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Abstract. Background: Clear cell renal cell carcinoma (ccRCC) is molecularly diverse and distinct molecular subtypes
show different clinical outcomes. MicroRNAs (miRNAs) are essential components of gene regulatory networks and play a
crucial role in progression of many cancer types including ccRCC.
Objective: Identify prognostic miRNAs and determine the role of miR-22 in ccRCC.
Methods: Hierarchical clustering was done in R using gene expression profiles of over 450 ccRCC cases in The Cancer
Genome Atlas (TCGA). Kaplan-Meier analysis was performed to identify prognostic miRNAs in the TCGA dataset. RNA-
Seq was performed to identify miR-22 target genes in primary ccRCC cells and Matrigel invasion assay was performed to
assess the effects of miR-22 overexpression on cell invasion.
Results: Hierarchical clustering analysis using 2,621 prognostic genes previously identified by our group demonstrated that
ccRCC patients with longer overall survival expressed lower levels of genes promoting proliferation or immune responses,
while better maintaining gene expression associated with cortical differentiation and cell adhesion. Targets of 26 miRNAs
were significantly enriched in the 2,621 prognostic genes and these miRNAs were prognostic by themselves. MiR-22 was
associated with poor overall survival in the TCGA dataset. Overexpression of miR-22 promoted invasion of primary ccRCC
cells in vitro and modulated transcriptional programs implicated in cancer progression including DNA repair, cell proliferation
and invasion.
Conclusions: Our results suggest that ccRCCs with differential clinical outcomes have distinct transcriptomes for which
miRNAs could serve as master regulators. MiR-22, as a master regulator, promotes ccRCC progression at least in part by
enhancing cell invasion.
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INTRODUCTION

The global incidence of renal cell carcinoma
(RCC) is rising, with a predicted increase of 20%
or more by 2030 compared to 2007 [1]. In 2018,
it is estimated that 65,340 people will be diagnosed
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with RCC and 14,970 people will die of this disease
in the U.S. [2]. Clear cell renal cell carcinoma
(ccRCC) accounts for approximately 75% of all RCC
and is responsible for the majority of RCC mortality
[3]. Accurate prediction of disease progression will
help guide the intensity of postoperative surveillance
and administration of adjuvant therapy to high-risk
patients, thereby improving clinical outcome of RCC
patients [4]. However, the prognostic algorithms cur-
rently in use that incorporate tumor stage, grade, and
patient performance status to predict disease recur-
rence were developed more than a decade ago and do
not take into account the molecular diversity of RCC
[5–7]. To better stratify RCC patients into different
risk groups, molecular biomarkers should be incor-
porated into the prognostic algorithms since they
capture the molecular diversity of the disease.

ccRCCs are molecularly diverse and distinct
molecular subtypes show different clinical outcomes
[8]. We previously identified five molecular subtypes
of ccRCC with different outcomes in a cohort of
177 patients [9]. In addition, we discovered 3,674
unique prognostic genes differentially expressed in
the 177 patients that predicts overall survival inde-
pendent of tumor stage, grade, and performance
status [9]. Recently, Verbiest et al. described four
molecular subtypes that have prognostic value upon
first-line sunitinib or pazopanib therapy in a cohort
of 43 patients with metastatic ccRCC after complete
metastasectomy [10]. Moreover, Chen et al. classi-
fied 894 RCCs of various histologic types available
from The Cancer Genome Atlas (TCGA) into nine
major genomic subtypes including three prognostic
subtypes of predominantly ccRCC cases by system-
atic analysis of five genomic data platforms [11].
These subtypes showed high concordance with the
subtype designation previously called for the same
samples on the basis of gene expression profiles [12].

MicroRNAs (miRNAs) are essential components
of gene regulatory networks and play a crucial role
in a wide range of diseases, including cancer [13].
Although upregulated and downregulated miRNAs
have been frequently identified in RCC [14], to date
only a few studies focused on identification of prog-
nostic miRNAs in primary tumors of RCC [15]. Of
the 3,674 unique prognostic genes identified previ-
ously [9], 2,621 were found in the gene expression
profiles of 480 ccRCC cases available in TCGA.
Here, we clustered these 480 ccRCC cases using
the 2,621 prognostic genes and stratified patients
into subtypes associated with differential overall sur-
vival. We then identified prognostic miRNAs in these

patients by Kaplan-Meier analysis. A hypergeometric
test was performed to identify master regulator miR-
NAs whose target genes were enriched in the set of
prognostic genes differentially expressed in ccRCC
subtypes. Finally, we determined the role of miR-
22, one of the master regulators, in the invasion
of primary ccRCC cells in vitro and delineated the
mechanisms of its action in primary ccRCC cells by
RNA-Seq.

MATERIALS AND METHODS

Patient cohort, microarray and RNA-Seq datasets

The TCGA cohort of RCC includes 480 cases of
ccRCC. RNA-Seq data of mRNA and miRNA expres-
sion and associated de-identified clinical data from
TCGA were obtained from the Cancer Genomics
Hub (CGHub, https://cghub.ucsc.edu/) and TCGA
Data Portal (https://gdc.cancer.gov/) with approved
authorization from TCGA.

