMADI.
By contrast, miR-30c-5p overexpression increased TGFBR3
expression but decreased the expression of SMADI (Fig. 10).
These results verified the aforementioned observations that
the analyzed miRNAs (miR-30c-5p, miR-155-5p, miR-181a-5p
and 181b-5p) and genes in the TGF-f1-signaling pathway
coordinate in a regulatory feedback mechanism.

Discussion

The present study demonstrated that TGF-p1 can regulate RCC
cells proliferation while concomitantly modifying the expres-
sion of the regulator, ETS1, in addition to that of miRNAs
miR-30c-5p, miR-125b-5p, miR-155-5p, miR-181a-5p and
miR-181b-5p. Furthermore, that the effects of TGF-1 may
depend on the subtype of RCC. In all three ccRCC-derived
cell lines tested, TGF-f1 attenuated their proliferation. By
contrast, in the papillary RCC-derived Caki-2 cell line,
TGF-B1 stimulated proliferation. However, these actions are
unlikely to be mediated by ETSI1, which was found to be a
consistent stimulator of ccRCC proliferation but an inhibitor
of papillary RCC cell proliferation. These data were consistent
with those of ETS1 expression in tumor samples of patients
with RCC. In ccRCC, the expression of ETSI was found to
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be enhanced, while in papillary RCC tumors ETSI1 expression
was found to be lower. This suggested that ETS1 may serve
subtype-dependent roles in RCC, acting as an oncogenic
protein in ccRCC but as a tumor suppressor in pRCC.

This observation of the different roles of ETSI in the regu-
lation of RCC physiology agreed with previous reports on the
different properties of 786-0O and Caki-2 cells, including prolif-
erative changes in response to different extracellular matrix
components (22,23). In addition, Caki-2 and 786-O cells differ
in terms of their expression profiles of hypoxia-induced factor
(HIF) isoforms (24). Specifically, 786-O cells express HIF-2a
while lacking functional HIF-1a proteins (24,25). By contrast,
Caki-2 cells express both isoforms of HIF-a (24). These two
HIF isoforms serve different roles in RCC pathophysiology,
with HIF-2a functioning as the promoter, while HIF-1a func-
tioning as the inhibitor of tumor growth (25). This is reflected
by the differential transcriptional selectivity of genes regulated
by either of the HIF isoforms (25). RCC tumors expressing only
HIF-2a are characterized by increased proliferative behavior
and are associated with poorer prognosis (26). These differ-
ences in the HIF isoform expression patterns may also influence
responses to TGF-f1 treatment. It was previously shown that
TGFBRI can interact with HIF-1a and HIF-2a to promote the
expression of the two isoforms (27), whereas both TGF-f and
HIF-1a can independently regulate the same target gene (28).
The different effects of ETS1 on Caki-2 and 786-O cell prolif-
eration are also consistent with the previously reported cell
line-specific actions of ETSI (29-32). The contrasting cellular
functions of ETS1 (including responses to signaling pathways)
may result from differential protein-protein interactions,
specifically interactions with tissue or cell type specific tran-
scription factors (29,30). Although these findings are similar to
those with the differential expression profiles of HIF in Caki-2
and 786-0 cells, the possible RCC tumor subtype specific
actions of TGF-f1 and ETSI require further exploration.

The effects of the TGF-B1 on RCC cells appeared to be at
least partially mediated by miRNAs. Treatment of RCC cells
with TGF-f1 reduced the expression of miR-30c-5p, resulting
in the elevated expression of its target BMPR2. TGF-f1 also
enhanced the expression of miR-125b-5p and suppressed the
expression of miR-155-5p, the two miRNAs that were found to
directly target and reduce the expression of ETS1. ETS1 was
previously reported to be a miR-155-5p target in invariant natural
killer T lymphocytes (33) and the endothelium (34). By contrast,
miR-125b-5p was found to be a ETSI regulator in vascular smooth
muscle cells (35), T-cell acute leukemia (36), hepatoma cells (37)
and breast cancer (38). TGF-f1 itself stimulated the expression
of ETSI, suggesting that the increased ETS1 expression levels
in RCC was a result of direct TGF-f1 activation. TGF-f1 was
previously found to increase ETS1 expression to activate the
cellular communication network factor 2 (CCN2) growth factor
in osteoblasts (39), whereas it can and utilizes ETS1 to activate
the expression of integrin a3 in HepG2 cells (40).

The differences observed in the effects of miR-155 transfec-
tion on ETS1 mRNA expression resulted from diverse conditions
of these experiments. In the case of results present in Fig. 6A,
transfection of cells was performed in a medium supplemented
with FBS, while experiments present in Fig. 6D were performed
in a medium without FBS but with the addition of a high
concentration of TGF-f1 (10 ng/ml). FBS contains TGF-f1 in

the concentration of 1-2 ng/ml (41), thus in experiments present
in Fig. 6D, an enhanced effect of TGF-p1 was observed. This
cytokine most likely regulates the expression of other miRNAs
or transcription factors that in turn affect the expression of ETS1.

