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Papillary renal cell carcinoma (pRCC) is the second most common RCC subtype and can be

further classified as type 1 (pRCC1) or 2 (pRCC2). There is currently minimal understanding

of pRCC1 pathogenesis, and treatment decisions aremostly empirical. The aim of this study

was to identify biological pathways that are involved in pRCC1 pathogenesis using an inte-

grated genomic approach. By microarray analysis, we identified a number of significantly

dysregulated genes and microRNAs (miRNAs) that were unique to pRCC1. Integrated bioin-

formatics analyses showed enrichment of the focal adhesion and extracellular matrix

(ECM) pathways. We experimentally validated that many members of these pathways are

dysregulated in pRCC1. We identified and experimentally validated the downregulation of

miR-199a-3p in pRCC1. Using cell line models, we showed that miR-199a-3p plays an impor-

tant role in pRCC1 pathogenesis. Gain of function experiments showed that miR-199a-3p

overexpression significantly decreased cell proliferation ( p ¼ 0.013). We also provide evi-

dence that miR-199a-3p regulates the expression of genes linked to the focal adhesion and

ECM pathways, such as caveolin 2 (CAV2), integrin beta 8 (ITGB8), MET proto-oncogene and

mammalian target of rapamycin (MTOR). Using a luciferase reporter assay, we further

provide evidence that miR-199a-3p overexpression decreases the expression of MET and
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2 Non-standard abbreviations: RCC; ren
ccRCC; clear cell RCC, pRCC; papillary RCC,
pRCC2; pRCC type 2, miRNAs; microRNAs, U
gion, ECM; extracellular matrix, CAV2; caveo
titative reverse transcription polymerase ch
integrin beta 8, MTOR; mammalian target of
MTOR. Using an integrated gene/miRNA approach, we provide evidence linking miRNAs to

the focal adhesion and ECM pathways in pRCC1 pathogenesis. This novel information can

contribute to the development of effective targeted therapies for pRCC1, for which there is

none currently available in the clinic.

ª 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction understanding the role of these endogenously expressedmol-
Renal cell carcinoma (RCC)2 constitutes the majority of renal

neoplasms diagnosed in adults. This cancer is not a single dis-

ease, but instead encompasses a spectrum of subtypes

(Delahunt et al., 2014; Ljungberg et al., 2010). Clear cell RCC

(ccRCC) is the most common RCC subtype, whereas papillary

RCC (pRCC) is second and can be further subdivided into

type 1 (pRCC1) and 2 (pRCC2) (Delahunt et al., 2013; Delahunt

and Eble, 1997; Ljungberg et al., 2010). pRCC1 is characterized

by small cells with pale cytoplasm, whereas large cells and

eosinophilic cytoplasm are hallmarks of type 2 (Delahunt

and Eble, 1997). Only few molecular changes are reported for

pRCC. Hereditary pRCC1 is associated with dysregulation in

the MET proto-oncogene. In sporadic pRCC1, this gene can

be mutated and over-expressed at the mRNA level

(Lubensky et al., 1999; Sweeney et al., 2002). MET is an impor-

tant transducer of downstream signaling pathways, including

the focal adhesion and Akt signaling pathways (Chen and

Chen, 2006; Xiao et al., 2001). In contrast, fumarate hydratase,

a gene involved in the citric acid cycle, is commonly inacti-

vated in hereditary pRCC2 (Toro et al., 2003). Gain of chromo-

some 17 is more frequently seen in type 1, and gain of 5q and

loss of 1p and 3p are observed in type 2 (Klatte et al., 2009;

Sanders et al., 2002). At the primary tumor level, pRCC2 has

a worse prognosis than type 1 (Pignot et al., 2007). However,

a study demonstrated that metastatic pRCC1 may be associ-

ated with a significantly worse survival outcome than meta-

static pRCC2 (Klatte et al., 2009).

Due to the lack of understanding of the pathogenesis

underlining pRCC, most patients are treated empirically using

protocols designed for the clear cell subtype. There is

currently no effective targeted therapy specific for patients

with metastatic pRCC and no accurate prognostic models to

predict its outcome. A thorough molecular understanding of

the pathobiological mechanisms underpinning pRCC1 is a

cornerstone towards that objective, which will lead into the

new age of personalized medicine in kidney cancer (Pasic

et al., 2013; White and Yousef, 2011).

