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MicroRNAs (miR) play important roles in cancer invasion. In this study, we investigated the role of miR-21in
the invasion of renal cell carcinoma. The invasive abilities of renal carcinoma cell lines (786-0, Caki-1,
A498), one normal epithelial kidney cell line (HK-2) and primary renal carcinoma cells were assessed in
a microfluidic model. The expression of miR-21 was examined by quantitative real time PCR (qRT-PCR).
We found that HK-2 cells with low miR-21 expression showed low invasive ability while renal carcinoma
cell lines with high miR-21 expression showed high invasive ability. Primary renal cancer cells showed

higher invasive ability than HK-2 cells, and this was consistent with the level of miR-21 expression. miR-
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Accepted 29th July 2017 21 knockdown reduced both renal carcinoma cell line and primary cancer cell invasion. Overall, this
study shows that miR-21 promotes renal cancer cell invasion in both cell lines and primary cancer cells

DOI: 10.1039/c7ra01768¢ and suggests that miR-21 might be a new target in renal cancer therapy. In addition, we demonstrate
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Introduction

Renal cell carcinoma (RCC) is the third most common urolog-
ical cancer' and clear cell RCC is the largest subtype of RCC,
accounting for approximately 70% of RCC cases.> Approxi-
mately 20-30% of RCC patients have a metastatic disease at the
time of diagnosis.® The average survival time from the diagnosis
of distant metastasis is around 24 months, and less than 20% of
patients survive more than 5 years.* RCC is insensitive to
chemotherapy and radiotherapy; therefore, effective post-
operative adjuvant therapies are lacking.®* However, molecular-
targeted therapy has been used in post-operative adjuvant
therapy for patients with early-stage RCC or as palliative treat-
ment for patients with advanced RCC.° Although the objective
effective rate has evidently increased, the overall survival rate
among RCC patients is low. Therefore, further investigation of
the RCC invasive mechanism and identification of new thera-
peutic methods are highly warranted.

Recent technological advances have shown great progress in
the biomimetics field. As a new technology, microfluidics
creates new opportunities for spatial and temporal control of
cell growth and stimuli.”® Microfabricated devices have been
developed to facilitate both applied and basic research con-
cerning the biology of cells and tissues.”** By designing special
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that a microfluidic device provides a useful in vitro platform to study cancer cell invasion.

microchannels, cell invasion can be observed in the micro-
fluidic systems.'*® For example, a microfluidic device was
developed for monitoring cell migration across extracellular
matrix-coated microgaps (ECM).** Migration of invasive MDA-
MB-231 cells was tracked by real-time light microscopy. Simi-
larly, transendothelial invasion of tumor aggregates was
successfully observed in a microfluidic system.' For these
reasons, the use of a microfluidic device provides a favorable
method of studying the processes of RCC invasion and
metastasis.

Although there has been widespread research into genetic
biomarkers for RCC, epigenetic biomarkers including micro-
RNAs (miR) have also received considerable attention because
of their biological and clinical utility in diagnosis and treat-
ment, especially miR-21."” miR-21 was one of the first oncomiRs
to be identified, and it has since been confirmed to be upre-
gulated in numerous types of human cancers, including RCC.™
Previous studies have shown that miR-21 plays an important
role in both RCC growth and invasion.'** Studies have shown
that the higher the level of expression of miR-21, the greater the
invasive ability of RCC cells,*** and at least two studies showed
that elevated expression of miR-21 was associated with poor
survival in RCC patients.”® miR-21 and its target programmed
cell death 4 (PDCD4) will provide a strong candidate for thera-
peutic applications in renal cancer in the future.**** That miR-
21 plays an important role in renal cell carcinomas has been
proposed based on profiling studies using renal carcinoma cell
lines and tumor tissue samples. However, the function of miR-
21 in causing primary renal cancer cell invasion has rarely been
shown. We used primary renal cancer cell and microfluidic

This journal is © The Royal Society of Chemistry 2017
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model to mimic environment in body, and observed cancer cell
invasion directly. The aims of this study were to use a micro-
fluidics device to observe the invasion of RCC at the primary
cellular level and to investigate whether knockdown of miR-21
could reduce the invasive ability of RCC.

