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Sunitinib is a multitargeting tyrosine kinase inhibitor 
used for metastatic renal cancer. There are no biomark-
ers that can predict sunitinib response. Such markers 
are needed to avoid administration of costly medication 
with side effects to patients who would not benefit from 
it. We compared global miRNA expression between 
patients with a short (≤12 months) versus prolonged 
(>12 months) progression-free survival (PFS) under suni-
tinib as first-line therapy for metastatic renal cell carci-
noma. We identified a number of differentially expressed 
miRNAs and developed miRNA statistical models that 
can accurately distinguish between the two groups. We 
validated our models in the discovery set and an inde-
pendent set of 57 patients. Target prediction and path-
way analysis showed that these miRNAs are involved in 
vascular endothelial growth factor (VEGF), TGFβ, and 
mammalian target of rapamycin (mTOR)-mediated sig-
naling and cell–cell communication. We tested the effect 
of these miRNAs on cellular proliferation and angiogen-
esis. We validated the negative correlation between miR-
221 and its target, VEGFR2.miR-221 overexpression was 
associated with a poor PFS while its target, VEGFR2 was 
associated with longer survival. Gain of function experi-
ments showed that miR-221 and miR-222 decreased 
angiogenesis and cellular proliferation in human umbili-
cal vein endothelial cells (HUVEC) while increasing cel-
lular proliferation in ACHN cells. miRNAs represent 
potential predictive markers for sunitinib response.

Received 8 April 2015; accepted 22 June 2015; advance online  
publication 18 August 2015. doi:10.1038/mt.2015.129

INTRODUCTION
Clear cell renal cell carcinoma (ccRCC) is one of the top 10 can-
cers in North America.1 It is an aggressive tumor with 20–30% of 
patients presenting with metastasis at diagnosis. A median overall 

survival (OS) of 28–29 months has been reported in recent tar-
geted therapy trials.2,3

VEGFR-2 and PDGFR-β play a key role in the VHL-Hypoxia 
pathway. This is the main pathway involved in ccRCC pathogen-
esis, in which HIF1-α enhances the transcription of multiple 
proangiogenic and growth factors including the vascular endo-
thelial growth factor (VEGF) and platelet-derived growth factor 
(PDGF). These factors subsequently activate a number of down-
stream pathways by binding mainly to VEGFR-2 and PDGFR-β.

Sunitinib, a first-line treatment for metastatic RCC (mRCC),4 
is a multitarget receptor tyrosine kinase inhibitor, which inhibits 
the tyrosine kinase activity of several receptors including vascu-
lar endothelial growth factor receptors (VEGFR-1, VEGFR-2, and 
VEGFR-3), platelet-derived growth factor receptors (PDGFR-α 
and PDGFR-β), Fms-like tyrosine kinase 3 (FLT3), stem cell 
growth factor receptor KIT and rearranged during transfec-
tion (RET). The VEGFR2 encoding gene is kinase insert domain 
receptor “KDR” in humans. It is highly expressed in endothelial 
cells.5 Sunitinib is associated with a response rate of 30–45% and 
a progression-free survival (PFS) of 9.5–11 months.2,6 However, 
over 20% of patients are refractory to tyrosine kinase inhibitor 
(TKI) therapy.7 Causes of resistance are not fully understood but 
a number of possible mechanisms have been suggested.8–10 The 
discovery of biomarkers that could predict patients’ response to 
sunitinib would improve cost-effectiveness by allowing select-
ing patients who are likely to respond while other patients could 
be directed to therapies with a different mechanism of action or 
for clinical trials of novel therapy. Furthermore, administration 
of expensive medications with significant side effects would be 
avoided in patients with low response probability.

miRNAs were shown to play crucial roles in different biologi-
cal processes involved in tumor development, progression, and 
response to treatment including cellular differentiation, prolifera-
tion, apoptosis, DNA damage repair, and epithelial–mesenchymal 
transition. They are promising cancer biomarkers,11 since they are 
stable, and can be quantified from both formalin-fixed tissues and 
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body fluids. Several groups have identified miRNA signatures that 
distinguish ccRCC from normal kidney,12–14 and documented the 
role of miRNAs in RCC pathogenesis,15–18 and their association 
with aggressive behavior.19,20 Also, the significance of miRNAs as 
a molecular classifier for RCC subtypes was recently reported.21,22

The use of miRNAs as predictive markers has been reported. 
In lung cancer, miR-34c is a promising predictive biomarker,23 and 
miR-21 was reported to correlate with sensitivity to chemother-
apy.24 Takahashi et al.25 demonstrated that low miR-148a expres-
sion was associated with poor response to therapy in advanced 
colorectal cancer. In breast cancer, miR-342 expression was shown 
to positively correlate with response to tamoxifen.26

In this study, we identified miRNAs that can distinguish 
between mRCC patients with short versus long-term PFS under 
sunitinib as first-line treatment. We developed and validated 
miRNA predictive models. We show that miRNAs are involved 
in signaling pathways involved in angiogenesis. Overexpression 
of two of these miRNAs resulted in decreased angiogenesis and 
cellular proliferation in vascular endothelial cells while increased 
cellular proliferation in renal cancer cells.

