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miR-19a correlates with poor prognosis of clear cell renal
cell carcinoma patients via promoting cell proliferation
and suppressing PTEN/SMAD4 expression
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Abstract. MicroRNAs (miRNAs) were reported to be
involved in the development of clear cell renal cell carci-
noma (ccRCC). However, the study on miRNAs in ccRCC
is far from complete. The present study identified miRNAs
which could act as potential novel prognostic markers for
ccRCC, and analyzed its possible mechanism. We found that
miR-19a correlated with poor prognosis of ccRCC patients via
promoting cell proliferation and suppressing PTEN/SMAD4
expression. Both the microarray screening result and TCGA
KIRC dataset analysis showed that miR-19a was significantly
upregulated in ccRCC tissues, and further analysis of TCGA
data revealed that the upregulated level of miR-19a was
strongly associated with advanced T stage and poor prognosis
of ccRCC patients. Consistent with clinical observations,
miR-19a overexpression significantly promoted ccRCC cell
proliferation in vitro. To further explore the mechanism by
which miR-19a correlated with cell proliferation and poor
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prognosis of ccRCC, we performed gene set enrichment anal-
ysis (GSEA) for target genes of miR-19a in ccRCC patients.
Result indicated that the key target genes of miR-19a included
SMAD4 and PTEN. In ccRCC tissues, expression levels of
SMAD4 and PTEN were negatively correlated with expres-
sion level of miR-19a, revealing that miR-19a suppressed the
expression of SMAD4 and PTEN in ccRCC patients. miR-19a
overexpression significantly suppressed the expression of
SMAD4 and PTEN in vitro, further verifying that SMAD4
and PTEN were the target genes of miR-19a in ccRCC cells.
Our results elucidated the tumor promoting role of miR-19a
and established miR-19a as a potential novel prognostic
marker for ccRCC.

Introduction

Renal cell carcinoma (RCC) is one of the most common and
lethal renal types of cancer, reducing the life quality of patients
and presenting as an important socioeconomic problem.
Incidence and mortality rates of RCC have increased in recent
years (1). Clear cell RCC (ccRCC) is the most common subtype
(70-80%) of RCC (2). Although many genetic and epigenetic
changes were found to correlate with ccRCC, the pathogenesis
remains poorly understood.

MicroRNAs (miRNAs), emerging as endogenous triggers
of the RNA interference pathway, were abnormally expressed
in multiple types of cancer playing a significant role in the
carcinogenesis or prognosis prediction (3,4). miRNAs exerted
their functions by binding the 3' untranslated regions (UTRs)
of target mRNAs to suppress target gene expression and the
control of various biological processes, such as cell prolif-
eration, apoptosis, differentiation and migration (5-8). Hence,
deregulated miRNAs have triggered considerable interest in
using them as prognostic markers and molecular therapeutic
targets for cancer (9).

During ccRCC occurence and progression, the abnormal
expression of miRNAs was also found to exert important func-
tions (10). miR-21, miR-122-5p and miR-149 were upregulated
in ccRCC tissues (11,12). In contrast, miR-10b and miR-27b,
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were downregulated in ccRCC tissues (13,14). These miRNAs
were also reported to be involved in the development of
ccRCC. However, miRNAs influencing ccRCC occurrence and
progression need further investigation. There is no miRNA
marker for use in the clinic. Thus, there is still a growing need
for prognostic markers and therapeutic targets to improve the
outcomes of ccRCC patients.

In the present study, we found that miR-19a was signifi-
cantly upregulated in ccRCC tissues. High level of miR-19a
was correlated with the progression and poor prognosis of
ccRCC and promoted ccRCC cell proliferation. miR-19a
exerted these functions by regulating multiple types of cancer-
related pathways and mainly targeting SMAD4 and PTEN.
These results helps to elucidate the pathogenesis and predict
prognosis of ccRCC.