Materials and methods

General cell culture and primary cell isolation

Our human cell lines (786-0O, Caki-1, A498 and HK-2) were ob-
tained from the Institute of Biochemistry and Cell Biology of the
Chinese Academy of Sciences (Shanghai, China) as a commer-
cial source. Normal renal HK-2 cells were cultured as a mono-
layer in Dulbecco's Modified Eagle Medium: nutrient mixture F-
12 (DMEM/F12; Hyclone, Logan, UT, USA) with 10% fetal bovine
serum (FBS; ScienCell, Carlsbad, CA, USA), 100 U mL ™" peni-
cillin and 100 U mL™" streptomycin (Hyclone). The RCC cell
lines were maintained in RPMI 1640 medium supplemented
with 10% FBS (ScienCell), 100 U mL™"' penicillin and
100 U mL ™' streptomycin (Hyclone). All cells lines were main-
tained in an incubator with a humidified atmosphere of 95% air
and 5% CO, at 37 °C.

Primary tumor cells were isolated from fresh RCC samples.
This study was performed in strict accordance with the NIH
guidelines for the care and use of laboratory animals (NIH
Publication No. 85-23 Rev. 1985) and was approved by the
Institutional Animal Care and Use Committee of National
Tissue Engineering Center (Shanghai, China). The study
protocol was approved by the Ethics Committee of the Second
Affiliated Hospital of Dalian Medical University, all experiments
were performed in compliance with relevant laws or guidelines
and followed institutional guidelines. And we have informed
consent of the patient was obtained. The patients did not receive
any chemotherapy or radiotherapy before surgery. The tissues
were minced and digested with collagenase IV (Invitrogen,
Carlsbad, CA, USA) for 1 h at 37 °C with shaking. The dissociated
tissues were then incubated without shaking for 5 min at room
temperature, followed by separation of the supernatant to a new
tube and centrifugation (1000 rpm, 5 min). The cell pellet was
resuspended in fresh culture medium and incubated at 37 °C with
5% CO, and 95% relative humidity.

Chip fabrication and cell invasion assay using a microfluidic
model

We constructed a device composed of two layers: the poly-
dimethylsiloxane (PDMS) layer and a glass substrate. The PDMS
layer was fabricated by replicate molding of the master, which
was prepared by spin-coating SU8-2035 negative photoresist
(Microchem Corp., Westborough, MA, USA) onto a glass wafer,
and then patterned by photolithography. Double coating and
patterning SU8-2035, respectively, led to the formation of
microstructures with heights of 100 and 50 um. The lower
microstructure was defined by patterning the first layer of SU8-
2035 with a thickness of 100 um. The second 50 pm thickness
SU8-2035 layer was then patterned to form the higher micro-
structure. Sylgard 184 PDMS base and curing agent (Sylgard
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Silicone elastomer 184, Dow Corning Corp., Midland, MI, USA)
were mixed thoroughly (10:1 by mass), degassed under
vacuum, and poured onto the master. The polymer curing
process was conducted in an oven for 1 h at 80 °C. After cooling,
the PDMS layer was gently peeled off the master and trimmed to
size. Inlet and outlet holes were created by punching through
the PDMS with a razor-sharp punch. The piece of PDMS was
irreversibly bonded to a glass slide after oxygen plasma treat-
ment for 60 s. Prior to use, the device was sterilized with UV
light for 30 min.

To evaluate the invasive potential of RCC, a microfluidic
device developed in our previous study was used. Matrigel™
(Corning), as the substitute for ECM, was loaded into the matrix
inlet. Matrigel was thawed at 4 °C in a refrigerator overnight.
Next, the cold liquid state Matrigel was loaded into the matrix
inlet of the microfluidic device. Driven by capillary force, the
liquid flowed into stimulation channels and arrived at the
junction between the main channel and side channels. Rapid
enlargement of the height of the main channel changes the
physical angle between the liquid interface and solid surface;
hence, a temporary barrier for the advancing liquid is formed.
Thus, Matrigel stopped at the interface of the main channel and
side channels. Matrigel gelled in less than 30 min at room
temperature. To assess the invasive activity of 786-O, Caki-1,
A498, HK-2 and primary RCC cells, the cells were seeded into
the cell culture channel in serum-free medium, the density of
cell was 1 x 10° mL™', and medium with 20% FBS was loaded
into the stimulation channel. The cell invasion area was deter-
mined as the area invaded by cells in the matrix channel and
measured by Image-Pro Plus 6.0 (Media Cybernetics, Rockville,
MD, USA). The data represent at least three experiments per-
formed in triplicate (mean + standard error).