A class of short, non-coding RNA molecules, called micro-

RNAs (miRNAs), were first discovered by Victor Ambros and

colleagues in 1993 (Lee et al., 1993). After two decades since

their discovery, significant advances have been made in
al cell carcinoma,
pRCC1; pRCC type 1,
TR; untranslated re-
lin 2, qRT-PCR; quan-
ain reaction, ITGB8;
rapamycin.
ecules in health and disease. miRNAs are highly conserved

and are predominantly known for their ability to regulate

expression of their target genes by base-pairing to the 30 un-
translated region (UTR) via the seed sequence. These regulato-

rymolecules can downregulatemRNA expression by initiating

mRNA decay or repress the initiation and post-initiation steps

of translation (Mathonnet et al., 2007; Nottrott et al., 2006).

Each miRNA is predicted to target hundreds of potential

mRNAs (Hendrickson et al., 2009). Dysregulation of miRNA

expression can abrogate a biological pathway and contribute

to disease, including cancer. Recent evidence suggested the

involvement of miRNAs in the clear cell subtype of RCC

(Khella et al., 2013; Lichner et al., 2014; White et al., 2011) but

little is known about their role in pRCC.

The focal adhesion and extracellular matrix (ECM) path-

ways are integral in maintaining cellular physiology. These

pathways constitute a number of components that can

mediate cell signal transduction to regulate processes, such

as cell survival, proliferation and migration (Gilmore and

Romer, 1996; Meredith, Jr. et al., 1993). These pathways have

been shown to be dysregulated in a variety of malignancies,

including breast cancer (Beaty et al., 2014), hepatocellular car-

cinoma (Ryu et al., 2014) and prostate cancer (Hensley et al.,

2014). Emerging evidence suggests an important role for the

focal adhesion and ECM pathways in RCC pathogenesis. For

instance, RCC metastasis is facilitated by integrin-dependent

adhesion to components of blood vessels via a chemokine re-

ceptor (Jones et al., 2007). Moreover, miRNAs have been re-

ported to regulate the expression of members of the focal

adhesion and ECM pathways (Sengupta et al., 2008). A recent

report showed that miR-218 down-regulates the expression

of caveolin 2 (CAV2), and transfection of this miRNA in A498

and 786-O cells led to significantly decreased cell proliferation,

wound healing and cell invasion (Yamasaki et al., 2013).

The introduction of the concept of “integrated analysis”

that combines multiple levels of molecular changes has revo-

lutionized our understanding of RCC pathogenesis (Cancer

Genome Atlas Research Network, 2013; Girgis et al., 2012). In

the present study, using an integrated gene/miRNA approach,

we provide evidence that links miRNAs to the focal adhesion

and ECM pathways in pRCC1. We identified a number of

uniquely dysregulated genes and miRNAs that are enriched

in these biological pathways. We validated the differential

regulation of members of these pathways on pRCC1 tissues.

We also show that miR-199a-3p, which has decreased expres-

sion in pRCC1, targetsmembers of the focal adhesion and ECM

pathways, including MET. Finally, we provided evidence that

miR-199a-3pmaybe an important tumor suppressor in pRCC1.

http://dx.doi.org/10.1016/j.molonc.2015.04.007
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2. Material and methods

2.1. Patient sample collection

A total of 52 pRCC1 cases with 51 normal kidney tissues were

obtained for this study with research ethics board approval.

Patients provided informed consent for the collection of tissue

for experimentation. A pathologist confirmed the pRCC1

diagnosis.

2.2. Cell culture and transfection

The 786-O, ACHN and CAKI-1 cell lines, derived from ccRCC,

were obtained from the American Type Culture Collection

(ATCC, Manassas, VA, USA), and grown in cell media contain-

ing RPMI and 10% fetal bovine serum. Cells were seeded in a

cell culture plate one day before transfection. Cells reached

w60e70% confluencywhen transfectionwas carried out using

siPORT� NeoFX� Transfection Agent (Invitrogen, Carlsbad,

CA, USA) in accordance with the manufacturer’s protocol.

