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July 10, 2018. About 30% of patients undergoing nephrectomy for renal cell carcinoma (RCC) experience disease

recurrence. We profiled miRNAs dysrequlated in clear-cell (cc) RCC tumor tissues and predictive of
recurrence. The expression levels of 800 miRNAs were assessed in paired tumor and normal tissues from
a discovery cohort of 18 ccRCC patients. miRNAs found to be differentially expressed were examined in a
validation set of 205 patients, using real-time quantitative PCR. Tumor-normal data from 64 patients in
The Cancer Genome Atlas were used for external validation. Twenty-eight miRNAs were consistently
dysregulated in tumor tissues. On dichotomized analysis, patients with high levels of miR-155-5p and
miR-210-3p displayed an increased risk for ccRCC recurrence (hazard ratio, 2.64; 95% CI, 1.49 to 4.70;
P = 0.0009; and hazard ratio, 1.80; 95% CI, 1.04 to 3.12; P = 0.036, respectively) and a shorter
median recurrence-free survival time than did patients with low levels [P < 0.01 (log rank test)]. A risk
score was generated based on the expression levels of miR-155-5p and miR-210-3p, and the trend test
was significant (P = 0.005). On pathway analysis, target genes regulated by miR-155-5p and miR-210-
3p were mainly enriched in inflammation-related pathways. We identified and validated multiple
miRNAs dysregulated in ccRCC tissues; miR-155-5p and miR-210-3p were predictive of ccRCC recurrence,
pointing to potential utility as biomarkers and underlying biological mechanisms. (Am J Pathol 2018,
188: 2487—2496; https://doi.org/10.1016/j.ajpath.2018.07.026)
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Renal cell carcinoma (RCC) accounts for about 3% of all
malignant tumors in adults.! Clear-cell (cc) RCC is the most
common histologic subtype of RCC, accounting for about
70% to 80% of cases.” Although progress has been made in
cancer-diagnostic technology, particularly in abdominal
imaging, more than half of RCC cases are still detected
incidentally.3 As a result, 20% to 30% of patients are found
to have metastatic disease at the time of diagnosis.”
Moreover, the prognosis after nephrectomy remains unsat-
isfactory. Around 30% of patients who undergo nephrec-
tomy experience local recurrence or progression to
metastasis.” Even in patients whose disease shows similar
clinical and pathologic features, outcomes might differ

widely. Therefore, reliable predictors of RCC clinical out-
comes are urgently needed.’

miRNAs are 19- to 25-nucleotide, noncoding RNAs that
regulate gene expression by targeting mRNA for the
degradation or repression of translation.” A variety of
biological functions can be affected by miRNAs, including
cell growth, apoptosis, and differentiation. Because these
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functions are often dysregulated in cancer, researchers have
sought to determine the role of miRNAs in tumor devel-
opment and progression.” Indeed, aberrant expression of
miRNAs has been found in multiple cancers, including
RCC. Evidence suggests that some of these miRNAs would
be promising novel biomarkers of oncogenesis, progression,
and clinical outcomes.

So far, several studies have examined the dysregulation of
miRNAs in RCC tumor tissues (Supplemental Table S1)° "
and assessed the association of miRNA expression with RCC
clinical outcomes (Supplemental Table S2).”'*~'* However,
only a few miRNAs have been consistently shown to be
altered, including miR-210-3p, miR-215-5p, miR-200c-3p,
and miR-532-5p (Supplemental Table S1). These miRNAs
might play important roles in the pathogenesis of ccRCC.
Additionally, several miRNAs, including miR-106b, miR-
204-5p, and miR-139-5, have been shown to be associated
with RCC recurrence (Supplemental Table S2). Further
replication of these results is necessary. The inconsistencies
among these published studies may have been attributable to
variations in study population, sample size, sample selection,
miRNA assay method, and detection sensitivity. Further-
more, our understanding of miRNome is constantly
improving, and the list of identified miRNAs is expanding.
Currently, 1881 precursor miRNAs and 2588 mature miR-
NAs are identified in the miRBase database.'”

In this multiphase study, a global profiling of miRNA
expression in paired tumor-normal tissues from ccRCC
patients was first performed using the NanoString platform,
and the results were then validated by targeted real-time
quantitative PCR TaqMan assay in a separate group of
ccRCC patients. In addition, publicly available data from
The Cancer Genome Atlas (TCGA) were analyzed to
identify dysregulated miRNAs that have potential roles in
cancer development. Second, the association of dysregu-
lated miRNAs with the risk for recurrence was evaluated,
aiming to identify miRNAs that may serve as novel bio-
markers to classify patients at high risk for ccRCC
recurrence.

