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ABSTRACT

Background. In order to improve individual prognostica-

tion as well as stratification for adjuvant therapy in patients

with clinically localized clear cell renal cell carcinoma

(ccRCC), reliable prognostic biomarkers are urgently

needed. In this study, microRNAs (miRNAs) have emerged

as promising candidates. We investigated whether a com-

bination of differently expressed miRNAs in primary

tumors can predict the individual metastatic risk.

Methods. Using two prospectively collected biobanks of

academic centers, 108 ccRCCs were selected, including 57

from patients with metastatic disease at diagnosis or during

follow-up and 51 without evidence of metastases. Fourteen

previously identified candidate miRNAs were tested in 20

representative formalin-fixed and paraffin embedded sam-

ples in order to select the best discriminators between

metastatic and nonmetastatic ccRCC. These miRNAs were

approved in 108 tumor samples. We evaluated the

association of altered miRNA expression with the meta-

static potential of tumors using quantitative polymerase

chain reaction. A prognostic 4-miRNA model has been

established using a random forest classifier. Cox regression

analyses were performed for correlation of the miRNA

model and clinicopathological parameters to metastasis-

free and overall survival.

Results. Nine miRNAs indicated significant expression

alterations in the small cohort. These miRNAs were vali-

dated in the whole cohort. The established 4-miRNA score

(miR-30a-3p/-30c-5p/-139-5p/-144-5p) has been identified

as a superior predictor for metastasis-free survival (hazard

ratio 12.402; p = 7.0E-05) and overall survival

(p = 1.1E-04) compared with clinicopathological param-

eters, and likewise in the Leibovich score subgroups.

Conclusions. We identified a 4-miRNA model that was

found to be superior to clinicopathological parameters in

accurately predicting individual metastatic risk and can

support patient selection for risk-stratified follow-up and

adjuvant therapy studies.

Clear cell renal cell carcinoma (ccRCC) remains the

most common renal cell carcinoma (RCC) subtype, rep-

resenting 75–80% of all cases.1 The prognosis of ccRCC

strongly depends on the development of distant metastases.

Approximately 20% of patients experience metastatic dis-

ease at the time of initial diagnosis (synchronous
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metastases), while another 20–30% develop metastases

after resection of the primary tumor (metachronous

metastases).2,3 Patients affected by metastatic ccRCC have

a very poor prognosis, with a\ 10% 5-year survival rate.

To date, current guidelines do not advise adjuvant therapy

since clinical trials, even in patients with high-risk disease,

failed to show an overall survival benefit (European

Association of Urology [EAU] guidelines). Hence, reliable

prognostic parameters for prediction of the development of

metastases are urgently needed to accurately select patients

with aggressive RCCs for the design of adjuvant clinical

trials or for risk-adjusted follow-up schedules. The Lei-

bovich score, which is based on clinical and pathological

parameters,4 is commonly used to predict the postoperative

risk of metastases in RCC patients; however, clinico-

pathological features do not accurately predict individual

disease outcome.5 Biomarker profiles are likely to reflect

the individual biological aggressiveness and metastatic

potential of ccRCC more precisely than established clinical

or pathologic parameters.6–10

Apart from genetic alterations, microRNAs (miRNAs)

have a significant potential as biomarkers for individual

diagnosis, prognosis, and prediction of therapy

response.11,12 miRNAs regulate gene expression in a post-

transcriptional manner and thereby influence a wide variety

of cellular processes, including multiple oncogenic

pathways.13

In two small series of patients, we previously reported

an altered expression of 14 miRNAs in tumors with high

metastatic potential underlying the prognostic value of

miRNAs.14,15 The aim of the current study was to validate

these results in an independent patient cohort.

MATERIALS AND METHODS

Patient Samples

We retrospectively selected 108 primary tumor samples

of ccRCC from partial or radical nephrectomy specimens

(2000–2013) from two academic centers—Saarland

University Medical Center, Homburg, and the Jena

University Hospital, Germany. This study included 51

tumor samples from patients who did not develop metas-

tases within at least 4 years after surgery and 57 samples

from patients with metastases diagnosed at the time of

primary tumor resection (synchronous metastasis, n = 22)

or in the course of disease (metachronous metastases,

n = 35). Formalin-fixed and paraffin embedded (FFPE)

tissue samples were provided for miRNA analyses. Paraffin

sections of each specimen were reviewed by a pathologist,

histologically classified according to the WHO classifica-

tion (2014), and staged according to the Union for

International Cancer Control (UICC) TNM classification

(2010). Samples were taken from areas with more than

85% of tumor cells and with minimal hemorrhage and no

necrosis. Additionally, 10 FFPE samples from nonmalig-

nant kidney tissues of nephrectomy specimens were

included as controls. The study was approved by the local

Ethics Committee.