RESULTS
miRNAs are differentially expressed between 
metastatic clear cell RCC patients with short- versus 
long-term survival on sunitinib treatment
Seven hundred and fifty-three human miRNAs were screened in 
each of the 30 ccRCC cases. We identified a number of miRNAs 
that are differentially expressed in relation to the time to progres-
sion under sunitinib. As a dichotomous variable, patients were 
classified into two cohorts of short (≤12 months) versus long (>12 
months) PFS under sunitinib. Median PFS for all 57 patients was 
11 months. We identified 20 miRNAs to be differentially expressed 
between the two groups (Supplementary Table S1).

We developed three multivariate logistic regression models. 
The first model included miR-1225-3p and miR-208 (area under 
the curve (AUC) = 0.812, 95% CI: (0.629, 0.931), P = 0.0003). At 
a cut-off probability of 0.70, the model has a positive predictive 
value (PPV) of 92%. At a cut-off probability of 0.28, it has a nega-
tive predictive value (NPV) of 80% (Figure 1a).

The second model included miR-1225-3p and miR-155-3p 
(AUC = 0.772, 95% CI: (0.583, 0.905), P = 0.0042). At a cut-off 
probability of 0.70, PPV = 91%. While at a cut-off probability of 
0.40, NPV = 77% (Figure 1b). The third model included miR-597 
and miR-1 (AUC = 0.812, 95% CI: (0.629, 0.931), P = 0.0003). At a 
cut-off probability of 0.80, PPV = 90%. At a cut-off probability of 
0.21, NPV = 100% (Figure 1c).

Analyzing miRNA expression as a continuous variable, we 
identified 14 miRNAs to be significantly differentially expressed 
between the two groups (Table 1). We constructed three multi-
variate regression models. The first model included miR-874 and 
miR-221 (P = 0.0003) (Figure 1d) and the second model included 
miR-874, miR-221, and miR-424 (P = 0.0001) (Figure 1e).

The correlation between miRNA models prognostic 
parameters
We evaluated the performance of our models before and after 
adjusting for Heng’s criteria. Both PFS and OS were dichotomized, 

using a cutoff of 12 months for PFS (with 14 subjects ≤ 12 months 
PFS and 16 subjects > 12 months PFS) and a cutoff of 24 months 
for OS (with 13 subjects ≤ 24 months OS and 17 subjects > 
24  months OS). Logistic regression models were employed, in 
order to determine the ability of each model to predict both PFS 
and OS, with Heng’s score either included with or excluded from 
the model.

Correlation with OS is not a specific reflection of survival 
under sunitinib treatment because many patients received a sec-
ond line treatment. The primary end point for this study was PFS 
under treatment. All our patients received sunitinib as first-line 
treatment and no other treatment was introduced during and up 
to developing progression under sunitinib.

As a univariate predictor, total Heng’s score did not predict 
either PFS (P = 0.563) or OS (P = 0.707) using our dichotomous 
parameters. The multivariate model analyses showed that the first 
(miR-1225-3p and miR-208) and second (miR-1225-3p and miR-
155-3p) models are significant predictors of OS after adjusting for 
Heng’s score (P = 0.039 and 0.015 respectively), while the second 
(miR-1225-3p and miR-155-3p) and third (miR-597 and miR-1) 
models are significant predictors of PFS after adjusting for Heng’s 
score (P = 0.032 and 0.037 respectively).

Furthermore, we tested the association between the expres-
sion levels of our miRNAs and OS. Our analysis showed that 
overexpression of miR-126-5p, miR-200c, miR-661, miR-664, 
miR-888-5p, and miR-1225-3p were associated with shorter OS 
(Supplementary Figure S1).

Also, we examined the association between miRNA expres-
sion and PFS in the subgroup of patients with stable disease 
and partial response (clinical benefit groups). When used as a 
dichotomous variable, overexpression of miR-191, miR-196b, 
miR-200c, miR-661, and miR-1228-5p were associated with 
decreased PFS (Supplementary Figure S2). In the subgroup 
of patients with stable disease, miR-22, miR-155-3p, miR-191, 
miR-196b, miR-200c, miR-222, miR-425-5p, miR-597, miR-
623, miR-663b, miR-664, miR-888-5P, miR-1225-3p, and miR-
1228-5p expression were associated with decreased PFS (data are  
not shown).

Predictive models validation
We validated our models using the gold-standard RT-qPCR with 
miRNA-specific primers on the discovery set and on an indepen-
dent set of 27 patients. Validating on the discovery set, the third 
dichotomous model (miR-597 and miR-1) showed the best per-
formance (AUC = 0.763, P = 0.004). At a cut-off probability of 
0.83, PPV = 100% while at a cut-off probability of 0.366, NPV 
= 86%. The second model (miR-1225-3p and miR-155-3p), at a 
cut-off probability of 0.71, showed PPV = 100% and at a cutoff 
probability of 0.387, NPV = 83%. The first model (miR-1225-3p 
and miR-208) had an AUC = 0.679, at a cutoff probability of 0.72, 
PPV = 100% and at a cutoff probability of 0.42, NPV = 75%. Since 
achieving a very high combined sensitivity and specificity was not 
possible in our case, and since most mRCC patients are currently 
enrolled to sunitinib as first-line treatment, we focused more on 
the clinically relevant parameter for therapy decision making, 
which is either the inclusion or exclusion criteria (i.e., achieving 
high PPV or NPV).
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When validated on the second set, the third dichotomous model 
(miR-597 and miR-1) showed the best performance (AUC = 0.763, 
P = 0.0035), followed by the first model (miR-1225-3p and miR-
208) with AUC = 0.679 and finally the second model (miR-1225-3p 

and miR-155-3p) with AUC = 0.665, although the last two models 
did not reach significance (P = 0.076 and 0.123 respectively).

