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Objective: Renal cell carcinoma (RCC) displays an increasing incidence and mortality rate

worldwide in recent years. More andmore evidence demonstratedmicroRNAs function as positive

or negative regulatory factors in many cancers, while the role of miR-301a in RCC is still unclear.

Material and Methods: The expression and clinical significance of miR-301a were assessed

via bioinformatic software on open microarray datasets of the Cancer Genome Atlas (TCGA)

and then confirmed by quantitative real-time PCR (qRT-PCR) in RCC cell lines. Loss of function

assays were performed in RCC cell lines both in vitro and in vivo. Cell Counting Kit-8 (CCK-8),

flow cytometry, luciferase reporter assays, Western blotting, and immunohistochemistry were

employed to explore the mechanisms of the effect of miR-301a on RCC.

Results: By analyzing RCC clinical specimens and cell lines, we found a uniform increased

miR-301a in expression in comparison with normal renal tissue or normal human proximal

tubule epithelial cell line (HK-2). In addition, miR-301a upregulation correlated advanced stage

and poor prognosis of clear cell RCC (ccRCC). Anti-miR-301a could inhibit growth and cell

cycle G1/S transition in RCC cell lines. Moreover, we found that PTENwas identified as a direct

target of miR-301a that might partially interrupt miR-301a-induced G1/S transition. Importantly,

nude-mouse models revealed that knockdown of miR-301a delayed tumor growth.

Conclusion: These results indicate that miR-301a functions as a tumor-promoting miRNA

through regulating PTEN expression, representing a novel therapeutic target for RCC.
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Introduction
As the most common type of malignant kidney tumor, renal cell carcinoma (RCC)

occurs primarily in the renal tubular epithelial system.1 There are many types of RCC

regarding histopathology and cell features. Among them, clear cell RCC (ccRCC) is

the most common type, accounting for nearly 80% of RCC cases.2 The morbidity and

mortality of RCC appears to be rising in the past decade, and nearly ~64,000 new

cases were diagnosed in 2018 in the America, resulting in more than 14,400 deaths,

mainly from distant metastasis.2 Currently, radical nephrectomy remains the most

effective treatment strategy for RCC patients diagnosed at an early stage. Although the

malignancy generally resists traditional chemotherapy and radiotherapy, the introduc-

tion of targeted therapy against vascular endothelial growth factor (VEGF) and novel

immunotherapy agents has revolutionized the management of patients with metastatic

RCC.3 However, as the lack of early diagnostic markers and typical clinical symptoms

for RCC, metastasis has already developed in approximate ~40% of patients when

RCC is diagnosed.3 Furthermore, the 5-year survival rate of patients who diagnosed at

the metastatic stage is less than 10%.4 So there is an urgent need to better understand
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the molecular mechanism of the oncogenesis and progres-

sion of RCC to lay the foundation for finding early diagnosis

and prognosis markers of RCC. Identification of key mole-

cular events correlated with carcinogenesis and tumor pro-

gression would also facilitate the development of novel

therapeutic targets and anti-RCC strategies.

MicroRNAs (miRNAs) belong to the family of short

noncoding RNAs, with a length of 19–25 nucleotides.5 By

attaching to the complementary sequences in mRNA tran-

scripts, microRNA regulates specific gene expression at

the posttranscriptional level, leading to mRNA degrada-

tion or the inhibition of translation.6 In recent years,

microRNAs have been defined as regulators and potential

biomarkers, playing a crucial role in the oncogenesis,

metastasis and development of RCC.7,8 Previous studies

have revealed that miR-301a is an onco-miRNA in various

types of tumor, such as pancreatic cancer,9 breast cancer,10

prostate cancer,11 and malignant melanoma.12 However,

research on miR-301a in RCC has not yet been reported.

Phosphatase and tension homologue (PTEN) maps to

chromosome 10q23.3 and has been considered a vital

tumor suppressor gene.13 PTEN has been proved to be

a key component of signal transduction pathways related

to the control of cell growth, proliferation, and apoptosis,

as well as a vital participant in the regulation of the cell

cycle.13 Thus, the loss of PTEN expression may cause the

initiation of tumorigenesis.