Clustering and survival analysis

The prognostic genes were defined as the over-
lapping genes between the prognostic gene set
previously published [9] and the genes in the TCGA
dataset. The expression sub-matrix was retrieved
from the entire TCGA dataset for these genes. Hierar-
chical clustering was done in R, using average linkage
clustering with Pearson correlation on mean-centered
log2 RPKMs (Reads Per Kilobase of transcript, per
Million mapped reads) of the TCGA gene expres-
sion data after normalization. Kaplan-Meier analysis
was performed for each miRNA in the TCGA dataset.
All statistical analyses (Kaplan-Meier, log-rank test,
multivariable Cox Proportional Hazards analysis)
were performed using R.

Identification of prognostic master miRNAs and
construction of the network

A miRNA was defined as a prognostic master
regulator if: (1) its expression predicted overall sur-
vival in the TCGA cohort by Kaplan-Meier analysis
with a P value cutoff of 0.01; (2) it regulated sig-
nificantly more targets than by random chance. The
predicted miRNA target genes were downloaded
from TargetScan (version 6.2). For each miRNA,
a hypergeometric test was carried out to determine
whether it regulated significantly more gene targets
than random. The significance of the number of

https://cghub.ucsc.edu/
https://gdc.cancer.gov/
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targets regulated by a miRNA was calculated
according to the cumulative hypergeometric distri-
bution model:

P = 1 −
k−1∑

i=0

Ci
nC

M=i
N=n

CM
N

in which N is the number of all human genes, M
is the number of prognostic genes, n is the number
of all the targets of a miRNA, and k is the num-
ber of targets overlapping with the prognostic genes.
The P value cutoff was set to 0.05. The miRNA
and gene network was created in Cytoscape Version
3.4.0 (http://www.cytoscape.org/download.php) and
edited in Illustrator.

Culture of primary RCC cells

Primary ccRCC cells were established from a
tumor obtained from a 75-year old male with
Furhman grade III-IV ccRCC using methodology
described by Valente et al. [16]. Briefly, tissues
were digested in collagenase, incubated with red cell
lysis buffer and passaged through 70-�m and 40-
�m cell strainers. The single cells were centrifuged,
resuspended in DMEM/F12 + GlutaMAX-I™ sup-
plemented with 10% fetal bovine serum, human
transferrin (5 �g/ml) and gentamycin (100 �g/ml)
and placed in collagen-coated dishes. Medium was
replaced every 3 days. TrypLE Express was used to
passage the cells 1:2 or 1:3. Cells were cryopreserved
in culture medium with 10% DMSO and stored in
liquid nitrogen.

MiR-22 mimic transfection, quantification and
invasion assay

Cells at passage 10 were seeded in 6-well
plates at a density of 40,000 cells/well and trans-
fected with 0.2 nM miR-22 mimics (5′-AAGCU
GCCAGUUGAAGAACUGU-3′) or negative control
miRNA (5′-UUGUACUACACAAAAGUACUG-3′)
using DharmaFECT Duo reagent. Total RNA and
miRNA were purified from transfected cells after 24
and 48 hours using the miRNeasy mini kit (Qiagen).
cDNAs were reverse transcribed by miScript Reverse
Transcriptase and miR-22 level was quantified using
miScript Primer assays using Hs miR-22 1 miScript
Primer Assay kit (Qiagen) according to manufac-
turer’s instructions.

For invasion assay, cells were detached 48 hours
after transfection and seeded at a density of 50,000

cells/ml onto BD BioCoat™ Matrigel™ inserts (0.5
ml/insert) provided in the BioCoat™ Matrigel Inva-
sion Assay Kit. Cells that invaded through the inserts
were quantified after 24 hours using Calcein staining
at a concentration of 0.5 �g/ml. All assays were done
in triplicate and significant differences assessed by
ANOVA.

RNA-Seq library preparation, sequencing and
data analysis

ccRCC cells were transfected with mimic of miR-
22 or non-targeting control, and total RNA was
isolated 24 and 48 hrs post-transfection. Barcoded
RNA-Seq libraries were then prepared from total
RNA using the Illumina TruSeq RNA Sample Prep
Kit (v2), and sequenced (single-end, 101-bp reads)
on an Illumina HiSeq 2000 instrument to a depth of
approximately 50 million reads per sample. Sequence
reads were mapped to the human genome (hg19)
and transcripts quantified as RPKM using Cufflinks
according to RefSeq annotation. Biological path-
ways implicated by gene expression changes were
identified using Ingenuity Pathway Analysis (IPA)
(Qiagen). The complete dataset of raw RNA-Seq
reads is available at GEO (Accession GSE115552).
Hierarchical clustering was done in R, using aver-
age linkage clustering with Pearson correlation on
mean-centered log2 RPKMs.