Materials and methods

Patient tissues. Surgical specimens of 18 ccRCC cases and
adjacent normal renal tissues were collected between January
2013 and December 2014 in the Capital Medical University
Affiliated Beijing Friendship Hospital (Beijing, China). The
study was approved by the Research Ethics Boards of both
Capital Medical University and Beijing Friendship Hospital.
All subjects included in the protocol signed a declaration
of informed consent. The tumor specimens were classified
according to the 2010 American Joint Committee on Cancer
(AJCC) staging system.

RNA isolation. Total RNA was extracted from ccRCC and
normal renal tissues using the TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer's protocol.
RNA quantity and purity were assessed using NanoDrop
ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA).
The criteria for absorbance ratios are established at A260/
A280 =1.8 and A260/A230 =1.5 indicating acceptable RNA
purity. RNA integrity number (RIN) values were ascertained
using Agilent RNA 6000 Nano assay (Agilent Technologies,
Santa Clara, CA, USA). The criteria for RIN value is estab-
lished at =5 indicating acceptable RNA integrity. Genomic
DNA contamination was evaluated by gel electrophoresis. The
RNA samples were stored at -80°C until analysis.

Microarray analysis. miRNA microarray analysis was
performed by the Human miRNA OneArray® v6 (Phalanx
Biotech Group, Inc., Hsinchu, Taiwan). It contains triplicate
2539 unique miRNA probes from human (miRBase release
v20) each printed in technical triplicate, and 114 experimental
control probes. Small RNA was pre-enriched by Nanoseplook
(Pall Corp., Port Washington, NY, USA) from 2.0 ug total
RNA samples and labeled with miRNA ULS™ labeling
kit (Kreatech Diagnostics, Amsterdam, The Netherlands).
Labeled miRNA targets were hybridized to the human miRNA
OneArray® v6 with OneArray® hybridization system. After
16 h of hybridization at 37°C, non-specific binding targets were
washed away by three different washing steps (wash I 37°C
for 5 min; wash II 37°C for 5 min, 25°C for 5 min; wash III
rinse 20 times), and the slides were dried by centrifugation
and scanned by an Axon 4000B scanner (Molecular Devices,
Sunnyvale, CA, USA). The Cy5 fluorescent intensities of each
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probe were analyzed by GenePix 4.1 software (Molecular
Devices). The raw intensity of each probe was processed by
R program. Probes that passed the criteria were normalized
by 75% median scaling normalization method. Normalized
spot intensities were transformed to miRNA expression log,
ratios between tumor tissues and adjacent normal tissues from
ccRCC patients.

The Cancer Genome Atlas (TCGA) data. The TCGA data on
miRNA, mRNA (RNASeq v2) and protein (RPPA) expression
levels in ccRCC patients were obtained from https:/www.
synapse.org/. The miR-19a level, SMAD4 mRNA level, PTEN
protein level and whole transcriptome data were used in the
present study. Clinical data were downloaded from cBioPortal
database (www.cbioportal.org).

Gene set enrichment analysis. The association between
expression level of miR-19a and biological processes/
microRNA target gene set was analyzed using Gene set
enrichment analysis (GSEA v2.2, http:/www.broad.mit.edu/
gsea/). GSEA calculates a gene set enrichment score (ES) that
estimates whether genes from pre-defined gene set (obtained
from the Molecular Signatures Database, MSigDB, regula-
tion of cell proliferation, http://software.broadinstitute.org;
miR-19a target gene set, http:/mirtarbase.mbc.nctu.edu.tw/)
are enriched among the highest- (or lowest-) ranked genes or
distributed randomly. Default settings were used. Thresholds
for significance were determined by permutation analysis
(1000 permutations). False discovery rate (FDR) was calcu-
lated. A gene set is considered significantly enriched when the
FDR score is <0.05.

Cell culture and miRNA transfection. Human ccRCC cell
line 769-P was purchased from the Cell Resource Center of
Beijing Xiehe (Beijing, China) and cultivated in an incubator
at 37°C with 5% CO,. 769-P was maintained in Roswell Park
Memorial Institute (RPMI)-1640 medium (Gibco, Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS;
HyClone Laboratories, Inc., Logan, UT, USA) as well as peni-
cillin (100 U/ml; Thermo Fisher Scientific).

miR-19a mimics and its negative control (NC) sequences
were designed and synthesized by Sangon Biotech, Co., Ltd.
(Shanghai, China). Lipofectamine 2000 (Invitrogen) was
used for miRNA transfection according to the manufacturer's
protocol. After 48 h of transfection, cells were used for the
proliferation and western blot experiments.