Cell invasion assay using Transwell® plates

Transwell chambers (Corning) pre-coated with Matrigel (Corn-
ing) were used to perform the Transwell assay, evaluating cell
invasion. The cell suspension (1 x 10° cells per mL) was
prepared in 1640, following which 200 uL cell suspension was
added into the upper chamber, and 600 pL 1640 supplemented
with 20% FBS was added into the lower chamber. After incu-
bating for 24 h at 37 °C in 5% CO,, the medium in the chambers
was removed, the cells were fixed in 4% paraformaldehyde for
20 min, washed three times with PBS, and stained with 0.1%
crystal violet (Solarbio, Beijing, China) for 20 min. The cells
adhering to the upper surface of the membrane were removed
using a cotton applicator. The cells on the lower side of the
membrane were counted. Five random high-power fields (x200)
were selected and the mean number of cells was identified as
the cell invasion number. The data represent at least three
experiments performed in triplicate (mean + standard error).

RNAi assay

Renal carcinoma cell lines and primary cells were incubated in
a six-well tissue culture dish without antibiotics for 24 h prior to
transfection respectively, when they had reached 60-80%
confluence. Negative control (NC), specific miR-21 inhibitor and
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mimic transfection reagent complexes were mixed with Lip-
ofectamine 2000 (Invitrogen) according to the manufacturer's
recommendations and then added to the cells. After 6 h at
37 °C, the medium was changed and the cells were cultured in
RPMI 1640 supplemented with 10% heat-inactivated fetal
bovine serum for various times. Silencing of miRNA21 was
determined by qRT-PCR.

Total RNA isolation and ¢cDNA synthesis

TRIzol reagent (CWbio. Co. Ltd., Beijing, China) was used to
isolate total RNA from the cells. The isolated RNA was treated
with DNase I (Invitrogen). The RNA concentration and purity
were determined using a NanoDrop® ND-1000 (Nanodrop
Products, Wilmington, DE, USA). The ratio of 28S/18S was
analyzed by Glyko Bandscan 5.0 (Glyko Biomedical Ltd., Novato,
CA, USA). RNA quality and quantity were determined spectro-
photometrically at 260 and 280 nm, respectively. Reverse tran-
scription of RNA was performed using the NCode miRNA First-
Strand ¢cDNA Synthesis Kit (Invitrogen, Cat#: MIRC-50).

Primer design and quantitative real time PCR (qRT-PCR)

For miRNA-21 the primer sequence was 5'-TAGCTTATCA-
GACTGATGTTGA-3'. For U6, the sense primer sequence was 5'-
CTCGCTTCGGCAGCACA-3’ and the antisense primer sequence
was 5'-AACGCTTCACGAATTTGCGT-3'.

gRT-PCR was performed using the Light Cycler 2.0 Real-
Time PCR System (Roche, Basel, Switzerland) in a total
volume of 20 uL in glass capillaries containing 2 pL of cDNA,
0.8 pL of each primer, and 10 pL of Light Cycler TagMan Master
Mix (Invitrogen, Cat#: MIRC-50). The PCR for the miR-21 gene
was initiated using a 10 min denaturation step at 95 °C followed
by termination with a 30 s cooling step at 40 °C. The cycling
protocol consisted of denaturation at 95 °C for 15 s and
annealing at 60 °C for 60 s; 40 cycles. Fluorescence detection
was performed at the end of each extension step. An additional
extension step of 5 min at 72 °C was added following the
completion of 40 cycles. All PCR reactions were performed in
duplicate. The PCR products were confirmed by melting curve
analysis. We used the mathematical delta-delta method (ratio
= 27%2T) developed by PE Applied Biosystems (Perkin Elmer,
Waltham, MA, USA) to compare relative expression results
between treatments in qRT-PCR.

