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Abstract

Early studies have indicated that estrogen receptor beta (ER()
can influence the progression of clear cell renal cell carcinoma
(ccRCC). Here, we report the mechanistic details of ERB-medi-
ated progression of ccRCC. ERP increased ccRCC cell invasion
via suppression of circular RNA ATP2B1 (circATP2B1) expres-
sion by binding directly to the 5’ promoter region of its host
gene ATPase plasma membrane Ca2* transporting 1 (ATP2B1).
ERB-suppressed circATP2B1 then led to reduced miR-204-3p,
which increased fibronectin 1 (FN1) expression and enhanced
ccRCC cell invasion. Targeting ERB with shRNA suppressed
ccRCC metastasis in a murine model of RCC; adding cir-
cATP2B1 shRNA partly reversed this effect. Consistent with

Introduction

Renal cell carcinoma (RCC) is the seventh most common cancer
in men and the ninth most common in women worldwide,
representing approximately 2% to 3% of all adult malignancies
(1). Approximately 63,990 new patients with RCC were diagnosed
in 2017 in the United States, with more than 14,400 deaths (2).
Clear cell RCC (ccRCC) is the most common histologic subtype
of RCC. Although more and more small renal masses are detected,
and radical nephrectomy is considered to be the most effective way
to treat ccRCC, approximately one third of patients with ccRCC will
develop metastatic lesions during the course of this disease. The
5-year survival rate of advanced ccRCC is still less than 10% (3).

There are two major types of estrogen receptors, ERo. and ERf.
ERo. protein was undetectable in 122 RCC cases and 7 RCC cell
lines that we examined. ERB protein is positively stained in
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these experimental results, ccRCC patient survival data from
The Cancer Genome Atlas indicated that a patient with higher
ERB and FN1 expression had worse overall survival and a
patient with higher miR-204-3p expression had significantly
better overall survival. Together, these results suggest that ERB
promotes ccRCC cell invasion by altering the ERB/circATP2B1/
miR-204-3p/FN1 axis and that therapeutic targeting of this newly
identified pathway may better prevent ccRCC progression.

Significance: These results identify an ERB/circATP2B1/miR-
204-3p/FN1 signaling axis in RCC, suggesting ERP and circular
RNA ATP2B1 as prognostic biomarkers for this disease. Cancer Res;
78(10); 2550-63. ©2018 AACR.

around 55% of these RCC tissues. ERP could play differential
roles in different cancers. Previously, ERP was recognized as a
prognostic factor in breast cancer (4), yet ERP was also found to
promote progression in bladder cancer (5). Furthermore, Panza
and colleagues reported that ERP can suppress seminoma through
the transcriptional regulation of SIRT 3 (6). However, there are
some studies suggesting a proliferative and survival role for ERf in
breast cancer (7) and prostate cancer (8). Nakajima and collea-
gues reported that the lower dose of E2 inhibited PDGFA tran-
scription and suppressed angiogenesis through ERf in prostate
cancer (9). Slusarz and colleagues showed that ERo. promotes and
ERP prevents/reduces the incidence of poorly differentiated pros-
tate carcinoma (10). On the other hand, ERJ may either play a
protective role during early stages of prostate carcinogenesis, yet
promote metastasis during the later stages (11, 12). Also, a
significant increase of ERP expression is observed in more than
half of the patients after progression to castration-resistant pro-
state cancer (12). Furthermore, ERB-dependent cell proliferation
through both genomic and nongenomic pathways has been
shown in lung carcinoma cells (13), and in esophageal squamous
cell carcinoma (14). Together, ERB could either upregulate or
downregulate its target genes at the transcriptional level to affect
the progression of different types of tumors at different stages.
Recent studies suggested that ERJ could promote the ccRCC
progression (15), and results from The Cancer Genome Atlas
(TCGA) database analyses indicate that ERB expression is asso-
ciated with the ccRCC stage, progression, and overall survival.
However, the detailed mechanisms how ERp regulates the RCC
progression remain to be further elucidated.

Noncoding RNAs (ncRNA) include long noncoding RNAs
(IncRNA), pseudogenes, circular RNAs (circRNA), and microRNA
(miRNAs, miRs). These RNA transcripts could act like competing
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endogenous RNAs (ceRNA). Among those ncRNAs, the circRNAs
were first discovered in RNA virus in the 1970s (16), and foralong
time they were recognized as the products of incorrect splicing of
mRNAs. Recently, circRNAs were defined as a class of endogenous
RNAs, which are widely expressed in human cells and play
important roles in the regulation of gene expression at the
posttranscriptional level (17). Some circRNAs may regulate gene
expression via acting as a "sponge" of miRNAs (18), and some
circRNAs can act as a miRNA "reservoir" to regulate tumor
progression in breast or colorectal cancer (19, 20). Our new
finding indicates that ERB could regulate circRNA to control
ccRCC progression. Furthermore, early studies indicated that a
subset of miRNAs were either upregulated or downregulated in
metastatic ccRCC (21), yet the functions of those RCC metastasis
related miRNAs and how they interact with IncRNAs and circRNAs
remain to be further elucidated.

Here, we found that ERf could function through regulating the
circRNA ATP2B1 (circATP2B1) and controlling the miR-204-3p to
promote the ccRCC progression.