Total RNA Isolation

Seven to 10 slices (4–10 lm) of tissue sample bearing

C 85% of tumor cells, as evidenced by hematoxylin and

eosin (HE) staining, were prepared using a microtome.

Total RNA was isolated from macrodissected FFPE sam-

ples using an miRNeasy FFPE isolation kit (Qiagen)

according to the manufacturer’s instructions. Total RNA

concentration and purity were determined using a Nano-

Drop ND-1000 Spectrophotometer.

MicroRNA Expression Analyses

MiRNA expression analyses were performed in two

steps. First, we selected the most promising candidates out

of 14 previously described miRNAs, based on the results of

20 ccRCC samples (10 nonmetastatic, 10 metastatic

ccRCCs) and 10 nonmalignant kidney specimens. Second,

we validated the selected miRNAs in the whole cohort of

108 tumor samples.

We generated complementary DNA (cDNA) by reverse

transcription (RT) of 100 ng total RNA using a TaqMan

MicroRNA Reverse Transcription Kit and specific TaqMan

Primers (ThermoFisher) according to the manufacturer’s

instructions. RT products were preamplified using the

TaqMan PreAmp Master Mix Kit (ThermoFisher) accord-

ing to the manufacturer’s instructions, and analyzed in

triplicate using a TaqMan Gene Expression Master Mix

(ThermoFisher) on a BioMark system (Fluidigm) in the

small cohort and on a Step One Plus system (Applied

Biosystems) in the whole cohort according to the manu-

facturer’s instructions. MiRNA expression levels were

normalized using RNU48. In previous work, we identified

RNU48 as the most stable endogenous reference gene in

renal cell cancer tissue.

Statistical Analyses

Quantitative polymerase chain reaction (qPCR) expres-

sion analyses were performed using the comparative CT

method (2DDCT) with efficiency correction for RNU48 and

miRNAs. Correlation analyses with clinicopathological

parameters were conducted using IBM SPSS Statistics

version 23 (IBM Corporation, Armonk, NY, USA). The

Mann–Whitney U test was performed to compare the
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expression levels of miRNAs in renal tissues depending on

the clinicopathological parameters. The best differentiating

cut-off values of each miRNA to discriminate non-

metastatic and metastatic ccRCCs were determined using

receiver operating characteristic (ROC) analysis and the

Youden Index.

Based on the normalized expression values of the

miRNAs, we established a prediction model using a ran-

dom forest classifier, and assessed its performance using

five-times-repeated stratified tenfold cross-validation. Due

to the limited amount of FFPE tissue from 23 samples, 85

samples were used for the classifier. Clinical characteristics

are summarized in Table 1.

Kaplan–Meier analysis was used to estimate the differ-

ences in metastasis-free survival (time between primary

tumor surgery and diagnosis of distant metastases) and

overall survival (time between tumor nephrectomy and

death from any cause) for each miRNA and the 4-miRNA

prognostic model. If no metastases were observed during

follow-up, metastasis-free survival was censored at the

time of last follow-up or death. Univariate/multivariate

Cox proportional hazards regression analyses were per-

formed to calculate the prognostic value of the 4-miRNA

model for metastasis-free survival. Two-sided statistical

tests were used, and C-indices were determined by calcu-

lation of ROC curves. Results were determined to be

significantly different if p values were B 5.0E-02.

RESULTS

The expression analyses using qPCR revealed a signif-

icantly decreased expression in metastatic tumors

compared with nonmetastatic tumors for 9 of 14 previously

described miRNAs (electronic supplementary Table S1).