RESULTS

Prognostic genes differentially expressed in
previous patient cohort predict overall survival
in TCGA patients

We identified 2,621 genes that overlapped
between 3,674 unique prognostic genes differen-
tially expressed in a previous cohort of 177 ccRCC
patients and those represented in expression profiles
of 480 ccRCC patients from TCGA (Supplemen-
tal Table 1). When an unsupervised average linkage
cluster was performed based on the expression lev-
els of these genes, the 480 ccRCC patients were
separated into two main groups, group 1 and 2
with 220 and 260 patients, respectively (Fig. 1A).
These patients showed distinct gene expression pro-
files with clusters of genes up- or down-regulated
in each group (Fig. 1B). Clinical follow-up infor-
mation was available for 453 of the 480 patients
(Supplemental Table 2) and patients in group 1 had
significantly worse survival compared to patients in

http://www.cytoscape.org/download.php
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Fig. 1. Differential expression of 2,621 genes in ccRCC patients from TCGA predicts survival. Unsupervised average linkage cluster based
on the expression levels of 2,621 genes separated the 480 ccRCC patients into 2 main groups (A). Heatmap of this classification showed
distinct gene expression patterns in these patients (B). Gene cluster 1 (yellow bar) was enriched with metabolism genes. Gene cluster 2 (blue
bar) was enriched with genes promoting virus defense response and B and T cell activation. Genes involved in B, T and NK cell functions as
well as antigen processing and presentation were enriched in gene cluster 4 (red bar). Gene cluster 3 (orange bar) was enriched with genes
involved in cell cycle. Gene cluster 5 (green bar) was enriched with extracellular matrix (ECM) proteins. Gene cluster 6 (purple bar) was
enriched with genes that are highly expressed in the normal kidney cortex. Patients in the 2 main groups had different outcomes determined
by Kaplan-Meier analysis (C).

group 2 as determined by Kaplan-Meier analysis
(Fig. 1C), demonstrating the prognostic value of the
2,621 genes in a totally independent cohort.

Enrichment analysis using online tools available
from The Database for Annotation, Visualization
and Integrated Discovery (DAVID) [17] identified
38 KEGG pathways that are significantly enriched
(P < 0.01) at least 1.5-fold in the 2,621 genes with
a false discovery rate (FDR)<0.1 (Table 1). These
include PI3K-Akt, FoxO, Hippo, HIF-1, ErbB, p53,
TNF, insulin, AMPK and TGF-� signaling pathways
previously implicated in RCC progression [18–23].
In addition, proteoglycans in cancer, focal adhesion
and cell cycle are among the top most significantly
enriched KEGG pathway terms (Table 1). Genes
functioning in the same cellular processes tend to
cluster together as shown in the heatmap (Fig. 1B).
For example, gene cluster 1 (yellow bar in Fig. 1B)
was enriched with metabolism regulating genes such
as valine/leucine/isoleucine degradation (ACADM,
ACADSB, DBT, MDT and BCKDHB). These genes

were expressed at higher levels in patients with longer
overall survival (group 2 in Fig. 1C), suggesting a
tumor suppressor role of their activities in promot-
ing patient survival. Similarly, gene cluster 6 (purple
bar in Fig. 1B), expressed at higher levels in patients
with favorable outcome (group 2), was enriched with
genes that are highly expressed in the normal kidney
cortex, including many members of soluble carrier
families (SLC28A1, SLC17A1, SLC16A9, SLC1A1,
SLC5A12, SLC4A4, SLC23A3). These genes rep-
resent the transcriptional programs intrinsic to the
cortex in its normal, fully differentiated state [24],
suggesting that a critical feature of lethal ccRCC is
loss of normal cortical differentiation which is consis-
tent with previous findings from our group and others
[25, 26]. In addition, extracellular matrix (ECM)
proteins involved in ECM-receptor interactions as
well focal adhesion including COL44A1, COL44A2,
COL15A1, CDH8, CDH13, LAMA4, LAMB2,
LAMC1 and ITGB1 were enriched in gene cluster
5 (green bar in Fig. 1B). They were upregulated in
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Table 1
KEGG pathways enriched in the 2,621 gene list ranked by P value

Pathway name P value (<0.01) Fold Enrichment (>1.5) FDR (<10%)