Western blot

To prepare whole cell extracts, cells at 90% confluence were
washed in phosphate-buffered saline (PBS) before incubation
with lysis buffer (1% Triton X-100, 150 mM NacCl, 10 mM Tris,
pH 7.4, 1 mM EDTA, 1 mM EGTA, pH 8.0, 0.2 mM NazVO,,
0.2 mM phenylmethylsulfonyl fluoride, 0.5% Nonidet P-40) on
ice for 10 min. The cell lysates were clarified by centrifugation at
12 000 rpm for 10 min and the supernatants were collected. The
concentrations of total proteins were measured using a BCA
Protein Assay Kit (Beyotime, Jiangsu, China). A total of 40 pg
protein was separated using SDS-PAGE and transferred onto
PVDF membranes; the membranes were then blocked in 5% fat-
free milk at room temperature for 1 h. After incubation with
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rabbit primary antibodies against PDCD4 (Abcam, Cambridge,
UK) at a dilution of 1:10 000 or GAPDH (Proteintech Group,
Rosemont, IL, USA) at a dilution of 1 : 4000 at 4 °C overnight,
the membranes were probed with goat anti-rabbit secondary
antibodies at a dilution of 1 : 4000 at room temperature for 1 h.
The signals were detected using BeyoECL Plus (Beyotime)
determined by quantitative analysis using UVP software. The
ratio of IODppcpa/IODgappy indicated the relative expression of
PDCD4 protein.

Statistical analysis

SPSS 13.0 software (SPSS, Chicago, IL, USA) was employed for
the analysis of all data. Data are expressed as the mean +
standard deviation (SD), and Tamhane's T2 and analysis of
variance (ANOVA) were used to determine the significance of
the difference in multiple comparisons. An asterisk represents
a Pvalue < 0.05, which indicated a statistically significant result.

Results
Microfluidic device and renal cell line invasion

A microfluidic device developed in our previous study was used
to investigate the lateral invasion of the renal cell lines and view
the invasion process (Fig. 1A and B). The device is composed of
a cell culture channel (red) and a stimulation channel (blue).
The cell culture channel has both an outlet and an inlet while
the stimulation channel has only inlet. The device is made of
PDMS which is translucent. The device is sterilized and bonded
to a 6 cm plate before use. The experimental design is shown in
Fig. 1C. First, Matrigel™ was loaded into the stimulation
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Fig. 1 Microfluidic device and renal cell line invasion. (A) Schematic
representation of the microfluidic chip. The height of the main channel
(red) and side channels (blue) is 150 um and 100 pm, respectively. (B)
Photo of the microfluidic device filled with red ink. (C) Magnified
illustration of the vessel unit, including one main channel, five side
channels, and one matrix inlet. Scale bar = 20 um.
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channels, then HK-2 or renal carcinoma cell lines (786-O, Caki-1
and A498) in serum-free medium were seeded into the cell
culture channel, while medium containing 20% serum was
loaded into the stimulation channel. Using this microfluidic
device (Fig. 1A-C), both the HK-2 and renal carcinoma cell lines
were cultured successfully. Using this system we found that only
renal carcinoma cell lines invaded into the matrix with long
cellular processes (Fig. 2A). The invasion area of 786-O
(21478.60 + 7168.20 pm?), Caki-1 (22386.46 + 4447.32 um?),
and A498 (23706.67 + 6382.49 pm?®) was significantly greater
than that of HK-2 (235.24 + 384.05 pm?). To evaluate invasion
abilities of renal carcinoma cell lines and HK-2 further, we
performed the Transwell® with Matrigel™ coating. And this
revealed same results with microfluidic assay (Fig. 2B). Cell
invasion number in pre view was used to evaluate cell invasion
ability. The invasion ability of 786-O, Caki-1, A498 were higher
than HK-2. These results suggest that renal carcinoma cell lines
have distinct invasion abilities.