CCK-8 assay. Cells transfected with miR-19a mimics or NC
sequence were plated at a density of 5x10° cells/well onto
96-well plates at 37°C in an incubator with 5% CO,. Cell
proliferation was then assessed every 24 h using Cell Counting
kit-8 (CCK-8; Sigma-Aldrich, St. Louis, MO, USA) according
to standard protocol. For each sample at each time-point, 6
wells were analyzed. The experiment was repeated three times.

Gene Ontology and KEGG pathway analyses. miRPath v3.0
was used to map the Gene Ontology (GO) of 39 differentially
expressed miRNAs and unifying functional KEGG (Kyoto
Encyclopedia of Genes and Genomes) pathways of miR-19a in
DIANA Tools database (http://snf-515788.vm.okeanos.grnet.
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gr/). To explore the functional annotation enrichment of the
leading edge target genes of miR-19a in ccRCC, the GO and
KEGG analyses were conducted using the WebGestalt (the
Database for functional genomic, proteomic and large-scale
genetic studies) online analysis tool (http://bioinfo.vanderbilt.
edu/webgestalt/option.php) (15).

Protein-protein interaction (PPI) network construction.
Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING; Search Tool for the Retrieval of Interacting Genes,
http://string-db.org/) is a database of known and predicted
protein interactions that may aid in the comprehensive descrip-
tion of cellular mechanisms and functions. The PPI network of
the selected leading edge target genes of miR-19a in ccRCC
was constructed using the STRING database.

IHC data. The IHC-based protein expression data including
high-resolution images were viewed and downloaded from the
Human Protein Atlas web portal (www.proteinatlas.org).

Western blotting. Cells were collected and lysed in lysis buffer
(Beijing CoWin Biotech, Co., Ltd., Beijing, China) in the pres-
ence of protease inhibitors for 30 min to extract total protein
from cells transfected with miR-19a mimics or negative
control, and protein levels were quantified using bicinchoninic
acid assays (Beijing CoWin Biotech). Subsequently, 30 ug
protein from each sample was loaded onto 10% sodium
dodecyl sulfate (SDS) polyacrylamide gels and subjected
to SDS-polyacrylamide gel electrophoresis (PAGE; Beijing
CoWin Biotech). Protein was then transferred to nitrocel-
lulose membranes (Sigma-Aldrich), which were blocked with
bovine serum albumin blocking buffer (Invitrogen) for 1 h.
Membranes were then incubated with primary antibodies
targeting SMAD4 (1:2,000 dilution, cat. no. ab40759; Abcam),
PTEN (1:1,000 dilution, cat. no. ab32199; Abcam), or GAPDH
(1:5000 dilution, cat. no. ab70699; Abcam) overnight at 4°C,
followed by incubation with goat anti-rabbit horseradish
peroxidase (HRP)-conjugated secondary antibody (1:3,000
dilution, cat. no. CW0103; Beijing CoWin Biotech) for 1 h
at room temperature. Detection was facilitated using an
enhanced chemiluminescence kit and images were analyzed
using ImagelJ software (version 1.62; National Institute of
Health, Bethesda, MD, USA).

Statistical analysis. Statistical analyses were performed using
SPSS 19.0 (SPSS, Inc., Chicago, IL, USA) and Graphpad
Prism 5 (Graphpad Software, Inc., San Diego, CA, USA).
miRNA microarray data and TCGA data for paired samples
were analyzed by paired sample t-test. TCGA and IHC data
for unpaired samples were analyzed by independent samples
t-test. The relationship between miR-19a expression level and
clinical stages was analyzed by one-way ANOVA. The effect
of miR-19a on the constituent ratio of clinical stages was
explored by Pearson's Chi-square test. The log-rank test for
the generated Kaplan-Meier curve was conducted to evaluate
the association between the expression level of miR-19a and
the survival rate. Overall survival (OS) was defined as the time
between the first surgery for primary ccRCC and death for any
reason. Disease-free survival (DFS) was defined as the time
between the first surgical resection and disease recurrence.
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Table I. Dysregulated miRNAs related to ccRCC cell prolif-

