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Simple Summary: In the majority of renal cancer cases, the disease course is non-symptomatic which
frequently leads to late diagnosis of disease. Currently, there are no molecular tools dedicated to
the detection and monitoring of renal cancer. Our study aimed to investigate changes in microRNA
(miRNA) expression in tissue samples of renal cancer patients. We performed meta-analysis using
results of 14 high-throughput studies (both, NGS and microarrays) and as a result, selected a group
of miRNAs deregulated in renal cancer and its subtypes. Later, the expression changes of selected
miRNA were validated in an independent sample set. We confirmed that the investigation of miRNA
expression might be potentially applicable in the detection and monitoring of renal cancer and
its subtypes.

Abstract: Renal cell carcinoma (RCC) is one of the most common cancers worldwide with a nearly
non-symptomatic course until the advanced stages of the disease. RCC can be distinguished into
three subtypes: papillary (pRCC), chromophobe (chRCC) and clear cell renal cell carcinoma (ccRCC)
representing up to 75% of all RCC cases. Detection and RCC monitoring tools are limited to standard
imaging techniques, in combination with non-RCC specific morphological and biochemical read-outs.
RCC subtype identification relays mainly on results of pathological examination of tumor slides.
Molecular, clinically applicable and ideally non-invasive tools aiding RCC management are still
non-existent, although molecular characterization of RCC is relatively advanced. Hence, many
research efforts concentrate on the identification of molecular markers that will assist with RCC
sub-classification and monitoring. Due to stability and tissue-specificity miRNAs are promising
candidates for such biomarkers. Here, we performed a meta-analysis study, utilized seven NGS
and seven microarray RCC studies in order to identify subtype-specific expression of miRNAs.
We concentrated on potentially oncocytoma-specific miRNAs (miRNA-424-5p, miRNA-146b-5p,
miRNA-183-5p, miRNA-218-5p), pRCC-specific (miRNA-127-3p, miRNA-139-5p) and ccRCC-specific
miRNAs (miRNA-200c-3p, miRNA-362-5p, miRNA-363-3p and miRNA-204-5p, 21-5p, miRNA-
224-5p, miRNA-155-5p, miRNA-210-3p) and validated their expression in an independent sample
set. Additionally, we found ccRCC-specific miRNAs to be differentially expressed in ccRCC tumor
according to Fuhrman grades and identified alterations in their isoform composition in tumor
tissue. Our results revealed that changes in the expression of selected miRNA might be potentially
utilized as a tool aiding ccRCC subclass discrimination and we propose a miRNA panel aiding RCC
subtype distinction.

Cancers 2021, 13, 548. https://doi.org/10.3390/cancers13030548 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-5948-1764
https://doi.org/10.3390/cancers13030548
https://doi.org/10.3390/cancers13030548
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13030548
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/2072-6694/13/3/548?type=check_update&version=2


Cancers 2021, 13, 548 2 of 20

Keywords: microRNA; renal cancer; RCC; ccRCC; meta-analysis

1. Introduction

Renal cell carcinoma (RCC) is one of ten the most commonly occurring cancer types
worldwide [1]. The occurrence of RCC is population dependent, although the general
incidence is estimated to be 10 per 100,000 individuals [2]. The 5-year recovery rate of
metastatic RCC patients is 12.3% [3] and is frequently a consequence of a late diagnosis.
Nearly non-symptomatic disease course and lack of characteristic symptoms except flank
pain, hematuria and hypertension accompanied by general fatigue, recurrently lead to the
identification of RCC in advanced and/or metastatic stage, with 18% of patients displaying
peripheral metastases in distal organs [4]. However, first mutations leading to the tumor
development occur in childhood or adolescence, years or even decades before diagnosis [5].
Since RCC is chemo- and radiotherapy resistant the main RCC treatment is partial or
complete nephrectomy [6].

Four main RCC subtypes have been identified: clear cell renal cell carcinoma (ccRCC)
(75–85% of all RCC cases), papillary (pRCC) (12–14%), chromophobe (chRCC) (4–6%), clear
cell papillary (ccpRCC) (~4%) also accompanied by renal oncocytoma, often benign, that
comprises approximately 1% of kidney tumors [6,7]. Additionally, over the last few years a
relatively rare subtype of renal tumor tubulocystic RCC (tcRCC) was described [8]. The
diagnosis relays mainly on the results of imaging techniques, such as computer tomography
or magnetic resonance, rarely followed by a tumor biopsy. RCC subtype differentiation is
confirmed after tumor resection by histological examination of the tumor slides. Frequently,
RCC tumors are difficult to distinguish due to the limitations of the imaging techniques and
histological classification might be incorrect due to tumor heterogeneity. In the majority of
oncocytoma cases, surgical intervention is not required but incorrect tumor classification
may lead to unnecessary surgery [9]. Additionally, frequent and repetitive use of imaging
techniques or biopsy could be potentially harmful to patients (excess of radiation or post-
procedure complications) [10]. Therefore, new methods that could aid cancer detection and
RCC classification such as noninvasive molecular biomarkers are a promising alternative.

Non-invasive biomarkers have been utilized in many cancer types and include Hu-
man Epidermal Growth Factor Receptor 2 (HER2) (in breast tumors), BRAF V600E (in
metastatic melanoma), Prostate Specific Antigen (PSA) (in prostate cancer) and Carcinoem-
bryonic Antigen (CEA) (in colorectal cancer) [11,12]. On the other hand, there are no
specific non-invasive biomarkers aiding RCC diagnosis. However currently, clinical trials
(e.g., RECORD-3) are focused on finding non-invasive biomarkers to monitor treatment
outcome [13].

In recent years, there is an increasing interest in employing microRNA (miRNA)—
small noncoding approximately 22 nucleotides long RNA—as cancer biomarkers [14].
miRNA originates during a multistep process in which long miRNA transcript, called
primary-miRNA (pri-miRNA) is cleaved to ~70 nt length pre-miRNA by Drosha Ribonucle-
ase III (DROSHA) in complex with DiGeorge Syndrome Critical Region Gene 8 (DGCR8).
Pre-miRNA is further cleaved by DICER1 Ribonuclease III to ~22 nt double-stranded
miRNA molecule. One of these strands is loaded into Argonaut 2 protein (AGO2) creating
RNA Inducing Silencing Complex (RISC), the second strand is degraded [15]. RISC takes
part in posttranscriptional gene expression by blocking mRNA translation or initiating
mRNA cleavage [16] due to the presence of “seed” sequence in miRNA, complementary
to mRNA usually in 3′ untranslated region (3′UTR) of targeted mRNA. Mature miRNA
can occur in isoforms (iso-miRNA) processed from the same pri-miRNA and different at 5’
and 3’ ends as a result of inaccurate cleavage by DROSHA and DICER1. Those modifica-
tions can influence miRNA activity and function. Additionally, 3’ end of miRNA may be
adenylated or uridylated which affects its stability. Deregulations of miRNA expression
have been previously correlated with changes in protein levels engaged in proliferation,
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motility or cell invasiveness and in consequence promotion of tumor development and
growth [17,18].

Changes in miRNA expression are well known in RCC tumors and these abnormalities
can be potentially useful to distinguish RCC subtypes, although certain discrepancies
between the studies can be noted [19]. The most commonly identified as downregulated
in ccRCC tumor samples were miR-141, miRNA-200c [19]. On the other hand, many
studies identified miRNA-210, miRNA-224 and miRNA-155 as upregulated in ccRCC
tumors [20,21]. It has been also shown ccRCC and pRCC display significant changes in
miRNA-424 expression, which could be helpful in RCC tumor subtype classification [22].

Here, we performed a meta-analysis of miRNA expression in ccRCC, pRCC and
chRCC tumors, analyzed the expression of miRNA isoforms and examined potential
causes of miRNA deregulation in ccRCC using a bioinformatics approach. After validation
of miRNA expression in RCC tumors kidney tissue, we postulate that a miRNA panel could
be potentially a powerful RCC classification tool and miRNA profile may be indicative of
disease grades.

2. Materials and Methods
2.1. Sample Preparation

One hundred and fifteen samples of cancer tissue and 36 adjacent noncancerous kidney
samples were obtained from renal cancer patients after partial or complete nephrectomy.
Samples were collected the Department of Urology and Urological Oncology, Poznan
University of Medical Sciences, Poland with the signed consent of patients (bioethical
consent of Local Bioethical Committee at Poznan University of Medical Sciences, no.
1124/12). Tumors were classified as RCC subtypes and according to Fuhrman grade.
ccRCC tumors (n = 97) were divided into Fuhrman grade 1, n = 12; grade 2, n = 35; grade 3,
n = 33; grade 4, n = 17. 10 pRCC, 10 oncocytoma and 36 adjacent, histopathologically
unchanged kidney tissue samples were also included in the analysis (Table S1). Samples
were randomly divided into groups used in different experiments (details in Table S1).
The average age of patients was 65. For the preservation of RNA, tissue fragments were
collected into tubes containing RNAlater (Sigma Aldrich, St. Louis, MO, USA) and stored
at −80 ◦C for further processing. Next, fragments of tissue were transferred into a sterile
mortar and grinded in liquid nitrogen. RNA was extracted with Trizol and quantified
using NanoDrop ND-1000.

2.2. Library Preparation and Sequencing

For library preparation, 1 µg of total RNA with RNA Integrity Number (RIN) equal
to or above 7 was used. RNA-Seq libraries (controls, n = 17; ccRCC, n = 58 samples) were
prepared with TruSeq RNA Library Preparation Kit v2 (Illumina, San Diego, CA, USA) and
small RNA-Seq libraries (controls, n = 6; ccRCC, n = 26) with TruSeq Small RNA Library
Preparation Kit (Illumina, San Diego, CA, USA). Quality and concentration of the libraries
were tested using Agilent DNA 1000 Kit and Agilent High Sensitivity DNA Kit (Agilent
Technologies Inc., Santa Clara, CA, USA). The libraries were sequenced on HiScan SQ
(Illumina) with TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, USA, cat. no.
PE-401-3001) in PE100 and SR50 modes, respectively.