When performance was assessed on both sets combined, 
the (miR-597 and miR-1) model performed well (AUC = 0.713, 

Figure 1  miRNA-based statistical models can predict renal cell carcinoma patients’ survival under sunitinib treatment. (a–c) Multivariate 
logistic regression models to predict renal cell carcinoma patients’ survival under sunitinib treatment as a dichotomous variable. Patients were divided 
into short-term (<12 months) versus long-term (≥ 12 months) survival under sunitinib. (a) Model 1: based on the expression of miR-1225-3p and 
miR-208 (AUC = 0.812, 95% CI: (0.629, 0.931), P = 0.0003). At a cut-off probability of 0.70, positive predictive value (PPV) = 92% and at a cutoff 
probability of 0.28, negative predictive value (NPV) = 80%. (b) Model 2: based on the expression ofmiR-1225-3P and miR-155-3p (AUC = 0.772, 
95% CI: (0.583, 0.905), P = 0.0042). At a cut-off probability of 0.70, PPV = 91% and at a cut-off probability of 0.40, NPV = 77%. (c) Model 3: based 
on the expression of miR-597 and miR-1 (AUC = 0.812, 95% CI: (0.629, 0.931), P = 0.0003). At a cut-off probability of 0.80, PPV = 90% and at a 
cut-off probability of 0.21, NPV = 100%. (d,e) Multivariate regression models predict patients’ survival under sunitinib treatment as a continuous 
variable. (d) miR-874 and miR-221 model (P = 0.0003). (e) miR-874, miR-221, and miR-424 model (P = 0.0001).
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P = 0.002). At a cut-off probability of 0.64, PPV = 88%. At a cut-off 
probability of 0.358, NPV = 87%. Although we lost significance for 
the other two models, miR-1225-3p and miR-208 model, showed 
AUC = 0.644, at a cut-off probability of 0.57, PPV = 100% and at 
a cutoff probability of 0.33, NPV = 80% and (miR-1225-3p and 
miR-155-3p) showed AUC = 0.634, at a cutoff probability of 0.606, 
PPV = 80% and at a cutoff probability of 0.317, NPV = 78%.

When validating miRNA performance as a continuous vari-
able, both (miR-874 and miR-221) and (miR-874, miR-221 and 
miR-424) models performed well in the same set of patients (P = 
0.0003 and 0.0001 respectively) and on the second independent 
set of patients as well (P = 0.001 and 0.002 respectively).

miRNA involvement in sunitinib response
In order to explore the potential mechanisms by which  miRNAs 
can be involved in sunitinib response, we performed target pre-
diction and pathway analyses of the predicted targets of the miR-
NAs differentially expressed between short- and long-term PFS 
under sunitinib. We used a targeted approach for the identifica-
tion of the significant miRNAs for functional analysis, based on 
a combined score of the degree of the miRNA dysregulation, the 
literature evidence of potential involvement of in angiogenic path-
ways, in-silico analysis showing the potential involvement of the 
targets of these miRNAs in pathways related to TKI response and 
resistance, literature evidence from other cancers showing the 
predictive ability of these miRNAs, and experimental evidence of 
the involvement of these miRNAs on treatment response.

miR-221 and miR-222 were among the most significant 
 miRNAs identified. Target prediction identified kinase insert 
domain receptor (a type III receptor tyrosine kinase) (KDR), the 
VEGFR2 encoding gene, as potential target of these miRNAs, 
specially, miR-221 and miR-222 that were upregulated in patients 
with poor survival under sunitinib (Supplementary Table S2). 
VEGFR2 is one of the sunitinib-targeted receptors which are 
involved in the VEGF signaling pathway. Also, miR-221 and miR-
222 were predicted to target genes involved in cell proliferation.

Therefore, we hypothesized that there are two potential mech-
anisms through which these miRNAs can affect survival under 
sunitinib treatment. The first is that the elevated expression lev-
els of a number of miRNAs, including miR-221 and miR-222 
can decrease KDR gene expression with subsequent decrease in 
VEGFR2 expression level which is required for sunitinib bind-
ing. The second is that miRNAs can exert an opposing effect to 
sunitinib by increasing the rate of kidney cancer cell proliferation, 
while sunitinib acts mainly on endothelial cells rather than RCC 
tumor cells at the clinically relevant concentrations.

In order to test our hypothesis, we validated the miRNA-target 
interaction by testing the effect of miRNAs on KDR expression. 
Also, we examined the correlation between miR-221 and VEGFR2 
expression and their association with PFS under sunitinib in the 
same set of patients. Finally, we investigated the effect of these 
miRNAs on angiogenesis and cellular proliferation in both endo-
thelial and cancer cells as detailed below.

miR-221/222 can target KDR
Our analyses showed that miR-221/222 target critical pathways 
and key molecules involved in tumor progression and cellular 

survival (Supplementary Table S2). KDR, the gene encoding 
for VEFGR2, one of the main receptors that mediate the antian-
giogenic effects of sunitinib, was selected for experimental vali-
dation by measuring the effect of miRNA overexpression on the 
level of KDR. First, we screened a number of cell lines includ-
ing human umbilical vascular endothelial cells (HUVEC), 786-O, 
ACHN, CAKI-1, and HEK-293 cells. KDR was highly expressed 
in HUVEC cells, in agreement with previous reports.27 We then 
compared the level of expression of KDR before and after transfec-
tion of each of these miRNAs. Overexpression of either of these 
miRNAs significantly decreased KDR expression in HUVEC cells 
(Figure 2).