Materials and Methods

Cell lines

The 786-0, A498, Caki-1, and HEK-293 cells were all purchased
from the ATCC, which performs its own authentication by short
tandem repeat DNA profiling. All cell lines were expanded to
passage 3, stored in aliquots in liquid nitrogen, and were used for
fewer than 4 months after receipt or resuscitation from cryopres-
ervation. Cells were grown under standard conditions and tested
for Mycoplasma every 6 months using the Universal Mycoplasma
Detection Kit (ATCC).

Lentiviral expression plasmids and virus production

The pLKO.1-shERp, pWPI-ERB, pLVTHM-shcircATP2B1, pWPI-
circATP2B1, pLVITHM-miR-204-3p, pLVTHM-shFN1, psPAX2
packaging plasmid, and pMD2G envelope plasmid were trans-
fected into HEK-293 cells using the standard CaCl, transfection
method for 48 or 72 hours to get the lentivirus soup. The purified
virus soup was used to transduce the RCC cell lines following
methods in our previous reports (15, 22). The two published
sequences, shown to promote circularization (23), were first
engineered in the pBSK vector as pBSK(CircArm). Two exons of
the ATP2B1 gene were PCR amplified, and then inserted into the
pBSK(CircArm) vector as the pBSK_circATP2B1. Then we sub-
cloned the fragments including two exons of ATP2B1 and those
two arms to the lentiviral pWPI vector for expressing circATP2B1.
The lentivirus soups for circATP2B1 could be collected for imme-
diate use or frozen at —80°C for later use. To clone and PCR
circRNA from the pBSK_circATP2B1, the forward primer is:
AAAGTGCTGAGATTACAGGCGTGAGCCACCACCCCCGGCCC-
ACTTTTTGTAAAGGTACGTACTAATGACTTTTITITTATACITCAG,
and the reverse primer is: GTAAGAAGCAAGGAAAAGAATTA-
GGCTCGGCACGGTAGCTCACACCTGTAATCCCAGCA.

RNA extraction and quantitative real-time PCR analysis

Total RNAs were isolated using TRIzol reagent (Invitrogen)
conforming to the manufacturer's instructions and then 2 pg RNA
was used for reverse transcription using Superscript III transcrip-
tase (Invitrogen). Quantitative real-time PCR (qRT-PCR) was
applied using a Bio-Rad CFX96 system with SYBR Green to
determine the mRNA expression level of a gene of interest.

www.aacrjournals.org
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Cell invasion assay

Cells were seeded in 6-well plates and incubated for 72 hours
after the designated treatments. The upper chambers of 8.0-um
poresize polycarbonate membrane filters (Corning Incorporated)
were coated with diluted Matrigel (1:20; BD Corning) 2 to 4 hours
before plating the cells. Then, the cells were collected with serum-
free media and plated into the upper chambers at 1 x 10°/mL, and
750 uL 10% FBS media were added into the lower chambers for
incubation at 37°C in 5% (v/v) CO, incubator for 6 to 8 hours.
The noninvading cells and Matrigel in the upper chambers were
removed gently by cotton swabs, and cells invaded to the bottom
of the membranes were permeabilized by methanol and stained
with 0.1% (w/v) crystal violet. The invaded cells were counted in
five randomly chosen microscopic fields (100x) in each exper-
iment and averaged for quantification. Each sample was run in
triplicate and in multiple experiments.

3D invasion assay

We mixed Matrigel and collagen I (1:1) and 250 pL of the
mixture were evenly loaded to each well of 24-well plates (at
125 uL/cm?). After the mixture of Matrigel and collagen I solid-
ified, 1 x 10* ccRCC cells were mixed with solution containing 5%
Matrigel and 10 ng/mL EGF and seeded in each well. The media
were replenished every 3 days. After 8 to 10 days of incubation,
cell structures were imaged (200x), and the numbers of protru-
sion structures were counted in each field. The quantification of
invasion ability was measured by the number of protrusion
structures of each sphere. We counted 30 spheres and the data
were averaged and normalized to the vector control group. The
final results are shown as a relative protrusion number count
(fold).

Chromatin immunoprecipitation assay

Cells were treated with 4% formaldehyde for 10 minutes to
cross-link the protein-genomic DNA complex, followed by cell
collection and sonication with a predetermined power to yield
genomic DNA fragments of 300 to 1,000 bp long. Lysates were
preincubated with protein A-agarose conjugated normal rabbit
IgG (sc-2027, Santa Cruz Biotechnology). Anti-ERB antibody
(Abcam, #N2C2, 5.0 ng) was then added to the cell lysates at
4°C for overnight. IgG was used as the negative control. Specific
primer sets were designed to amplify a target sequence within
human ATP2B1 gene's promoter. PCR products were analyzed by
agarose gel electrophoresis and qRT-PCR.