The data discussed in this publication have been deposited in NCBI’s Gene Expres-
sion Omnibus [23] and are accessible through GEO Series accession number GSE151428
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151428).

2.3. Small RNA-Seq Data Processing

In small RNA-Seq analysis workflow, raw reads were trimmed with cutadapt (https:
//cutadapt.readthedocs.io/en/stable/), untrimmed reads and reads shorter than 10 nt
were discarded. Reads were aligned to Ensembl GRCh38 human genome with bowtie2 [24].
Raw read counts were generated with featureCounts v1.6.3 [25] and differentially expressed
miRNA in ccRCC tumors were identified with edgeR (v3.28) package (R v3.6). miRNA

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151428
https://cutadapt.readthedocs.io/en/stable/
https://cutadapt.readthedocs.io/en/stable/
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isoforms were calculated with MIRALIGNER protocol [26] and isomiRs (v1.14) (https:
//bioconductor.org/packages/isomiRs/) package (R v3.6) based on miRBase v22.1.

2.4. RNA-Seq Data Processing

RNA-Seq raw paired-end reads were trimmed with cutadapt. Trimmed reads were
aligned to Ensembl GRCh38 human genome with STAR (v2.7) [27] and counts were ob-
tained using featureCounts v1.6.3 [25]. Differentially expressed mRNA in ccRCC tumors
were identified with edgeR (v3.28) package (R v3.6).

2.5. Meta-Analysis of miRNA Expression in RCC Tumors

Sequencing data from Exp1 were generated in our laboratory. Exp2 [28], Exp3 [29]
and Exp4 [30] were downloaded from the SRA database [31] as raw reads. All small
RNA-Seq experiments used in the meta-analysis were performed on fresh tissues, available
Formalin-Fixed Paraffin-Embedded experiments were excluded. Exp5–Exp14 results were
derived from dbDEMC2.0 database [32] (Figure S1). Significantly deregulated miRNAs
in ccRCC obtained from all above experiments were compared using the dplyr package
(v0.8.3; R v3.6). Venn graphs were created with the VennDiagram package (v1.6; R v3.6).

2.6. Poly(A)-RT

Synthesis of cDNA by polyadenylation reverse transcription reaction (Poly(A)-RT)
was described previously [33]. 12.4 µL of RNA sample (1 µg of RNA) were added to
reverse transcription mix containing: 12 µL of RT buffer (25 µL 1 M Tris-HCl, pH = 8.0;
93.75 µL 2 M KCl; 250 µL 100 mM DTT; 175 µL 1 M MgCl2); 20 µL 100 µM anchor RT
primer, containing universal adapter sequence; 436.25 µL H2O; 6 µL deoxynucleotide mix
(100 mM of each); 25 µL 10 mM rATP; 25 µL 40 U/µL RiboLock (ThermoFisher, Waltham,
MA, USA); 0.6 µL E. coli poly(A) polymerase (New England Biolabs, Rowley, MA, USA)
and 0.6 µL reverse transcriptase (ThermoFisher). The reaction was performed at 37 ◦C for
1 h followed by inactivation at 85 ◦C for 10 min.

2.7. qPCR

In the analysis of mRNA and miRNA expression, 2 µL of the 5 times diluted cDNA
template were used per qPCR reaction. miRNA amplification was performed with miRNA
specific forward primer (Table S4) and universal reverse primer complement to the adapter
sequence. In all reactions Maxima SYBR Green/ROX qPCR Master Mix (2X) (ThermoFisher)
was used. miRNA results were normalized to U6. Specific “iso-miRNA primers,” which
discriminate miRNA-363-3p or miRNA-224-5p shorter isoforms and amplify longer iso-
forms, were used in qPCR. Iso-miRNA results were normalized to U6 or specific miRNA.
mRNA results were normalized to GAPDH. The expression level was determined by the
2−∆∆Ct method [34].

2.8. Gene Ontology (GO) Analysis of miRNA Targets

Gene Ontology analysis for miRNA targets was performed with GeneMANIA (v3.5.1) [35]
in Cytoscape (v3.7.1) [36]. The most probable miRNA targets clusters in networks were de-
tected with MCODE (v1.5.1) [37] in Cytoscape (v3.7.1).

2.9. Statistical Analysis

Pearson correlation coefficient was calculated and the regression graph was created
with base functions of R (v3.6). The remaining statistical analyses were performed using
a two-tailed t-test in Microsoft Excel (NS, non-significant; * p < 0.05; ** p < 0.01 and
*** p < 0.001), ± standard error of the mean (SEM). The number of biological replicates (n)
is shown in the figure descriptions. Receiver operating characteristic (ROC) analysis was
performed with the MetaboAnalyst tool [38]. Kaplan-Meier survival plots were created
based on The Cancer Genome Atlas (TCGA) data with Kaplan-Meier Plotter [39].

https://bioconductor.org/packages/isomiRs/
https://bioconductor.org/packages/isomiRs/
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3. Results
3.1. Small RNA-Seq and Meta-Analysis

In order to identify specifically deregulated microRNAs in RCC first we conducted
small RNA-Seq experiment on ccRCC tumor tissue derived from Polish patients (Exp1,
ccRCC: n = 26, controls: n = 6). The data was extended with additional publicly available
data sets, derived from both NGS and microarray experiments, collected from Sequence
Read Archive (SRA) and dbDMEMC 2.0 databases. The details of the experiments and
analytic workflow were listed in Figure S1.

The NGS data was collected in form of raw reads, subjected to the identical data
processing and included four small RNA-Seq experiments performed on ccRCC tumors
(Exp1–Exp4) [28–30]. The final number of differentially expressed miRNAs (FDR < 0.05)
differed per data set (Figure S1a).

Additionally, in order to retrieve the information derived from NGS experiments
collected by The Cancer Genome Atlas (pRCC, chRCC) and microarray experiments (pRCC,
chRCC and oncocytoma), we utilized datasets from the dbDEMC 2.0 in a form of lists of
differentially expressed (DE) miRNAs. The data included: four ccRCC (Exp5–Exp8) [40–42],
three pRCC (Exp9–Exp11) [40,43], two chRCC (Exp12, Exp13) [40] and one oncocytoma
(Exp14) [40] experiments (Figure S1a).

After data processing, we performed a meta-analysis of deregulated miRNAs in
ccRCC and compared significantly deregulated miRNAs in NGS experiments (Figure 1a)
and microarrays (Figure 1b) identified 22 and 25 commonly deregulated miRNAs, respec-
tively. Due to technical and analytical differences between compared experiments, we
implemented stringent exclusion criteria: only miRNAs reported in all data sets to be dereg-
ulated, with significant FDR values were taken into account. chRCC was characterized by
deregulation of 18 miRNAs (Figure 1e) and 10 miRNAs were found deregulated in pRCC
(Figure 1f). Limited information on oncocytoma listed 34 deregulated miRNAs (single
microarray experiment). Detailed lists of DE miRNAs, including FC and FDR parameters,
are included in Supplementary File S1.

After comparison of all available data sets eight commonly deregulated miRNAs
in ccRCC were selected (Figure 1c) and those included: miR-200c-3p, miR-362-5p, miR-
363-3p and miR-204-5p as downregulated and miR-21-5p, miR-224-5p, miR-155-5p and
miR-210-3p as upregulated (Figure 1d).

Interestingly, as depicted in Figure 1g, our analysis suggests that there are no com-
monly deregulated miRNAs for all RCC tumors, although we cannot exclude the possibility
of missing a number of miRNA candidates due to rigorous cut-off criteria. Additionally,
this analysis suggests that deregulation of miR-21-5p, miR-155-5p and miR-210-3p could
be ccRCC-specific.

3.2. Validation of RCC-Specific miRNA Candidates

Next, we set out to validate the expression of potentially RCC subtype-specific miR-
NAs in an independent sample set using quantitative PCR (qPCR). Due to lack of avail-
ability of chRCC samples the 18 commonly deregulated miRNAs were not verified. We
included 39 ccRCC, 10 pRCC and 8 oncocytoma tumor tissues, with 15 adjacent, histopatho-
logically unchanged kidney tissue samples.

From potentially pRCC- or oncocytoma-specific miRNAs distinguished in meta-
analysis (Figure 1 and Supplementary File S1) those with the highest fold change were
selected to further validation.

For oncocytoma-specific miRNA validation we selected four miRNAs: downregulated
miRNA-424-5p, miRNA-146b-5p and upregulated miRNA-183-5p and miRNA-218-5p. In
independent sample-set miRNA-183-5p is upregulated in pRCC (22-fold change, p < 0.01)
and oncocytoma (27-fold change, p < 0.001) samples, while level of miRNA-218-5p is
significantly decreased in ccRCC tumors (0.17-fold change, p = 0.048) (Figure 2a). miRNA-
424-5p, miRNA-146b-5p display similar expression levels in all samples. Our findings
suggest that miRNAs selected in the meta-analysis are not oncocytoma-specific.
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Figure 1. The meta-analysis of deregulated miRNA in renal cell carcinoma (RCC) tumor tissues. (a,b) Venn diagrams
depicting commonly deregulated miRNAs in clear cell renal cell carcinoma (ccRCC) tumors. (a) small RNA-seq and (b)
microarray experiments; (c,d) Comparison of commonly deregulated miRNA in chromophobe renal cell carcinoma (chRCC)
(c) and papillary (pRCC) (d); (e) miRNA identified in both next-generation sequencing (NGS) and microarray experiments
performed in ccRCC; (f) Comparison of eight miRNA expression levels commonly disrupted in ccRCC reported in original
NGS and microarray experiments; (g) Comparison of commonly deregulated miRNA in ccRCC (8 miRNA), chRCC (18
miRNA), oncocytoma (34 miRNA) and pRCC (10 miRNA). ccRCC, clear renal cell carcinoma; chRCC, chromophobe renal
cell carcinoma; pRCC, papillary renal cell carcinoma; Exp1–8, experiments 1–8.