These nine miRNAs (miR-10b-5p, miR-30a-3p, miR-30e-

TABLE 1 Clinicopathological data of ccRCC samples included in the prognostic 4-miRNA model

Whole cohort Nonmetastatic

tumors

Synchronous metastatic

tumors

Metachronous metastatic

tumors

No. of patients 85 42 18 25

Age, years [mean/median (range)] 62/62 (39–82) 59/58 (39–79) 67/68 (49–82) 63/62 (41–80)

Sex [male/female (%)] 60/25 (70.6/

29.4)

29/13 (69.0/31.0) 10/8 (55.6/44.4) 21/4 (84.0/16.0)

T category [n (%)]

pT1a/b 48 (56.5) 36 (85.7) 1 (5.6) 11 (44.0)

pT2 6 (7.1) 1 (2.4) 2 (11.1) 3 (12.0)

pT3a/b 28 (32.9) 5 (11.9) 14 (77.8) 9 (36.0)

pT4 3 (3.5) – 1 (5.6) 2 (8.0)

Grade [n (%)]

G1 8 (9.4) 7 (16.7) – 1 (4.0)

G2 65 (76.5) 34 (81.0) 13 (72.2) 18 (72.0)

G3 11 (12.9) 1 (2.4) 4 (22.2) 6 (24.0)

G4 1 (1.2) – 1 (5.6) –

Nodal status [n (%)]

N0 75 (88.2) 42 (100.0) 12 (66.7) 21 (84.0)

N1–N2 10 (11.8) – 6 (33.3) 4 (16.0)

Leibovich score

Low risk 30 7

Intermediate risk 12 12

High risk – 6

Death [yes/no (%)] 25/60 (29.4/

70.6)

3/39 (7.1/92.9) 14/4 (77.8/22.2) 8/17 (32.0/68.0)

Follow-up time, months [mean/median

(range)]

66/72 (0–134) 82/79 (0–126) 22/13 (0–92) 70/72 (10–134)

Time to metastasis, months [mean/median

(range)]

50/54 (0–126) – 0/0 31/27 (2–73)

ccRCC clear cell renal cell carcinoma, miRNA microRNA
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3p, miR-30c-5p, miR-30c-2-3p, miR-139-5p, miR-144-5p,

miR-204-5p, and miR-451a) were selected for further

expression analyses.

In the whole cohort (n = 108), a significantly decreased

expression in metastatic tumors could be demonstrated for

eight of the nine miRNAs (Table 2, Fig. 1). Downregula-

tion of the remaining miRNA (miR-30c-5p) missed the

level of significance (p = 5.9E-02). Furthermore, the

expression levels of five miRNAs (miR-30a-3p, miR-30e-

3p, miR-30c-2-3p, miR-10b-5p, and miR-144-5p) were

significantly different in metastatic tumors compared with

nonmalignant kidney tissue. The strong correlation to the

metastatic risk of clinically localized tumors (M0) was

verified for the nine miRNAs (area under the curve

0.654–0.727; p B 1.0E-02). In addition, we found sig-

nificant correlations of low expression levels of these nine

miRNAs to high nuclear grading, as well as of seven

miRNAs (miR-10b-5p, miR-30e-3p, miR-30c-2-3p, miR-

139-5p, miR-144-5p, miR-204-5p, and miR-451a) to high

T category (electronic supplementary Table S2).

In order to predict the metastatic risk more accurately,

we investigated miRNA combinations with respect to the

highest prognostic score of metastatic disease. Due to the

limited amount of FFPE tissue, 85 tumor samples were

available for these analyses. Thereby, we defined a

4-miRNA signature by combination of miR-30a-3p, miR-

30c-5p, miR-139-5p, and miR-144-5p as the most powerful

prognosticator. We performed an exhaustive feature

selection, i.e. we tested all possible miRNA combinations

from nine to two miRNAs. This revealed that the best

performance could be reached with the four chosen miR-

NAs. Although miR-30c-5p did not reach significance as a

single miRNA, it added complementary information. The

accuracy of this prognostic model was 86%, with 91%

sensitivity and 81% specificity, to predict metastases

(synchronous and metachronous metastases). When mea-

suring the performance of our model using five-times-

repeated tenfold cross-validation, the overall accuracy of

this model was still 77%, with 78% sensitivity and 76%

specificity.