Luciferase reporter assays

The human 5’-promoter region of ATP2B1 gene was con-
structed into pGL3-basic luciferase reporter vector (Promega).
Site-directed mutagenesis of the ERP binding site in the ATP2B1
5’ promoter was achieved with the Quick Change mutagenesis.
The 1,100-bp fragment of FN1 3’ untranslated region (3'UTR)
with wild-type (WT) or mutant miRNA-responsive elements was
cloned into the psiCHECK2 vector (Promega) downstream of the
Renilla luciferase ORF. 786-O and A498 cells were plated in
24-well plates, and the cDNA were transfected with Lipofectamine
3000 transfection reagent (Invitrogen) according to the manu-
facturer's instructions. PRL-TK was used as an internal control that
served as the baseline control response. Luciferase activity was
measured 36 to 48 hours after transfection by Dual-Luciferase
Assay (Promega) according to the manufacturer's manual.
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The circRNA-miRNA pulldown assay

The cells were collected in cell lysis buffer after receiving the
designated treatments for 72 hours. The qRT-PCR was used to
test the levels of GAPDH to ensure that the input of each group
was equal for the following steps. The cell lysate mixture was
rotated overnight at 4°C after adding 1.5 uL RNase inhibitor
and 500 pmol/L biotin-labeled antisense oligos against
circATP2B1  (5'-GGATAA TGCACATGTGTATATCT-3'). The
lysate mixture was rotated for 2 hours at 4°C after adding 10 uL
Streptavidin Agarose beads. The mixture was centrifuged at
3,000 rpm for 2 minutes, and then the beads were washed with
cell lysis buffer 5 times. Total RNA was extracted by TRIzol
(Invitrogen) according to the manufacturer's protocol, reverse
transcribed, and subjected to qPCR analysis to detect the
circRNA ATP2B1 miRNAs.

In vivo mouse ccRCC model

Thirty-two 6- to 8-week-old athymic NCr-nu/nu female mice
were purchased from NCI and divided into 4 groups for ortho-
topicimplantation of 1 x 10° 786-O-Luc cells transduced with (i)
pLKO + pLVTHM, (ii) shERB + pLVIHM, (iii) pLKO + shcir-
cATP2B1, or (iv) shERB + shcircATP2B1 (mixed with Matrigel,
1:1) under the capsule of the right kidney. Tumor development
and metastasis were monitored by the Fluorescent Imager (IVIS
Spectrum, Caliper Life Sciences) once a week. Mice were sacrificed
after 6 weeks, tumors and any metastases were then removed for
further characterization. The Institutional Animal Care and Use
Committee (IACUC) review board at University of Rochester has
approved the studies.

Statistical analysis

All experiments were performed in triplicate per each experi-
ment and at least 3 independent experiments. The data were
presented as means + SD. Statistical analyses involved paired ¢
test with SPSS 17.0 (SPSS Inc.). P < 0.05 was considered statis-
tically significant.

Results

ERB promoted ccRCC cell invasion

Early studies indicated that ERB may function as an oncogene to
promote the ccRCC progression (15). Its potential linkage to the
circRNAs function in the regulation of ccRCC progression, how-
ever, remains unclear. Here, we first knocked down ER by shRNA
(shERB) in ccRCC 786-0 cells that have a higher endogenous ER}
expression as well as overexpressed ERf (0eERB) in ccRCC A498
cells that have a lower endogenous ERP expression (Fig. 1A).
Using the Matrigel-coated Transwell invasion assay, we found that
knocking down ERP in 786-O cells (786-O-shERP) decreased cell
invasion compared with the vector control (786-O-pLKO; Fig. 1B,
left two panels). In contrast, overexpressing ERP in A498 cells
(A498-0eERB) increased cell invasion compared with the vector
control group (A498-pWPI; Fig. 1B, right two panels).

Importantly, using the 3D invasion assay (24, 25) to replace the
Transwell invasion assay, we obtained similar results showing that
knocking down ERP in 786-O cells (786-O-shERP) decreased
cancer cell invasion (Fig. 1C, left two panels), and overexpressing
ERP in A498 cells (A498-0eERP) increased cell invasion ability
(Fig. 1C, right two panels).

Together, results from Fig. 1 demonstrated that higher ER
expression could increase the ccRCC cell invasion.

2552 Cancer Res; 78(10) May 15, 2018

Human clinical data showing higher ERf3 expression is
associated with the higher stage and poor prognosis in patients
with ccRCC

Human clinical data using the TCGA database (http://cancer
genome.nih.gov) with UCSC Cancer Genome Brower (http://
xena.ucsc.edu/welcome-to-ucsc-xena/) revealed that patients with
higher ER (also known as ESR2) mRNA expression had a signif-
icantly worse overall survival (P < 0.0001, Fig. 2A), suggesting ER}
could play a promoting role in the RCC progression. Furthermore,
we also analyzed the survival of different genders, and results
indicated that ERB could promote the RCC progression in male as
well as in female patients with RCC (P = 0.0004, Fig. 2B, and P =
0.0348, Fig. 2C, respectively), but the overall survival had no
significant differences if compared between male and female
patients with RCC (P = 0.6236, Fig. 2D). In addition, our analysis
showed that the ERB mRNA level was significantly higher in T3/T4
stages compared with T1/T2 stages (P = 0.0009, Fig. 2E).

In summary, results from TCGA human clinical sample surveys
suggest that a higher ER} expression was associated with the advanc-
ed stages and the poor prognosis in patients with ccRCC, which is
in agreement with our in vitro data from multiple ccRCC cells show-
ing ERB can play a promoting role for the ccRCC progression.