In the present study, we investigated the expression

level of miR-301a in RCC specimens and analyzed the

correlation of miR-301a expression with clinicopathologi-

cal characteristics and prognosis in RCC patients from

TCGA data. Then, we investigated the effects of miR-

301a on proliferation and observed that it regulated the

G1/S transition in RCC cells. Furthermore, PTEN was

identified as a direct target of miR-301a, which might

regulate its biological effects. Our data show that miR-

301a functions as a tumor-promoting miRNA through

regulating PTEN expression, providing a potential thera-

peutic target for RCC.

Materials and Methods
Study Patients and Samples
In this research, miRNA expression and clinical informa-

tion were acquired from the TCGA data portal (http://tcga.

cancer.gov). We collected data according to the following

criteria: 1) the clinical histopathological diagnosis was

ccRCC; 2) complete data were required for all samples

including miR-301a expression, age, sex, clinical stages

and tumor grades, tumor staging and grading was desig-

nated according to the 2012 International Society of

Urological Pathology Consensus Conference;14 3) none

of these patients received targeted therapy, immunother-

apy, chemotherapy or radiotherapy before their tumors

were surgically removed; and 4) the included cases had

no other malignancies. Overall, up to 516 ccRCC patients

were enrolled in the study. Among these samples, we

evaluated miRNA sequences from 516 tumor samples

and 71 adjacent non-tumor tissue samples. This research

was conducted in the light of the publication guidelines

provided by TCGA.

Cell Culture and Transfection
The human RCC cell lines used in this study included

786–0, ACHN, A498, Caki-2, OS-RC-1, OS-RC-2, and

HK-2. They were purchased from the American Type

Culture Collection (ATCC). Cells were cultured in RPMI

1640 (Gibco, Carlsbad, California) supplemented with

10% fetal bovine serum (FBS) in a humidified atmosphere

of 5% CO2 maintained at 37°C.

The cells were transfected using Lipofectamine 2000

(Invitrogen), according to the manufacture’s instructions.

miR-301a inhibitor (5ʹ-GCUUUGACAAUACUAUUGC

ACUG-3ʹ), inhibitor NC (5ʹ-CAGUACUUU UGUGUAG

UACAAA-3ʹ), miR-301a mimic (5ʹ-CAGUGCAAUAG

UAUUGUCAA AGC-3ʹ) and miR-control (5ʹ-UUCUC

CGAACGUGUCACGUTT-3ʹ) were all transfected at

a concentration of 40 nmol/L. The RNA transfection effi-

ciency was at least 60–75%, and the RNA duplex persisted

in cells for at least 4 days. All RNA oligoribonucleotides

were purchased from GenePharma (Shanghai, P.R. China).

RNA Isolation and Real-Time PCR

Analysis
Total RNA was extracted from cells and tissues by using

TRIzol (Invitrogen). The expression of PTEN was quanti-

fied by using SYBR® premix Ex Taq Ⅱ (Takara, Japan),

using β-actin as a reference gene. The expression of miR-

301a was examined using the Hairpin-itTM Real-Time

PCR Kit (GenePharma, China), and U6 was assigned as

the internal standard. All qRT-PCR was performed on the

ABI Prism 7500 Fast Sequence Detection System

(Applied Biosystems, America). All samples were normal-

ized to internal controls and the fold changes were calcu-

lated through relative quantification (2−ΔΔCT). The primer
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sequences using in the research were as follows: miR-301a

forward: 5ʹ-ACACTCCAGCTGGGCAGTG CAATAGTA

TTGTC-3ʹ; miR-301a reverse: 5ʹ-CTCAACTGGTGTCG

TGGA-3ʹ; and PTEN forward, 5ʹ-AAGACAAAGCCAA

CCGATAC-3ʹ; PTEN reverse, 5ʹ-GAAGT TGAACT

GCTAGCCTC-3ʹ. U6 or β-actin was used as a reference

for miRNAs or mRNAs, respectively. The primer

sequences were as follows: U6 forward: 5ʹ-CTC GCTTCG

GCAGCACA-3ʹ; U6 reverse: 5ʹ-AACGCTTCACGAATT

TGCGT-3ʹ; β-actin forward: 5ʹ-CTGGAACGGTGAAG

GTGACA; and β-actin reverse: 5ʹ-AAGGGAC TTCCTGT

AACAATGCA-3ʹ.