Pathways in cancer 2.43E-11 1.75 0.00
Proteoglycans in cancer 1.01E-08 1.93 0.00
Focal adhesion 4.00E-08 1.88 0.00
Adherens junction 1.82E-07 2.53 0.00
PI3K-Akt signaling pathway 6.10E-06 1.53 0.01
Cell cycle 9.48E-06 1.93 0.01
ECM-receptor interaction 1.24E-05 2.13 0.02
FoxO signaling pathway 1.53E-05 1.87 0.02
HTLV-I infection 1.77E-05 1.60 0.02
Biosynthesis of antibiotics 2.97E-05 1.64 0.04
Complement and coagulation cascades 3.97E-05 2.21 0.05
Hippo signaling pathway 4.10E-05 1.77 0.05
Platelet activation 8.08E-05 1.80 0.11
Amoebiasis 8.17E-05 1.90 0.11
Transcriptional misregulation in cancer 9.22E-05 1.69 0.12
Colorectal cancer 1.29E-04 2.20 0.17
Small cell lung cancer 1.44E-04 1.99 0.19
HIF-1 signaling pathway 1.92E-04 1.89 0.26
ErbB signaling pathway 2.31E-04 1.94 0.31
Dopaminergic synapse 2.63E-04 1.74 0.35
Carbon metabolism 7.48E-04 1.73 0.99
Renal cell carcinoma 8.02E-04 2.01 1.06
Leukocyte transendothelial migration 8.63E-04 1.71 1.14
Valine, leucine and isoleucine degradation 1.02E-03 2.20 1.35
p53 signaling pathway 1.29E-03 1.95 1.70
Citrate cycle (TCA cycle) 1.35E-03 2.54 1.78
Fc gamma R-mediated phagocytosis 1.58E-03 1.82 2.08
Chronic myeloid leukemia 1.62E-03 1.89 2.14
Osteoclast differentiation 1.78E-03 1.62 2.34
Malaria 1.78E-03 2.11 2.34
TNF signaling pathway 1.98E-03 1.70 2.60
Insulin signaling pathway 2.63E-03 1.58 3.43
Insulin resistance 5.36E-03 1.61 6.90
Glyoxylate and dicarboxylate metabolism 5.56E-03 2.42 7.15
Chagas disease (American trypanosomiasis) 5.64E-03 1.62 7.25
AMPK signaling pathway 6.05E-03 1.56 7.75
Alanine, aspartate and glutamate metabolism 6.74E-03 2.18 8.60
TGF-beta signaling pathway 7.16E-03 1.69 9.11

the majority of group 2 patients and downregulated
in the majority of group 1 patients, indicating they
are mostly associated with better survival.

In contrast, gene cluster 3 (orange bar in Fig. 1B)
was upregulated in patients with shorter survival
(group 1 in Fig. 1A) compared to patients with bet-
ter outcome (group 2). This cluster was enriched with
genes involved in cell cycle such as PCNA, CDC25B,
CENPE, CENPF, CCNE2, CDCA3, CDCA7, BUB1
and TOP2A, consistent with the notion that tumors
with poor prognosis were more proliferative [27].
Moreover, gene clusters 2 and 4 whose expression
levels were also higher in patients with poor sur-
vival were enriched with immune response genes, a
phenomenon not detected by KEGG enrichment anal-
ysis. Specifically, gene cluster 2 was enriched with
genes promoting virus defense response (IFITM1,

IFITM2, ISG20, IL15RA and CXCR4) and B and T
cell activation (ADA, VAV3, MAPK13 and TGFB1).
Moreover, genes involved in B, T and NK cell func-
tions as well as antigen processing and presentation
were enriched in gene cluster 4. Sixteen KEGG
pathways regulating immune response that were sig-
nificantly enriched in gene cluster 4 with a FDR
of < 10% are listed in Table 2. These immunity-
enhancing pathways were highly active in patients
with poor survival, suggesting that aggressive ccRCC
tumors are highly immunogenic.

Identification of prognostic master regulator
miRNAs associated with ccRCC survival

We defined a miRNA as a prognostic master regu-
lator if its expression was prognostic in the TCGA
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Table 2
KEGG pathways involved in immune response enriched in gene cluster 4

Pathway name P value (<0.01) Fold Enrichment (>1.5) FDR (<10%)

Staphylococcus aureus infection 6.22E-08 10.43 0.0001
Complement and coagulation cascades 6.76E-08 8.9 0.0001
Measles 1.51E-06 5.39 0.0019
Primary immunodeficiency 3.06E-06 12.04 0.0038
Natural killer cell mediated cytotoxicity 2.17E-05 5.03 0.03
Fc gamma R-mediated phagocytosis 3.19E-05 6.09 0.04
Fc epsilon RI signaling pathway 4.51E-05 6.77 0.06
Hematopoietic cell lineage 2.23E-04 5.42 0.28
B cell receptor signaling pathway 3.50E-04 5.93 0.44
Antigen processing and presentation 6.33E-04 5.39 0.79
Chemokine signaling pathway 9.22E-04 3.3 1.14
NF-kappa B signaling pathway 1.42E-03 4.71 1.76
Pertussis 3.20E-03 4.78 3.92
T cell receptor signaling pathway 3.72E-03 3.98 4.55
Cytokine-cytokine receptor interaction 4.91E-03 2.67 5.96
Jak-STAT signaling pathway 6.99E-03 3.18 8.38

patients and it regulated significantly more of the
2,621 genes than expected by chance. Of 344 miR-
NAs analyzed using the TCGA dataset, expression
levels of 127 miRNAs were associated with ccRCC
patient survival by Kaplan-Meier analysis (P < 0.01)
(Supplemental Table 3). When a hypergeometric test
was performed using the predicted miRNA target
genes downloaded from TargetScan (version 6.2), 66
miRNAs regulated significantly more gene targets
than random in the list of 2,621 genes (Supplemental
Table 4). Of these 66 miRNAs, 26 were prognos-
tic (Fig. 2A). The significance of each miRNA in
predicting survival and regulating prognostic gene
expression as well as average expression levels of
each in the TCGA dataset are listed in Table 3. We
focused on miR-22 for further study because it is
highly expressed in the TCGA dataset and its role
in cancer is highly controversial. To determine the
prognostic value of miR-22, Kaplan-Meier analysis
was performed using the TCGA dataset. As shown
in Fig. 2B, patients with high expression of miR-22
(equal or greater than the mean) experienced poor
overall survival compared to those with low expres-
sion with a P value of 0.004. The 96 target genes
regulated by miR-22 in the list of 2,621 genes are
shown in Fig. 2C. Twenty biological processes anno-
tated in Gene Ontology were significantly enriched
in the miR-22 target genes (Table 4). Notably, gene
transcription is enriched with the highest number of
miR-22 target genes, suggesting that miR-22 con-
tributes to survival of patients with ccRCC through
directly regulating genes that are involved in gene
transcription. When a supervised hierarchical clus-
tering of the 480 ccRCC patients in TCGA dataset