ERB enhanced ccRCC cells invasion via downregulating the
circATP2B1

To dissect the molecular mechanism why ERB can enhance
ccRCC cell invasion, we focused on circRNAs because early studies
suggested they may play important roles via modulating the gene
expression to influence the tumor progression (17). Through a
bioinformatics analysis of circ2Traits (http://gyanxet-beta.com/
circdb/), we first identified 76 ccRCC-related circRNAs. Our q-PCR
data showed the circRNAs, 000826, 001953, and 000983, were
significantly decreased when ERf was knocked down in 786-O
cells (Fig. 3A, left). However, only the circRNA 000826 (cir-
CATP2B1) was significantly increased after overexpressing ERP
in A498 cells. Thus, circRNA 001953 and 000983 are not always
robustly regulated by ERB. Of note, the ERf regulation of circRNA
001953 and 000983 in 786-O cells may be a cell type-specific
observation, which could be further studied in the future. Together,
consistent results from qRT-PCR showed the circATP2B expression
was modulated by ERB. The knockdown of ERB could increase
circATP2B1 expression in 786-O cells, and adding ERB-cDNA
could decrease circATP2B1 expression in A498 cells (Fig. 3A, right).

To further confirm the ERB knockdown specificity and effect,
we constructed the 2nd ERB-shRNA (shERB#2) and validated
the ERB knockdown effects in another ccRCC cell line, Caki-1.
Western blot data showed that either shERB#1 or shERB#2 could
effectively knock down ERP in these two different RCC cell lines
(Fig. 3B). Knockdown of ERf using two independent shRNAs,
#1 and #2, can upregulate the circATP2B1 in both 786-O and
Cakil cells (Supplementary Fig. S1).

We also constructed two circATP2B1 shRNAs, sh-circATP2B1#1
and circATP2B1#2, to validate the roles of circATP2B1. We then
applied the rescue experiments to test whether circATP2B1 knock-
down can reverse the ERB knockdown-reduced cell invasion using
the Chamber-Transwell invasion assay in ccRCC cells (pLKO +
pLVTHM, shERB + pLVTHM, pLKO + shcircATP2B1, or shERp +
shcircATP2B1). The results in 786-O cells were validated using
shERB#1 and shERP#2 as well as sh-circATP2B1#1 and sh-
circATP2B1#2 (Fig. 3C). In addition to 786-O cells, the ShERB#2
and shcircATP2B1#2 were also used to validate whether
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***, P < 0.001 compared with the controls.

circATP2B1 knockdown can reverse the ERP knockdown-reduced
cell invasion in Caki-1 cells (Fig. 3D). In addition, we examined
whether oecircATP2B1 can reverse the oeERB-induced RCC inva-
sion in A498 cells (Fig. 3E, pWPI + pWPI, 0eERP + pWPI, pWPI +
oecircATP2B1, or oeERB + oecircATP2B1). The results revealed
that knocking-down circATP2B1 expression could reverse the
ERB-shRNA-suppressed ccRCC cell invasion in 786-O cells and
in Caki-1 cells (Figs. 3C and D). Also, expression of circATP2B1
led to blocking/reversing the ERB-promoted ccRCC cell invasion
in A498 cells (Fig. 3E).

Together, Fig. 3 and Supplementary Fig. S1 results collected
from different RCC cell lines, two independent ERf} shRNAs (#1
and #2) and two independent circATP2B1 shRNAs (#1 and #2)
consistently suggest that ERP could enhance RCC cell invasion via
regulating circATP2B1 expression.

Mechanism dissection how ER regulates circATP2B1
expression

The circRNAs are produced by transcription and splicing their
host gene (26). Thus, many circRNAs are proportional to their
host gene expression. The circATP2B1 host gene, ATP2B1, was
further studied to understand how ERP regulates circATP2B1

www.aacrjournals.org

expression (27). We applied the Ensembl and PROMO 3.0
website approaches to search for the potential estrogen response
elements (ERE) on the 2-kb 5’-promoter region of ATP2B1 and
found one potential ERE within —1768nt to —1754nt (Fig. 4A).
We then performed Chromatin immunoprecipitation (ChIP)
binding assays in RCC cells, and found that ER could specifically
bind to this ERE (Fig. 4B). In addition, another ERE binding site
on the Hotair promoter (28) was applied as a positive control, and
aregion (—2268nt to —2254nt) that is around 500 bp upstream
from the identified circATP2B1 ERE was applied as a negative
control for the ChIP assay (Fig. 4C). We then mutated the key
sequences of ERE from —1765nt to —1760nt (Fig. 4D) and
applied the luciferase reporter assay in ccRCC cells. The results
revealed that knocking down ERJ showed an increased luciferase
reporter activity in 786-O cells with the WT ERE (Fig. 4E) and the
shERB-increased luciferase activity was abolished when ERE was
mutated (Fig. 4E). We also showed that overexpression of ERB in
the A498 cells can reduce the WT ERE-luciferase reporter activity
and thereduction effect is eliminated in the cells with mutant ERE-
luciferase reporter (Fig. 4F).