Materials and Methods
Study Population and Sample Collection

The study population included 223 white patients with
newly diagnosed and histologically confirmed ccRCC,
recruited from The University of Texas MD Anderson
Cancer Center (Houston, TX; MDA) between 2001 and
2014. The patients’ tumors were staged according to the
criteria in the sixth edition of the American Joint Committee
on Cancer’s staging manual. A detailed description of the
study population was published previously.”’ Recruitment
was not restricted by age, sex, or cancer stage. Patients’
lifestyle and demographic information, including tobacco
and alcohol use history, weight and height for calculating
body mass index, and medical history, were collected from
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in-person interviews. Clinical data regarding disease stage,
histologic grade, tumor size, treatment, and follow-up in-
formation were abstracted from medical records.

The study flowchart is shown in Supplemental Figure S1.
The discovery set included paired tumor and normal tissues
from 18 patients (9 of whom experienced tumor recurrence
after resection, and 9 of whom did not). Tumor-normal
tissue pairs from 205 patients (63 with tumor recurrence
and 142 without recurrence) were used in the validation
phase. An independent data set consisting of 68 ccRCC
tumor and adjacent normal-tissue pairs was downloaded
from TCGA and used as an external validation set (The
Genomic Data Commons Data Portal, https://portal.gdc.
cancer.gov, data retrieved on January 28, 2016). For the
validation phase, ccRCC patients with recurrence were
frequency-matched, by age, sex, and clinical stage, to
patients without recurrence. Due to the small number of
minority groups, only non-Hispanic white patients were
included in the study. The MDA IRB approved the protocol
of this study, and all participating patients provided written
informed consent.

Fresh tumor and paired adjacent normal-tissue specimens
were resected from the 223 ccRCC patients by experienced
surgeons. The specimens were frozen in liquid nitrogen
within 10 minutes of resection and were then stored at
—80°C until RNA extraction.

RNA Extraction

Total RNAs were isolated from the 223 pairs of ccRCC
tumor and adjacent normal tissues, using the miRNeasy
Mini Kit (Qiagen, Hilden, Germany) according to manu-
facturer’s protocol. The concentration and the purity of the
RNAs were evaluated using a NanoDrop ND-100 spectro-
photometer (Thermo Fisher Scientific, Waltham, MA).

miRNA Profiling

The expression profiles of 800 human miRNAs were
generated using the NanoString nCounter assay (Nano-
String Technologies, Seattle, WA) in 18 pairs of ccRCC
tumor and adjacent normal-tissue samples (9 pairs each
from patients with recurrence and nonrecurrence) in the
discovery set. In total, 80 to 100 ng of RNA was used for
the nCounter miRNA sample-preparation reactions. All
samples were prepared according to the manufacturer’s
instructions. Preparation of small RNA samples involved
the ligation of a specific DNA tag onto the 3’ end of each
mature miRNA. These tags were designed to normalize the
melting temperatures of the miRNAs and to provide a
unique identification for each miRNA species in the sample.
After hybridization and removal of excess capture and re-
porter probes, the purified ternary complexes that were
bound to the imaging surface were elongated and immo-
bilized. The surface was then imaged using the nCounter
digital analyzer. The data were normalized to the mean
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expression level of the 100 most-expressed miRNAs across
all samples. Both raw and processed NanoString miRNA
array data with accompanied metadata files were uploaded
and submitted to the Gene Expression Omnibus repository
(https://www.ncbi.nlm.nih.gov/geo; — accession  number
GSE116251).

Validation of miRNA Expression Using Real-Time
Quantitative PCR Array

The Fluidigm 96.96 Dynamic Array (Fluidigm Corp., San
Francisco, CA) and Biomark HD detection system
(Fluidigm Corp.) were used for miRNA quantification,
according to the manufacturer’s protocol, in the 205 pairs
of ccRCC tumor and adjacent normal tissues (63 pairs with
recurrence and 142 pairs with nonrecurrence) in the
validation cohort.

Purified RNA samples were reverse-transcribed using the
TagMan MicroRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA), 150 ng of total RNA, and
pools of Megaplex RT Primers (Thermo Fisher), followed
by a preamplification step using Megaplex PreAmp Primers
(Thermo Fisher). The expression levels of miRNAs were
normalized to that of the snRNA U48, and the 27 22¢
method was used for the analysis.”' > miRNAs detected in
at least 80% of the tissue samples were included for further
analyses. Fifty-six miRNAs that were most differentially
expressed in tumor and adjacent normal tissues from the
recurrence and nonrecurrence groups in the discovery set
(P < 0.01; fold change, >1.4) were evaluated in the
validation set. From these miRNAs, eight (miR-155-5p,
miR-18a-5p, miR-192-5p, miR-204-5p, miR-210-3p, miR-
27b-3p, miR-28-5p, and miR-34a-5p) that showed differ-
ential expression in tumor and adjacent normal tissues were
further selected on the basis of the comparison between the
recurrence and nonrecurrence groups.

Validation in the TCGA Data Set

Thirty-one candidate miRNAs that were differentially
expressed with significance (P < 0.05) and exhibited the
same pattern of up- or down-regulation in the MDA dis-
covery and validation data sets were further validated in the
TCGA data set.