Invasive ability of primary RCC cells

To further investigate the invasive ability of RCC, four samples
of primary cells were isolated from RCC, and named as C995,
C147, C316 and C413 according to each patient's admission
number. These primary cells were cultured successfully using

View Article Online
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our microfluidic device under the same culture conditions as
renal carcinoma cell lines. Medium containing 20% serum was
then loaded into the stimulation channel, and 48 h later, the
invasion area of primary cells and HK-2 cells was observed. The
invasion areas of C147 (3881.56 + 1776.59 pm?), C413 (7942.46
+ 3769.38 um?), C316 (18999.70 + 5068.86 um?>) and C995
(28196.62 + 13691.84 um?) were found to be significantly higher
than that of HK-2 (235.24 + 384.05 um?) (Fig. 3A). Although the
invasion areas of C147 and C143 were not as high as C316 or
C995, these results suggest that primary cells also have distinct
invasive abilities.

Expression of miR-21 in renal carcinoma cells and RNAi assay

We next determined the expression levels of miR-21 in renal
cancer cells (786-0O, Caki-1, A498, C995, C147, C316 and C413)
and in a normal renal cell line (HK-2) (Fig. 3B). In the renal
cancer cell lines and in primary cells levels of endogenous miR-
21 were higher than HK-2 cells according to qRT-PCR analysis
(Fig. 3B).

Invasive ability of renal cell lines after altering expression of
miR-21

We cultured HK-2 cells and renal carcinoma cell lines that had
been transfected with miR-21 mimic or miR-21 inhibitor in our
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microfluidic device and stimulated them with 20% serum for
48 h. HK-2 cells transfected with miR-21 mimic showed high
invasive abilities compared to mimic NC (235.24 + 384.05 pm®
vs. 2502.66 + 1527.75 um?) (Fig. 4A). This result demonstrated
that the invasion area of 786-O, Caki-1 and A498 cells treated
with miR-21 inhibitor was significantly smaller than that of 786-
O Caki-1 and A498 cells treated with miR-21 inhibitor NC
(21478.60 + 7168.20 umz vs. 8603.51 + 5461.17 umz, 22386.46 +
4447.32 pm? vs. 7942.46 + 3769.38 um?, 23706.67 + 6382.49
um? vs. 4949.94 + 3681.27 um?) (Fig. 4B-D).

Invasive ability of primary RCC cells after knocking down
miR-21

To test the involvement of miR-21 in the invasion of primary
renal carcinoma cells (C147, C413, C316 and C995), we
transfected them with miR-21 inhibitor and negative control
siRNA. After stimulation with 20% serum for 48 h, the invasion
areas of C147 cells and C413 cells treated with miR-21 inhib-
itor were smaller compared with those treated with inhibitor
NC (3881.56 + 1776.59 um?> vs. 3189.62 + 2078.81 um?, 7942.46
+ 3769.38 um? vs. 5935.06 & 4324.74 pm?), but the difference
was not statistically significant (Fig. 5A and B). Further,
treatment of C316 cells and C995 cells with miR-21 inhibitor
resulted in a smaller invasion area compared with treatment
with inhibitor NC (18999.70 + 5068.86 umz vs. 5188.44 +
3307.50 pum?, 28196.62 + 13691.84 pm? vs. 9277.06 =+
3920.32 um?) (P < 0.05) (Fig. 5C and D). This result suggests
that knockdown of the miR-21 gene could inhibit cell invasion
by renal carcinoma.

44128 | RSC Adv., 2017, 7, 44124-44131

Discussion

RCC is one of the most common urological cancers, and 20-
30% of patients with RCC already have distant metastases with
clinical symptoms upon diagnosis. For this reason, RCC, and
especially its invasion and metastasis process or mechanism, is
currently a hot topic of study.”*** The Boyden chamber assay is
widely used to study RCC invasion and metastasis but also has
inherent limitations. This system lacks real-time observation
and it is inherently difficult to directly assess tumor cell inter-
action with stromal cells.?® In addition, since cells move from
the upper transwell to the lower culture chamber, cell invasion
may be induced by gravity.** For cell-based assays in a micro-
fluidic device, one of the important advantages is to provide
a well-controlled environment for precise study of cellular
activities.**** Transendothelial invasion of tumor aggregates
has been successfully observed in a microfluidic device,"® while
another study used this microfluidic device to investigate
whether HK-2 cells could migrate across the basement
membrane following stimulation with transforming growth
factor B1 (TGF-B1), C3a, or heat-inactivated healthy human
serum (HHS).* However, to our knowledge, such a microfluidic
device has rarely been used to observe RCC invasion in real
time. In this study, we cultured HK-2, renal carcinoma cell lines
and primary renal carcinoma cells using a microfluidic device.
After stimulating with 20% serum for 48 h and observing the
cells under a microscope, we found that both renal carcinoma
cell lines and primary renal carcinoma cells showed higher
invasive ability compared with HK-2 cells. Most studies of RCC
have been carried out using renal carcinoma cell lines such as