Luciferase Reporter Assay
The wild-type PTEN-3ʹ-UTR was chemically synthesized

and cloned downstream of the firefly luciferase gene in

a pGL3-promoter vector (Ambion). 293-T cells were

placed in a 48-well plate and grown until 80% confluence.

Cells were then cotransfected with luciferase plasmids,

pRL-TK Renilla plasmid and miR-301a or miR-301a-

mut. After 48 h of transfection, firefly and Renilla lucifer-

ase activities were evaluated with a Dual-Luciferase

Reporter Assay System (Promega).

Analysis of Cell Proliferation and Cell

Cycle
Cell proliferation was examined by Cell Counting Kit-8

(CCK-8) assay, colony formation assay, cell cycle analy-

sis, and 5-ethynyl-2-deoxyuridine incorporation assay, as

described previously.15 Cell cycle analyses were con-

ducted using fluorescence-activated cell sorting (FACS)

cytometry (Becton Dickinson, San Jose, CA)

Western Blotting
Western blotting was performed according to a standard

method previously described.15 Briefly, cells were lysed by

RIPA buffer and the concentration of proteins was quanti-

fied by a BCA kit (Beyotime Institute of Biotechnology).

Equal amounts of proteins were separated by SDS-PAGE,

and then transferred to PVDF membranes using transfer

buffer. The PVDF membranes were blocked in 5% nonfat

milk for 1 h at room temperature, and then subjected to the

corresponding primary antibody at a temperature of 4°C

overnight. After that, membranes were washed in PBST 3

times and incubated with secondary antibody for 2 h at

room temperature. Anti-PTEN and anti-β-Actin were

obtained from Cell Signaling Technology (Beverly, MA).

Immunohistochemistry
Immunohistochemistry analyses were conducted as pre-

viously described.15 The isolated mouse xenograft tumors

were fixed in 10% buffered formalin first and dehydrated

in a graded series of ethanol. The tissues were embedded

in paraffin and then cut into 4-mm-thick sections. The

deparaffinized sections were incubated with PTEN (1:50)

or Ki-67 (1:50) primary antibody at room temperature for

1 h. After washing in PBS, the sections were incubated

with secondary antibody and ABC solution followed by

3,3ʹ-diaminobenzidine (DAB) staining (DAKO,

Carpinteria, CA) and counterstaining with Mayer’s

hematoxylin.

Tumorigenicity Assay in Nude Mice
Four-week-old male BALB/c nude mice obtained from

Sun Yat-sen University Experimental Animal Center

were used. A total of 5×106 indicated cells expressing

the miR-301a inhibitor or control vector were injected

subcutaneously into the dorsal thighs of mice. Tumor

growth was monitored regularly every week, and the

tumor volume was calculated according to the formula

length×width2×0.5. After 5 weeks, mice were anaesthe-

tized and sacrificed, and tumors were removed, weighed,

and sectioned, followed by immunohistochemical (IHC)

analysis. This study was approved by our Institutional

Ethics Committee. All procedures performed in the study

were in accordance with the ethical standards of the insti-

tutional ethics committee and with the NC3Rs ARRIVE

guidelines.

Statistical Analysis
Data are demonstrated as the mean±SD from at least

three separate experiments. All continuous variables

were performed normality tests before further statistical

analysis. Unless otherwise noted, the differences

between groups were calculated using Student’s t test

when only two groups were compared, or analyzed by

one-way analysis of variance (ANOVA) when more

groups were compared. The Kaplan–Meier method and

Log rank test were performed to reveal survival differ-

ences according to miR-301a expression. The correla-

tion between miR-301a levels and PTEN expression was

assessed by Spearman correlation. All tests performed

were two-sided. Differences were defined statistically

significant at P≤0.05.
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Results
MiR-301a Is Significantly Increased in

Renal Cancer Cell Lines and RCC Tissues
The expression of miR-301a was examined in an

immortalized normal human proximal tubule epithelial

cell line (HK-2) and six renal cancer cell lines (786–0,

ACHN, A498, Caki-2, OS-RC-1, OS-RC-2) by qRT-

PCR. Our results indicated that miR-301a expression

levels were significantly increased in all RCC cell

lines compared with HK-2 cells (P≤0.01, Figure 1A).