Pathway Analysis

Analysis of potential target genes and enriched pathways
was conducted with a web-based analytical tool, miR-
system  (http://mirsystem.cgm.ntu.edu.tw, last accessed
December 15, 2017),23 which offers comprehensive data
on predicted and validated miRNA targets from five
different data sets. P values of <0.05 were considered
statistically significant.
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Table 1  Host Characteristics of the ccRCC Study Populations at
MDA and in the TCGA Database
Discovery Validation Validation
(MDA) (MDA) (TCGA)
Characteristics (n = 18) (n = 205) (n = 61)
Age in years, 72 (57—78) 58 (28—85) 62 (38—86)
median (range)
Sex, n (%)
Male 11 (61.1) 124 (60.5) 45 (73.8)
Female 7 (38.9) 81 (39.5) 16 (26.2)
Stage, n (%)
I 4(22.2) 110 (53.7) 20 (32.8)
II 1 (5.6) 15 (7.3) 10 (16.4)
111 13 (72.2) 58 (28.3) 13 (21.3)
v 0 (0) 22 (10.7) 18 (29.5)
Grade, n (%)
1 0 (0) 12 (5.9) 23 (37.7)
2 5 (27.8) 69 (33.7) 25 (41.0)
3 8 (44.4) 90 (43.9) 13 (21.3)
4 4 (22.2) 32 (15.6) 0 (0)
Unknown 1 (5.6) 2 (1.0) 0 (0)
Treatment regimen,
n (%)
Surgery 17 (94.4) 194 (95.1) —
CRT + surgery 1 (5.6) 10 (4.9) —
Recurrence, n (%)
No 9 (50.0) 142 (69.3) —
Yes 9 (50.0) 63 (30.7) —
I 2 (22.2) 6 (9.5) —
II 1(11.1) 8 (12.7) —
111 6 (66.7) 33 (52.4) —
v 0 (0.0) 16 (25.4) —
Metastasis, n (%)*
No 1(11.1) 4 (6.3) —
Yes 8 (88.9) 59 (93.7) —
I 1 (12.5) 3 (5.1) —
I 1 (12.5) 8 (13.6) —
111 6 (75.0) 32 (54.2) —
v 0 (0.0) 16 (27.1) —
MFT in months, 64.1 46.7 —
median (range) (7.6—128.5)  (0.1—155.0)
Smoking status,
n (o/o)
Never 10 (55.6) 100 (48.8) —
Former 6 (33.3) 70 (34.1) —
Current 2 (11.1) 35 (17.1) —
Hypertension,
n (%)
Yes 5 (27.8) 99 (48.3) —
No 13 (72.2) 106 (51.7) —
Body mass index,
n (%)
<30 kg/m? 8 (44.4) 98 (47.8) —
>30 kg/m? 7 (38.9) 95 (46.3) —
Unknown 3 (16.7) 12 (5.9) —

*Number of patients with local recurrence whose disease progressed to
metastasis.

—, no data; ccRCC, clear cell renal cell carcinoma; CRT, chemo-
radiotherapy; MDA, MD Anderson Cancer Center; MFT, median follow-up
time; TCGA, The Cancer Genome Atlas database.
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Table 2  miRNAs Differentially Expressed in Tumor and Normal Tissue Pairs in the MDA Discovery, MDA Validation, and TCGA Validation Sets
MDA discovery MDA validation
Tumor, Normal, Fold Tumor, Normal, Fold
miR median median change P value* median median change P value*
miR-142-3p 3998.72 633.52 6.3 2.76 x 1074 2.29 0.47 4.9 <0.001
miR-592 57.10 9.27 6.2 3.27 x 107* 5.07 0.92 5.5 1.32 x 107°
miR-155-5p 185.92 41.41 4.5 3.86 x 104 1.83 0.55 3.3 <0.001
miR-21-5p 5017.11 1402.99 3.6 2.33 x 1074 2.78 0.38 7.3 <0.001
miR-34a-5p 491.63 159.04 3.1 1.08 x 1072 1.79 0.57 3.1 <0.001
miR-210-3p 41.23 13.56 3.0 1.37 x 103 1.71 0.67 2.6 4.44 x 1076
miR-223-3p 550.92 233.53 2.4 2.49 x 10°° 1.09 0.94 1.2 3.32 x 102
miR-331-3p 60.47 27.60 2.2 1.37 x 1073 1.22 1.06 1.2 7.50 x 107°
miR-28-3p 75.88 35.95 2.1 5.68 x 103 1.07 0.92 1.2 9.18 x 103
miR-181a-3p 35.71 17.86 2.0 2.49 x 107° 1.56 1.08 1.4 9.30 x 107>
miR-106b-5p 145.18 71.47 2.0 1.85 x 103 1.25 0.87 1.4 6.49 x 10°°
miR-93-5p 432.74 233.31 1.9 2.33 x 1074 1.05 0.84 1.3 2.31 x 1074
miR-18a-5p 33.26 18.56 1.8 3.11 x 10°° 1.21 0.84 1.4 2.10 x 1078
miR-25-3p 298.46 168.19 1.8 2.22 x 1072 1.09 0.84 1.3 2.02 x 1072
miR-15b-5p 476.38 344.68 1.4 3.11 x 107° 1.30 0.85 1.5 3.79 x 1077
miR-532-5p 61.22 96.09 0.6 1.01 x 1073 0.48 1.96 0.2 <0.001
miR-376¢-3p 29.20 47.15 0.6 2.22 x 1072 0.94 2.98 0.3 6.44 x 1071
miR-27b-3p 793.82 1357.89 0.6 7.40 x 1073 0.84 1.43 0.6 8.88 x 1076
miR-376a-3p 65.35 113.74 0.6 4.75 x 107° 0.72 1.85 0.4 4.34 x 107
miR-335-5p 22.01 40.65 0.5 7.38 x 107* 1.04 3.10 0.3 1.91 x 107
miR-218-5p 71.04 137.63 0.5 1.56 x 1072 0.55 1.70 0.3 1.55 x 10*°
miR-30a-3p 129.71 307.33 0.4 3.86 x 10°° 0.61 1.60 0.4 <0.001
miR-204-5p 209.13 540.51 0.4 4.34 x 1073 0.54 2.91 0.2 <0.001
miR-127-3p 24.29 64.75 0.4 1.08 x 107° 0.71 2.40 0.3 2.22 x 107
miR-429 46.14 126.31 0.4 1.56 x 1072 0.56 2.49 0.2 <0.001
miR-199a-5p 145.51 405.77 0.4 1.76 x 1072 0.95 2.33 0.4 3.32 x 1078
miR-141-3p 44.79 191.42 0.2 5.68 x 103 0.13 15.64 <0.1 6.66 x 106
miR-200c-3p 25.93 217.56 0.1 7.40 x 1073 0.10 9.32 <0.1 2.22 x 107