miR-221 and its predicted target, VEGFR2, 
significantly correlate to PFS under sunitinib
We assessed VEGFR2 protein expression using immunohisto-
chemistry and quantified miR-221 expression in the same group 
of patients using qRT-PCR and correlated their expressions with 
PFS under sunitinib. miR-221 showed an inverse correlation with 
VEGFR2 expression (data not shown). Also, VEGFR2 was posi-
tively associated with better survival whereas miR-221 negatively 
correlated with survival (Figure 3).

miR-221 and miR-222 overexpression block 
angiogenesis
Based on target prediction analysis (Supplementary Table S2), 
we proposed that these two miRNAs function by blocking rele-
vant signaling pathways involved in angiogenesis and cell prolifer-
ation (e.g., VEGF, TGF-β, mTOR, and MAPK signaling pathways. 
According to our proposed model, if these two miRNAs are over-
expressed, they will suppress the VEGF pathway and as a result, 
tumors have to rely on “non-canonical” pathways that are not tar-
geted by TKIs to maintain angiogenesis.28,29 This may explain the 
weak response and survival under sunitinib in these patients.

In order to experimentally validate this, we first checked the 
endogenous expression levels of miR-221 and miR-222 in HUVEC 
vascular endothelial cells, 786-O and ACHN kidney cancer cell 
lines and normal kidney tissue. Both miRNAs showed higher 
expression in HUVEC cells compared to normal kidney tissues 

Figure 2 miR-221 can target kinase insert domain receptor (a type III 
receptor tyrosine kinase) (KDR). A representative bar graph showing 
that KDR, the gene encoding for VEGFR2, expression level was signifi-
cantly decreased in human umbilical vein endothelial cells upon miR-
221 transfection. This effect was partially restored with cotransfection of 
the miRNA and its inhibitor. Data are the means ± SEM of three experi-
ments (*P < 0.05).
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and kidney cancer cell lines (Supplementary Figure S3). This is in 
agreement with previous reports showing their importance in reg-
ulating gene expression and function in endothelial cells.30 Gain of 
function experiments were then conducted by transfecting each 
of these miRNAs into HUVEC, 786-O, and ACHN cells. Controls 
included cells transfected with the miRNA inhibitors, cotrans-
fected with each of these miRNAs and its inhibitor, untransfected 
cells, cells transfected with transfection agent only, and a random 
oligonucleotide negative control. Successful transfection was con-
firmed by qRT-PCR and fluorescent labeled oligonucleotide. We 
then investigated the effect of overexpression on angiogenesis 
using tube formation assay. Transfection with each of these two 
miRNAs resulted in significant reduction in the total tube length 
compared to controls. As shown in Figure 4a,b, overexpression 
of miR-222 significantly reduced total tube length compared to 
untransfected cells (P = 0.0012), cells transfected with transfection 
reagent only (P = 0.0359), negative control or cells cotransfected 
with miR-222 and its inhibitor. Similar results were obtained for 
miR-221, which decreased total tube length compared to negative 
controls (data not shown).

We then measured the combined effect of miR-222 or miR-221 
and sunitinib on angiogenesis. Cells transfected with miR-221 or 
miR-222 and treated with sunitinib showed significant reduction 
in total tube length compared to cells transfected with the miRNA 
only or untransfected cells treated with sunitinib (P = 0.0125 and 
0.0122 respectively). Similar results were obtained when the effect 

of miR-221 or miR-222 on other parameters such as total tube 
number and total branching points number were assessed (data 
not shown).

miR-221 and miR-222 overexpression decreased 
HUVEC cells proliferation
Next, we examined the effect of miR-221 and miR-222 on HUVEC 
cell proliferation. Appropriate controls were used as above. miR-
221 or miR-222 transfection resulted in decreased endothelial 
cells proliferation compared to negative controls (Figure 5a,b). 
When the miR-221 or miR-222-transfected HUVEC cells were 
treated with sunitinib, cellular proliferation was further reduced at 
sunitinib concentrations of 0.1 and 1 µmol/l (Figure 5c). Together 
with prediction analysis, the results above indicate that both miR-
221/222 and sunitinib share/compete for the same angiogenic and 
cell proliferation pathways of endothelial cells.

miR-221 and miR-222 overexpression increased ACHN 
cells proliferation
We then assessed the effect of miR-221 and miR-222 on cancer 
cell proliferation in vitro using the ACHN kidney cancer cell 
line. ACHN cells were transfected with miR-221 or miR-222 
and/or treated with sunitinib. Unlike endothelial cells, suni-
tinib had no effect on cancer cell proliferation at a pharmaco-
logically-relevant dose (0.1 µmol/l).27 At a high dose of 1 µmol/l, 
sunitinib treatment resulted in reduced cell proliferation. 