To further verify the expression level of miR-301a in

RCC, we collected 71 pairs of ccRCC tissues and adja-

cent non-cancerous renal tissues from the TCGA data-

base. Similarly, the results showed that the expression of

miR-301a in tumor tissues was significantly upregulated

compared with that in the corresponding normal tissues

(P≤0.01, Figure 1B). These results suggested that upre-

gulation of miR-301a expression may be related to renal

cancer pathogenesis and that miR-301a possibly func-

tions as an oncogene in RCC.

Upregulated MiR-301a Is Correlated with

the Advanced Stage and Poor Prognosis

of ccRCC
To investigate the role of miR-301a in ccRCC progres-

sion, the expression of miR-301a in different stages/

grades of ccRCC patients from TCGA was accessed.

The results revealed that the miR-301a expression

level was higher in more advanced stages (ANOVA

P=0.005, Stage I/II vs III/IV, P≤0.001, Figure 1C),

while increased expression in higher grades was

observed, but not statistically significant (ANOVA

P=0.2434, Grade 1/2 vs 3/4, P=0.3899, Figure 1D).

Furthermore, we investigated the prognostic value of

the miR-301a expression level. Patients were divided

into two groups according to the median expression

level of miR-301a: miR-301a low expression group

(miR-301a level<the median, n=258) and miR-301a

high expression group (miR-301a level>the median,

n=258). Kaplan–Meier curves revealed that the miR-

301a high expression group had a shorter overall survi-

val time than the miR-301a low expression group

(P≤0.01, Figure 1E). In addition, univariate and multi-

variate Cox regression analyses indicated that miR-301a

could be an independent prognostic marker for RCC

patients (Table 1).

Anti-MiR-301a Inhibits Growth and G1/S

Cell Cycle Transition in RCC Cell Lines
Compared with the other four renal cancer cell lines (ACHN,

Caki-2, OS-RC-1 and OS-RC-2), the qRT-PCR results indi-

cated that the expression levels of miR-301a in 786–0 and

A498 cell lines were higher (Figure 1A), so the two cell lines

were selected to elucidate the function of miR-301a in RCC

by loss-of-function experiment. Firstly, we compared the

transfection efficiency of themiR-301a inhibitor with respec-

tive NC in the 786–0 and A498 cell lines by performing qRT-

PCR, the results showed that miR-301a expression levels in

RCC cells were decreased by 86.12% (786–0, P≤0.01) and

82.26% (A498, P≤0.01) after transfection with the miR-301a

inhibitor (Figure 2A). The CCK-8 assay revealed that the

proliferation of miR-301a inhibitor group slowed down by

21.83% (P≤0.05) and 25.51% (P≤0.01) in 786–0 cells,

16.51% (P≤0.05) and 21.59% (P≤0.01) in A498 cells com-

pared with NC group at the 3rd and 4th day after transfection

(Figure 2B). Furthermore, the colony formation ability of

RCC cells declined by 65.02% (786–0, P≤0.01) and

58.94% (A498, P≤0.01) after transfection with the miR-

301a inhibitor compared with NC group (Figure 2C). To

dissect the biological events accompanying the alterations

of cell proliferation caused by miR-301a, FACS was applied

to evaluate changes in DNA content throughout various

phases of the cell cycle. As shown in Figure 2D, both

786–0 and A498 cells transfected with the miR-301a inhibi-

tor displayed a significantly increased proportion of G1 phase

(67.64% vs 56.07% in 786–0 cells, 68.21% vs 54.74% in

A498 cells) and a reduced percentage of S phase (26.54% vs

38.25% in 786–0 cells, 25.84% vs 39.50% in A498 cells),

and the differences were all statistically significant (P≤0.01).