(table continues)

miR-s are ordered by fold changes in the discovery group.

P value of <0.001 denotes significant value below limit estimable by Stata software version 14.0; statistical analysis was performed using the Wilcoxon

signed-rank test.

Statistical Analysis

The Wilcoxon signed-rank test was performed to compare
normalized miRNA levels between paired ccRCC tumors and
adjacent normal tissues. For both the discovery and TCGA
data sets, fold change was calculated as the normalized
miRNA level in tumor samples divided by the normalized
miRNA level in adjacent normal tissues. In the validation set,

fold change in expression level was calculated using the
7 —AACt Lot od: 2~ AACt _ 5 —[(CtmiRNA in tumor — CtRNU44 in

tumor) — (CtmiRNA in normal — CtRNU44 in normal)]

The rank sum test was applied to evaluate differences in
median miRNA expression levels in patients with and without
recurrence. The associations of miRNA expression levels
with recurrence-free survival durations were estimated as
hazard ratios and 95% Cls using Cox proportional hazards
regression models and adjusted for potential confounders
based on a priori knowledge. Recurrence-free survival was
defined as the period from the date of diagnosis to the date of
the first event of either recurrence or death. The Kaplan-Meier
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method was used to estimate recurrence-free survival, and
statistical significance was determined using the log-rank test.
miRNA expression levels were classified as high or low using
the median value in patients without recurrence as the cut-
point. The false-discovery rate was used to account for mul-
tiple testing. The combined 2-miRNA risk score in each
subject was calculated by a linear combination of the product
of reference-normalized expression level of each miRNA by
its Cox regression corresponding coefficient. All subjects
were assigned to one of two risk groups based on the median
risk score; individuals with a risk score higher or lower than
the median value were classified as high or low risk, respec-
tively. Statistical analyses were performed using Stata soft-
ware version 14.0 (Stata Corp., College Station, TX) and R
software version 3.01 (The R Foundation for Statistical
Computing, Vienna, Austria; https://www.r-project.org, last
accessed May 23, 2018). The heat maps were generated
using GenePattern software version 3.1 (Broad Institute,
Cambridge, MA). All statistical tests were two-sided, and P
values of <0.05 were considered statistically significant.
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Table 2 (continued)