Cells were transfectedwith themirVana�miR-199a-3pmimic,

which is a chemically modified and stable miRNA, and or

mirVana� miRNA negative control #1 (Applied Biosystems,

Foster City, CA, USA). The transfection reagent and mimics

were both diluted with Opti-MEM� Reduced Serum Media

(Invitrogen). Each transfection experiment was performed in

three biological and technical replicates. A negative control

was included for each experiment.

2.3. RNA extraction and quantitative reverse
transcription PCR

After 24 h of transfection with the miRNA mimics at 37 �C in

10% CO2, 786-O, CAKI-1, and ACHN cells were lysed with QIA-

zol Lysis Reagent (Qiagen, Mississauga, ON, Canada). Total

RNA, including miRNAs, was extracted from fresh frozen tis-

sue samples and cultured cells using the miRNeasy Mini Kit

(Qiagen) in accordance to the manufacturer’s protocol. The

quality of RNA was determined by measuring the A260/280

and A260/230 ratios with the NanoDrop 2000c spectrophotom-

eter (Nanodrop Technologies Inc., Wilmington, DE, USA).

RNA extracts were stored at �80 �C until use.

The expression level of miR-199a-3p was measured by

quantitative reverse transcription polymerase chain reaction

(qRT-PCR) using TaqMan�miRNA assays (Applied Biosystems)

(Chen et al., 2005). A total of 5 ng of extracted RNAwas used for

reverse transcription, and the cycling conditions for amplifi-

cation were as follows: 16 �C for 30 min, 42 �C for 30 min

and 85 �C for 5 min. RNU44 was used as the endogenous con-

trol for relative quantification of miR-199a-3p. For gene quan-

tification, 500 ng of RNA was reverse transcribed using High

Capacity cDNA Reverse Transcription Kit (Applied Bio-

systems). The expression level of target genes CAV2, integrin

beta 8 (ITGB8), MET and mammalian target of rapamycin

(MTOR) was measured using Fast SYBR Green Master Mix

(Applied Biosystems). Primers for these genes were designed

with software Primer3 (v. 0.4.0) (http://gmdd.shgmo.org/

primer3/?seqid¼47, accessed March 3, 2014). The primer se-

quences are included in Supplementary Table S1. Reference
genes included the TATA box binding protein gene for pRCC

type 1 and normal kidney tissues, and the hypoxanthine phos-

phoribosyltransferase 1 gene for 786-O, CAKI-1 and ACHN cell

lines. Real-time PCR amplification for both miRNA and gene

was conducted on the Viia� 7 Real-Time PCR System (Applied

Biosystems). Real-time PCR was performed as technical tripli-

cates for each sample and control.
2.4. Pathway validation

RNA isolated from fresh frozen samples of pRCC1 and normal

kidney tissues were pooled separately and reverse transcribed

using the High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems). 50 ng of cDNA from the pooled pRCC1

and 50 ng of cDNA from the pooled normal kidney were used

for each reaction in the TaqMan� Array Human Extracellular

Matrix & Adhesion Molecules 96-well plate, Fast (Applied Bio-

systems). Real-time PCR was performed on the StepOnePlus�
System (Applied Biosystems) as per themanufacturer’s proto-

col. Data was analyzed using the DataAssist� Software

(Applied Biosystems).
2.5. Protein extraction and western blot analysis

786-O and CAKI-1 cells were transfected for 72 h with either

the mirVana� miR-199a-3p mimic or mirVana� miRNA nega-

tive control #1 (Applied Biosystems) at 37 �C in 10% CO2. Pro-

tein was extracted using Lysis Buffer 11 (R&D Systems,

Minneapolis, MN, USA) spikedwith protease inhibitormixture

(Roche, Laval, QC, Canada) and Phosphatase Inhibitor Cocktail

3 (SigmaeAldrich, Oakville, ON, Canada). Protein extracts

were centrifuged at 12,000� g for 10min at 4 �C and the super-

natantwas collected. Protein concentrationwasmeasured us-

ing the Micro BCA� Protein Assay Kit (Thermo Scientific,

Rockford, IL, USA) as indicated by the manufacturer’s proto-

col. Bovine serum albumin was used as the standard for pro-

tein quantification.