This journal is © The Royal Society of Chemistry 2017
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transfected with miR-21 mimic NC, or miR-21 mimic after 48 h. The
invasion area of HK-2 cells treated with mimic were significantly higher
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inhibitor NC, or miR-21 inhibitor, measured at 48 h. The invasion area
of renal cancer cell lines treated with inhibitor NC was significantly
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Scale bar = 20 pm.

A498, 786-0, or Caki-1 only. In this study, we used primary renal
carcinoma cells and found that, compared with the effects
observed in cell lines, the results obtained with primary cells
were more persuasive. We concluded that we could use this
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microfluidic device to study factors such as miRs, drugs, and
cytokines, that are more physiological factors influencing RCC
invasion.

For RCC, miR-21 could be a promising, convenient and
potentially non-invasive prognostic marker, and could allow
monitoring of cancer progression or recurrence.*® In this study,
we aimed to investigate whether miR-21 could be a therapeutic
target. Our results showed that the invasion area of renal

carcinoma cell lines treated with miR-21 inhibitor was
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significantly smaller than that of untreated renal carcinoma cell
lines. This demonstrated that we could regulate the invasive
ability of cells by controlling miR-21. Next, we attempted to
control the miR-21 expression of primary renal carcinoma cells.
The result showed that knockdown of miR-21 reduced the
invasive ability of primary cells, implying that inhibition of miR-
21 expression could inhibit RCC invasion. To our knowledge,
RCC is insensitive to chemotherapy and radiotherapy; there-
fore, effective post-operative adjuvant therapies are lacking.’
The combined traditional immune therapy using interleukin
(IL)-II and interferon does not improve survival of patients with
relapsed or advanced RCC,*” with five- and 10-year survival rates
of <10%.?® At present, molecular-targeted therapy is used in
post-operative adjuvant therapy for patients with early-stage
RCC or as palliative treatment for patients with advanced
RCC.** Although the objective effective rate has evidently
increased, the overall survival rate among RCC patients is low.®
In addition, molecular-targeted therapy is not only expensive
but also causes many complications (hand-foot syndrome,
sicchasia and emesia).*** As time goes by, drug resistance of
RCC for molecular-targeted therapy is inevitable. Consequently
it is extremely urgent to develop a new drug for RCC. The results
of this study indicate that miR-21 could be a therapeutic target
of RCC.

There are some molecular pathways of miR-21 which may
play an important role in the process of RCC invasion, such as
PDCD4, CDKN1A, and PTEN.*?*** In our study, we only broadly
observed the influence of miR-21 on RCC invasion, without
investigating which one or more molecular pathways could be
the key of RCC therapy. Additionally, the number of primary
renal carcinoma cell samples was only four, causing our study to
lack conviction. We will still collect renal carcinoma cell
samples in our further study. For C147 cells and C413 cells, the
invasion areas of cells treated with miR-21 inhibitor were
smaller compared with those treated with inhibitor NC, but the
difference was not statistically significant. The cell line about
renal cell carcinoma was taken from the tumor tissue of the
patient, so tumor heterogeneity of the patients may lead to the
non-aligned phenomenon. Moreover, post-transcriptional
modification about the target genes of miR-21 may be also
related to the phenomenon. All these are limitations of our
study, but could be a direction of our future studies.

Conclusions

In summary, we cultured renal cell lines and primary renal
carcinoma cells in vitro using our microfluidic device, and using
this technique we reproduced RCC invasion at the cellular level.
This device offers a novel platform which is a rapid and inex-
pensive way to study the mechanism of RCC invasion in vitro.
We found that knocking down miR-21 could lead to a reduction
in the invasive ability of renal carcinoma cells. These data
suggest that miR-21 could be a new therapeutic target of RCC.
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