The lack of interaction between BMPR2 MRE and miR-181,
but decreased BMPR2 expression after miR-181a transfection,
indicated an indirect regulation between this molecules. It is
possible that miR-181a might regulate the expression of tran-
scription factors that affect BMPR?2 level. This is in agreement
with published results demonstrating that STAT3 is transcrip-
tion factor regulating BMPR2 expression (42) while miR-181
regulates the expression of STAT3 (43). TGF-p can regulate
the expression of miRNAs by regulating several cellular
processes, including transcription and post-transcriptional
maturation of miRNA precursors. These TGF-p1-mediated
mechanisms mainly involve SMAD proteins, which bind to
the promoters of genes encoding miRNAs to activate their
transcription (44) or interact with primary miRNA transcripts,
to facilitate Drosha-mediated cleavage (45). TGF-f can also
indirectly regulate miRNA expression and function through
post-transcriptional regulation, including LIN28B (44) or
long non-coding RNA ZEBI1-AS1 (46). These two types of
mechanisms can exert opposite effects on miRNA expression,
so that TGF-B1 can directly increase the expression of a given
miRNA, but post-transcriptionally suppress its expression (44).
Therefore, it cannot be excluded that similar regulatory mecha-
nisms exist in RCC cells. Stimulatory effects of TGF-f1 on the
expression of miR-125b-5p in the present study are consistent
with observations from a previous study on pancreatic carci-
noma (44). Specifically, TGF-B1 can induce the expression of
MIR100HG, a tricistronic host gene of miR-100, miR-125b
and let-7a (44). In addition, the miR-99a/100-125b tricistronic
miRNAs block TGF-f signaling by targeting the expression of
several genes in the TGF-f1 pathway, including BMPR2 and
TGFBRI, both of which can be targeted by miR-125b-5p (47).
This is suggestive of reciprocal feedback regulation. Reduced
expression of miR-30c-5p in RCC cells treated with TGF-f1
observed in the present study may be due to TGF-f attenuating
the maturation of miR-30c precursors, which was previously
found in endothelial cells (48). In these cells, TGF-f1 increases
the expression of the miR-30c target plasminogen activator
inhibitor 1 to activate tumor-associated angiogenesis (48). In
addition, miR-30c-5p stimulated the expression of TGFBR3
while suppressing that of SMADI. TGFBR3 functions as a
co-receptor to present the TGF-f ligand to type I receptors (49)
the loss of which promotes tumor growth and metastatic
progression in renal cancer (50). SMADI is a downstream
effector of endoglin (51), which, similarly to TGFBR3, acts as
a co-receptor in the TGF-f3 pathway and confers self-renewal
properties in RCC cells to promote chemoresistance (52).
Since TGF-f} suppressed the expression of miR-30c-5p in
the present study, increased TGF-f expression may prevent
miR-30c-5p-mediated stimulation of TGFBR3, reducing its
expression in RCC tumors, thereby resulting in the promotion
of RCC proliferation. Similarly, TGF-f-induced suppression
of miR-30c-5p expression can possibly prevent its inhibitory
effects on endoglin-SMADI-mediated malignancy in RCC.
Furthermore, TGF-B1 was found to increase the expression of
miR-181a-5p in the present study, which suppressed TGFBR3
expression. These results suggested that TGF-f1-mediated
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regulation of miR-30c-5p and miR-181a-5p lead to decreased
TGFBR3 expression in RCC tumors to facilitate cancer
progression. In addition, miR-181a-5p also suppressed the
expression of the TGF-f1 signaling inhibitor SMAD7 in the
present study, which may contribute to RCC progression (3,53).
Other genes that were found to be regulated by the miRNAs in
the present study included TGFBR1, which was suppressed by
miR-155-5p and miR-181a-5p; SMADI, which was suppressed
by miR-155-5p; and SMAD3, suppressed by miR-181a-5p and
miR-181b-5p. These results suggested that TGF-p-regulated
miRNAs can reciprocally regulate the expression of genes in
the TGF-p signaling pathway in RCC.

To conclude, the results of the present study indicated a
complex network of TGF-f1-mediated regulation of miRNA
expression and genes involved in the malignant transformation
of the kidney. TGF-p1 differentially regulated the physiology
of RCC cells, specifically by attenuating the proliferation of
ccRCC-derived cell lines while stimulating the proliferation
of papillary RCC-derived cells. However, these effects are not
likely to be mediated by ETS1. However, the present study
suggested that ETS1 may serve ambiguous roles depending on
the different subtypes of RCC, where it can serve as an onco-
gene in ccRCC and a tumor suppressor in papillary RCC. This
possibility requires further experimental verification. Proposed
agents targeting the TGF-f signaling pathway in renal cancer
are currently undergoing testing in clinical trials (54,55). This
suggests that the expression profiling of miRNAs identified in
the present study may be applied to select patients who may
exhibit superior responses to such therapies. It is expected that
further exploration of the detailed mechanism involved in the
TGF-p1-controlled miRNA-target gene network may give rise
to novel therapeutic applications for renal cancer in the future.
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