In addition, immunofluorescent staining for EdU incorpora-

tion indicated decreased DNA synthesis after transfection of

the miR-301a inhibitor, demonstrating 12.33% (P≤0.01) and
21.74% (P≤0.01) EdU-positive cells in 786–0 and A498

cells, respectively, versus 29.53% and 43.67% for the corre-

sponding NC cells (Figure 2E). Therefore, we can infer that

the growth-promoting function of miR-301a might be due to

its enhancement of cell cycle progression at the G1/S transi-

tion in RCC cells.

PTEN Is a Direct Target Gene of MiR-301a
To explore how miR-301a promotes G1/S transition and

cell growth, we used TargetScan, a bioinformatic tool for

microRNA target prediction, which revealed that PTEN

was a potential target of miR-301a (Figure 3A). To
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Figure 1 Relative miR-301a expression in RCC cell lines and ccRCC tissues and its relationship with the overall survival of ccRCC patients. (A) The expression of miR-301a

in the indicated RCC cell lines. (B) Relative expression of miR-301a between ccRCC tissues and their corresponding normal renal tissue samples (n=71) (TCGA). (C–D)

miR-301a expression levels in patients with different stages and grades of ccRCC (TCGA). (E) Kaplan–Meier analysis of the correlation between the miR-301a level and

overall survival of ccRCC patients (TCGA) with high (>the median, n=258) and low (<the median, n=258) miR-301a expression. The results are presented as the mean±SD.

**P≤0.01; ***P≤0.001.
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validate whether PTEN was the direct target of miR-301a,

luciferase reporter assays were performed. Reporter assays

demonstrated that the activity of luciferase linked with the

3ʹ-UTR of PTEN was inhibited in a dose-dependent man-

ner in miR-301a mimic-transfected 293-T cells compared

with those in control cells. Notably, mutations in the seed

sequence of miR-301a (Figure 3B) abolished its suppres-

sive effects (Figure 3C). To further confirm that miR-301a

downregulated PTEN expression in ccRCC, we computed

miR-301a expression and PTEN expression in the TCGA

database and found that PTEN transcriptional expression

was inversely associated with miR-301a expression in

ccRCC (r=−0.2416, Figure 3F). Furthermore, we investi-

gated whether the mRNA and protein expression level of

PTEN in RCC cells was modulated by miR-301a in vitro.

The inhibition of miR-301a promoted both the mRNA and

protein expression of PTEN in RCC cells compared with

those in the negative control group (Figure 3D and E).

These findings indicate that PTEN is a direct target gene of

miR-301a and is downregulated by miR-301a in RCC.

PTEN Is Involved in MiR-301a-Regulated

G1/S Transition
To elucidate the functional significance of miRNA-mediated

suppression of PTEN in the induction of G1/S transition, we

re-expressed open reading frame (ORF, without the 3ʹ-UTR)

of PTEN in RCC cell lines with high endogenous miR-301a

levels (786–0 and A498) and examined the cell cycle dis-

tribution by flow cytometry. Unexceptionally, restoration of

PTEN led to an increased proportion of G1 phase (66.64% vs

56.07% in 786–0 cells, 68.21% vs 54.74% in A498 cells) and

a reduced percentage of S phase (27.54% vs 38.25% in

786–0 cells, 25.84% vs 39.51% cells), partially but signifi-

cantly rescued the G1/S transition promoted by endogenous

miR-301a (Figure 3G). At the same time, the exogenous

modified PTEN cannot be combined by endogenous miR-

301a and the ability to express PTEN protein will not be

inhibited after restoration of PTEN, so the protein levels of

PTEN were undoubtedly increased (Figure 3G). Therefore,

overexpression of PTEN could partially interrupt miR-301a-

induced G1/S transition (Figure 3G). The results indicate that

the promotive effect of miR-301a on RCC is mediated by

a decrease in PTEN expression.

Anti-miR-301a Inhibits RCC Tumor

Growth in vivo
To determine the function of miR-301a in vivo, we selected

786–0 cell line for RCCmouse model as the expression level

of miR-301a in 786–0 was higher than in A498 (Figure 1A).