According to high-throughput data miRNA-127-3p and miRNA-139-5p should be
downregulated in pRCC tumors. Although, in contrast to previous reports, in our sam-
ple set miRNA-127-3p appears to be significantly upregulated in pRCC (29-fold change,
p < 0.01). Increase in expression of miRNA-139-5p does not significantly differ in pRCC
and oncocytoma (Figure 2b), however miRNA-139-5p appears to be downregulated in
ccRCC (0.2-fold change, p = 0.04). Inconsistency of these data suggest rejection of these
miRNA as pRCC-specific.

As shown in Figure 2c,d, expression profiles of eight potentially ccRCC-specific mi-
croRNAs were further investigated. Remarkably, downregulation of miR-200c-3p is ob-
served in pRCC (0.04-fold change, p < 0.014) and oncocytoma (0.03-fold change, p = 0.03)
with no change in ccRCC (for explanation see below). The remaining miRNAs do not
appear to be ccRCC-specific. Although, read out of the miR-362-5p (ccRCC, 0.1-fold change,
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p < 0.01; pRCC, 0.007-fold change, p < 0.001) and miR-363-3p (ccRCC, 0.15-fold change,
p < 0.01; pRCC, 0.2-fold change, p = 0.03) did not reach the statistical significance in on-
cocytoma. Only miR-204-5p, was significantly downregulated in all RCC tumor types as
compared to controls (ccRCC, 0.09-fold change, p = 0.011; pRCC, 0.006-fold change, p < 0.01;
oncocytoma, 0.03-fold change, p < 0.001).

miRNA-21-5p was overexpressed solely in pRCC tumors (14-fold change, p < 0.01).
Levels of both miRNA-224-5p and miRNA-210-3p were found significantly increased in
ccRCC tumors (5.5-fold change, p = 0.02; 12-fold change, p < 0.001, respectively), although
they were also upregulated in oncocytoma (18-fold change, p < 0.01) and pRCC (10-fold
change, p = 0.013), respectively. There was no significant change in the expression of
miR-21-5p, miR-224-5p and miR-210-3p among the subtypes (Figure 2d). Interestingly,
significant miR-155-5p upregulation appeared to be distinctive of ccRCC (15-fold change,
p < 0.001) (Figure 2d).

Next, we analyzed expression profiles of the eight miRNAs in ccRCC tumors with
different grading, represented by nine tumors in Fuhrman grade one (G1), eleven in grade
two (G2), ten in grade three (G3) and nine in grade four (G4). Figure 2e shows no significant
changes in different tumor grades in case of miRNA-200c-3p. miRNA-200c-3p is one of
most commonly identified as ccRCC downregulated miRNA [44]. Since we could not
validate its downregulation, although also suggested by NGS data implemented in the
meta-analysis, we investigated the potential reasons for such discrepancy. Firstly, we
compare sequences of miR-200 family members including miR-200a, miR-200b, miR-200c,
miR-141 and miR-429 (Figure S2a). Due to a significant sequence homology between
the miRNA-200 family members, we hypothesized that simultaneous amplification of
more than one miRNA might be the reason for the inconsistency between the studies. To
further support this hypothesis, we investigated the contribution of miR-200c-3p in the
complete family which is relatively low in both control and ccRCC tissues based on NGS
data (Figure S2b). Additionally, the comparison of miR-200 family members expression
in all available data sets shows that they could be deregulated in all RCC tumor types
(Figure S2c). These observations confirming the potential cumulative readout might lead
to misinterpretation of the data provided by qPCR.

Consistent downregulation throughout all tumor grades were observed in case of miR-
362-5p (G1, 0.09-fold change, p < 0.01; G3, 0.03-fold change, p < 0.001; G4, 0.09-fold change,
p = 0.013), miR-363-3p (G1, 0.3-fold change, p = 0.019; G3, 0.08-fold change, p < 0.001; G4,
0.07-fold change, p < 0.01) and miR-204-5p (G1, 0.3-fold change, p = 0.042; G3, 0.01-fold
change, p < 0.001; G4, 0.05-fold change, p = 0.02) (Figure 2e). Significant upregulation of
miRNA-21-5p expression is present only in the G4 (6-fold change, p = 0.047), although,
increasing expression of this miRNA is noticeable across all Fuhrman grades (Figure 2f).
The following miRNAs displayed elevated expression in all samples: miR-210-3p (G1, 21-
fold change, p < 0.001; G2, 7.4-fold change, p = 0.013; G3, 12-fold change, p < 0.01; G4, 11-fold
change, p < 0.01) and miR-155-5p (G1, 22-fold change, p < 0.01; G2, 7.4-fold change, p = 0.02;
G3, 8-fold change, p = 0.03; G4, 47-fold change, p < 0.001). Interestingly, significant rise of
miR-155-5p was clearly observed in G4 (Figure 2f). Interestingly, significant miR-224-5p
overexpression was characteristic only for G1 ccRCC tumors (28-fold change, p < 0.001).

Validation of expression levels of eight selected miRNA revealed grade-dependent
variations in ccRCC tumor tissues, whereas, a comparison of expression levels of the 14 miR-
NAs between ccRCC, pRCC and oncocytoma suggests differences in miRNA expression
dependent on the RCC subtype.
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Figure 2. Validation of commonly deregulated miRNA in the independent sample set of ccRCC, pRCC and oncocytoma
tumors by quantitative PCR (qPCR). (a,b) Specifically deregulated miRNA in oncocytoma (a) and pRCC (b) tumors based
on a meta-analysis compared to other subtypes. Analyzed specimens included: control (n = 9), ccRCC (n = 11), pRCC
(n = 10), oncocytoma (n = 8) samples; (c–f) Validation of expression disruptions of commonly deregulated miRNA in RCC
tumors. Downregulated (c) and upregulated (d) miRNA in ccRCC tumors based on a meta-analysis compared to pRCC and
oncocytoma. Analyzed specimens included: control (n = 15), ccRCC (n = 39), pRCC (n = 11), oncocytoma (n = 8) samples;
(e,f) miRNA expression in ccRCC tumors grouped according to Fuhrman grade: downregulated (e) and upregulated (f)
miRNA in ccRCC tumors based on a meta-analysis. Analyzed specimens included: control, n = 15; ccRCC (n = 39), ccRCC
G1 (n = 9), ccRCC G2 (n = 11), ccRCC G3 (n = 10), ccRCC G4 (n = 9) samples. Blue bars, control tissue; red bars, ccRCC
tumors; orange bars, ccRCC Fuhrman grades; yellow bars, pRCC; green bars, oncocytoma; ccRCC, clear renal cell carcinoma;
pRCC, papillary renal cell carcinoma; G1-G4, ccRCC Fuhrman grades 1–4. NS, non-significant; * p < 0.05; ** p < 0.01 and
*** p < 0.001.



Cancers 2021, 13, 548 9 of 20

3.3. ROC Analysis

Receiver operating characteristic (ROC) analysis was performed to assess the prognostic
accuracy of the miRNA signatures based on real-time PCR results. The area under the
curve (AUC) was calculated for each comparison. miRNA expression levels obtained from
all RCC subtypes were compared with control tissue or between each other to calculate
their predictive potential (Figure 3). The data suggest that downregulated miRNA-362-5p
(AUC = 0.79, p < 0.01) and miRNA-363-3p (AUC = 0.8, p < 0.01) jointly with upregulated
miRNA-155-5p (AUC = 0.83, p < 0.001) and miRNA-210-3p (AUC = 0.85, p < 0.001) signif-
icantly differentiates ccRCC tumors from healthy tissue. pRCC could be classified using
miRNA-362-5p (AUC = 0.87, p < 0.001), miRNA-363-3p (AUC = 0.75, p = 0.03), miRNA-204-5p
(AUC = 0.9, p < 0.001), miRNA-21-5p (AUC = 0.79, p = 0.02) and miRNA-210-3p (AUC = 0.86,
p = 0.01) while oncocytoma with miRNA-204-5p (AUC = 0.9, p < 0.001) and miRNA-224-5p
(AUC = 0.79, p < 0.01). Furthermore, ccRCC could be significantly distinguished from pRCC
with miRNA-362-5p (AUC = 0.76, p < 0.01) and miRNA-155-5p (AUC = 0.79, p < 0.01) or
from oncocytoma with miRNA-155-5p (AUC = 0.81, p < 0.01). Whereas, miRNA-362-5p
(AUC = 0.8, p = 0.02) differentiates pRCC and oncocytoma. Additionally, expression changes
of miRNA-224-5p shows potential to discriminate ccRCC Fuhrman grades, G1 versus G2
with AUC = 0.83 (p = 0.02) or G1 versus G2-4 with AUC = 0.79 (p = 0.02) (Figure 3a).

Figure 3. Receiver Operating Characteristic (ROC) analysis predictive potential of selected miRNA. (a) Area under the curve
(AUC) with p-value calculated from miRNA expression level obtained from qPCR. Bold, comparisons with AUC > 0.75 and
p-value < 0.05; (b) ROC multivariate analysis with seven proposed miRNAs; (c) Predictive accuracies with different miRNAs
(red dot indicates a number of features with the highest predictive accuracy) and (d) frequency of selection in the test.
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To propose potential panels of miRNA to distinguish RCC subtypes we performed
ROC multivariate analysis (Figure 3b). Predictive accuracies with different miRNAs
(Figure 3c) suggest that 5, 6 and 3 miRNAs distinguish ccRCC, pRCC and oncocytoma
from healthy tissue with 83.5%, 86.7% and 76.8% of accuracy, respectively. RCC subtypes
could be differentiated by 6 miRNAs (ccRCC vs. pRCC, 83.6% of accuracy), 4 miRNAs
(ccRCC vs. oncocytoma, 71.6% of accuracy) or 4 miRNAs (pRCC vs. oncocytoma, 62.7% of
accuracy). Selection frequency of each miRNA in the ROC test is shown on Figure 3d.