eration.
Log,
No. Name (T/N fold change) P-value
1 miR-21-5p 5.59757949 0.000565035
2 miR-143-3p 3.956144756 0.000384443
3 miR-126-3p 3.884555682 0.000405514
4 miR-92a-3p 3.744235089 0.003313711
5 miR-16-5p 3.613193175 0.00066429
6 miR-23a-3p 3.601969832 0.004209703
7 miR-24-3p 3.549553664 0.000561719
8 miR-106b-5p 3.176934445 0.00000023
9 miR-27a-3p 3.101813543 0.003764223
10 miR-22-3p 3.040650864 0.001954592
11 miR-19b-3p 2.743074269 0.001962923
12 miR-10b-5p 2.648244991 0.003323708
13 miR-185-3p 2.46487356 0.000747848
14 miR-15a-5p 2.403516915 0.003705642
15 miR-146a-5p 2.259132968 0.00096887
16 miR-25-3p 2.117041931 0.002269416
17 miR-181b-5p 2.089754653 0.007906868
18 miR-106a-5p 2.045900851 0.0000192
19 miR-20a-5p 2.032254678 0.000533588
20 miR-17-5p 1.923456726 0.000000293
21 miR-19a-3p 1.913744267 0.00296129
22 miR-221-3p 1.887913841 0.00000315
23 miR-222-3p 1.820039677 0.000792998

Univariate and multivariate Cox proportional hazard regres-
sion analyses were used to estimate the prognostic significance
of miR-19a in ccRCC patients. Growth curves were analyzed
using a repeated-measures ANOVA followed by Bonferroni
post hoc analysis. The correlation of miR-19a and target
gene expression levels were analyzed by Pearson correlation
analysis. P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression level of miR-19a is upregulated in ccRCC tissues.
To identify the novel differentially expressed miRNAs related
with ccRCC occurrence and development, miRNA microarray
and TCGA_KIRC miRNA dataset were used in the present
study. Eighteen pairs of ccRCC tissues and adjacent normal
renal tissues were compared by miRNA microarray, 152
differentially expressed miRNAs (P<0.01; FC>3 and FC<0.33)
were identified. Of which, 39 miRNAs are also consistently
differentially expressed (P<0.05) in TCGA_KIRC miRNA seq
v2 dataset. Cell proliferation is an important process of cancer
development and progression (16) and proliferation related
proteins predicted the poor outcome of cancer patients (17).
To identify differentially expressed miRNAs correlated
with cell proliferation, we searched GO annotation of 39
miRNAs. Among 39 dysregulated miRNAs, 23 miRNAs were
annotated with cell proliferation. Notably, these 23 miRNAs
were all upregulated in ccRCC tissues. miR-19a was one of
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Figure 1. Expression level of miR-19a in ccRCC tissues is upregulated.
(A) Flow chart of screening for differentially expressed miRNAs in ccRCC.
Thirty-nine miRNAs were consistently differentially expressed in micro-
array and TCGA KIRC dataset. Of them, 23 miRNAs were annotated with
cell proliferation. (B) The upregulated expression of miR-19a in ccRCC tis-
sues compared with adjacent normal tissues by miRNA microarray. (C) The
upregulated expression of miR-19a in ccRCC tissues compared with normal
tissues from TCGA KIRC dataset. (D) miR-19a expression level was upregu-
lated in ccRCC tissues compared with matched adjacent normal tissues in
TCGA KIRC dataset.

rarely reported miRNAs in ccRCC and attracted our interest
(Fig. 1A-C and Table I).

To further validate the abnormally upregulated expres-
sion level of miR-19a, we compared 68 pairs of ccRCC tissue
specimens from TCGA database. Consistent with the results
from unpaired samples, miR-19a was significantly upregulated
in tumor tissue specimens compared with matched normal
controls (Fig. 1D; P<0.0001).