Figure 3 miR-221 and its predicted target, VEGFR2, significantly correlate to progression-free survival under sunitinib. (a–c) Representative 
photomicrographs showing the expression levels of VEGFR2 protein in renal cell carcinoma (RCC) by immunohistochemistry: (a) Weak, 
(b) moderate, (c) strong (all figures are original magnification ×400). (d,e) Kaplan–Meier curves of progression-free survival (PFS) under suni-
tinib for miR-221 (d) and VEGFR2 (e) expressions in mRCC patients. miR-221 and VEGFR2 expressions were dichotomized into high- and 
low-expression categories. Patients with higher miR-221 expression had significantly shorter PFS compared to those with low expression  
(P = 0.0433) while patients with higher VEGFR2 had significantly longer PFS compared to those with low expression (P = 0.0175).
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Interestingly, miR-221 and miR-222 overexpression enhanced 
cellular proliferation of ACHN cells. When miR-221 and 
miR-222 transfected ACHN cells were treated with sunitinib, 
sunitinib was not able to abolish the effect of miR-221/222 at 
pharmacologically- relevant concentrations (0.1 µmol/l). It 
was only able to partially counteract the effect of miRNAs at 
1 µmol/l concentration. This, however, did not reach the base-
line reduction of cellular proliferation caused by sunitinib on 
untransfected cells (Figure 6a,b).

DISCUSSION
Sunitinib is currently a first-line treatment for mRCC.31 Despite the 
success of VEGF-targeted therapy in mRCC, over 20%of patients 
are refractory to first-line antivascular endothelial growth factor 
(VEGF) therapy and many patients progress within 1 year.7 A num-
ber of prognostic models have been developed to predict survival in 
patients treated with antiangiogenic therapy32–34 and a recent study 
suggested a value of pathological features to assess mRCC patients’ 
survival and response to treatment.35 However, there is no accurate 
method that can predict outcome for each individual patient.

We provide evidence suggesting the clinical utility of miRNAs 
as predictive markers for mRCC patients’ PFS receiving sunitinib 
first line, and show that this predicts PFS and OS independent of 
Heng score.

It has to be noted, however, that the logestic models did not 
necessarily utilize the highly differentially expressed miRNAs 
but rather combination of miRNAs, in certain situations, some 
of them have low discriminatory power but in combination with 
other miRNAs perform better with much higher probability of 
discrimination between the two groups. In other words, the mod-
els are not a reflection of the highly differentially expressed but 
rather of combinations of miRNAs that can accurately distinguish 
between the two outcomes.

Our data are in keeping with recent literature. miR-942 was 
recently shown to predict sunitinib efficacy in renal cell carci-
noma36 and Berkers et al.37 demonstrated that miR-141 downregu-
lation was associated with poor response to sunitinib in patients 
with mRCC. Also, Gámez-Pozo et al.38 constructed models that 
can predict sunitinib resistance based on miRNAs expression. 
Differences between the studies can be attributed to experimen-
tal design and clinical end points that were used in the analysis. 
Berkers et al. analyzed 20 fresh frozen ccRCC tissues from patients 
with synchronous metastasis and patients with PFS more than 1 
year were considered good responders while patients with PFS less 
than 6 months were considered poor responders. Gámez-Pozo et 
al. analyzed patients’ blood samples that were taken before the ini-
tiation of treatment and 2 weeks after therapy. Also, they assigned 
their patients into three different groups; poor response group <6 
months, prolonged response group > 18 months, and moderate 
response group 6–18 months. In the present study, we analyzed 
pretreatment formalin-fixed paraffin-embedded tumors. It has to 
be noted, however, that resistance to TKI’s including sunitinib is 
likely multifactorial and is a continuum rather than an endpoint 
process. This is difficult to assess in a single specimen.

Our data showed that miR-221 and miR-222 were signifi-
cantly upregulated in mRCC patients with poor PFS on sunitinib 
treatment. These two miRNAs share the same seed sequence and 
their genes are located closely on Chromosome Xp11.3. The find-
ing that miR-222 and miR-221 promote kidney cancer cell prolif-
eration is not surprising. They were reported to be overexpressed 
in many cancers including breast, thyroid, colon, pancreatic, pros-
tate, and bladder cancers.12,39 In our previous work, miR-221 and 
miR-222 were found to be upregulated in metastatic compared to 
primary ccRCC14 and Teixeira et al.40 showed that the increased 
miR-221 was associated with poor survival in RCC. In hepato-
cellular carcinoma, miR-221 overexpression was associated with 
decreased OS, metastasis, and advanced stage.41

We identified a number of miR-221 and miR-222 predicted 
targets and pathways that are involved in cancer promoting path-
ways. In agreement with our results, Lupini et al.42 identified 
several oncogenic pathways through which miR-221 promotes 
cancer. Overexpression of miR-221 was shown to increase ZEB2 
and vimentin expression and decrease E-cadherin in pancreatic 
cancer.43 In addition, miR-221/222 inhibition enhanced apoptosis 
and decreased cellular proliferation and invasion by upregulat-
ing PTEN expression in gastric cancer.44 miR-221/222 was also 
shown to enhance epithelial–mesenchymal transition by targeting 