Our data suggest that proposed miRNA could have diagnostic potential and could
efficiently distinguish RCC subtypes or between ccRCC tumors with Fuhrman grades.

3.4. Iso-miRNA Analysis

Mature miRNA could occur in isoforms that vary in length or presence of poly(A)
or poly(U) tails on 3′ end. According to literature, iso-miRNA expression levels could
successfully differentiate cancer types [45]. Hence, we decided to investigate iso-miRNA
signatures in ccRCC using data sets obtained from Exp1 and Exp4 and validate them in
ccRCC (controls, n = 4; ccRCC, n = 17).

We analyzed the percentage contribution of iso-miRNA of eight miRNAs, which ac-
cording to our meta-analysis were commonly deregulated in ccRCC (Table S2). As shown in
Figure 4a (upper panel), among four downregulated miRNAs, two: miR-363-3p and miR-
204-5p exhibit significantly different isoform expression pattern in ccRCC tumors. In case of
miR-363-3p, shortening of 3′ end is more frequent with simultaneous reduction of elongation,
with 67% and 14% contribution as compared to control: 52% and 20%, respectively (p < 0.01
and p = 0.047, respectively). Similarly, poly(U) addition is more common in non-ccRCC tissue
(control 15%, ccRCC 7.3%; p < 0.01). We also observed more reduced 3′ end lengthening of
miRNA-204-5p in ccRCC (control 49%, ccRCC 28.5%; p < 0.001).

In the group of potentially ccRCC-specific, upregulated miRNAs (Figure 4a lower
panel) miRNAs miR-21-5p displayed slight, less frequent, though statistically significant
modifications, with addition of poly(A) (control 4%, ccRCC 3%; p < 0.001) and poly(U)
(control 0.3%, ccRCC 0.2%). In case of miR-224-5p 3′ lengthening has elevated level in
ccRCC (control 30%, ccRCC 50%; p < 0.01). Reference miRNA-210-3p has significantly lower
percentage by 7% in ccRCC (p = 0.01). Interestingly, in case of miRNA-210-3p, we found
differences in sequencing Exp1 and Exp4 concerning a tendency toward 5′ lengthening and
less frequent addition of U nucleotide (Exp1, p = 0.02) and more frequent addition of mixed
nucleotides in Exp4 (p = 0.049), which inclines us to carefully interpret the sequencing
data and stresses the necessity for in depth, a multi-dataset study on miRNA isoforms
(Figure 4a and Figure S3a).

Specific primers used in qPCR (“iso-miRNA primer”) (Figure 4b,e) discriminate miRNA-
363-3p and miRNA-224-5p shorter isoforms and amplify longer isoforms. As shown on an
independent sample set (Figure 4c), iso-miRNA-363-3p expression was relatively similar
in all tumors, regardless their grading status (G1, 0.004-fold change, p < 0.001; G2, 0.004-
fold change, p < 0.01; G3, 0.001-fold change, p < 0.01; G4, 0.003-fold change, p < 0.001).
Interestingly, iso-miRNA-224-5p was the most significant downregulated in G4 (0.15-fold
change, p = 0.02) (Figure 4f), in contrast to miRNA-224-5p upregulation in G1 (Figure 3d).
In relation to miR-363-3p (G1, 0.02-fold change, p = 0.01; G2, 0.02-fold change, p = 0.01; G3,
0.02-fold change, p = 0.01; G4, 0.01-fold change, p < 0.01) and miR-224-5p (G2, 0.02-fold
change, p < 0.01; G4, 0.07-fold change, p = 0.02) both iso-miRNAs are significantly reduced in
ccRCC (Figure 4d,g) which confirms decreased level of longer isoforms (Figure 4a).
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Figure 4. miRNA isoform deregulation in ccRCC tumors. (a) The percentage per miRNA isoform (iso-miRNA) in control
and tumor samples based on Exp1 results. Part of the chart represents the percentage of iso-miRNA-21-5p is magnified to
show more accurately 3′ tailing of miRNA-21-5p; (b,e) Sequences of miRNA-363-3p and miRNA-224-5p isoforms identified
in kidney, respectively. “miRNA primer” (in grey) amplifies all iso-miRNA and “iso-miRNA primer” (in green) amplifies
reference miRNA and longer iso-miRNA. Bold, reference miRNA sequence; small letters, pre-miRNA sequence; italic,
additional U or A nucleotides; (c,d) Validation of iso-miRNA-363-3p in ccRCC tumors and controls by qPCR relative to
U6 (c) and miRNA-363-3p (d); (f,g) Validation of iso-miRNA-224-5p in ccRCC tumors and controls by qPCR relative to U6
(f) and miRNA-224-5p (g); (h) qPCR analysis of expression of genes involved in miRNA processing and after maturation
modifications in ccRCC tumors. Control (n = 4), ccRCC (n = 17) containing: G1 (n = 4), G2 (n = 3), G3 (n = 5), G4 (n = 5). NS,
non-significant; * p < 0.05; ** p < 0.01 and *** p < 0.001.
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Additionally, we analyzed expression profiles of genes involved in miRNA maturation
(DROSHA, DGCR8, DICER1) or post-maturation processing (Terminal Uridylyl Transferase
4, TUT4; PAP Associated Domain Containing 4, PAPD4; PAP Associated Domain Contain-
ing 5, PAPD5) (Figure 4h). qPCR results suggest that TUT4 and PAPD4 are significantly
upregulated in ccRCC tumors (15-fold change, p < 0.01 and 14-fold change, p < 0.05, respec-
tively), however, expression of PAPD4 is the highest in tumors with lower grades (G1 + G2)
(34-fold change, p = 0.03).

Our data suggest that iso-miRNA contribution in ccRCC tumors may differ from the
control tissue and observed expression shifts if validated, could aid ccRCC classification.
Additionally, disruptions of miRNA expression in ccRCC could be partially explained by
differences in miRNA isoform stability.

3.5. Basis of Deregulation of Selected miRNA in ccRCC

In order to investigate the character of deregulation of the eight commonly disrupted
miRNAs in ccRCC we explored the possibility of co-transcriptional deregulation of miRNAs
with their host genes. We utilized the data from RNA-Seq, performed on ccRCC tumors
(ccRCC: n = 60, controls: n = 17) matching small RNA-Seq samples (this work). As shown
in Figure S3b miR-200c, miR-204 and miR-362 host genes (MIR200CHG, TRPM3, CLCN5,
respectively) display a statistically significant decrease in their expression. Similarly, miR-
224, miR-21, miR-155 and miR-210 host genes (GABRE, VMP1, MIR155HG and MIR210HG,
respectively), are elevated, supporting the mechanism of co-transcriptional regulation
being the basis of seven out of eight analyzed miRNAs. The expression of miRNAs and
their host genes was highly correlated, with R = 0.97 and statistically significant (p < 0.001)
(Figure S3c). Since miR-363 is encoded by an intergenic locus, no data was obtained
from RNA-Seq.

These data suggest that miRNAs are deregulated co-transcriptionally in ccRCC tumors.
Although, more studies are necessary to investigate factors responsible for this disruption.

3.6. miRNA Functions

Survival analysis performed on the TCGA data with Kaplan-Meier Plotter on-line tool
revealed that ccRCC patients with a high level of miRNA-224 (which is overexpressed in
ccRCC G1) significantly classified patients into higher risk for death (hazard ratio (HR) = 1.49)
(Figure 5a). Although, higher grades patients show the opposite pattern. In contrary, patients
with the high level of miRNA-210, which is upregulated in ccRCC, have a lower risk for death
(HR = 0.71) which is independent of the ccRCC Fuhrman’s grade (Figure 5b).

One miRNA could regulate the expression of many genes and simultaneously one
mRNA could be targeted by a few miRNAs. Using data from the miRTarBase database [46],
we obtained a list of validated gene targets of 8 commonly deregulated miRNA in ccRCC.
Subsequently, we selected genes expressed in the kidney, examined their expression using
RNA-seq data from tumors derived from Polish ccRCC patients (Supplementary File S2)
and followed with gene ontology enrichment analysis (GO) using GeneMANIA application
in Cytoscape.

The majority of identified pathways for example, cellular response to hypoxia, response
to TGF-beta, serine/threonine kinase signaling pathway are well known to be de-regulated in
ccRCC, although our analysis points to other, also interesting pathways that may contribute to
ccRCC etiology, involving components of the homotypic fusion and protein sorting (HOPS)-
tethering complex and mRNA poly(A) tail shortening (Table 1 and Table S3).
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Figure 5. The survival rate analysis of ccRCC patients with deregulation expression of miRNA-224 and miRNA-210. (a)
Patients with high expression (red line) of miRNA-224 have worst hazard ratio (HR) in ccRCC G2 than in G4; (b) Patients
with high expression (red line) of miRNA-210 have higher survival rate although its massive upregulation in ccRCC tumors.

Table 1. Gene ontology (GO) terms for targets of commonly deregulated miRNA in ccRCC.