In univariate analysis, not only the 4-miRNA model but

also tumor size, T category, grading, and nodal status were

significantly associated with metastasis (Table 3a). Only

the 4-miRNA model, nodal status, and T category could be

confirmed as independent prognostic markers to predict the

metastatic risk by multivariate testing (Table 3a). Thereby,

the 4-miRNA model (hazard ratio [HR] 12.402, 95%

confidence interval [CI] 3.586–42.893; p = 7.0E-05)

remained a stronger predictor of metastasis-free survival

than nodal status (HR 7.888, 95% CI 1.968–31.609;

p = 3.5E-03) and T category (HR 1.950, 95% CI

1.270–2.993; p = 2.2E-03). Further extension of this

4-miRNA model using clinicopathological features did not

improve the statistical power (data not shown). Univariate

and multivariate comparison of the 4-miRNA model and

the Leibovich score demonstrated the benefit of the

molecular score and verified it as an independent score

(Table 3b). Calculating the C-indices of both prognostic

scores offered higher accuracy of the 4-miRNA model (C-

index 0.86, p = 1.1E-06) compared with the Leibovich

score (C-index 0.74, p = 1.0E-3). Kaplan–Meier curves

showed an association between this 4-miRNA model and

metastasis-free survival (p = 1.2E-09) (Fig. 2a), as well

as with overall survival (p = 1.1E-04) (Fig. 2b).

In our cohort, 67 patients were diagnosed with clinically

localized ccRCC. Of these, 37 tumors were diagnosed as

low risk, 24 as intermediate risk, and 6 as high risk ccRCC

TABLE 2 Results of the whole cohort: expression differences of nine miRNAs in metastatic ccRCC versus nonmetastatic ccRCC versus

nonmalignant kidney tissues of nephrectomy specimens

Comparison miR-10b-

5p

miR-30a-

3p

miR-30c-2-

3p

miR-30c-

5p

miR-30e-

3p

miR-139-

5p

miR-144-

5p

miR-204-

5p

miR-

451a

Nonmetastatic ccRCC versus metastatic ccRCC

Fold change 0.762 0.620 0.513 0.779 0.687 0.410 0.507 0.226 0.547

p value 1.0E202 2.1E203 6.0E204 5.9E-02 1.3E203 7.7E205 5.4E204 1.1E203 3.6E203

Nonmalignant kidney tissue versus metastatic ccRCC

Fold change 0.443 0.349 0.371 0.824 0.651 0.564 1.848 0.296 1.943

p value 7.4E206 3.5E205 7.2E205 4.1E-01 1.4E202 7.0E-02 2.1E202 5.9E-02 5.2E-02

Nonmalignant kidney tissue versus nonmetastatic ccRCC

Fold change 0.581 0.563 0.722 1.058 0.949 1.378 3.643 1.308 3.551

p value 2.1E203 3.1E204 1.0E-01 3.9E-01 6.4E-01 2.6E-01 6.2E207 2.8E-01 5.8E206

Significant p values (p B 5.0E-2) are highlighted in bold along with fold change values

miRNA microRNA, ccRCC clear cell renal cell carcinoma
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based on the Leibovich score (Table 1). From those, 19%,

50%, and 100% of patients, respectively, developed

metastases during the postoperative disease course.

By applying the 4-miRNA model to the tumors with a

low-risk Leibovich score (n = 37), five of seven patients

with metachronous metastases, as well as 25 of 30 non-

metastatic ccRCCs, were correctly classified. Univariate

and multivariate analysis revealed the 4-miRNA model as

the only independent prognostic factor for metastatic risk

in low-risk tumors, with an HR of 7.887 (95% CI

1.523–40.847; p = 1.4E-02) (Table 3c). Kaplan–Meier

analyses confirmed the high predictive value of the

4-miRA model for metastasis-free survival (p = 3.4E-03)

(electronic supplementary Fig. S1a).

In intermediate-risk ccRCC patients (n = 24), 11 of 12

metachronously metastatic patients and 11 of 12 non-

metastatic patients were correctly assigned using the

4-miRNA model. Multivariate analyses verified the

4-miRNA model as the only independent prognostic factor

(HR 23.080, 95% CI 2.857–186.809; p = 3.3E-03) to

identify metastatic and nonmetastatic tumors (Table 3d).