Figure 4 Overexpression of miR-221 or miR-222 has negative effect 
on angiogenesis. (a) Representative photomicrographs showing the 
effect of miR-222 overexpression on tube formation using human umbil-
ical vein endothelial cell line. Tube formation can be assessed using four 
parameters including cell covered area (blue), tubes (red), loops (yel-
low), and branching points (white). (b) Representative bar graph show-
ing the effect of miR-222 on tube formation. Overexpression of miR-222 
significantly reduced total tube length compared to untransfected cells 
(negative control (NC)), cells transfected with transfection reagent only 
or cells cotransfected with miR-222 and its inhibitor. Both untrans-
fected and miR-222-transfected cells were then treated with sunitinib 
and showed decrease in total tube length compared to cells transfected 
with the miR-222 only. Data are the means ± SEM of three independent 
experiments (*P < 0.05 and **P < 0.01).
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Figure 5 The effect of miR-221 and miR-222 on HUVEC cells proliferation. (a,b) Overexpression of miR-221 or miR-222 has negative effect on 
endothelial cells proliferation. Representative bar graphs showing the effect of these two miRNAs on human umbilical vein endothelial cells prolifera-
tion. Cells transfected with either of miR-221 or miR-222 showed significantly reduced cellular proliferation compared to the control cells. This effect 
was partially restored by cotransfection of the miRNA and its inhibitor. (c) Sunitinib treatment resulted in further reduction of cell proliferation in miR-
222-transfected endothelial cells. Cells were treated with sunitinib at concentrations of 0.1 and 1 µmol/l. Sunitinib resulted in reduced cellular prolif-
eration at both concentrations. Data are the means ± SEM of three independent experiments (*P < 0.05 and ***P < 0.001). DMSO, dimethyl sulfoxide.
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Figure 6 The effect of miR-221 and miR-222 on ACHN cells proliferation. (a,b) miR-221 or miR-222 overexpression increased kidney cancer cell 
proliferation while sunitinib decreased cellular proliferation at a higher concentration of 1 µmol/l. A representative bar graph showing the effect 
of miR-221 overexpression on renal cell carcinoma cell proliferation. Overexpression of miR-221 increased ACHN cells proliferation compared to 
the control cells. Comparable results were obtained for miR-222. There was no effect on cell proliferation when cells were treated with sunitinib at 
concentrations of 0.1 µmol/l. A reduction of cellular proliferation only was noticed at concentration of 1 µmol/l. Data are the means ± SEM of three 
independent experiments (*P < 0.05, **P < 0.01, and ***P < 0.001). DMSO, dimethyl sulfoxide.
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adiponectin receptor 1 which negatively control NF-κB, IL6, and 
JAK2/STAT3 signaling axis45 and their overexpression was shown 
to be associated with tumor metastasis in breast cancer.46

Our results show that these two miRNAs have opposing 
effects on cancer and endothelial cells. Whereas their overexpres-
sion inhibits the angiogenesis in endothelial cells, it enhances pro-
liferation of cancer cells, in agreement with a recent study which 
showed their ability to target the cell cycle inhibitor p27.47 It is 
also possible that one of these miRNAs is been secreted by one cell 
type and been up taken by the other cell type.

The connection between miR-221 and miR-222 and treatment 
response is clear. We showed that miR-221 and miR-222 target 
VEGFR2, one of the sunitinib targeting receptors. Our results are 

in agreement with previous reports that demonstrated that resis-
tance to treatment may develop when the targeted protein is not 
accessible for the drug binding.48 In addition, these two miRNAs 
were predicted to target c-KIT, which is another sunitinib-targeting 
receptor.49–51

The effect of sunitinib on cancer and endothelial cells is dose-
dependent. Huang et al.27 provided evidence that, at the phar-
macologically relevant concentrations, sunitinib acts mainly on 
endothelial rather than tumor cells in RCC, and that it inhibits 
tumor cell growth only at higher concentrations. These findings 
can explain the association of miR-221/222 overexpression with 
poor survival in mRCC patients receiving sunitinib. Their over-
expression downregulates the traditional angiogenesis pathways 
that are utilized by sunitinib, thus minimizing its effect. Moreover, 
these two miRNAs increase tumor cell proliferation, which is not 
significantly affected by sunitinib at clinically relevant doses.

In agreement with previous reports,52,53 our analysis show that 
VEGFR2 expression is positively associated with PFS under suni-
tinib treatment. Our findings may also have therapeutic implications 
as inhibiting miR-221 and miR-222 might improve mRCC patients’ 
survival if given as an adjuvant therapy in combination with suni-
tinib. Recently, it was shown that circular miR-221 sponge has anti-
cancer effects in malignant melanoma. Another group developed an 
apatamer-based delivery system with selectivity to cancer cells and 
showed an antitumor therapeutic effects by inhibiting miR-221.54

In conclusion, we provide evidence that miRNAs are promis-
ing predictive markers for sunitinib treatment in metastatic RCC. 
Specifically, we show that miR-221 and miR-222 target the VEGFR 
with subsequent effect on angiogenesis. They also exert an opposite, 
tumor promoting effect on RCC cells and as such, they have poten-
tial as combination with TKI’s therapy to prevent drug resistance.

MATERIALS AND METHODS
Patient population and specimen collection. Fifty-seven primary pre-
treatment ccRCC formalin-fixed paraffin-embedded tissue specimens 
were collected from Sunnybrook Health Sciences Center and St. Michael’s 
Hospital, Toronto, Canada. Thirty cases were used as a discovery set and 

Table 2 Descriptive statistics of the study population

Discovery set; number 
of patients (%)

Validation set; number 
of patients (%)

Total population; 
number of patients (%)

Histological subtype, clear cell 30 (100) 27 (100) 57 (100)

Best response

Complete response 0 (0) 0 (0) 0 (0)

Partial response 5 (16.7) 5 (18.5) 10 (17.5)

Stable disease 23 (76.7) 12 (44.5) 35 (61.4)

Progressive disease 2 (6.6) 10 (37) 12 (21.1)