Before inoculation, 786–0 cells were transfected with the

miR-301a inhibitor to repress endogenous miR-301a levels

or the empty vector as the negative control. As expected,

inhibition of miR-301a significantly delayed tumor growth

compared with that in the negative control group (Figure 4A–

C). To acquire further insights into the mediators of miR-

301a suppression leading to decreased tumor growth, tumors

from mice were collected 6 weeks after implantation.

Immunohistochemical staining confirmed that the propor-

tions of proliferative Ki-67-positive cells in miR-301a inhi-

bitor tumors were substantially lower than those in control

tumors (Figure 4D). However, PTEN expression displayed

the opposite trend (Figure 4D). Taken together, these data

indicate that downregulation of miR-301a effectively sup-

presses the growth of RCC tumors in vivo.

Discussion
MiRNAs are a class of noncoding small RNAs and have

been extensively reported to be involved in tumorigenesis

and tumor development.16 Accumulating evidence confirm

that miR-301a acts as an oncomiR in multiple human

cancers. For instance, miR-301a was described as

a potential marker for metastasis in prostate cancer, and

its high expression was correlated with an increased risk of

recurrence.17 However, there is no report on the effect of

miR-301a on RCC. To our knowledge, this is the first

study that indicates that endogenously expressed miR-

301a can promote the proliferation of RCC cells and lead

to a poor clinical prognosis.

Table 1 Correlation Between the MiR-301a and the Overall

Survival of ccRCC Patients

Clinical Variables HR 95% CI P-value

Univariate analysis

Age (≥60 vs <60) 1.866 1.334–2.61 <0.001

Gender (Male vs Female) 0.93 0.673–1.287 0.93

Tumor stage (III/IV vs I/II) 4.114 2.932–5.774 <0.001

Tumor grade (3/4 vs 1/2) 2.877 1.988–4.163 <0.001

miR-301a (High vs Low) 2.331 1.678–3.238 <0.001

Multivariate analysis

Age (≥60 vs <60) 0.71 0.503–1.001 0.051

Tumor stage (III/IV vs I/II) 3.1 2.168–4.434 <0.001*

Tumor grade (3/4 vs 1/2) 2.11 1.431–3.112 <0.001*

miR-301a (High vs Low) 2.211 1.578–3.097 <0.001*

Note: *Indicates statistical significance.
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Figure 2 Knockdown of miR-301a suppresses RCC cell proliferation by abrogating the G1/S transition. (A) Knockdown of miR-301a expression in 786–0 and A498 cells by

transfecting miR-301a inhibitor was confirmed by qRT-PCR. (B) CCK-8 assays revealed the cell growth curves of the indicated cells. (C) Representative micrographs (left)

and relative quantification (right) of crystal violet-stained cell colonies analyzed by colony formation assay. (D) FACS analysis of the cell cycle of the indicated cells. Cells were

synchronized by serum deprivation for 24 h, and then stimulated to enter S phrase by serum re-addition. Cells were harvested for FACS analysis at 12 h post release. (E)
Representative micrographs (left) and quantification of EdU-incorporated cells in the indicated cells. The results are presented as the mean±SD. *P≤0.05; **P≤0.01.
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Figure 3 miR-301a directly targets PTEN and downregulates PTEN expression in RCC. (A) Schematic of miR-301a putative target sites in the 3ʹ-UTR of PTEN. (B)
Sequence of miR-301a-mut. (C) Luciferase assay of pGL3-PTEN-3ʹ-UTR reporter cotransfected with increasing amounts (10, 20, and 50 nM) of miR-301a mimic and mutant

oligonucleotides in 293-T cells. (D) qRT-PCR analysis of the mRNA levels of PTEN in response to deregulated miR-301a expression in the indicated cells. (E) Western

blotting of PTEN expression in the indicated cells. β-actin was used as the internal control. (F) Correlation between miR-301a and PTEN mRNA expression in ccRCC

(TCGA, n=501). (G) The effect of restoring the ORF (without the 3ʹ-UTR) of PTEN on the proportions of the indicated cells in distinct cell cycle phases as determined by