TCGA validation

Tumor, median Normal, median Fold change P value* Combined P value*
2729.94 458.18 6.0 <0.001 <0.001
25.19 2.58 9.8 <0.001 <0.001
529.86 35.97 14.7 <0.001 <0.001
4000.50 185.33 21.6 <0.001 <0.001
233.54 106.55 2.2 5.44 x 107 <0.001
150,000.00 25,307.70 5.9 <0.001 <0.001
94.32 35.75 2.6 5.57 x 107 1.99 x 107
35.41 17.14 2.1 1.95 x 107 %2 1.95 x 10716
4385.25 1911.77 2.3 <0.001 <0.001
808.42 504.08 1.6 5.22 x 1077 4.89 x 1071
325.09 120.76 2.7 <0.001 <0.001
2679.17 1121.33 2.4 <0.001 <0.001
5.17 2.63 2.0 2.35 x 1078 1.21 x 107
4661.78 2215.71 2.1 <0.001 <0.001
165.92 85.28 1.9 444 x 10716 7.80 x 1072
694.36 1670.06 0.4 <0.001 <0.001
0.61 3.16 0.2 3.07 x 10°% 7.75 x 10723
871.92 1372.03 0.6 5.42 x 10712 7.88 x 10726
0.25 1.09 0.2 3.59 x 1071 8.32 x 1078
16.44 43.65 0.4 4,55 x 1071 1.30 x 10724
16.42 38.86 0.4 1.73 x 107 5.79 x 1072°
160,000.00 240,000.00 0.7 2.22 x 10716 <0.001
276.56 844.09 0.3 1.85 x 1077 <0.001
124.84 293.35 0.4 1.34 x 107° 6.19 x 10724
16.36 73.43 0.2 <0.001 <0.001
477.54 1333.64 0.4 4.44 x 10716 431 x 1072
3.78 189.71 <0.1 <0.001 <0.001
26.69 1142.25 <0.1 <0.001 <0.001
Results local recurrence progressed to metastatic disease [89% (8/9)

Patient Characteristics

This study enrolled 223 ccRCC patients recruited from
MDA. The median follow-up time was 46.7 months (range,
0.1 to 155 months). The characteristics of the patients in the
discovery and validation cohorts, including age, sex, disease
stage, treatment, recurrence, and median follow-up time, are
summarized in Table 1. The majority of the patients (61.1%
in the discovery set, 60.5% in the MDA validation set, and
73.8% in the TCGA validation set) were male, which was
consistent with the predominance of men among RCC
patients. Of the study population from MDA, 211 patients
underwent surgery and 11 were treated with concurrent
chemoradiotherapy followed by surgery. In the discovery
cohort, 9 patients (50.0%) experienced disease recurrence,
whereas 63 patients (30.7%) in the MDA validation cohort
experienced disease recurrence. In both cohorts, most
(>66%) of the recurrent cases were in patients with
late-stage (III and IV) disease, and 9 of 10 patients with

The American Journal of Pathology m ajp.amjpathol.org

and 94% (59/63) in the discovery and validation sets,
respectively] (Table 1).

miRNAs Differentiating ccRCC Tumor-Normal Pairs

Discovery Cohort

Eighteen pairs of ccRCC tumor-tissue and adjacent
normal-tissue samples in the discovery cohort were
analyzed for the expression of 800 miRNAs using the
NanoString platform. Of these, 124 miRNAs were found to
be differentially expressed in the 18 ccRCC tumor samples
as compared with their adjacent normal tissues (P < 0.05)
(Supplemental Table S3). Among these, 51 miRNAs
showed differential expression, with a false-discovery rate
of <0.1 (data not shown). The fold changes in miRNA
expression levels ranged from 0.119 to 6.312, with miR-
200c-3p being the most down-regulated miRNA and
miR-142-3p being the most up-regulated (Supplemental
Table S3).
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Validation Cohort

The top 56 most differentially expressed miRNAs in the
discovery cohort were then validated in an independent data
set of 205 ccRCC tumor-normal tissue pairs using the
Fluidigm 96.96 Dynamic Array and Biomark platform. Of
these, 31 miRNAs were confirmed to be significantly
dysregulated in the ccRCC tumor samples compared with
their adjacent normal tissues with patterns of up- and down-
regulation similar to those in the discovery data set
(P < 0.05) (Supplemental Table S4). The fold changes
ranged from 0.008 to 7.316, with miR-141-3p being the
most down-regulated miRNA and miR-210-3p being the
most up-regulated.

External Validation Using the TCGA Data Set

The 31 miRNAs identified in the MDA validation set were
further tested using an independent data set of 68 ccRCC
normal-tumor pairs from the TCGA database. Twenty-eight
of the 31 miRNAs in TCGA tumors were significantly
dysregulated, exhibiting up- or down-regulation patterns
similar to those in the MDA cohorts. The fold changes
ranged from <0.1 to 21.6, with miR-141 being the most
down-regulated miRNA and miR-210-3p being the most up-
regulated. The final miRNA signature consisted of 15
miRNAs that were up-regulated and 13 miRNAs that were

down-regulated across the three independent data sets.
These miRNAs and their combined (meta-analysis) P values
are shown in Table 2. Unsupervised heat maps of these
differentially expressed miRNAs are displayed in
Supplemental Figures S2—S4.

miRNAs Associated with ccRCC Recurrence

Discovery

To identify potential miRNA markers of tumor recurrence, a
discovery cohort of 18 ccRCC tumor-tissue samples (9
recurrent and 9 nonrecurrent) were analyzed for the
expression of 800 human miRNAs using the NanoString
platform. Because the sample size of this cohort was small,
miRNAs were considered to be differentially expressed in
tumor and adjacent normal tissue if P < 0.1 for further
validation. Using this cutoff and the rank sum test, 23
miRNAs were found to be significantly differentially
expressed in the recurrence and nonrecurrence groups
(Supplemental Table S5), with 21 up-regulated miRNAs
and 2 down-regulated miRNAs. The fold changes ranged
from 0.085 to 3.582, with miR-204-5p being the most
down-regulated miRNA and miR-155-5p being the most up-
regulated miRNA in recurrent tumors.