Heng prognostic criteria

Good 10 (33.3) 4 (14.8) 14 (24.6)

Intermediate 14 (46.7) 16 (59.3) 30 (52.6)

Poor 6 (20) 7 (25.9) 13 (22.8)

Progression-free survival

≤ 12 months 14 (46.7) 17 (63) 31 (54.4)

> 12 months 16 (53.3) 10 (37) 26 (45.6)

Table 1 Statistically significant differentially expressed miRNAs 
between patients with short- versus long-term progression-free 
survival on sunitinb therapy

miRNA P value*
Dysregulation 

with poor survival

hsa-miR-1228-5p 0.0192 Up

hsa-miR-221 0.0230 Up

hsa-miR1225-3P 0.0305 Up

hsa-miR-888-5p 0.0322 Up

hsa-miR-661 0.0328 Up

hsa-miR-200c 0.0331 Up

hsa-miR-597 0.0342 Up

hsa-miR-126-5p 0.0353 Up

hsa-miR-191 0.0385 Up

hsa-miR-664 0.0394 Up

hsa-miR-196b 0.0402 Up

hsa-miR-222 0.0424 Up

hsa-miR-483-3p 0.0434 Up

hsa-miR-425-5p 0.0467 Up

*miRNAs assessed as a continuous variable.
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27 cases were included as an independent validation set (Table 2). Areas 
of pure tumor tissues with no hemorrhage or necrosis were selected by a 
pathologist. Multiple sections were mixed from the same tumor to com-
pensate for tumor heterogeneity. Pure tumor areas were excised using 
Laser capture microdissection. Tumor classification and staging were 
done according to the 2002 TNM System and the 2004 World Health 
Organization Classification. Study was approved by the Research Ethics 
Board at St. Michael’s Hospital and The Sunnybrook Health Science Center.

miRNA expression screening. Total RNA isolation was done using the 
 miRNeasy Kit (Qiagen, Mississauga, Canada) according to the manufacture’s 
protocol. RNA quality and concentration were determined spectrophoto-
metrically (NanoDrop 1000 Spectrophotometer; NanoDrop Technologies, 
Wilmington, DE). Samples optimal for analysis were stored at −80 °C.

Five hundred nanograms of total RNA from each sample were 
reverse transcribed using a Megaplex Primer Pool Human Set A+B (Life 
Technologies, Burlington, Canada) with a TaqMan miRNA reverse-
transcription kit as suggested by the manufacturer. cDNA samples of 
individual patients were analyzed by a TaqMan low-density array human 
microRNA card set A+B.

Quantitative reverse transcription polymerase chain reaction (RT-qPCR). 
For validation, miRNA-specific reverse transcription was performed with 
500 ng total RNA using the TaqMan MicroRNA Reverse Transcription Kit 
(Applied Biosystems, Foster City, CA) as recommended by the manufac-
ture. RT-qPCR was performed using the TaqMan microRNA Assay Kit on 
the Step One Plus Real-Time PCR System (Applied Biosystems). Thermal 
cycling conditions were according to the manufacture’s fast protocol and all 
reactions were performed in triplicate. Relative expression was determined 
using the ∆∆Ct method and expression values were normalized to small 
nuclear RNA, U6 snRNA, RNU48, and RNU44 (Applied Biosystems).

For the expression analyses of KDR, primer sequence was as 
follows: forward-5′-CCCAGGAAAAGACGAACTTG-3′ and reverse-5′-
TCCAATGGGAGTTCATCTGG-3′. Reverse transcription was performed 
with high-capacity RNA-to-cDNA kit (Applied Biosystems) as per the 
manufacturer’s instructions. qRT-PCR was performed using the Fast 
Syber Green Master Mix (Applied Biosystems). Peptidylprolylisomerase  
A (cyclophilin A) (PPIA) was used as endogenous controls. The PPIA primer 
sequences were as follows: forward-5′-ATGCTGGCCCCAACACAA-3′ 
and reverse-5′-TCTCCACCAATTACTTTTATGTCC-3′.

Statistical analysis. PFS under treatment was calculated from starting date 
of sunitinib therapy to the date of tumor progression or death while on 
treatment. OS was calculated from starting date of any systemic therapy 
to the date of death from any cause. RT-PCR measurements (Ct values) for 
753 miRNAs were obtained from each specimen. miRNA Ct data were nor-
malized to three endogenous controls (U6, RNU44, RNU48). Data were 
analyzed as both continuous and dichotomous variables, with Ct values 
greater than 32.0 considered to be nonexpressed and truncated to 32.0. A 
cut-off of 12 months was used to distinguish short survival (≤ 12 months) 
from longer-term PFS (> 12 months). Receiver operating characteristic 
curves were generated to identify individual miRNAs that were signifi-
cant predictors of survival. Stepwise logistic regression analyses were con-
ducted, in order to construct models relating survival category to Ct values 
from two or more miRNAs. As a continuous variable, univariate regression 
analyses were conducted to identify individual miRNAs that were signifi-
cant predictors of PFS under treatment; multivariate stepwise regression 
analyses were then conducted in order to construct models relating expres-
sion levels of miRNAs to survival.

The predictive abilities of the models obtained from the above analyses 
were assessed on a separate validation cohort of 27 metastatic kidney 
cancer patients. The data from the original and validation cohorts were 
then combined, and the predictive abilities of the models obtained from the 
above analyses were assessed using the larger patient cohort (total n = 57).