Together, results from Fig. 4 demonstrated that ERB could
modulate circATP2B1 expression through regulating its host gene

Cancer Res; 78(10) May 15, 2018
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Higher expression levels of ERB were associated with higher stages and poor prognosis in patients with RCC. A, Overall survival curve based on TCGA
database indicated that higher levels of ERB were associated with a worse survival rate (n = 600; ERp mRNA levels lower than 50% vs. higher than

50%; P < 0.0001). B-C, Overall survival curves indicated that patients with ccRCC with higher levels of ERB were associated with shorter survival rate in male

(C) patients, and in female (C) patients (male n = 393, P = 0.0004; female n = 207, P = 0.0348). D, Overall survival rate was similar between male and
female patients with RCC (n = 600; P = 0.6236). E, T stage analysis based on TCGA database showed that ccRCC tissues stained with higher level of ERB
were associated with higher stage prognosis (n = 600; P = 0.0009). The T3-T4 vs. the T1-T2. ***, P < 0.001.
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Figure 3.

ERP enhances ccRCC cell invasion via regulating the circATP2B1 expression. A, Real-time PCR assay for screening a group of ccRCC-associated circRNAs in 786-0
cells with knocked down ERP (shERPB) compared with vector control (pLKO) and in A498 cells with oeERB compared with vector (pWPI). The circATP2B1
corresponds to hsa_circ_000826. B, Western blot validation of ERB knockdown by shERB#1 and shERB#2 in 786-O and Caki-1 cells. C, Chamber-Transwell
invasion assays were performed using 786-0 cells transfected with/without ShERB#1/shcircATP2B1#1 (top) or ShERB#2/shcircATP2B1#2 (bottom): pLKO +
pLVTHM, shERB + pLVTHM, pLKO + shcircATP2B1, or shERp + shcircATP2B1. D, Chamber-Transwell invasion assays were performed using Caki-1 cells transduced
with lentiviral pLKO + pLVTHM, shERB#2 + pLVTHM, pLKO + shcircATP2B1#2, or shERB#2 + shcircATP2B1#2. E, Chamber-Transwell invasion assays were
performed using A498 cells transfected with/without oeERP or circATP2B1: pWPI + pWPI, 0eERB + pWPI, pWPI + oecircATP2B1, or 0eERP + oecircATP2BI. For
C-E, quantitations (right) are presented as relative invasion (fold); *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with the controls.
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ATP2B1 via direct binding to the ERE (—1765nt to —1760nt) on
the 5’-promoter of ATP2B1.

ERB enhanced ccRCC cell invasion via altering the
circATP2B1/miR-204-3p axis

Next, to dissect the mechanism how ERB-modulated cir-
cATP2B1 can increase the ccRCC cell invasion, we focused on
the miRNAs, because circRNAs may sequester miRNAs to regulate
their target genes (18). Those shERPs and shcircATP2B1s are
equally effective on regulation of downstream signal expression
and RCC invasion. With no special notification, there were only
shERB#1 and shcircATP2B1#1 used in most of the following
experiments.

Using two public bioinformatic prediction databases, CircNet
and StarBase v2.0, we identified potential tumor suppressor
miRNAs (miR-204-3p, miR-3144-3p, and miR-656-3p) that may
be able to interact with circATP2B1 in ccRCC. We first found that
knocking down circATP2B1 in A498 cells decreased the expression
of miR-204-3p and miR-3144-3p, while adding circATP2B1 in
786-0 cells could only significantly increase the expression of
miR-204-3p among those 3 miRNA candidates (Fig. 5A). We
further applied RNA pulldown assay to test whether circATP2B1
could interact with those candidate miRNAs using the biotiny-
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Wild type

Mutant

lated oligonucleotides (5'-GGATAATGCACATGTGTATATCT-3')
to target the circular junction of circATP2B1. Results revealed that
only miR-204-3p, but not the other two miRNAs, was enriched in
the pulldown product and can directly interact with circATP2B1
(Fig. 5B). Thus, we focused on studying the circATP2B1 and
miR-204-3p functional pathway.

We next applied an interruption approach to test whether
changing the circRNA could influence the functional connection
from ERfB to miR-204-3p expression. Results revealed that ERp-
shRNA-increased miR-204-3p could be blocked/reversed by
knocking down circATP2B1 in 786-O cells (Fig. 5C). Adding
circATP2B1 also reversed the ERB-suppressed miR-204-3p expres-
sion in A498 cells (Fig. 5D), suggesting a possibility that cir-
cATP2B1 may act as a "reservoir" to stabilize the expression of the
miRNA (19). To test the possibility, we compared whether
the stability of miR-204-3p could be influenced by ERB and
circATP2B1 by adding actinomycin D to stop new RNA synthesis,
and then determined the miRNA degradation rate at different time
points by qPCR. When ERp expression was knocked down, the
knockdown of circATP2B1 could then lead to a significant reduc-
tion of remaining miR-204-3p levels while treating RCC cells with
actinomycin D (Fig. 5E). Next, using the miR-204-3p inhibitor,
results from the rescue approaches using Transwell invasion
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(top) assay and 3D invasion (bottom) assay revealed that an miR-
204-3p inhibitor could reverse the ERBshRNA-reduced ccRCC
invasion in 786-O cells (Fig. 5F). In contrast, adding miR-204-
3p could block the oeERb-increased ERB-increased ccRCC invasion
in A498 cells (Fig. 5G). The above 3D invasion related data were
also characterized and summarized in Supplementary Fig. S2.
Together, results from Fig. 5 and Supplementary Fig. S2 suggest
ERB-circATP2B1 may function through interacting with and mod-
ulating miR-204-3p expression to alter ccRCC cell invasion.