A B (o] Figure 1
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Figure 1  Box plots showing dysregulation of miR-155-5p, miR-210-3p, and miR-204-5p in the tumor tissues of patients with recurrent clear-cell renal cell

carcinoma. Expression levels (shown on a logyq scale on the y axes) of candidate miRNA biomarkers in the discovery (A—C) and validation (D—F) sets. Levels of
miR-155a-5p, miR-204-5p, and miR-210-3p in tumor tissue were compared between patients with recurrent (R) and nonrecurrent (NR) disease. The lines
inside the boxed areas denote the medians; boxed areas define the interquartile range of values; whiskers define the 95% CIs. P = 0.038 (A); P = 0.058
(B); P = 0.085 (C); P = 0.001 (D); P = 0.003 (E); and P = 0.014 (F) (rank sum test for all).
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Table 3  miRNAs Associated with ccRCC Recurrence in the MDA
Validation Set

Up- or down-regulation

miRNA in recurrent tumors HR*T (95% CI) P value
miR-155-5p Up 2.64 (1.49—4.70) 0.0009
miR-210-3p Up 1.80 (1.04—3.12) 0.036

miR-204-5p Down 0.59 (0.35—1.02) 0.059

*The reference group was low expression level. Levels were dichotomized
using the median expression level in nonrecurrent tumor tissues as the cut
point.

TCalculated by univariable Cox regression model.

ccRCC, clear cell renal cell carcinoma; HR, hazard ratio; MDA, MD
Anderson Cancer Center.

Validation

Eight miRNAs (miR-155-5p, miR-18a-5p, miR-192-5p,
miR-204-5p, miR-210-3p, miR-27b-3p, miR-28-5p, and
miR-34a-5p) from the 23 miRNAs that showed differential
expression between the recurrence and nonrecurrence
groups were further selected to be measured in the valida-
tion cohort of 205 patients. These 8 miRNAs also displayed
consistent differential expression between tumor and adja-
cent normal tissues (Supplemental Tables S3, S4 and S5).
Results showed that three miRNAs were validated. miR-
155-5p and miR-210-3p were confirmed to be signifi-
cantly up-regulated, and miR-204-5p was significantly
down-regulated, in recurrent tumors compared to nonre-
current tumors in both the discovery set (Figure 1, A—C)
and the validation set (Figure 1, D—F). Furthermore, a high
level of miR-155-5p was associated with a significant, 2.64-
fold, increased risk for ccRCC recurrence (95% CI,
1.49—4.70; P = 0.0009) in the MDA validation set
analyzed with the univariate model (Table 3). Data from the
discovery set were not analyzed due to the underpowered
sample size. A similar result was found with miR-210-3p
(hazard ratio, 1.80; 95% CI, 1.04-3.12; P = 0.036),
whereas a high level of miR-204-5p was borderline pro-
tective with a nonsignificant association (hazard ratio, 0.59;
95% CI, 0.35—1.02; P = 0.059). Kaplan-Meier analysis
showed that patients in the validation set with a high miR-
155-5p level had significantly shorter median recurrence-
free survival times than did those with a low level
[P = 0.0001 (log rank)] (Figure 2). A similar decrease in
recurrence-free survival time was also observed in patients
with a high level of miR-210-3p. Thus, a risk score based on
miR-155-5p and miR-210-3p expression levels was
designed and was used to stratify our validation cohort into
high-, intermediate-, and low-risk groups [P = 0.0004 (log
rank)] (Supplemental Figure S5). Both univariate and
multivariate Cox regression analyses in the validation cohort
demonstrated that the risk for recurrence increased as the
risk score increased (P for trend, <0.01) (Table 4).

miRNA Pathway Analysis

To explore the biological mechanisms that involved these
miRNAs in RCC tumorigenesis, target prediction analysis

The American Journal of Pathology m ajp.amjpathol.org

was performed, coupled with pathway analysis. Target
genes of the 28 differentially expressed miRNAs in ccRCC
tumors were identified using the miRsystem database.
Pathway analysis showed that most of these miRNAs were
enriched in P53-independent and P53-dependent DNA-
damage response, regulation of cell cycle G1/S, apoptosis,
and wingless-type mouse mammary tumor virus integration
site family (WNT) signaling pathways (Supplemental
Table S6).

Analysis of the pathways involving miR-155-5p and
miR-210-3p, high levels of which were associated with
ccRCC recurrence, showed that inflammation-related path-
ways, such as IL-12—, IL-4—, IL-3—, and IL-6—mediated
signaling, and IL-2 signaling events mediated by
phosphoinositide 3-kinase, were enriched. In addition, miR-
155-5p and miR-210-3p were involved in several other
critical pathways, such as B cell—receptor signaling and
class 1 phosphoinositide 3-kinase signaling (Supplemental
Table S7).