GO Id Description miRNA Targets

GO:0038093 Fc receptor signaling pathway miR-200c-3p, miR-224-5p, miR-155-5p
GO:0002768 immune response-regulating cell surface receptor signaling pathway miR-200c-3p, miR-204-5p, miR-224-5p
GO:0038179 neurotrophin signaling pathway miR-200c-3p, miR-224-5p, miR-155-5p
GO:0071774 response to fibroblast growth factor miR-200c-3p, miR-224-5p
GO:0030897 HOPS complex miR-362-5p
GO:0000289 nuclear-transcribed mRNA poly(A) tail shortening miR-363-3p
GO:0007178 transmembrane receptor protein serine/threonine kinase signaling pathway miR-204-5p
GO:0071559 response to transforming growth factor beta miR-204-5p, miR-155-5p
GO:0071214 cellular response to abiotic stimulus miR-21-5p
GO:0034142 toll-like receptor 4 signaling pathway miR-21-5p
GO:0019787 small conjugating protein ligase activity miR-21-5p
GO:0019901 protein kinase binding miR-155-5p
GO:0051169 nuclear transport miR-155-5p
GO:0010608 posttranscriptional regulation of gene expression miR-155-5p
GO:0071456 cellular response to hypoxia miR-210-3p
GO:1901989 positive regulation of cell cycle phase transition miR-210-3p
GO:0010639 negative regulation of organelle organization miR-210-3p
GO:0007059 chromosome segregation miR-210-3p

From networks created with GeneMANIA, we extracted the most crucial clusters (the
most connected regions) of genes and networks by MCODE application. On these networks,
we overlaid fold change and significance of differently expressed genes in ccRCC tumors
based on RNA-Seq results as shown in Figure S4. These data suggest that targets of the
selected miRNAs are involved in crucial pathways for ccRCC development such as cellular
response to hypoxia, chromosome segregation or response to signaling factors (Table 1).
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4. Discussion

Taking into consideration the asymptomatic course of RCC, its frequent diagnosis
at advance stage and as consequence its relatively low 5-years survival rate, effective
clinical and molecular markers aiding RCC classification, detection and monitoring could
significantly improve disease management. Molecular alterations in RCC tumors have been
extensively studied in the last decade, especially in ccRCC but neither identified mutations
(e.g.,: VHL, BAP1, PBRM1, SETD2, KDM5C, MTOR) nor transcriptome-based ccRCC
tumor sub-classification have straightforward clinical relevance [47,48]. Chromosomal
rearrangements which are ccRCC drivers occur decades before diagnosis in childhood or
adolescence which makes early detection of the diseases difficult [5]. The tools suitable for
detection of disease initiation, early diagnosis and progression are currently not available,
hence the need for identification of novel, molecular and ideally, noninvasive biomarkers.

As miRNA are short molecules, relatively stable in tissues and body fluids and have
been previously shown to be deregulated in all RCC subtypes. miRNA panel could be
utilized as a subtype classification, an indicator of a disease stage or treatment monitoring
tool. Furthermore, miRNA regulate the expression of thousands of genes, therefore their
deregulation likely plays a role in ccRCC pathogenesis.

We set off to perform a meta-analysis of miRNA expression in ccRCC, chRCC, pRCC
and oncocytoma, using publicly available data sets derived from small RNA-Seq and
microarray experiments. As a result, we obtained a list of miRNAs commonly dereg-
ulated in ccRCC, chRCC and pRCC. In the case of oncocytoma, only one study was
available (Figure 1). Based on the meta-analysis ccRCC could be potentially classified
by the comparison of expression levels of eight miRNAs: miRNA-200c-3p, miRNA-362-
5p, miRNA-363-3p, miRNA-204-5p, miRNA-21-5p, miRNA-224-5p, miRNA-155-5p and
miRNA-210-3p. miRNAs identified as specifically expressed in ccRCC, pRCC and oncocy-
toma subtypes were validated in an independent sample set (Figure 2).

All eight commonly deregulated miRNAs in ccRCC were previously described in the
literature as onco-suppressors or oncogenes in various cancer types [49–51]. Several studies
showed that miRNA-21-5p is upregulated in solid cancers, mainly in advanced tumors
and has been linked to uncontrolled cell growth and necrosis [52]. Recently miRNA-
21-5p was suggested as a potential therapeutic target, likely involved in processes of
drug resistance in breast cancer and leukemia [53]. miRNA-224-5p was reported to be
upregulated for example in colorectal cancer and hepatocellular carcinoma. However, its
downregulation also was observed in prostate cancer [54,55]. This miRNA was shown
to regulate cell signaling, proliferation and response to fibroblast and epidermal growth
factors. miRNA-155-5p, which is upregulated in the majority of solid tumors [56,57], target
genes are involved in tumorigenesis, DNA damage repair and inflammation. Elevated
expression of miRNA-155-5p induces the formation of new blood vessels and tumor
growth [58,59]. Furthermore, miR-155-5p influences hypoxia by targeting VHL mRNA [59]
and its overexpression is additionally connected to diminished drug response and chemo-
and radio-resistance of breast and colon cancer cells [57,59]. Overexpression of miRNA-210-
3p correlates with a negative disease outcome in several cancers [15]. Many miRNA-210-3p
targets are engaged in angiogenesis, cell survival and differentiation [15] miRNA-200c-3p is
one of the most significantly downregulated miRNAs in ccRCC tumors [44]. miRNA-200c
is member of miRNA-200 family (miRNA-200a, miRNA-200b, miRNA-200c, miRNA-141
and miRNA-429), commonly deregulated in other cancer types. miRNA-200c-3p targets
are engaged in cell signaling, proliferation, cell invasion [60,61], cancer initiation and
metastasis [62]. miRNA-362-5p has been classified as oncogenic in solid tumors [63] and
could be a potential therapeutic target or prognostic factor for human cancers [63]. In
gastric cancer, it is upregulated, displaying its oncogenic function by inhibiting tumor
suppression cylindromatosis [63]. Its downregulation was reported in cervical cancer
promotes vascular invasion and metastasis [64] miRNA-363-3p is well known as miRNA
with an anti-tumor role in many human cancers such as hepatocellular carcinoma and lung
cancer [65,66]. It blocks cell proliferation, migration and invasion [65]. miRNA-363-3p
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downregulation correlates with metastasis in colorectal and hepatocellular cancers [67].
miRNA-204-5p is an example of oncogenic miRNA with dual function [68]. In solid tumors
it mainly acts as a tumor suppressor (e.g., breast, prostate cancers and metastatic lung
cancer [69] and in colorectal cancer was described as an inhibitor of proliferation and
promotes cancer sensitivity to chemotherapy [70]. In contrast, miRNA-204-5p has been
found upregulated in leukemia, although its role in disease development is unknown [71].

Targets of selected miRNAs identified in ccRCC tumors are involved in similar path-
ways like in other cancer types. It is worth to mention that miRNA-210-3p, which targets
are involved in oxygen metabolism (Table 1, Table S3 and Figure S4b), is upregulated
in both ccRCC and pRCC tumors but not in oncocytoma (Figure 2b), where lack of hy-
poxia and HIF1 stabilization are documented [72,73]. Additionally, patients with high
level of miRNA-210 have lower risk for death (Figure 5b). Other interesting examples
are potential targets of miRNA-362-3p belong to homotypic fusion and vacuole protein
sorting (HOPS) complex (Table 1, Table S3 and Figure S4a), controlling cell homeostasis,
which dysfunctions are associated with various cancer types including renal cancers [74].
miRNA-363-3p targets stand out from other miRNA target genes since they are involved in
post-transcriptional control of RNA metabolism (Table 1, Table S3 and Figure S4a).

Deregulation of analyzed miRNA in ccRCC could be caused by different processes.
For example, upregulation of miR-210-3p in ccRCC is caused by the elevated level of
HIF [75]. In general, the expression of host genes correlates with miRNA expression,
which suggests that deregulation is linked to transcription (Figure S3b,c). Additionally,
miRNA expression could be regulated during processing exemplified by the decreasing
percentage of longer isoforms (e.g., miRNA-363-3p) (Figure 4a–d), suggestive of effective
degradation after maturation. Furthermore, adenylation is a well-known mechanism of
miRNA-21-5p destabilization [76]. Reduction of adenylated miRNA-21-5p isoforms in
ccRCC suggests its stabilization which could act together with high transcription efficiency
and explain the miRNA-21-5p increased level in ccRCC (Figure 4a). Changes in iso-miRNA
tailing are potentially related to upregulation of TUT4 and PAPD4, factors involved in
post-maturation miRNA modifications (Figure 4h). Further investigation of the reasons
of miRNA deregulation in ccRCC is needed, especially when miRNAs are considered
as therapeutic targets. Potential therapeutics could inhibit or mimic mature deregulated
miRNAs although regulation of their expression by targeting of the mentioned above
process is also possible [77].

As a result of our meta-analysis, we would like to propose a miRNA panel that could
potentially aid RCC classification, with miRNA-362-5p, miRNA-363-3p, miRNA-224-5p,
miRNA-155-5p and miRNA-210-3p as classifiers of ccRCC, miRNA-362-5p, miRNA-363-3p,
miRNA-21-5p, miRNA-204-5p as characteristic for pRCC and miRNA-204-5p and miRNA-
224-5p for oncocytoma (Figures 1–3). Interestingly, our data suggest that miRNA-155-5p
is a promising ccRCC-specific miRNA because it is unchanged in pRCC and oncocytoma
(Figures 2b and 3) and is highly upregulated in all ccRCC tumor regardless Fuhrman grade
(Figures 2f and 3). It was shown previously that the elevated level of this miRNA correlates
with poor ccRCC outcome [78]. Additionally, our results suggest that analysis of specific
miRNA isoforms (Figure 4) could increase the number of tested molecules in potential
miRNA panel. Combination of the expression pattern of the seven mentioned above
miRNAs is likely to be an indicative of the RCC tumor subtype. The most downregulated
miRNA-200c in ccRCC seems to be a poor biomarker candidate. Regrettably, we did not
validate the alteration of miRNA-200c-3p expression in ccRCC tumors likely due to low
specificity of the qPCR primer. According to all NGS experiments, miRNA-200 family
comprises a low percentage of miRNA-200c-3p in the kidney, therefore our results can be
explained by amplification of the remaining family members (Figure S2). Unfortunately,
data from high-throughput analysis of miRNA in ccpRCC and tcRCC with adjacent control
tissue are not available and we did not include these RCC subtypes into the meta-analysis.
However, ccpRCC and tcRCC could be mistaken with ccRCC and pRCC, respectively,
during the diagnosis [7,8]. Both RCC subtypes show unique miRNA expression patterns
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distinguish them from the other RCCs [79,80], hence including these subtypes in meta-
analysis should be considerate in the future.