Kaplan–Meier analyses further confirmed these results

(p = 4.4E-05) (electronic supplementary Fig. S1b).

In the high-risk Leibovich score group, all patients

developed metastases and were correctly assigned using

our 4-miRNA model.

DISCUSSION

miRNAs have been demonstrated to be potent prog-

nostic biomarkers associated with metastatic risk and

survival in a variety of cancers, including ccRCC;16–24

however, these miRNAs have not been implemented in

current prognostic scores due to a lack of independent

validations of their respective accuracy. In addition, dis-

semination and metastases formation is a multistep process,

depending on multiple biological characteristics of each

primary tumor. Thus, a biomarker profile reflecting the
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TABLE 3 Univariate and multivariate Cox regression analyses of clinicopathological features, Leibovich score, and 4-miRNA model to

metastasis-free survival of ccRCC patients with clinically localized tumors

Parameters Univariate Multivariate

p value HR (95% CI) p value HR (95% CI)

(a) All clinically localized tumors (n = 67): 4-miRNA model versus clinicopathological features

Age NS NS

Sex NS NS

Tumor size (cm) 1.8E205 1.388 (1.195–1.611) NS

T category 2.8E204 2.070 (1.399–3.064) 2.2E203 1.950 (1.270–2.993)

Grading 1.1E203 3.968 (1.730–9.102) NS

Nodal status 2.3E204 8.474 (2.718–26.423) 3.5E203 7.888 (1.968–31.609)

4-miRNA model 5.6E206 16.711 (4.958–56.321) 7.0E205 12.402 (3.586–42.893)

(b) All clinically localized tumors (n = 67): 4-miRNA model versus Leibovich score

Leibovich score 1.4E205 3.632 (2.032–6.491) 9.3E203 2.088 (1.199–3.636)

4-miRNA model 5.6E206 16.711 (4.958–56.321) 6.7E205 12.678 (3.636–44.207)

(c) Clinically localized tumors with low-risk Leibovich score (n = 37): 4-miRNA model versus clinicopathological features

Age NS NS

Sex NS NS

Tumor size (cm) NS NS

Grading NS NS

Nodal status 2.4E202 15.993 (1.450–176.405) NS

4-miRNA model 1.4E202 7.887 (1.523–40.847) 1.4E202 7.887 (1.523–40.847)

(d) Clinically localized tumors with intermediate-risk Leibovich score (n = 24): 4-miRNA model versus clinicopathological features

Age NS NS

Sex NS NS

Tumor size (cm) 1.5E202 1.332 (1.058–1.677) NS

Grading NS NS

Nodal status NS NS

4-miRNA model 3.3E203 23.080 (2.851–186.809) 3.3E203 23.080 (2.851–186.809)

Significant p values (p B 5.0E-2) are highlighted in bold

Analyses were performed in (a, b) all tumors, (c) low-risk Leibovich score including category 0–2 tumors, and (d) intermediate-risk Leibovich

score tumors including category 3–5 tumors

miRNA microRNA, ccRCC clear cell renal cell carcinoma, HR hazard ratio, CI confidence interval, NS nonsignificant
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metastatic potential of the tumor is superior compared with

single biomarkers. We previously reported several miR-

NAs as being associated with metastatic risk using two

independent sample cohorts.14, 15 In the current study, we

validated these miRNAs in a third independent patient

cohort and successfully established a 4-miRNA model as

an independent prognostic score with high accuracy of

predicting the individual metastatic risk based on FFPE

samples of primary tumors.

We validated nine previously described metastasis-as-

sociated miRNAs as the most promising marker candidates

for aggressive ccRCC. Furthermore, lower miRNA

expression was significantly correlated with higher T cat-

egory and nuclear grading, indicating their strong

association with aggressive phenotypes.