Upregulated miR-19a is associated with advanced stage and
poor prognosis of ccRCC. To elucidate the role of miR-19a in
ccRCC progression, the expression level of miR-19a in different
stages of ccRCC patients was analyzed. The results revealed
that with the increase of ccRCC stage, miR-19a expression level
increased accordingly (P<0.0001; Fig. 2A), indicating the role
of upregulated miR-19a in ccRCC progression and prognosis
prediction. To further observe the role of miR-19a expression
in ccRCC progression, constituent ratio analysis was performed
in an expanded set of 236 primary ccRCC tissues and 71
normal samples. In the normal renal tissues, only 10/71 (14%)
cases exhibited high expression level for miR-19a (>median).
However, in I/1I stage and III/TV stage of ccRCC tissues,
81/144 (56%) of cases and 62/92 (67%) of cases showed high
expression level for miR-19a, respectively. The percentage with
high level of miR-19a was drastically different between normal
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Figure 2. The correlation between expression level of miR-19a and progres-
sion/prognosis of ccRCC patients. (A) Correlation analysis was performed
between expression level of miR-19a and clinical AJCC stages. miR-19a
was correspondingly increased with the increase of clinical AJCC stage of
ccRCC. (B) Constituent ratio with high level of miR-19a was drastically dif-
ferent between normal samples and I/II or III/IV stage of ccRCC tissues.
(C) Kaplan-Meier curve for OS of patients with high (n=207) and low (n=27)
miR-19a expression level. Results revealed that high miR-19a expression
level was correlated with shorter OS for ccRCC patients. (D) miR-19a high
expression group (n=151) had shorter DFS than miR-19a low expression
group (n=46).

samples and ccRCC I/II or III/TV stage ccRCC tissues (P<0.01),
suggesting that miR-19a was associated with ccRCC progres-
sion and might have prognostic significance for ccRCC patients
(Fig. 2B). Thus, we further investigated the prognostic role of
miR-19a expression level as a prognostic marker. The patients
were divided into miR-19a high expression and miR-19a low
expression groups. Kaplan-Meier curve showed that miR-19a
high expression group had shorter OS and DFS than miR-19a
low expression group in terms of survival duration (P<0.05;
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Table II. Univariate and multivariate analyses of miR-19a expression and disease-free survival of patients.
Univariate analysis Multivariate analysis®

Variables HR® 95% CI* P-value HR® 95% CI° P-value
Disease-free survival (n=197)
Age (years)

=60 (n=89)

<60 (n=108) 1.181 0.994-1.033 0.625
Gender

Female (n=62)

Male (n=135) 0.809 0.379-1.728 0.584
Stage

II/IV (n=71)

I/IT (n=126) 9.093 3.962-20.87 0.000 9.181 3.993-21.11 0.000
miR-19a

High (n=151)

Low (n=46) 2.373 1.205-4.672 0.012 2410 1.217-4.773 0.012

“Multivariate models were adjusted for stage classification, age and gender. "Hazard ratio, estimated from Cox proportional hazard regression

model. ‘Confidence interval of the estimated HR.

A - 25 P=0.014
-
= 204
o
k]
g 151
E 104
o 10
'b
g 5
S
2 o
T1/2 T3/4
(n=152) (n=84)
E Regulation of
@ cell proliferation
£ 025 NES = 1.31
g 0.15 FDR = 0.035
E 0.05, _
E -0.05
]
R 111111 LRV
=
=
miR-19a miR-19a
High EXP Low EXP
C s
-+ 769-P
-= miR-NC P<oo
E 31 —« miR-19a :
=
¥ 2
a
M

=

Days

Figure 3. miR-19a promotes ccRCC cell proliferation. (A) The expression
level of miR-19a in T3/4 stage ccRCC specimen was significantly higher
than in T1/2 stage. (B) miR-19a high expression was positively correlated
with cell proliferation in ccRCC patients. (C) miR-19a significantly promoted
the proliferation of 769-P cells by >50% at all time-points following 48 h of
incubation.