A number of above-mentioned miRNAs might be useful to differentiate ccRCC tumor
grading and such approach is poorly represented in the literature. For example, miRNA-
224-5p is significantly upregulated in ccRCC first grade and oncocytoma (Figure 2b,f) how-
ever, its longer isoforms are significantly downregulated in ccRCC G4 (Figure 4f). Simulta-
neously, miRNA-21-5p is upregulated in ccRCC G4 (Figure 2f) and in pRCC (Figure 2b).
Likewise, miRNA-210-3p is upregulated in ccRCC and pRCC, with no change in oncocy-
toma (Figure 2b). If status of these three miRNAs and its isoforms (Figure 4e–g) would be
reflected in liquid biopsies or core needle biopsies [81] (non-invasive or less invasive biopsy
methods than nephrectomy, respectively) it is worth to considerate their combination as
ccRCC tumor grade indicator or panel distinguishing benign and malignant renal tumors
(Figure 3). This is important for oncocytoma cases where surgical intervention is usually
not required [82].

Although promising, suggested miRNA panel (Figure 3) requires additional validation
in an independent sample set, in analyses additionally taking under consideration the
heterogeneity of the tumor. Moreover, it would be interesting to test if proposed miRNA
panel would be useful as a non-invasive classification test utilizing plasma and urine from
RCC patients, as was shown previously that miRNA-210-3p was found circulating in the
serum of mice tumors with hypoxia [83].

In conclusion, based on the meta-analysis and qPCR confirmation we propose panel of
six miRNAs, with potential to distinguish ccRCC tumor grades (if extended with isoform
analysis) and between RCC subtypes, which if validated further, may aid RCC classification
in the future.

5. Conclusions

In conclusion, we found eight miRNAs to be commonly deregulated in ccRCC tumors;
additionally, their levels can be used to distinguish RCC subtypes. Functions of these
miRNAs have a potential impact on ccRCC etiology and/or development. Our results
revealed that changes in the expression of selected miRNA might be potentially utilized as
a tool aiding ccRCC subclass discrimination and we propose a miRNA panel that could be
potentially utilized as a tool for RCC subtype distinction.
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gene ontology (GO) terms for targets of commonly deregulated miRNA in ccRCC. Table S4. Primers
used in the experimental procedures.
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19. Rydzanicz, M.; Wrzesiński, T.; Bluyssen, H.A.R.; Wesoły, J. Genomics and epigenomics of clear cell renal cell carcinoma: Recent

developments and potential applications. Cancer Lett. 2013, 341, 111–126. [CrossRef]
20. Ying, G.; Wu, R.; Xia, M.; Fei, X.; He, Q.E.; Zha, C.; Wu, F. Identification of eight key miRNAs associated with renal cell carcinoma:

A meta-analysis. Oncol. Lett. 2018, 16, 5847–5855. [CrossRef]
21. Chen, X.; Lou, N.; Ruan, A.; Qiu, B.; Yan, Y.; Wang, X.; Du, Q.; Ruan, H.; Han, W.; Wei, H.; et al. Mir-224/mir-141 ratio as a novel

diagnostic biomarker in renal cell carcinoma. Oncol. Lett. 2018, 16, 1666–1674. [CrossRef] [PubMed]
22. Petillo, D.; Kort, E.; Anema, J.; Furge, K.A.; Yang, X.J.; Teh, B.T. MicroRNA profiling of human kidney cancer subtypes. Int. J.

Oncol. 2009, 35, 109–114. [CrossRef] [PubMed]
23. Edgar, R.; Domrachev, M.; Lash, A.E. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository.

Nucleic Acids Res. 2002, 30, 207–210. [CrossRef] [PubMed]
24. Langmead, B.; Salzberg, S. Bowtie2. Nat. Methods 2013, 9, 357–359. [CrossRef] [PubMed]
25. Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An efficient general purpose program for assigning sequence reads to genomic

features. Bioinformatics 2014, 30, 923–930. [CrossRef]

http://doi.org/10.1038/nrdp.2017.9
http://www.ncbi.nlm.nih.gov/pubmed/28276433
http://doi.org/10.5489/cuaj.4464
http://www.ncbi.nlm.nih.gov/pubmed/29283089
http://doi.org/10.1055/s-0033-1363837
http://www.ncbi.nlm.nih.gov/pubmed/24596434
http://doi.org/10.1148/rg.336125110
http://doi.org/10.1016/j.cell.2018.02.020
http://doi.org/10.1177/1756287210364959
http://doi.org/10.1016/j.humpath.2013.08.004
http://doi.org/10.1038/s41379-018-0185-5
http://doi.org/10.1097/HP.0000000000000465
http://doi.org/10.1038/sj.bjc.6605058
http://www.ncbi.nlm.nih.gov/pubmed/19401683
http://doi.org/10.1093/clinchem/47.4.624
http://www.ncbi.nlm.nih.gov/pubmed/11274010
http://doi.org/10.1093/annonc/mdx075
http://www.ncbi.nlm.nih.gov/pubmed/28327953
http://doi.org/10.1007/s13277-014-2381-3
http://doi.org/10.21873/anticanres.12107
http://doi.org/10.3390/ijms17101712
http://doi.org/10.3390/ijms20184460
http://doi.org/10.1007/s40139-012-0002-7
http://doi.org/10.1016/j.canlet.2013.08.006
http://doi.org/10.3892/ol.2018.9384
http://doi.org/10.3892/ol.2018.8874
http://www.ncbi.nlm.nih.gov/pubmed/30008851
http://doi.org/10.3892/ijo_00000318
http://www.ncbi.nlm.nih.gov/pubmed/19513557
http://doi.org/10.1093/nar/30.1.207
http://www.ncbi.nlm.nih.gov/pubmed/11752295
http://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
http://doi.org/10.1093/bioinformatics/btt656


Cancers 2021, 13, 548 18 of 20

26. Pantano, L.; Estivill, X.; Martí, E. SeqBuster, a bioinformatic tool for the processing and analysis of small RNAs datasets, reveals
ubiquitous miRNA modifications in human embryonic cells. Nucleic Acids Res. 2010, 38, e34. [CrossRef]

27. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
universal RNA-seq aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

28. Zhou, L.; Chen, J.; Li, Z.; Li, X.; Hu, X.; Huang, Y.; Zhao, X.; Liang, C.; Wang, Y.; Sun, L.; et al. Integrated profiling of MicroRNAs
and mRNAs: MicroRNAs Located on Xq27.3 associate with clear cell renal cell carcinoma. PLoS ONE 2010, 5, e15224. [CrossRef]

29. Osanto, S.; Qin, Y.; Buermans, H.P.; Berkers, J.; Lerut, E.; Goeman, J.J.; van Poppel, H. Genome-wide microRNA expression
analysis of clear cell renal cell carcinoma by next generation deep sequencing. PLoS ONE 2012, 7, e38298. [CrossRef]

30. Nientiedt, M.; Deng, M.; Schmidt, D.; Perner, S.; Müller, S.C.; Ellinger, J. Identification of aberrant tRNA-halves expression
patterns in clear cell renal cell carcinoma. Sci. Rep. 2016, 6, 1–9. [CrossRef]

31. Leinonen, R.; Sugawara, H.; Shumway, M. The sequence read archive. Nucleic Acids Res. 2011, 39, 2010–2012. [CrossRef] [PubMed]
32. Yang, Z.; Wu, L.; Wang, A.; Tang, W.; Zhao, Y.; Zhao, H.; Teschendorff, A.E. DbDEMC 2.0: Updated database of differentially

expressed miRNAs in human cancers. Nucleic Acids Res. 2017, 45, D812–D818. [CrossRef] [PubMed]
33. Zhang, J.; Du, Y.-Y.; Lin, Y.-F.; Chen, Y.-T.; Yang, L.; Wang, H.-J.; Ma, D. The cell growth suppressor, mir-126, targets IRS-1. Biochem.

Biophys. Res. Commun. 2008, 377, 136–140. [CrossRef] [PubMed]
34. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-∆∆CT method.

Methods 2001, 25, 402–408. [CrossRef]
35. Warde-Farley, D.; Donaldson, S.L.; Comes, O.; Zuberi, K.; Badrawi, R.; Chao, P.; Franz, M.; Grouios, C.; Kazi, F.; Lopes, C.T.; et al.