was performed using these 96 genes, the patients
were separated into two groups with significantly dif-
ferent overall survival determined by Kaplan-Meier
analysis (Fig. 2D). This classification largely over-
lapped with stratification using the 2,621 genes, e.g.
187 cases were classified as group 1 tumors and 167
as group 2 tumors by both classifications (Fig. 2D),
demonstrating the prognostic value of the miR-22
target genes in ccRCC.

miR-22 regulates transcriptional signature that
predicts ccRCC outcome

To determine the effects of miR-22 on the tran-
scriptome of ccRCC cells, we transfected primary
ccRCC cells with miR-22 mimics and performed
RNA-Seq at 24 hr and 48 hr after transfection. At
24 hr after transfection, 594 and 997 genes were up-
or down-regulated, respectively, compared to con-
trol (Fig. 3A) (Supplemental Table 5). Expression
of an increased number of genes was affected at 48
hr after transfection compare to 24 hr i.e., 1130 and
1295 genes were up- or down-regulated, respectively
(Fig. 3A). One hundred and twelve genes were con-
sistently upregulated at both 24 and 48 hr while 297
genes were consistently downregulated. Enrichment
analysis using IPA identified key cellular processes
in cancer progression affected by miR-22 overex-
pression such as DNA repair and cell proliferation
(Fig. 3B). Of the 112 genes upregulated and 297 genes
downregulated by miR-22, expression levels of 308
genes were available for the 480 ccRCC patients from
TCGA (Supplemental Table 6). When hierarchical
clustering analysis was performed using these 308
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Fig. 2. Identification of master regulator miRNAs associated with ccRCC survival. (A) Venn diagram of the prognostic miRNAs identified
by Kaplan-Meier analysis based on miRNA expression in the TCGA dataset and the master regulator of the prognostic genes in the Stanford
dataset. The overlapping miRNAs are listed under the plot. (B) Kaplan-Meier plots of overall survival for miR-22, P-value (log-rank test)
indicated. High expression is defined as equal or greater than the mean and low expression smaller than the mean. (C) Of the 2,621 genes
separating the 480 ccRCC patients into 2 main groups, 96 were identified as miR-22 target genes by TargetScan. (D) Supervised average
linkage cluster based on the expression levels of the 96 miR-22 target genes separated the 480 ccRCC patients into 2 main groups, largely
overlapping with stratification using the 2,621 genes.

genes, patients were separated into two main groups
that are > 90% overlapping with the two groups clas-
sified using the 2,621 genes (Fig. 3C). Specifically,
210 out of the 220 cases that were classified as group
1 tumors using the 2,621 genes were also placed in
group 1 when the 308 genes were used. Two hundred
and thirty three of 260 group 2 tumors using the 2,621
genes were classified as group 2 tumors when the 308
genes were used. These two groups showed signifi-
cantly different outcomes by Kaplan-Meier analysis
(P < 0.001) as expected (Fig. 3D). Biological pro-
cesses that are significantly enriched in these 308

genes identified by GO enrichment analysis are listed
in Supplemental Table 7. These results suggest that
miR-22 regulates an important transcriptional pro-
gram that contributes to outcomes of patients with
ccRCC.

miR-22 promotes cell invasion in ccRCC

Cell adhesion (focal adhesion, adherens junction
and ECM-receptor interaction) is one of the top
pathways enriched in the list of 2,621 prognostic
genes (Table 1). In addition, high expression of a
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Table 3
Prognostic master regulator microRNAs

Name # of genes regulated in P value in target P value in survival Z score Expression
the 2,612 gene list enrichment analysis analysis level