ERp/circATP2B1/miR204-3p axis promoted ccRCC cell
invasion via altering FN1 expression

To further dissect how the ERB/circATP2B1/miR-204-3p axis
can enhance ccRCC cell invasion, we searched for those metasta-
sis genes that are linked to the ERp, circATP2B1, or miR-204-3p in
the ccRCC cell databases (circBase, CircNet, and OncoLnc). We
focused on six metastasis-related genes, EPHB2, MTA1, NUp50,
FN1, and YKT6, to further test their expressions with qRT-PCR.
Comparing the differential expressions of the genes in the two cell
lines, the results revealed that FN1 had the most differential
change with shERP in 786-O cells decreasing the expression of
FN1, and 0eERP in A498 cells increasing the expression of FN1
(Fig. 6A). We also screened those genes in 786-O cells with
overexpressed circATP2B1 and in A498 cells with knocked down
circATP2B1. The results revealed that knocking down circATP2B1
in A498 cells significantly increased the FN1 and YKT6 and
overexpressing circATP2B1 in 786-O cells significantly decreased
the expression of FN1 and EPHB2 (Fig. 6B). As FN1 expression
showed consistent and significant changes, we decided to focus on
the FN1 to further study its linkage to the ERB, circATP2B1, and
miR-204-3p (Fig. 6C).

FN1 is highly expressed in vascular endothelial cells, vascular
smooth muscle, and the perivascular matrix of tumors, which
would promote angiogenesis and endothelial cell migration (29,
30). Many studies found that FN1 could increase ccRCC invasion
and metastasis (31, 32). We first confirmed that knocking down
ERP decreased the FN1 protein expression in 786-O cells and
adding ERP in A498 cells increased the FN1 protein expression
(Fig. 6D). Then we used the shERB RNAs to detect the ERB
knockdown-mediated downregulation of FN1 mRNA levels via
gRT-PCR in 786-O cells and Caki-1 cells, and consistent results
were obtained when two independent shERB constructs were
tested (Supplementary Fig. S1). We then confirmed that knocking
down circATP2B1 increased the FN1 protein expression and could

ERB-Regulated circRNA Pathway Promotes Invasiveness of RCC

partly reverse the ERB-shRNA-suppressed FN1 expression in
786-0 cells, whereas in A498 cells, adding circATP2B1 decreased
the FN1 protein expression and could effectively reverse the ERB-
increased FN1 expression (Fig. 6E).

Importantly, we found that treating 786-O cells with a miR-
204-3p inhibitor increased the FN1 expression and partly reversed
the ERB-shRNA-suppressed FN1 expression, while in A498 cells
adding miR-204-3p decreased the FN1 expression and effectively
reversed the ERB-increased FN1 expression (Fig. 6F). Next, to
examine the consequences after suppressing the FN1 expression
in ccRCC cells, we applied the interruption approach using FN1-
shRNA. The rescue experiments via Chamber-Transwell invasion
(top) assay and 3D invasion (bottom) assay results revealed that
FN1 knockdown by shRNA could effectively reduce the ERJ-
enhanced ccRCC cell invasion in A498 cells (Fig. 6G). The above
3D invasion related data were also characterized and summarized
in Supplementary Fig. S2.

For mechanism dissection of how miR-204-3p can modulate
FN1 expression at the molecular level, we identified the potential
binding site located on the 3'UTR of FN1-mRNA (http://www.
targetscan.org/vert_71/; Fig. 6H). We then applied the reporter
assay with the psiCHECK2 vector carrying the WT and mutant
miRNA-target sites (Fig. 6I), and results revealed that miR-204-3p
could decrease the luciferase reporter activity of WT 3'UTR of FN1,
with little effect on the mutant 3'UTR of FN1-mRNA in 786-O
cells (Fig. 6]), suggesting that miR-204-3p could directly target the
3’UTR of FN1-mRNA to suppress its protein expression.

Based on TCGA database, the data from Oncolnc (http://www.
oncolnc.org/) human clinical sample surveys also showed that the
patients with higher miR-204-3p expression had significantly
better overall survival (P = 0.00027, Fig. 6K), and the patients
with higher FN1 expression had poor overall survival (P =
0.0244, Fig. 6L).

Together, results from Fig. 6; Supplementary Figs. S1 and S2
suggest that the ERp/circATP2B1/miR204-3p axis enhanced
ccRCC cell invasion via altering the FN1 expression.

Preclinical study using in vivo mouse studies confirmed that
ERP promotes the ccRCC metastasis via altering the
circATP2B1 expression

To further confirm all above in vitro cell lines data in vivo, we
applied the preclinical study using the in vivo mouse RCC model
with orthotopically xenografted 786-O cells expressing firefly
luciferase. Female nude mice were randomly assigned into

Figure 6.