The GeneMANIA prediction server: Biological network integration for gene prioritization and predicting gene function. Nucleic
Acids Res. 2010, 38, 214–220. [CrossRef]

36. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
Software Environment for Integrated Models of biomolecular interaction networks. Genome Res. 1971, 13, 426. [CrossRef]

37. Bader, G.D.; Hogue, C.W. An automated method for finding molecular complexes in large protein interaction networks. BMC
Bioinform. 2003, 29, 2. [CrossRef]

38. Chong, J.; Wishart, D.S.; Xia, J. Using MetaboAnalyst 4.0 for Comprehensive and Integrative Metabolomics Data Analysis. Curr.
Protoc. Bioinforma. 2019, 68, 1–128. [CrossRef]

39. Nagy, Á.; Lánczky, A.; Menyhárt, O.; Gyorffy, B. Validation of miRNA prognostic power in hepatocellular carcinoma using
expression data of independent datasets. Sci. Rep. 2018, 8, 1–9. [CrossRef]

40. Kort, E.J.; Farber, L.; Tretiakova, M.; Petillo, D.; Furge, K.A.; Yang, X.J.; Cornelius, A.; Bin, T.T. The E2F3-oncomir-1 axis is activated
in Wilms’ tumor. Cancer Res. 2008, 68, 4034–4038. [CrossRef]

41. Jung, M.; Mollenkopf, H.J.; Grimm, C.; Wagner, I.; Albrecht, M.; Waller, T.; Pilarsky, C.; Johannsen, M.; Stephan, C.; Lehrach, H.;
et al. MicroRNA profiling of clear cell renal cell cancer identifies a robust signature to define renal malignancy. J. Cell. Mol. Med.
2009, 13, 3918–3928. [CrossRef] [PubMed]

42. Mathew, L.K.; Lee, S.S.; Skuli, N.; Rao, S.; Keith, B.; Nathanson, K.L.; Lal, P.; Simon, M.C. Restricted expression of miR-30c-2-3p
and miR-30a-3p in Clear Cell Renal Carcinomas enhances HIF2α activity. Cancer Discov. 2014, 4, 53–60. [CrossRef] [PubMed]

43. Wach, S.; Nolte, E.; Theil, A.; Stöhr, C.; Rau, T.T.; Hartmann, A.; Ekici, A.; Keck, B.; Taubert, H.; Wullich, B. MicroRNA profiles
classify papillary renal cell carcinoma subtypes. Br. J. Cancer 2013, 109, 714–722. [CrossRef] [PubMed]

44. Wang, X.; Chen, X.; Han, W.; Ruan, A.; Chen, L.; Wang, R.; Xu, Z.; Xiao, P.; Lu, X.; Zhao, Y.; et al. MiR-200c targets CDK2 and
suppresses tumorigenesis in renal cell carcinoma. Mol. Cancer Res. 2015, 13, 1567–1577. [CrossRef] [PubMed]

45. Telonis, A.G.; Magee, R.; Loher, P.; Chervoneva, I.; Londin, E.; Rigoutsos, I. Knowledge about the presence or absence of
miRNA isoforms (isomiRs) can successfully discriminate amongst 32 TCGA cancer types. Nucleic Acids Res. 2017, 45, 2973–2985.
[CrossRef]

46. Hsu, S.D.; Lin, F.M.; Wu, W.Y.; Liang, C.; Huang, W.C.; Chan, W.L.; Tsai, W.T.; Chen, G.Z.; Lee, C.J.; Chiu, C.M.; et al. MiRTarBase:
A database curates experimentally validated microRNA-target interactions. Nucleic Acids Res. 2011, 39, 163–169. [CrossRef]

47. Creighton, C.; Morgan, M.; Gunaratne, P.; Wheeler, D.; Gibbs, R.; Gordon Robertson, A.; Chu, A.; Beroukhim, R.; Cibulskis,
K.; Signoretti, S.; et al. Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature 2013, 499, 43–49.
[CrossRef]

48. Hakimi, A.A.; Reznik, E.; Creighton, C.-H.L.C.J.; Brannon, A.R.; Luna, A.; Aksoy, B.A.; Liu, E.M.; Shen, R.; Lee, W.; Chen, Y.; et al.
An Integrated Metabolic Atlas of Clear Cell Renal Cell Carcinoma A. Cancer Cell 2016, 29, 104–116. [CrossRef]

49. Chen, E.; Xu, X.; Liu, R.; Liu, T. Small but Heavy Role: MicroRNAs in Hepatocellular Carcinoma Progression. Biomed Res. Int.
2018, 2018, 6784607. [CrossRef]

50. Kang, H.; Kim, C.; Lee, H.; Rho, J.G.; Seo, J.W.; Nam, J.W.; Song, W.K.; Nam, S.W.; Kim, W.; Lee, E.K. Downregulation of
microRNA-362-3p and microRNA-329 promotes tumor progression in human breast cancer. Cell Death Differ. 2016, 23, 484–495.
[CrossRef]

51. Loh, H.Y.; Norman, B.P.; Lai, K.S.; Rahman, N.M.A.N.A.; Alitheen, N.B.M.; Osman, M.A. The regulatory role of microRNAs in
breast cancer. Int. J. Mol. Sci. 2019, 20, 4940. [CrossRef] [PubMed]

52. Feng, Y.H.; Tsao, C.J. Emerging role of microRNA-21 in cancer (Review). Biomed. Reports 2016, 5, 395–402. [CrossRef] [PubMed]
53. Hong, L.; Han, Y.; Zhang, Y.; Zhang, H.; Zhao, Q.; Wu, K.; Fan, D. MicroRNA-21: A therapeutic target for reversing drug

resistance in cancer. Expert Opin. Ther. Targets 2013, 17, 1073–1080. [CrossRef] [PubMed]

http://doi.org/10.1093/nar/gkp1127
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1371/journal.pone.0015224
http://doi.org/10.1371/journal.pone.0038298
http://doi.org/10.1038/srep37158
http://doi.org/10.1093/nar/gkq1019
http://www.ncbi.nlm.nih.gov/pubmed/21062823
http://doi.org/10.1093/nar/gkw1079
http://www.ncbi.nlm.nih.gov/pubmed/27899556
http://doi.org/10.1016/j.bbrc.2008.09.089
http://www.ncbi.nlm.nih.gov/pubmed/18834857
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1093/nar/gkq537
http://doi.org/10.1101/gr.1239303
http://doi.org/10.1093/nar/29.1.137
http://doi.org/10.1002/cpbi.86
http://doi.org/10.1038/s41598-018-27521-y
http://doi.org/10.1158/0008-5472.CAN-08-0592
http://doi.org/10.1111/j.1582-4934.2009.00705.x
http://www.ncbi.nlm.nih.gov/pubmed/19228262
http://doi.org/10.1158/2159-8290.CD-13-0291
http://www.ncbi.nlm.nih.gov/pubmed/24189146
http://doi.org/10.1038/bjc.2013.313
http://www.ncbi.nlm.nih.gov/pubmed/23799849
http://doi.org/10.1158/1541-7786.MCR-15-0128
http://www.ncbi.nlm.nih.gov/pubmed/26248649
http://doi.org/10.1093/nar/gkx082
http://doi.org/10.1093/nar/gkq1107
http://doi.org/10.1038/nature12222
http://doi.org/10.1016/j.ccell.2015.12.004
http://doi.org/10.1155/2018/6784607
http://doi.org/10.1038/cdd.2015.116
http://doi.org/10.3390/ijms20194940
http://www.ncbi.nlm.nih.gov/pubmed/31590453
http://doi.org/10.3892/br.2016.747
http://www.ncbi.nlm.nih.gov/pubmed/27699004
http://doi.org/10.1517/14728222.2013.819853
http://www.ncbi.nlm.nih.gov/pubmed/23865553


Cancers 2021, 13, 548 19 of 20

54. Gan, B.L.; Zhang, L.J.; Gao, L.; Ma, F.C.; He, R.Q.; Chen, G.; Ma, J.; Zhong, J.C.; Hu, X.H. Downregulation of miR-224-5p
in prostate cancer and its relevant molecular mechanism via TCGA, GEO database and in silico analyses. Oncol. Rep. 2018,
40, 3171–3188. [CrossRef]

55. Zhang, G.J.; Zhou, H.; Xiao, H.X.; Li, Y.; Zhou, T. Up-regulation of miR-224 promotes cancer cell proliferation and invasion and
predicts relapse of colorectal cancer. Cancer Cell Int. 2013, 13, 1–10. [CrossRef]

56. Faraoni, I.; Antonetti, F.R.; Cardone, J.; Bonmassar, E. miR-155 gene: A typical multifunctional microRNA. Biochim. Biophys. Acta
Mol. Basis Dis. 2009, 1792, 497–505. [CrossRef]

57. Bayraktar, R.; Van Roosbroeck, K. miR-155 in cancer drug resistance and as target for miRNA-based therapeutics. Cancer Metastasis
Rev. 2018, 37, 33–44. [CrossRef]

58. Lou, W.; Liu, J.; Gao, Y.; Zhong, G.; Chen, D.; Shen, J.; Bao, C.; Xu, L.; Pan, J.; Cheng, J.; et al. MicroRNAs in cancer metastasis and
angiogenesis. Oncotarget 2017, 8, 115787–115802. [CrossRef]

59. Kong, W.; He, L.; Challa, S.; Xu, C.-X.; Permuth-Wey, J.; Lancaster, J.; Coppola, D.; Sellers, T.; Djeu, J.; Cheng, J. Upregulation of
miRNA-155 promotes tumour angiogenesis by targeting VHL and is associated with poor prognosis and triple- negative breast
cancer. Oncogene 2014, 33, 679–689. [CrossRef]

60. Humphries, B.; Yang, C. The microRNA-200 family: Small molecules with novel roles in cancer development, progression and
therapy. Oncotarget 2015, 6, 6472–6498. [CrossRef]

61. Li, J.; Tan, Q.; Yan, M.; Liu, L.; Lin, H.; Zhao, F.; Bao, G.; Kong, H. miRNA-200c inhibits invasion and metastasis of human
non-small cell lung cancer by directly targeting ubiquitin specific peptidase 25. Mol. Cancer 2014, 13, 1–14. [CrossRef] [PubMed]

62. O’Brien, S.J.; Carter, J.V.; Burton, J.F.; Oxford, B.G.; Schmidt, M.N.; Hallion, J.C.; Galandiuk, S. The role of the miR-200 family
in epithelial—mesenchymal transition in colorectal cancer: A systematic review. Int. J. Cancer 2018, 142, 2501–2511. [CrossRef]
[PubMed]

63. Ni, F.; Zhao, H.; Cui, H.; Wu, Z.; Chen, L.; Hu, Z.; Guo, C.; Liu, Y.; Chen, Z.; Wang, X.; et al. MicroRNA-362-5p promotes tumor
growth and metastasis by targeting CYLD in hepatocellular carcinoma. Cancer Lett. 2015, 356, 809–818. [CrossRef] [PubMed]