Fig. 2C and D), particularly in DFS. The result suggests that
upregulated miR-19a may be a novel prognostic marker for
ccRCC patients. Univariate and multivariate Cox regression
analyses further revealed miR-19a could be an independent
prognostic marker for ccRCC patients (Table II).

miR-19a promotes cell proliferation of ccRCC. To specify
which of the T, N and M stages was significantly related with
miR-19a expression level, we next, respectively, investigated
the relationship of miR-19a expression level with T, N and M
stage. miR-19a expression level was most significantly related
with T stage (P<0.05; Fig. 3A). T stage is closely related to
tumor size and cell proliferation, revealing that miR-19a was
significantly related with cell proliferation of ccRCC patients.
GSEA was used to further verify the relationship of miR-19a
expression level with cell proliferation in ccRCC patients. The
ccRCC patients from TCGA dataset were divided into high
and low miR-19a expression groups, and correlation between
miR-19a expression level and cell proliferation gene set was
analyzed. As shown in Fig. 3B, the gene set of cell prolif-
eration was highly enriched in the miR-19a high expression
group (FDR <0.05). The data suggest miR-19a expression level
positively correlates with cell proliferation. Next, the ability of
miR-19a in modulating ccRCC cell proliferation was analyzed
in vitro. The results indicated that miR-19a overexpression
significantly promoted the proliferation of 769-P cells by >50%
at all time-points following 48 h of incubation, as compared
with control cells (P<0.01). Moreover, no significant difference
was observed between untransfected cells and negative control
sequence-transfected cells (Fig. 3C). These data suggest that
miR-19a promotes ccRCC cell proliferation.

miR-19a is involved in multiple types of cancer related path-
ways. miRNAs were reported to promote cancer occurence and
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Figure 4. miR-19a is involved in multiple types of cancer-related pathways.
relevant main signaling pathways.

progression through activating related signaling pathways (18).
To better understand the underlying molecular mechanism by
which miR-19a functions, we investigated miR-19a relevant
KEGG pathways. Through the miRNA-targeted pathway
union analysis, we found that miR-19a was involved in 49
significant KEGG pathways (P<0.05). These pathways mainly
included multiple types of cancer related signaling pathways,
especially the TGF-f signaling pathway, mTOR signaling
pathway and PI3K-Akt signaling pathway (Fig. 4).

PTEN and SMAD4 are key target genes of miR-19a in
ccRCC. miRNAs exerted important functions in various
biological processes via directly suppressing the expression
of their target genes (19). However, for the same miRNA,
target genes and involved pathways are different in different
tissues (20). To find out the key and the specific target genes
of miR-19a in ccRCC patients, we chose 28 target genes of
miR-19a which as identified in the miRTarBase dataset
and whose expression level value was listed in the TCGA
KIRC dataset, investigated their correlation with miR-19a in
ccRCC by GSEA. The results revealed that 19 target genes

LI 1 1

10 15 20
-Log,(P value)

(A) miR-19a was involved in 49 significant KEGG pathways. (B) The miR-19a

were significantly enriched in miR-19a low expression group,
suggesting that they are the main target genes of miR-19a in
ccRCC patients (Fig. SA and Table III). These genes included
SMAD4, PTEN, BCL2L11, SUZ12, PSAP, THBSI1, KAT2B,
VPS4B and BMPR2. Especially, SMAD4 and PTEN were the
high ranked target genes for miR-19a. We further performed
GO and KEGG pathway analysis for these target genes. We
noted that the 19 genes were especially enriched in functions
of metabolic process, biological regulation, macromolecular
complex and protein binding (Fig. 5B). Another functional
analysis of above target genes by KEGG annotation revealed
that some signal transduction pathways, such as transforming
growth factor (TGF)-f signaling pathway, pathway in cancer
and p53 signaling pathway were significantly regulated by
miR-19a (Fig. 5C). In addition, KEGG pathway analysis results
also revealed that SMAD4 and PTEN were involved in many
cell proliferation-related signaling pathways (data not shown).
Since macromolecular complex and protein binding are the
important molecular functions for target genes, STRING was
used to analyze the interaction among the 19 target genes of
miR-19a. SMAD4 and PTEN were found to play important
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Figure 5. GSEA, GO, KEGG and PPI analyses for the main target genes of miR-19a in ccRCC. (A) Nineteen genes were significantly enriched in miR-19a low
expression group; they are the main target genes of miR-19a in ccRCC. The curve was the enrichment score of these genes by GSEA. The black horizontal
line (on the top) denotes the leading edge subset of the main target genes for miR-19a in ccRCC patients. (B) GO analysis of the main target genes according
to biological process, molecular function and cellular component. (C) KEGG pathway analysis of the main target genes.