We established a 4-miRNA model (miR-30a-3p, miR-

30c-5p, miR-139-5p, and miR-144-5p) as a promising tool

for identifying tumors with high metastatic risk, using the

random forest classifier. Since the model was trained on the

complete dataset, the estimation of its performance on the

same set would overestimate the prediction strength of the

model on novel data. Therefore, we applied cross-valida-

tion to estimate the corresponding performance on novel

data. In addition, we repeated the cross-validation to limit

biases towards specific data splits on which our model

might perform extremely well or poorly, which can happen

easily when the number of patients is not very high. We

chose a random forest classifier since it is well-suited for

small datasets due to its ability to prioritize a lower vari-

ance over a smaller bias. We are aware that miR-144-5p is

dysregulated in body fluids and tissue biopsies of many

diseases, but, in combination with the three other miRNAs,

the required specificity is likely reached.25 The strong

independent significance of the 4-miRNA model has been

corroborated in multivariate analyses. The high prognostic

value of this 4-miRNA model could be proven in those 67

patients with clinically localized (M0) tumors, predicting

the development of distant metastases with high accuracy.

Compared with clinicopathological factors, this miRNA

model was the best independent predictor for risk stratifi-

cation. Nodal status and T category as further independent

factors showed lower HRs and weaker p values. The

combination of molecular and clinical parameters did not

improve the statistical power of our model. In addition, the

4-miRNA model is significantly correlated with overall

survival, underlining its strong prognostic power.

We also compared the 4-miRNA model with the clinical

prognostic Leibovich score, which defines low-, interme-

diate- and high-risk patients. Both prognostic models

showed significant association with metastasis-free sur-

vival, but the 4-miRNA model was the stronger

independent prognostic parameter. Even within low-risk

patients, a prognostic group that is rarely associated with

metastatic events, several patients developed metastases.

The majority of those missed cases could be detected by

our 4-miRNA model. Thus, this 4-miRNA model can

predict the risk of metastasis in a more sensitive and

individual manner. It is suitable for the selection of patients

for adjuvant therapies based on biological determinants of

metastasis rather than on clinicopathological features

alone. The most recently published adjuvant therapy trials

(ASSURE, S-TRAC, PROTECT) failed to show an overall

survival benefit in patients with high-risk disease receiving

adjuvant treatment with sunitinib, sorafenib, or pazopa-

nib.26–28 In these trials, the selection of high-risk patients

was based on standard prognostic parameters such as T

category, nodal status, and nuclear grading. T category and

nuclear grading were not significant in our multivariate

analyses, in contrary to the 4-miRNA model. Thus, future

clinical trials should investigate whether molecular

parameters, such as this miRNA model, can select patients

for adjuvant strategies more accurately and can therefore

increase its therapeutic effect.

Several studies have recently been published supporting

the prognostic value of miRNA panels in ccRCC patients.

Two miRNA signatures (miR-10b-5p, miR-139-5p, miR-

130b, miR-199b-5p, and miR-21-5p, miR-142-5p, miR-

194-5p) have been reported to predict the metastatic

potential of primary tumors.29,30 Another miRNA panel

using miR-10a-5p and miR-223-3p discriminating non-

metastatic against metastatic ccRCCs could be validated on

biopsy specimens, although the predictive value was

lower.31 These studies support our hypothesis that miRNA

panels outperform single miRNAs with regard to prog-

nostic impact; however, the miRNA panels have not been

tested against clinical scores and therefore the additional

prognostic value was not proven, as in our study.

The robustness of miRNAs is a general advantage

compared with messenger RNAs (mRNAs) that are more

sensitive against degradation. Further studies are required

to compare both miRNA and published mRNA

signatures.32

This study is limited by its retrospective approach. In

order to evaluate the clinical applicability of the 4-miRNA

model with regard to the prognostic value and patient

selection for continuous monitoring or adjuvant therapy,

we are planning a prospective validation. Furthermore,

intratumoral heterogeneity of molecular markers is still

under debate.33 However, the validation of these four

miRNAs in three independent cohorts using only one tumor

area argues against decisive tumor heterogeneity.

The functional role of the four miRNAs in metastasis,

and possible targets, have been identified, at least in part,

by both other groups and our own group (miR-139-5p,34

miR-144-5p,35 miR-30 family,15,36,37 and unpublished

data).
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CONCLUSIONS

We established a prognostic 4-miRNA model based on

the biological determinants of metastasis, which defines

individual metastatic risk more accurately than currently

used clinicopathological features or prognostic scores. By

using this molecular model, ccRCC patients can be strati-

fied more individually into high- and low-risk groups. The

model should therefore facilitate risk-adapted follow-up

and selection of patients suitable and informative for

adjuvant treatment strategies after resection of the primary

tumor.
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