Discussion

In this multiphase study, 28 significantly dysregulated
miRNAs (15 up-regulated and 13 down-regulated) were
compared between ccRCC tumor samples and paired adja-
cent normal-tissue samples. Furthermore, 2 miRNAs,
miR-155-5p and miR-210-3p, were identified as being
associated with tumor recurrence in ccRCC patients; risk
scores, with the potential for use in classifying patients
based on risk their for ccRCC recurrence, was devised for
these miRNAs.

This study replicated the results from previous studies
that also included both discovery and validation sets. For
instance, several investigations found up-regulation of miR-
21-5p, miR-142, miR-155-5p, miR-210-3p, miR-106b-5p,
and miR-34a-5p and down-regulation of miR-532-5p,
miR-204-5p, miR-27b-3p, miR-141-3p, miR-200c-3p,
miR-127-3p, miR-429, and miR-199a-5p in
ccRCC.”"***72% Moreover, significant dysregulation of
several other miRNAs, including up-regulation of miR-93-
5p, miR-592, miR-331-3p, miR-28-3p, miR-25-3p, miR-
223-3p, miR-181a-5p, and miR-15b-5p and down-
regulation of miR-335-5p, miR-218-5p, miR-30a-3p, and
miR-376a-3p, had not been previously reported. Dysregu-
lation of these miRNAs in both discovery and validation
cohorts was confirmed.

To elucidate the biological functions of these dysregulated
miRNAs, their putative target genes were identified and their
related pathways were analyzed using the miRsystem data-
base. Pathway analysis revealed that most of these dysregu-
lated miRNAs were enriched in known pathways involved in
cancer—P53-dependent and P53-independent DNA-damage
response, regulation of cell-cycle G1/S, apoptosis, and WNT/
-catenin signaling—suggesting crucial roles of these miR-
NAs and pathways in the pathogenesis of ccRCC. The precise
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Figure 2  Kaplan-Meier curves comparing median recurrence-free sur-

vival times (MST) in patients with clear-cell renal cell carcinoma (ccRCC)
and low versus high levels of miR-155-5p (A) and miR-210-3p (B) in the MD
Anderson Cancer Center (MDA) validation set. N, [Number of patients with
an event (recurrence)]/[Total number of patients in the data set].

mechanisms of these miRNAs in RCC development remain to
be elucidated by functional experiments.

Two miRNAs that predicted ccRCC recurrence, miR-
155-5p and miR-210-3p, were identified. Up-regulation of
miR-155-5p was commonly found in multiple types of
cancer, including RCC.%'>!3 In this study, it was confirmed
that miR-155-5p levels were much higher in renal tumor
tissues compared with normal tissues. Furthermore, it was
found for the first time that up-regulation of miR-155-5p
was correlated with ccRCC recurrence. Reports have illus-
trated the important roles of miR-155-5p in several
biological functions, including cell proliferation, apoptosis,
migration, invasion, hematopoiesis, and immune regu-
lation.””*’ miR-155-5p also targets BACHI"" and E2F2°"
in RCC, genes involved in transcriptional regulation and
cell cycle, respectively. Another potential target for miR-
155-5p is the hypoxia-inducible factor-1o. gene (HIFIA),””
which plays an essential role in tumor angiogenesis and
progression. Our study findings support the potential
oncogenic role of miR-155-5p in RCC tumorigenesis and
identified the novel role of this miRNA in RCC recurrence.

miR-210-3p is overexpressed in many kinds of human
malignancies, including RCC, suggesting that it plays an
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important role in tumorigenesis. In this study, it was
confirmed that miR-210-3p was expressed at a higher level
in tumor tissues than in adjacent normal tissues from RCC
patients, which is consistent with previous findings.”'"***
In addition, higher miR-210-3p levels were found in the
tumor tissues of patients who had recurrent disease than in
the tissues of patients whose disease did not recur.
Similarly, Neal et al’> determined that higher miR-210-3p
levels in renal tumor tissues were associated with shorter
patient survival times. Although the mechanism by which
miR-210-3p contributes to ccRCC is not yet clear, one event
known to be involved in ccRCC development is frequent
mutations in the VHL gene, which causes the accumulation
of hypoxia inducible factor.”® Previous research has shown
that overexpression of miR-210-3p was related to an active
hypoxia inducible factor—signaling pathway. For instance,
Camps et al’’ demonstrated that overexpression of miR-
210-3p in breast tumor tissue was induced by hypoxia in
a hypoxia inducible factor-lo— and Von Hippel—Lindau
tumor suppressor—dependent fashion. In RCC, increased
miR-210 levels were correlated with the expression of a
hypoxia inducible factor—regulated gene, carbonic anhy-
drase IX, and also associated with VHL mutation or
promoter methylation.”> Further studies are necessary to
reveal the exact mechanism by which miR-210-3p affects
ccRCC tumorigenesis and progression.