Cell culture and miRNA transfection. ACHN kidney cancer cell lines 
and human HUVEC cells were obtained from American Type Culture 
Collection (Manassas, VA) and were grown according to manufacturer’s 
protocol. Pre-miR precursors and anti-miR miR inhibitors for miR-221 
and miR-222 were purchased from Applied Biosystems. Cells were trans-
fected using siPORT NeoFX transfection agent (Ambion, Austin, TX) 
as described in our previous publication.55 siPORT control resulted in 
some degree of reduction of proliferation and tube formation. This can 
be attributed to little toxic effect and subtracted as a background change 
that has to be subtracted from the intervention arm. miRNA precursors 
and inhibitors were diluted in the same media to a final concentration 
of 30 nmol/l. Three separate transfections were performed and each 
was analyzed in triplicate. Transfection efficiency was confirmed using 
BLOCK-IT Fluorescent Oligo (Invitrogen).

Tube formation assay. The effects of miR-221 and miR-222 on angiogenesis 
were examined using in vitro matrigel tube formation assay. HUVEC cells 
were transfected either with SiPORT NeoFX transfection agent, scrambled 
miRNA, miR-221, miR-222 or their inhibitors, or cotransfected with the 
miRNA and its inhibitor. Twenty-four hours later, cells were trypsinized 
and resuspended. One hundred and fifty microliters of cell suspension 
(3.0 × 104 cells) per well were added to the solidified matrigel. Sunitinib 
was purchased from SelleckChemand and was added to the untransfected 
cells; cells were transfected with either miR-221 or miR-222 in a concen-
tration of 1 µmol/l. Cells were incubated for 18 hours at 37 °C and 5% CO2 
in a humidified tissue culture incubator. The experiment was performed 
in triplicate. Photomicrographs in three fields were taken. Data were ana-
lyzed by using WimTube image analysis tool (http://ibidi.com/xtprod-
ucts/en/Software-and-Image-Analysis/Automated-Image-Analysis/
Tube-Formation-Image-Analysis-WimTube).

Cell proliferation assay. Cellular proliferation was measured by using cell 
proliferation reagent WST-1 (Roche Applied Science) colorimetric assay. 
Cells were plated at 6.0 × 103 cells per well in a 96-well plate and transfected 
either with SiPORT NeoFX transfection agent, miR-221 and miR-222 or 
cotransfected with the miRNA and its inhibitor. Cells were also treated 
with sunitinib in two concentrations (0.1 and 1 µmol/l). Proliferation 
reagent WST-1 was added to each well and incubated for 2 hours at 37 °C. 
The absorbance of each well was measured at a wavelength of 440 nm. Each 
test was repeated in six replicates.

Tissue microarray construction and immunohistochemistry. Tissue 
microarrays were built using the 30 tumors of the discovery set. Two 
1 mm cores were obtained from two different blocks to account for tumor 
heterogeneity. Paraffin sections of the tissue microarrays were cut for 
immunohistochemistry in 4-μm thickness for VEGFR2 immunostain-
ing. A combination of a proportion and intensity scores was used to assess 
VEGFR2 expression: the proportion score (proportion of positive tumor 
cells) was: 0: none, 1: 1–24%, 2: 25–49%, 3: 50–74, 4: ≥75%. The intensity 
score (intensity of staining by tumor cells) was: 0: none, 1: weak, 2: moder-
ate, 3: strong. A total score was obtained by the combining both scores. 
Moderate or strong staining intensity in >24% was considered strong 
expression. Two cores were evaluated for each patient, and the arithmetic 
average score was reported.

For the immunohistochemical demonstration of VEGFR2, C-terminal 
(Sigma-Aldrich GmbH, Seelze, Germany; Cat# SAB4500965; dil’n 
1:30), the streptavidin-biotin-peroxidase complex protocol using 
the LSAB+ Kit (DAKO, Carpenteria, CA) was employed. After 
routine deparaffinization, rehydration and blocking of endogenous 
peroxidase activity, sections were pretreated for antigen retrieval by 
microwaving in 0.1 mM sodium citrate buffer (pH 6.0). Sections were 
incubated overnight at room temperature. Diaminobenzidine served as 
chromogen. Cases were interpreted by a pathology fellow unaware of 
clinical information of the tissue samples.
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Target prediction and pathway analyses. Target prediction was done 
using TargetScanHuman 6.2 (http://www.targetscan.org/) and  miRecords 
(http://mirecords.biolead.org/) softwares. Only predictions by at least three 
programs were included in the analysis. We filtered the predicted gene 
targets list through extensive literature search and pathway analysis using 
DIANA-mirPath (http://diana.imis.athena-innovation.gr/DianaTools/
index.php?r=mirpath/index).

SUPPLEMENTARY MATERIAL
Figure S1. Higher expression of miR-126-5p, miR-200c, miR-661, 
miR-664, miR-888-5p, and miR-1225-3p are associated with shorter 
overall survival in mRCC patients on sunitinib treatment.
Figure S2. Kaplan-Meier curves for progression free survival in the 
combined clinical benefit subgroup of patients (stable disease and par-
tial response).
Figure S3. miR-221 and miR-222 endogenous expression levels are 
higher in HUVEC endothelial cells compared to 786-O and ACHN kid-
ney cancer cell lines.
Table S1. Top differentially expressed miRNAs between patients with 
short versus long term progression free survival on sunitinb therapy.
Table S2. miR-221/222 pathway analysis of predicted targets.
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