miR-21 91 3.79E-07 2.49E-08 5.57 195030.16
miR-143 108 3.03E-06 1.96E-02 –2.33 73060.48
miR-22 96 5.65E-03 3.97E-03 2.88 68515.71
miR-126 10 2.03E-02 1.56E-03 –3.16 13012.51
miR-182 281 2.77E-11 2.37E-04 3.68 5574.91
miR-183 109 2.44E-07 3.02E-06 4.67 1400.98
miR-23b 272 1.29E-09 2.52E-03 –3.02 1395.20
miR-27b 300 2.07E-11 1.87E-02 –2.35 895.05
miR-27a 300 2.07E-11 2.09E–02 2.31 804.57
miR-155 124 3.23E–08 5.82E–05 4.02 745.25
let-7g 219 4.00E-04 2.29E-02 2.27 596.74
let-7i 219 4.00E-04 3.24E-04 3.60 535.02
miR-144 257 2.22E-16 8.68E-03 –2.62 454.08
miR-17 309 1.34E-12 3.13E-03 2.95 399.00
miR-204 170 7.70E-08 1.53E-06 –4.81 341.99
miR-186 204 3.04E-07 3.38E-03 2.93 310.85
miR-34a 125 3.64E-02 1.34E-03 3.21 244.35
miR-20a 309 1.34E-12 4.61E-03 2.83 175.98
miR-15b 288 7.41E-08 2.52E-02 2.24 150.87
miR-223 96 4.20E-08 6.20E-07 4.98 141.27
miR-221 108 6.69E-05 2.90E-04 3.62 123.93
miR-425 58 2.90E-04 3.77E-04 3.56 110.84
miR-130a 234 6.57E-11 2.98E-04 3.62 93.76
miR-222 108 6.69E-05 2.23E-07 5.18 65.90
miR-92b 210 3.04E-07 2.17E-06 4.74 52.00
miR-193b 57 1.03E-03 2.16E-03 3.07 51.20

Table 4
Biological processes enriched in miR-22 target genes found in the 2,621 genes

GO term Gene symbol

transcription, DNA-templated KLF7, ERBB4, CEBPD, EZH1, ADNP, MECP2, NR3C1,
FOXP1, EYA3, HIPK1, HOXA4, CNOT6L, PER2,
PHF8, ENO1, NFIB, TP53INP1

negative regulation of transcription from RNA polymerase II promoter DNMT3A, FZD8, ACVR2B, WDTC1, MEIS2, PER2,
MECP2, FOXP1, NFIB

intracellular signal transduction SNRK, NUDT4, TGFBR1, STK39, TLK2, APBB2,
MYO9A

in utero embryonic development EDNRA, WDTC1, TGFBR1, AMOT, FOXP1
post-embryonic development ACVR2B, ALDH5A1, TGFBR1, MECP2
anatomical structure morphogenesis EYA3, HOXA4, EZH1, CYR61
peptidyl-serine phosphorylation TGFBR1, PDK3, STK39, TLK2
regulation of small GTPase mediated signal transduction AMOT, RHOC, MYO9A, ARHGAP26
negative regulation of gene expression ADNP, SFMBT2, TP53INP1, GBA
signal transduction by protein phosphorylation ACVR2B, TGFBR1, STK39
response to ionizing radiation EYA3, DNMT3A, H2AFX
positive regulation of osteoblast differentiation ACVR2B, CEBPD, CYR61
regulation of inflammatory response SLC7A2, STK39, FOXP1
glucose metabolic process WDTC1, ALDH5A1, PDK3
regulation of cardiac muscle cell proliferation TGFBR1, FOXP1
negative regulation of PERK-mediated unfolded protein response PTPN1, PPP1R15B
anterior commissure morphogenesis FBXO45, NFIB
basic amino acid transmembrane transport SLC7A2, SLC7A7
sphingosine biosynthetic process SPTLC2, GBA
positive regulation of IRE1-mediated unfolded protein response TMEM33, PTPN1

number of genes involved in cell adhesion that are
downregulated by miR-22 in the primary ccRCC
cells including CHL1 [28, 29], PSEN1 [30, 31] and

TMEM8B [32, 33] were predictive of good overall
survival in ccRCC patients from TCGA shown by
Kaplan-Meier analysis from the Human Protein Atlas
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Fig. 3. Transcriptome (RNA-Seq) analysis of miR-22 overexpression in primary ccRCC cells identifies prognostic gene signatures in TCGA
dataset. (A) Veen diagram illustrate genes ≥ 1.5-fold upregulated (left) or downregulated (right) following transfection of miR-22 mimic
into ccRCC cells. (B) Significantly enriched biological functions (by Ingenuity Pathway Analysis) associated with transfection of miR-22
mimic into cells at each of the two time points. (C) Hierarchical clustering of TCGA samples across the 308 genes affected by miR-22
mimic transfection into ccRCC cells (common among both time points). Note, two main sample clusters are observed (red and blue bars).
(D) Kaplan-Meier survival analysis comparing the two TCGA sample clusters from above; P-value (log-rank test) indicated.

(https://www.proteinatlas.org) (Fig. 4A). Therefore,
we determined the effect of miR-22 overexpression
on cell invasion using a Matrigel invasion assay. MiR-
22 overexpression was confirmed by qPCR in cells
cultured from a primary ccRCC tumor expressing
typical ccRCC markers such as CAIX and CD10
(Supplemental Figure 1) and transfected with miR-22
mimics (Fig. 4B). Cells transfected with scrambled
RNA showed no difference in invasion compared
to cells without transfection, whereas cells trans-
fected with miR-22 mimics showed significantly
higher invasiveness compared to cells transfected
with scrambled RNA as well as cells without trans-
fection (Fig. 4C). These results suggest that increased
invasion may be one biological mechanism by which
overexpression of miR-22 increases risk of ccRCC
progression.