Our pathway analysis showed that miR-155-5p and miR-
210-3p were enriched in inflammatory cytokine-related
pathways, such as IL-4— and IL-12—mediated signaling.
miR-155-5p was also involved in IL-6—, IL-2—, and
IL-3—mediated signaling. It is widely believed that chronic
inflammation is an important driver of tumor development,
progression, and metastasis.”® The proteins produced during
chronic inflammation, including cytokines, chemokines,
matrix-degrading enzymes, and growth factors, may damage
DNA and affect the capacity of cells to survive and prolif-
erate, thereby promoting tumor initiation, growth, and
metastasis.””*" Infiltrating lymphocytes and inflammatory

Table 4 Risk Group Stratification Using Risk Score Generated
from miR-155-5p and miR-210-3p in the MDA Validation Set
Risk score* HRT (95% CI) P value P trend
Univariate

Low Reference

Intermediate 1.9 (0.87—4.12) 0.107

High 3.36 (1.61—6.99) 0.001 0.0007
Multivariate

Low Reference

Intermediate 1.39 (0.64—3.06) 0.406

High 2.7 (1.28—5.68) 0.009 0.005

*Low, low levels of both miR-155-5p and miR-210-3p; intermediate, high
level of either miR-155-5p or miR-210-3p; high, high levels of both
miRNAs.

fMultivariate model adjusted for age, sex, clinical stage, smoking,
hypertension, and obesity (body mass index <30 vs >30).

HR, hazard ratio; MDA, MD Anderson Cancer Center.
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cytokines make up the complex tumor-immune microenvi-
ronment. The interaction between tumor cells and the
immune cells in the tumor microenvironment may play a
crucial role in the growth and recurrence of RCC. Therefore,
modulating these immunosuppressive factors in the tumor
microenvironment may be a therapeutic strategy in RCC.
Our results suggest that miR-155-5p and miR-210-3p might
be involved in regulating the tumor microenvironment
during RCC recurrence. However, the functional mecha-
nisms of these miRNAs in recurrent and metastatic RCC
require further characterization by biological experiments.

To our knowledge, only a small number of miRNAs have
been previously reported to be related to ccRCC recurrence,
including miR-106b, miR-126, miR-139-5p, miR-143, miR-
26a, miR-145, miR-10b, miR-195, miR-126, miR-127,
miR-204-5p, and miR-210.”""'°""® However, of these
miRNAs, only miR-204-5p and miR-210 were replicated in
this study, the former with borderline significance. Differ-
ences in methodology, such as assay platforms used,
experimental conditions, subtypes of renal cancer analyzed,
sample size, and other statistical considerations, might
contribute to the variations in the results.'> Our previous
study has reported the association between a decreased level
of miR-204-5p and shorter RCC recurrence-free survival,
and the link between miR-204-5p and ccRCC recurrence
might be mediated by the regulation of the expression of
obesity-related target genes.’

In this study, miRNA expression was examined in RCC
tumor and normal tissues. Since tumors may secrete miR-
NAs in exosomes, circulating miRNAs have been explored
as potential noninvasive diagnostic and prognostic markers
of different cancer sites, including RCC. For example,
several studies have found serum miR-210 as a potential
diagnostic marker of ccRCC,"' " which is consistent with
our finding of elevated miR-210 expression in tumor tissues
and the potential role of this miRNA as a predictor of RCC
recurrence. Future independent prospective studies are
necessary to assess the utility of circulating miRNAs for
clinical application.

Due to the usage of different gene expression platforms,
the data from the discovery and validation sets could not be
merged. Nonetheless, it has been shown previously** and
verified by us during the present study that there was good
correlation (Spearman correlation r = 0.4, P < 0.01) be-
tween the NanoString and Fluidigm real-time quantitative
PCR data, suggesting the validity of the approach. It should
be mentioned that the small sample size of the discovery set
might have limited the power of the present study in
identifying more differentially expressed miRNAs during
the screening stage. Therefore caution should be used
regarding the interpretation of negative data.

In conclusion, this study identified 28 miRNAs that were
dysregulated in the tumor tissues of ccRCC patients.
Furthermore, miR-155-5p and miR-210-3p were shown to
be potential predictors of tumor recurrence in patients with
RCC. The combined sample size of this study was relatively
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large as compared with those of previous studies.”'*'¢~!*

Moreover, an independent data set was used to validate our
findings, and both global and targeted approaches involving
two methodologies were utilized to profile tissue miRNAs.
The candidate miRNAs were significant in univariate and
multivariate models, suggesting that their associations were
less likely to have been confounded by host and clinical
factors. Overall, the findings from this study suggest that
miR-155-5p and miR-210-3p may possess translational
potential as clinical biomarkers for use in identifying ccRCC
patients at high risk for recurrence. These findings also
provide potential insight into the biological mechanisms that
link inflammation and ccRCC recurrence.

Supplemental Data

Supplemental material for this article can be found at
https://doi.org/10.1016/j.ajpath.2018.07.026.
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