roles in this network (Fig. 5D). In summary, data suggest that
miR-19a promotes ccRCC occurrence, progression and poor
prognosis mainly via suppressing SMAD4 and PTEN expres-
sion.

SMAD4 and PTEN expression levels are downregulated by
miR-19a in ccRCC.SMAD4 and PTEN are well-known tumor

suppressors in multiple types of tumors (21,22). The abnormal
downregulation of PTEN and SMAD4 protein plays an impor-
tant role in the malignant transformation of tumors (23,24). In
ccRCC tissues (n=11), SMAD4 and PTEN protein expression
levels were significantly downregulated (Fig. 6A, P=0.0023;
P<0.0001, respectively) compared with normal renal tissues
from the Human Protein Atlas Database (n=3). To further
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Figure 5. Continued. (D) PPI analysis of the main target genes. Thirteen of 19 target proteins showed the interaction. PTEN and SMAD4 were the key node
proteins for the interaction network.

Table III. miR-19a target genes ranked by GSEA.

No. Gene symbol Rank in gene list Rank metric score Running ES Core enrichment
1 ARIH2 1560 0.211 -0.0694 No
2 RAB13 3222 0.135 -0.1662 No
3 KIT 3372 0.13 -0.145 No
4 ABCA1 5676 0.048 -0.3143 No
5 SOCS1 5689 0.048 -0.3032 No
6 CCND1 7000 0.004 -0.4055 No
7 RNF4 7179 -0.002 -0.4189 No
8 TLR2 8084 -0.037 -0.4808 No
9 PRMTS 8830 -0.065 -0.523 No

10 MECP2 9086 -0.075 -0.5242 Yes

11 KDELR2 9103 -0.076 -0.5064 Yes

12 NR4A2 9203 -0.079 -0.4941 Yes

13 CULS 9659 -0.099 -0.505 Yes

14 ATXNI1 9717 -0.101 -0.4839 Yes

15 CTGF 9849 -0.106 -0.4674 Yes

16 RAB14 10419 -0.135 -0.4782 Yes

17 TGFBR2 10566 -0.141 -0.4542 Yes

18 ESR1 10732 -0.151 -0.429 Yes

19 DPYSL2 11026 -0.167 -0.4099 Yes

20 SMAD4 11120 -0.172 -0.3737 Yes

21 BCL2L11 11129 -0.173 -0.3307 Yes

22 SUZ12 11366 -0.189 -0.3015 Yes

23 PSAP 11491 -0.197 -0.2614 Yes

24 THBS1 11947 -0.236 -0.2375 Yes

25 KAT2B 12174 -0.261 -0.1893 Yes

26 VPS4B 12188 -0.262 -0.1241 Yes

27 PTEN 12365 -0.292 -0.0641 Yes

28 BMPR2 12636 -0.364 0.0068 Yes

verify the expression levels, SMAD4 and PTEN were regu-  between expression levels of SMAD4/PTEN and miR-19a were
lated by miR-19a from clinical aspect, the correlation analyses ~ done in ccRCC tissues. The results showed that the expression
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Figure 6. miR-19a suppresses the expression of SMAD4 and PTEN in ccRCC. (A) The Human Protein Atlas database results revealed that the expression level
of SMAD4 and PTEN were downregulated in ccRCC tissues compared with normal tissues. (B) The expression level of miR-19a was negatively correlated
with the expression level of SMAD4 and PTEN from TCGA KIRC dataset (R?=0.015, P=0.03; R?=0.11, P<0.001, respectively). (C) Western blot analysis
confirmed that miR-19a inhibited the expression of SMAD4 and PTEN in 769-P cells.