ERB-circATP2B1-miR204-3p promotes ccRCC invasion via altering FN1 signal. A, The gRT-PCR assay for screening ccRCC metastasis-associated genes in
786-0 cells with shERB compared with vector pLKO (left) and in A498 cells with oeERB compared with pWPI (right). B, The gRT-PCR assay for screening ccRCC
metastasis-associated genes in A498 cells with knocked down circATP2B1 compared with pLVTHM vector (left) and in 786-0 cells with overexpressed
circATP2B1 compared with pWPI vector (right). C, Diagram showing that FNT may be the ccRCC metastasis-related gene regulated by ERB, circATP2B1, and

miR-204-3p in ccRCC cells. D, ERB could upregulate FN1in ccRCC 786-0 and A498 cells. Western blot assay for FN1 expression in 786-0 cells with knocked down
ERB or control (left) and in A498 cells with overexpressed ERP or control (right). E, Western blot assays were performed on 786-0 cells transfected with
pLKO + pLVTHM, ShERB#1+ pLVTHM, pLKO + shcircATP2B1#1, or shERB#1 + shcircATP2B1#1 (left) and on A498 cells transfected with pWPI + pWPI, 0eERB + pWPI,
pWPI + oecircATP2BI, or oeERB + oecircATP2B1 (right). F, Western blot assay was performed on 786-0 cells transfected with pLKO + Ctrl, ShERB#1 + Ctrl,
pLKO + miR-204-3p inhibitor, or shERB#1 + miR-204-3p inhibitor (left) and on A498 cells transfected with pWPI + pLVTHM, 0eERB + pLVTHM, pWPI +
o0emiR-204-3p, or oeERP + 0emiR-204-3p (right). G, Chamber-Transwell invasion assay (top) and 3D invasion assay (bottom) were performed using 786-0 cells
transfected with pWPI + pLVTHM, 0eERP + pLVTHM, pWPI + shFNT1, or oeERB + shFNI. H-1, Predicted sequence alignment of FN1 3" UTR with WT versus mutant
potential miR-204-3p targeting site. J, Luciferase assay was performed in 786-0 cells transduced with pGL3-FNT_WT3’UTR + pLVTHM, pGL3-FN1_mut3'UTR +
pLVTHM, pGL3-FNT_WT 3'UTR + miR-204-3p, or pGL3-FNI_mut 3'UTR + miR-204-3p. K, Survival curve from Oncolnc indicated that patients with ccRCC
with higher miR-204-3p expression had significantly better overall survival (n = 506; patients with ccRCC with the lowest 25% miR-204-3p expression vs. the highest
25% expression; P = 0.00027). L, The patients with ccRCC with higher FN1 expression had poor overall survival (n = 522; the lowest 25% vs. the highest 25%;
P = 0.0244). All quantitations are presented as means + SD; *, P < 0.05; **, P < 0.07; ***, P < 0.001 compared with the controls.
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4 groups with 8 mice/group and 1 x 10° 786-O-Luc cells trans-
duced with (i) pLKO + pLVTHM, (ii) shERB + pLVITHM, (iii)
pLKO + shcircATP2B1, or (iv) shERB + shcircATP2B1 were
implanted into the right subrenal capsule of female mice, and
metastatic tumors were evaluated weekly using an in vivo imag-
ing system (IVIS). After 6 weeks, we found an increase of meta-
static luciferase signal in the shcircATP2B1 groups (Fig. 7A). Then,
we sacrificed the mice and counted the number of metastatic
foci in liver, intestine, spleen, and left kidney with IVIS detection
(Fig. 7B-E, respectively). The results revealed that suppressing
ERB with shERp led to a decrease of total metastatic foci, and
targeting the circATP2B1 with shcircATP2B1 could partly reverse
the ERB-shRNA-suppressed ccRCC metastasis (Fig. 7F and G).
Importantly, results from IHC staining demonstrated that knock-
ing-down ER led to a decreased FN1 expression, which could
be partly reversed after knocking-down circATP2B1 (Fig. 7H). The
[HC data were quantified with German immunoreactive
scoring method (33).

Together, results from our preclinical study using the in vivo
mouse model in Fig. 7A-H prove that ERB may play a promoting
role for the ccRCC metastasis via modulation of the circATP2B1-
regulated miR-204-3p/FN1 pathway axis.

Discussion

ERP has been found to play important roles in progression of
many hormone-related cancers, including breast, prostate,
bladder, ccRCC, etc. Interestingly, results from these studies
with these various tumors indicated that ERB may play differ-
ential roles in the different types of tumors. For example, it has
been demonstrated that ERJ can suppress tumor invasion and
proliferation in breast cancer (4) and prostate cancer (34),
while it can also promote tumor invasion and proliferation
in bladder cancer (5). Yu and colleagues reported that ERB
acted as a tumor suppressor in ccRCC (35). However, more and
more studies demonstrated that ERP could be an oncogene in
ccRCC (15, 22). Importantly, clinical data from the TCGA
database confirm that higher ERB expression is associated with
shorter overall survival and higher T stages in patients with
ccRCC, which is a powerful clinical evidence to prove ERf may
play a positive role in ccRCC progression. Also, ERB could
either upregulate or downregulate its target genes at the tran-
scriptional level to affect the tumor progression at different
stages. Our studies using multiple approaches via both in vitro
and in vivo studies confirmed these key clinical data showing
ERB could significantly promote ccRCC cell invasion.