64. Shi, C.; Zhang, Z. MicroRNA-362 is downregulated in cervical cancer and inhibits cell proliferation, migration and invasion by
directly targeting SIX1. Oncol. Rep. 2017, 37, 501–509. [CrossRef] [PubMed]

65. Ye, J.; Zhang, W.; Liu, S.; Liu, Y.; Liu, K. MiR-363 inhibits the growth, migration and invasion of hepatocellular carcinoma cells by
regulating E2F3. Oncol. Rep. 2017, 38, 3677–3684. [CrossRef]

66. Wang, Y.; Chen, T.; Huang, H.; Jiang, Y.; Yang, L.; Lin, Z.; He, H.; Liu, T.; Wu, B.; Chen, J.; et al. miR-363-3p inhibits tumor growth
by targeting PCNA in lung adenocarcinoma. Oncotarget 2017, 8, 20133–20144. [CrossRef]

67. Hu, F.; Min, J.; Cao, X.; Liu, L.; Ge, Z.; Hu, J.; Li, X. MiR-363-3p inhibits the epithelial-to-mesenchymal transition and suppresses
metastasis in colorectal cancer by targeting Sox4. Biochem. Biophys. Res. Commun. 2016, 474, 35–42. [CrossRef]

68. Li, T.; Pan, H.; Li, R. The dual regulatory role of miR-204 in cancer. Tumor Biol. 2016, 37, 11667–11677. [CrossRef]
69. Shi, L.; Zhang, B.; Sun, X.; Lu, S.; Liu, Z.; Liu, Y.; Li, H.; Wang, L.; Wang, X.; Zhao, C. MiR-204 inhibits human NSCLC metastasis

through suppression of NUAK1. Br. J. Cancer 2014, 111, 2316–2327. [CrossRef]
70. Yin, Y.; Zhang, B.; Wang, W.; Fei, B.; Quan, C.; Zhang, J.; Song, M.; Bian, Z.; Wang, Q.; Ni, S.; et al. MiR-204-5p inhibits proliferation

and invasion and enhances chemotherapeutic sensitivity of colorectal cancer cells by downregulating RAB22A. Clin. Cancer Res.
2014, 20, 6187–6699. [CrossRef]

71. Zanette, D.L.; Rivadavia, F.; Molfetta, G.A.; Barbuzano, F.G.; Proto-Siqueira, R.; Falcão, R.P.; Zago, M.A.; Silva, W.A. miRNA
expression profiles in chronic lymphocytic and acute lymphocytic leukemia. Braz. J. Med. Biol. Res. 2007, 40, 1435–1440. [CrossRef]
[PubMed]

72. De Luise, M.; Girolimetti, G.; Okere, B.; Porcelli, A.M.; Kurelac, I.; Gasparre, G. Molecular and metabolic features of oncocytomas:
Seeking the blueprints of indolent cancers. Biochim. Biophys. Acta-Bioenerg. 2017, 1858, 591–601. [CrossRef] [PubMed]

73. Porcelli, A.M.; Ghelli, A.; Ceccarelli, C.; Lang, M.; Cenacchi, G.; Capristo, M.; Pennisi, L.F.; Morra, I.; Ciccarelli, E.; Melcarne, A.;
et al. The genetic and metabolic signature of oncocytic transformation implicates HIF1α destabilization. Hum. Mol. Genet. 2010,
19, 1019–1032. [CrossRef] [PubMed]

74. Van der Beek, J.; Jonker, C.; van der Welle, R.; Liv, N.; Klumperman, J. CORVET, CHEVI and HOPS—Multisubunit tethers of the
endo-lysosomal system in health and disease. J. Cell Sci. 2019, 132, 189134. [CrossRef] [PubMed]

75. McCormick, R.I.; Blick, C.; Ragoussis, J.; Schoedel, J.; Mole, D.R.; Young, A.C.; Selby, P.J.; Banks, R.E.; Harris, A.L. MiR-210 is a
target of hypoxia-inducible factors 1 and 2 in renal cancer, regulates ISCU and correlates with good prognosis. Br. J. Cancer 2013,
108, 1133–1142. [CrossRef] [PubMed]

76. Boele, J.; Persson, H.; Shin, J.W.; Ishizu, Y.; Newie, I.S.; Søkilde, R.; Hawkins, S.M.; Coarfa, C.; Ikeda, K.; Takayama, K.I.; et al.
PAPD5-mediated 3′ adenylation and subsequent degradation of miR-21 is disrupted in proliferative disease. Proc. Natl. Acad. Sci.
USA 2014, 111, 11467–11472. [CrossRef]

77. Balzeau, J.; Menezes, M.R.; Cao, S.; Hagan, J.P. The LIN28/let-7 pathway in cancer. Front. Genet. 2017, 8, 1–16. [CrossRef]
78. Silva-Santos, R.M.; Costa-Pinheiro, P.; Luis, A.; Antunes, L.; Lobo, F.; Oliveira, J.; Henrique, R.; Jerónimo, C. MicroRNA profile: A

promising ancillary tool for accurate renal cell tumour diagnosis. Br. J. Cancer 2013, 109, 2646–2653. [CrossRef]
79. Ding, Y.; Miyamoto, H.; Rothberg, P.G. Is Tubulocystic Renal Cell Carcinoma Real?: Genomic Analysis Confirms the World Health

Organization Classification. J. Mol. Diagn. 2018, 20, 28–30. [CrossRef]

http://doi.org/10.3892/or.2018.6766
http://doi.org/10.1186/1475-2867-13-104
http://doi.org/10.1016/j.bbadis.2009.02.013
http://doi.org/10.1007/s10555-017-9724-7
http://doi.org/10.18632/oncotarget.23115
http://doi.org/10.1038/onc.2012.636
http://doi.org/10.18632/oncotarget.3052
http://doi.org/10.1186/1476-4598-13-166
http://www.ncbi.nlm.nih.gov/pubmed/24997798
http://doi.org/10.1002/ijc.31282
http://www.ncbi.nlm.nih.gov/pubmed/29388209
http://doi.org/10.1016/j.canlet.2014.10.041
http://www.ncbi.nlm.nih.gov/pubmed/25449782
http://doi.org/10.3892/or.2016.5242
http://www.ncbi.nlm.nih.gov/pubmed/27878258
http://doi.org/10.3892/or.2017.6018
http://doi.org/10.18632/oncotarget.15448
http://doi.org/10.1016/j.bbrc.2016.04.055
http://doi.org/10.1007/s13277-016-5144-5
http://doi.org/10.1038/bjc.2014.580
http://doi.org/10.1158/1078-0432.CCR-14-1030
http://doi.org/10.1590/S0100-879X2007001100003
http://www.ncbi.nlm.nih.gov/pubmed/17934639
http://doi.org/10.1016/j.bbabio.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28115060
http://doi.org/10.1093/hmg/ddp566
http://www.ncbi.nlm.nih.gov/pubmed/20028790
http://doi.org/10.1242/jcs.189134
http://www.ncbi.nlm.nih.gov/pubmed/31092635
http://doi.org/10.1038/bjc.2013.56
http://www.ncbi.nlm.nih.gov/pubmed/23449350
http://doi.org/10.1073/pnas.1317751111
http://doi.org/10.3389/fgene.2017.00031
http://doi.org/10.1038/bjc.2013.552
http://doi.org/10.1016/j.jmoldx.2017.10.004


Cancers 2021, 13, 548 20 of 20

80. Lawrie, C.H.; Larrea, E.; Larrinaga, G.; Goicoechea, I.; Arestin, M.; Fernandez-Mercado, M.; Hes, O.; Cáceres, F.; Manterola,
L.; Lõpez, J.I. Targeted next-generation sequencing and non-coding RNA expression analysis of clear cell papillary renal cell
carcinoma suggests distinct pathological mechanisms from other renal tumour subtypes. J. Pathol. 2014, 232, 32–42. [CrossRef]

81. Yang, C.S.; Choi, E.; Idrees, M.T.; Chen, S.; Wu, H.H. Percutaneous biopsy of the renal mass: FNA or core needle biopsy? Cancer
Cytopathol. 2017, 125, 407–415. [CrossRef] [PubMed]

82. Liu, J.; Fanning, C.V. Can renal oncocytomas be distinguished from renal cell carcinoma on fine-needle aspiration specimens? A
study of conventional smears in conjunction with ancillary studies. Cancer 2001, 93, 390–397. [CrossRef] [PubMed]

83. Jung, K.O.; Youn, H.; Lee, C.H.; Kang, K.W.; Chung, J.K. Visualization of exosome-mediated miR-210 transfer from hypoxic
tumor cells. Oncotarget 2017, 8, 9899–9910. [CrossRef] [PubMed]

http://doi.org/10.1002/path.4296
http://doi.org/10.1002/cncy.21852
http://www.ncbi.nlm.nih.gov/pubmed/28334518
http://doi.org/10.1002/cncr.10141
http://www.ncbi.nlm.nih.gov/pubmed/11748579
http://doi.org/10.18632/oncotarget.14247
http://www.ncbi.nlm.nih.gov/pubmed/28038441

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Library Preparation and Sequencing 
	Small RNA-Seq Data Processing 
	RNA-Seq Data Processing 
	Meta-Analysis of miRNA Expression in RCC Tumors 
	Poly(A)-RT 
	qPCR 
	Gene Ontology (GO) Analysis of miRNA Targets 
	Statistical Analysis 

	Results 
	Small RNA-Seq and Meta-Analysis 
	Validation of RCC-Specific miRNA Candidates 
	ROC Analysis 
	Iso-miRNA Analysis 
	Basis of Deregulation of Selected miRNA in ccRCC 
	miRNA Functions 

	Discussion 
	Conclusions 
	References