DISCUSSION

Gene expression profiling can improve outcome
prediction in patients with ccRCC beyond that pro-
vided by stage, grade, and patient performance status
as we and other groups have previously reported
[9, 25, 26, 34–36]. It is encouraging to see that
similar pathways contribute to prognosis in differ-
ent ccRCC patient cohorts. For example, we found
that tumors whose gene expression profiles most
resembled the normal renal cortex or glomerulus
showed better overall survival than those that did
not in both the TCGA ccRCC patients and a cohort
of Swedish patients [25], suggesting that a critical
feature of lethal ccRCC is loss of normal cortical
differentiation. Similarly, Buttner at al. reported that
cancer-specific survival of the TCGA ccRCC patients

https://www.proteinatlas.org
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Fig. 4. miR-22 promotes cell invasion in primary ccRCC cells. (A) MiR-22 downregulated cell adhesion promoting genes in primary ccRCC
that are associated with good overall survival in TCGA patients. High expression is defined as equal or greater than the mean and low
expression smaller than the mean. (B) Validation of miR-22 level in primary ccRCC cells after transfection with miR-22 mimics by qPCR.
(C) Quantification of cell invasion following transfection of cells with miR-22 mimics, compared to no transfection and non-targeting control
(NTC). P-value is significant by ANOVA.

was significantly associated with gene expression
similarity to the proximal tubules [26]. The risk score
developed in this study based on differential gene
expression between nephron regions using the TCGA
patients was validated in the Swedish cohort, sup-
porting the notion that gene expression in the cell of
origin of ccRCC can be used for prognostic risk strat-
ification [26]. Moreover, cell adhesion, metabolism
and hypoxia signaling are among the differentially
expressed prognostic pathways in ccRCC identified
by different groups [35–38]. Interestingly, we found
that tumors with poor prognosis expressed high lev-
els of many genes promoting immune responses.
This gene expression pattern may be attributed to

tumor microenvironment rather than tumor cells
themselves, as shown by studies characterizing the
tumor immune microenvironment of ccRCC [39, 40].
Future studies are needed to investigate the role of
gene expression associated with immune responses
in ccRCC prognosis.

MiRNAs are essential regulators of RCC develop-
ment and progression, playing either a promoting role
as oncomirs or a suppressive role as anti-oncomirs
[41–44]. More than 20 prognostic miRNAs in RCC
have been identified with the majority associated
with poor prognosis, none of which supplemented
existing RCC prognostic nomograms [41]. One pos-
sible explanation is that single miRNA does not have
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enough predictive power and a miRNA panel may be
more effective and can compensate for the unreliabil-
ity of individual miRNAs in estimating prognosis [43,
44]. In addition, conflicting results have been reported
for the role of the same miRNAs in RCC prognosis.
For example, Samaan et al. reported that higher miR-
210 expression is associated with a statistically higher
chance of disease recurrence and shorter overall sur-
vival in a cohort of 276 ccRCC patients [45], while
McCormick et al. observed in 69 ccRCC patients that
those with high miR-210 expression had an improved
overall survival post nephrectomy compared to those
with medium and low levels of miR-210 [46]. Sim-
ilarly, conflicting results on the role of miR-221 in
predicting cancer-specific survival in RCC has also
reported by others previously [47], underscoring the
importance of using a panel of miRNAs rather than a
single miRNA for RCC prognostication.

We identified 26 master regulator miRNAs that
are prognostic by themselves and also regulate tran-
scriptional programs that contribute to ccRCC patient
outcomes using the TCGA ccRCC dataset. Six
of these miRNAs are associated with good over-
all survival including miR-143, miR-23b, miR-144,
miR-204, miR-126 and miR-27b, while the rest pre-
dict poor survival. Half of these 26 miRNAs have
been annotated in the miRNA Cancer Association
Database (miRCancer) [48]. Four of the 6 miRNAs
(miR-143, miR-23b, miR-144 and miR-204) associ-
ated with improved survival in the TCGA dataset are
also annotated as anti-oncomirs in miRCancer as of
December 2017. In addition, 4 of the 20 miRNAs
associated with poor survival in the TCGA dataset
(miR-21, miR-183, miR-155 and miR-221) are anno-
tated as oncomirs by miRCancer. MiR-126 and
miR-27a (oncogenic in TCGA dataset) are controver-
sial in terms of whether they are tumor suppressive or
promoting in RCC according to miRCancer, suggest-
ing that the role of a particular miRNA in cancer is
highly context-dependent. Indeed, miR-22, miR-182
and miR-34a are associated with poor survival in the
TCGA dataset but are annotated as anti-oncomirs by
miRCancer.