level of miR-19a was negatively correlated with the expression
level of both SMAD4 and PTEN (Fig. 6B, R*=0.015 and 0.11,
respectively). To validate that miR-19a can directly suppress
the expression of SMAD4 and PTEN, miR-19a mimics
are transfected into 769-P cells and the expression levels of
SMAD4 and PTEN were detected. The results demonstrated
that the expression levels of both SMAD4 and PTEN were
reduced with miR-19a overexpression in 769-P cells (Fig. 6C).
These data suggest that miR-19a suppresses the expression of
SMAD4 and PTEN in ccRCC.

Discussion

In the present study, integrative analysis of miRNA microarray
and TCGA data suggested that the expression level of miR-19a
was significantly upregulated in ccRCC tissues. miR-19a,
annotated with cell proliferation, was significantly correlated
with T stage and could act as an independent prognostic

marker for ccRCC. miR-19a may promote cell proliferation
mainly via suppressing the expression of SMAD4/PTEN in
ccRCC. These results help to provide a potential novel prog-
nostic marker and therapeutic target for ccRCC.

A previous study demonstrated that miR-19a was aberrantly
expressed in malignant glottic lesions (25) and several types of
tumors, including lung (26) and gastric cancer (27). miR-19a
was strongly associated with cancer invasion and metastasis,
and poor prognosis of lung cancer patients (26). miR-19a could
also strongly induce hepatoma cell proliferation and colony
formation in vitro (28). miR-19a exerts these functions by
constitutively activating the NF-«B signaling pathway (29),
PI3K/Akt or JAK/STAT signaling pathway (30,31). Notably,
miR-19a was also reported to be upregulated in metastatic
ccRCC compared with adjacent normal and primary carcinoma
tissues and promoted ccRCC cell migration and invasion (32).
In the present study, we further found that miR-19a not only
promoted ccRCC occurence and progression, but also might
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act as a novel prognostic marker for ccRCC patients. Analysis
of the results from clinical samples showed that, among T, N
and M stages, T stage reflecting tumor size mostly correlated
with miR-19a expression level. In vitro experiment results also
revealed that miR-19a promoted ccRCC cell proliferation.
These data indicate that the most important mechanism by
which miR-19a leads to the poor prognosis for ccRCC may be
mainly via promoting cell proliferation.

miRNAs played their roles via suppressing the expres-
sion of target mRNAs. Actually, the biological regulation
between miRNAs and their targets is very complex in vivo.
One miRNA may target multiple genes and target genes are
tissue specific. On the basis of known target gene database, we
further combined TCGA KIRC dataset and performed GSEA
to find the tissue specific and key target genes of miR-19a in
ccRCC. Thus, the pairs between miR-19a and its target genes
found in this study would be of use in ccRCC clinic.

Furthermore, results of GO analysis revealed protein
binding and the macromolecular complex were the important
functions for target genes. We further performed protein-
protein interaction analysis for target genes. PPI result revealed
13 main target proteins for miR-19a in ccRCC could interact
and form the complex. Among these 13 target proteins,
SMAD4 and PTEN were key node proteins for the interac-
tion among ccRCC specific target genes of miR-19a in ccRCC.
That SMAD4 and PTEN acted as the ccRCC specific and key
target genes of miR-19a were further verified by correlation
analysis of expression levels in tissues and in vitro study.
miR-19a suppressed the expression level of both SMAD4 and
PTEN and promoted ccRCC cell proliferation and progres-
sion, therefore, we speculated miR-19a coordinately regulated
the expression level and related signaling pathways of SMAD4
and PTEN to affect the different phases of ccRCC progression.
This needs to be further experimentally investigated.

In conclusion, miR-19a is a novel potential prognostic
biomarker for ccRCC, and miR-19a promoted ccRCC cell
proliferation mainly by targeting PTEN and SMAD4. The
present study provided a novel pathogenetic mechanism and a
new treatment direction for ccRCC. To the best of our knowl-
edge, this is the first report showing the prognostic value of
miR-19a for ccRCC patients.
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