The circRNAs are widely expressed in human cells, and their
expression levels are much higher than their linear isomers (36).
The circRNAs have some important properties, including highly
conserved sequences and a high degree of stability, as well as
tissue- and stage-specific expression in mammalian cells, which
allows the circRNAs to have the potential of becoming ideal
biomarkers for the diagnosis of cancers (17, 18). A growing body
of studies shows that there are some types of functional interplays
among circRNAs, miRNAs on the regulation of gene expressions.
Xieand colleagues found circ_001569 could target miR-145 in the
proliferation and invasion of colorectal cancer (37). Li and
colleagues found the circRNA, ITCH, could regulate the Wnt/
B-catenin pathway to inhibit ESCC development (38). Wang and
colleagues reported that AR could suppress circHIAT1 expression
to promote ccRCC development (39). However, the functional
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interactions between circRNAs and miRNAs on the progression of
ccRCC are still not well understood.

In our study, we identified ER} could promote ccRCC inva-
sion through binding to the promoter and downregulating
circATP2B1. Previous studies identified that one function of
circRNAs is the ability to serve as a sponge of miRNAs, which
means circRNAs may play a role as miRNA inhibitors (17, 18, 37).
However, circRNAs may also act in a different way to regulate
miRNAs' availability and function. In our study, we found that
circATP2B1 could increase miR-204-3p stability by acting as a
miRNA "reservoir" to partially reverse ERp-enhanced ccRCC inva-
sion. The term "reservoir" should not be thought of as seques-
tration, as sequestration means taking the miRNAs away from
their targets. Reservoir also does not mean "presentation"” as there
are no reports saying that circRNA will deliver a miRNA to a target
through a mechanism of "trimolecular" or "multimolecular”
complex interaction. Reservoir can simply mean if more circRNA
is expressed, there will be more miRNA(s) binding to the circRNA,
and consequently increasing the availability of miRNA(s) for
binding and inhibiting their target mRNAs. Mechanism studies
reveal that ERB can promote ccRCC invasion via altering the
circATP2B1/miR-204-3p signaling pathway. Whether ERB can
regulate other signals in ccRCC metastasis remains to be
investigated.

The miR-204-3p has been found to be deregulated in several
tumors, such as hepatocellular carcinoma, glioma, and breast
cancer (40-42), and is closely related with ccRCC and upper
tract urothelial carcinomas (43). In our study, we found that
circATP2B1 functions as the reservoir of miR-204-3p, by stabiliz-
ing or promoting the transcription of miR-204-3p to inhibit
ccRCC invasion.

FN1 is highly expressed in vascular endothelial cells, vascular
smooth muscle, and the perivascular matrix of tumors, which
would promote angiogenesis and endothelial cell migration
(29, 30). FN1 has been proven to potentially promote pro-
gression of some kinds of tumors (44-47). In addition, some
studies found that FN1 could play very important roles in
promoting ccRCC invasion and metastasis (31, 32). FN1 is
one of the potential target genes of miR-204-3p and has been
verified by target gene prediction software, and Cui and col-
leagues found miR-204-3p could target FN1 in HCC (40). It has
been reported that functionally the sponge and reservoir effects
of circRNAs are opposite in that the sponge-type circRNAs may
take away miRNAs from their targets while the reservoir-type
circRNAs may help to maintain the miRNA levels and allow
them to modulate their targets. There are several possibilities
underlying these differences: one could be the miRNA-circRNA
binding affinity and another could be the involvement of
additional proteins (39, 48). In that sense, the function as
"sponge" and "reservoir" of circRNA may not be mutually
exclusive. When we performed the RNA pulldown experiment
to detect the interaction between circATP2B1 and miRNA-204-
3p (Fig. 5B), we could not detect the 3'UTR of FN1 in the
pulldown complex. Thus, it is proposed that miR-204-3p will
interact with circRNACTP2B1 or with the 3'UTR of FN1 on a
dynamic (on-off) fashion. This dynamic (on-off) interaction
fashion has also been reported with other miRNAs (49, 50). In
this study, we confirmed miR-204-3p could directly target the
3’-UTR of FN1 to suppress ccRCC cell invasion.

In summary, ERB could promote ccRCC invasion via altering
the circATP2B1/miR-204-3p/FN1 signals, and targeting these
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Figure 7.

In vivo mouse studies confirmed that ERB promotes the metastasis of ccRCC via regulating circATP2B1. A, IVIS imaging was used to detect the various distal
metastasis foci in mice with orthotopically xenografted ccRCC cells under the renal capsule of the right kidney. Three representative mouse VIS
bioluminescent images are shown. B-E, Representative organ bioluminescent images showing metastasis from liver, intestine, spleen, and the left kidney.

F, Quantification of the metastases in the mice. G, Quantification of the total metastatic foci. H, Representative images of IHC staining for ERB and FN1. Right,
quantitations. *, P < 0.05; **, P < 0.01 compared with the controls.
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newly identified signals may help us to develop a new therapy to
better suppress the ccRCC progression.
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