There is no doubt that miR-22 plays a central role
in the development and progression of various can-
cers through different mechanisms. However, it is
highly controversial whether it serves as a oncomir
or an anti-oncomir even within the same cancer
type. For example, Xin et al. showed that miR-22
inhibits tumor growth and metastasis of prostate can-
cer by targeting the proto-oncogene ATP citrate lyase
[49], while Budd et al. demonstrated that miR-22

promotes proliferation, migration and metastasis in
prostate cancer by directly repressing tumor suppres-
sor phosphatase and tensin homolog (PTEN) [50]. In
addition, Dhar et al. revealed that miR-22 promotes
prostate cancer cell invasiveness and migration by tar-
geting E-cadherin and metastasis-associated protein
1, resulting in epithelial-to-mesenchymal transition
[51]. Similarly, several studies have shown that miR-
22 down-regulates ATP citrate lyase and Sirt1 to
inhibit the growth and metastasis of breast cancer
cells [52], while others claimed that miR-22 pro-
motes stemness and metastasis in breast cancer cells
by downregulating TIP60, a lysine acetyl-transferase,
and correlates with poor survival in patients [53].

In ccRCC, it was reported that miR-22 inhibited
cell proliferation, migration and invasion in vitro by
targeting Sirt1 [54], suggesting a tumor suppressive
role of miR-22. In addition, Fan et al. showed that
miR-22 was downregulated in ccRCC tumor tissue
and lower miR-22 expression was associated with
higher histological grade, tumor stage and lymph
node metastasis in a cohort of 68 patients [55]. How-
ever, Fan et al. also showed that PTEN is a direct target
gene of miR-22 in ccRCC cells and miR-22 upregu-
lation led to downregulation of PTEN protein in RCC
cell lines, indicating an oncogenic effect of miR-22
overexpression [55]. Consistent with this observa-
tion, overexpression of miR-22 in primary ccRCC
cells led to a 12% decrease of PTEN transcript level
at 48 hours after transfection of miR-22 mimics in our
study. In addition, miR-22 expression is associated
with poor survival in the TCGA dataset, suggesting
a tumor promoting role of miR-22. The discrepancy
of miR-22 expression in predicting survival could be
due to differences in patient populations as the patient
cohort used in the study by Fan et al. is of Chinese
ethnicity while the TCGA patients are of western
origin.

We identified 308 genes that are either upregulated
or downregulated by overexpression of miR-22 in pri-
mary ccRCC cells at both 24 and 48 hours. Thirty of
these 308 genes were among the 2,621 genes that
overlapped between 3,674 unique prognostic genes
differentially expressed in a previous cohort of 177
ccRCC patients and those represented in expression
profiles of 480 ccRCC patients from TCGA. How-
ever, these 30 genes didn’t overlap with the 96 miR-22
targets identified by TargetScan, suggesting that miR-
22 may regulate distinct transcriptional programs in
cultured cells compared to tumor tissues. Alterna-
tively, these 30 genes may be indirectly regulated by
miR-22. In addition, we identified 594 and 997 genes
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that were upregulated or downregulated by miR-22
in the primary RCC cells at 24 hours, respectively,
and 75 and 86 of these 594 and 997 genes, respec-
tively, were among the 2,621 genes. Similarly, of the
1130 and 1293 genes that were up- or down-regulated
by miR-22 at 48 hours, 131 and 142, respectively,
were found in the 2,621 genes, confirming a minimal
overlapping of genes regulated by miR-22 in cultured
cells and tumor tissues. Interestingly, the classifica-
tion of TCGA patients using expression levels of
miR-22 target genes identified in cultured primary
cells largely overlaps with the classification using
prognostic genes previously identified using a dif-
ferent patient cohort, demonstrating the robustness of
miR-22 as a functional regulator of ccRCC prognosis.
These gene lists may serve as valuable resources to
further investigate the mechanisms of miR-22 actions
in ccRCC.

One of the underlying mechanisms of action of
miR-22 in cancer progression is through regulating
cellular adhesion, which in turn affects migration and
invasion [56]. Our study showed that adhesion is one
of the top pathways that contributes to ccRCC prog-
nosis using gene expression profiles of tumor tissues.
In addition, miR-22 downregulates genes that pos-
itively regulate cell adhesion including CHL1 [28,
29], PSEN1 [30, 31] and TMEM8B [32, 33] in cul-
tured primary cells consistently over the time course
of 48 hours when miR-22 is overexpressed. More-
over, a number of positive regulators of cell adhesion
that suppress cell invasion were downregulated at 48
hours but not 24 hours. For example, SERPINA5
(protein C inhibitor) [57] and SERPINB5 (maspin)
[58] prevent invasion by inhibiting tissue plasmino-
gen activator, which in turn prevents extracellular
matrix degradation. Both were downregulated by
miR-22 at 48 hours, suggesting that one of the mecha-
nisms by which miR-22 promotes invasion is through
activating plasminogen. Finally, our in vitro study
using primary ccRCC cells demonstrated that miR-
22 overexpression indeed promoted cell invasion.
Further experiments are needed to pinpoint the mech-
anisms by which miR-22 promotes cell invasion in
ccRCC.

CONCLUSIONS

In conclusion, we have identified master regula-
tor miRNAs associated with survival of patients with
ccRCC. Further investigation of these miRNAs may
shed light on the mechanisms of ccRCC progression.

In particular, miR-22 acts as an oncogenic miRNA
that regulates gene expression programs associated
with survival, at least in part by promoting cellular
invasion in ccRCC.
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