FACS, and the corresponding change of PTEN protein by Western blotting. The results are presented as the mean±SD. *P≤0.05; **P≤0.01.
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Figure 4 Knockdown of miR-301a inhibits tumor growth of RCC cell xenografts in vivo. (A) Representative photograph of 786–0 tumor formation in nude mice. (B) Tumor

growth curves of 786–0 cells in nude mice. (C) Each tumor formed by 786–0 cells was weighed. (D) Immunohistochemical analysis of PTEN and Ki-67 in the xenografts of

786–0 cells. The tumors were monitored regularly for 5 weeks (B) and excised at the end of the experiment for weighing (C) and Immunohistochemical staining (D). Each

data point represents the mean±SD of six independent xenografts. *P≤0.05; **P≤0.01.
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In this study, endogenous miR-301a expression in all

RCC cell lines tested was obviously higher than that in the

normal human proximal tubule epithelial cell line HK-2.

Due to the very high basal level of miR-301a in all kinds

of RCC cells, loss-of-function analyses were performed

both in vitro and in vivo by silencing miR-301a expres-

sion. Among these RCC cell lines, the two with the highest

miR-301a expression (786–0 and A498) were selected for

further investigation of the biological effect of miR-301a.

Moreover, loss-of-function studies indirectly revealed that

miR-301a could accelerate the G1/S transition and cell

growth by repressing the expression of PTEN. We propose

that high expression of miR-301a may disrupt cell cycle

control, in turn promoting cell proliferation, and conse-

quently facilitating the development of cancers such

as RCC.

To further investigate the involvement of miR-301a in

the development of human malignancies, we explored the

molecular mechanism of miR-301a in regulating prolifera-

tion in RCC cells, using TargetScan software. We found

that the 3ʹ-UTR of PTEN contained highly conserved

putative miR-301a binding sites. As a well-known tumor

suppressor, PTEN is silenced in various types of cancers.18

Accumulating evidence suggests that PTEN controls cell

proliferation and survival through regulating each phase of

the cell cycle, including the G1/S19–21 and G2/M

transitions.22,23 Furthermore, PTEN is involved in the

key processes of genetic transmission during the cell

cycle to promote the fidelity of DNA replication24,25 and

chromosome segregation.26,27 PTEN has also been demon-

strated as a hot target of a number of miRNAs, including

miR-217, miR-214, and miR-21, which are involved in the

regulation of several cancer types.28–30 Similarly, Ma et al

found that PTEN, as a cell cycle and proliferation regula-

tor, was the direct target of miR-301a in breast cancer.31 In

the present study, luciferase reporter assays revealed that

PTEN was the direct target of miR-301a. Furthermore, we

observed that downregulation of miR-301a significantly

increased PTEN expression at both the mRNA and protein

levels in RCC cells. Meanwhile, Pearson correlation ana-

lysis indicated a significant inverse correlation between the

expression level of miR-301a and PTEN in RCC patients

from TCGA. Consistent with our abovementioned results,

knockdown of PTEN abolished the inhibitory effect of the

miR-301a inhibitor on the G1/S transition and prolifera-

tion of RCC cells. Our in vitro and in vivo results provide

evidence that miR-301a functions as an oncogene in RCC,

at least in part, by repressing PTEN expression.

There were some limitations to our study. We examined

the expression levels of miR-301a in all kinds of RCC cell

lines, but did not find one with a relatively low basal level of

endogenous miR-301a. Therefore, gain-of-function experi-

ments were not performed because the results would not

reflect the biological effect of miR-301a in RCC cells. In

addition, we only used the data in the TCGA to analyze the

expression of miR-301a in RCC tissues and the correlation

between miR-301a levels and clinical characteristics, which

was mainly due to the limitation of clinical tissues, and

further study is ongoing in our new research project.

Conclusions
In summary, our study revealed that miR-301a is upregu-

lated in RCC specimens and cell lines. Downregulation of

miR-301a inhibits RCC cell proliferation by blocking the

G1/S transition. The oncogene function of miR-301a is

mediated by the repression of its direct target gene

PTEN. These findings suggest that miR-301a plays an

important role in the development of RCC, and represents

a novel therapeutic target for RCC.
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RCC, renal cell carcinoma; ccRCC, clear cell renal cell

carcinoma; PTEN, phosphatase and tension homologue.
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