A total of 25 mg of extracted protein was separated on a 10%

polyacrylamide gel and transferred onto a nitrocellulose

membrane. Blocking was performed with 5% skim milk

diluted in 1� phosphate buffered saline with Tween� 20

(Sigma Aldrich, St. Louis, MO, USA). Blots were stained with

mTOR (7C10) Rabbit mAb (Cell Signaling Technology, Danvers,

MA, USA) or Met Rabbit Ab (Cell Signaling Technology), and

incubated with diluted antibody overnight at 4 �C with

shaking. After washing with 1� phosphate buffered saline

and 1� phosphate buffered saline with Tween� 20 (Sigma

Aldrich), secondary staining was carried out using anti-

Rabbit IgG horseradish peroxidase conjugate (Promega, Madi-

son, WI, USA). Chemiluminescence signal was detected using

the Pierce� ECL Western Blotting Substrate (Thermo Scienti-

fic) and Amersham Hyperfilm� ECL (GE Healthcare, Bucking-

hamshire, UK). Membranes were stripped of protein with

Antibody Stripping Buffer (Gene Bio-Application L.T.D, Israel).

As a loading control, anti-b actin antibody (Cell Signaling

Technology) was used and secondary staining was performed

with anti-Mouse IgG horseradish peroxidase conjugate (Prom-

ega). Western blot experiments were performed in biological

triplicate.

http://gmdd.shgmo.org/primer3/?seqid=47
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2.6. Luciferase assay

786-O cells were seeded on a 96-well plate with a white, opa-

que bottom overnight at 37 �C and in 5% CO2. On the following

day, using 0.10 ml per well of DharmaFECT Duo Transfection

Reagent (Thermo Scientific) cells were co-transfected with

the pMirTarget vector encoding for either the 30 UTR of MET

orMTOR (Origene, Rockville, MD, USA) and 50 nM ofmirVana�
miR-199a-3p mimic or mirVana� miRNA negative control #1

(Applied Biosystems) as per the manufacturer’s protocol.

Luminescence signal was detected using britelite� plus (Perki-

nElmer, Netherlands) according to the manufacturer’s proto-

col and SpectraMax� M5e Multi-Mode Microplate Reader

(VWR, Radnor, PA, USA). Experiments were performed in bio-

logical triplicate.

2.7. Proliferation assay

786-O cells were seeded in a 96-well plate and grown to conflu-

ency before transfection with the siPORT� NeoFX� Transfec-

tion Agent and 30 nM of mirVana� miR-199a-3p mimic or

mirVana� miRNA negative control #1 (Applied Biosystems).

After 24 h of transfection, cells were incubated with the Cell

Proliferation Reagent WST-1 (Roche, Germany) as per manu-

facturer’s protocol. Absorbance from the cell suspensions

was detected at 440 nm using the SpectraMax� M5e Multi-

Mode Microplate Reader (VWR). A background control was

included inmeasuring absorbance. Three biological replicates

were performed for the proliferation assay.

2.8. Statistical analysis

Statistical analysis was performed with GraphPad Prism 6

Software (GraphPad, La Jolla, CA, USA). Unpaired t-test with

Welch’s correction and ManneWhitney test were used to

measure statistical significance. A p-value < 0.05 was consid-

ered statistically significant.

2.9. Bioinformatic analysis

Hierarchical clustering was performed with Sparse Hierarchi-

cal Clustering from the GenePattern software using the 5000

genes with the most variance (http://www.broadinstitu-

te.org/cancer/software/genepattern/, accessed August 1,

2014) (Reich et al., 2004). Supervised clustering was carried

out with the ClassNeighbors algorithm (Golub et al., 1999). Dif-

ferential gene analysis was performed using GeneSpring

version 12.5 software. The fold-change cut-off was 2.0 and

the unpaired t-test was used to measure statistical

significance.

Multiple softwares were used to perform targeted predic-

tion analysis for miR-199a-3p, including PicTar (http://pic-

tar.mdc-berlin.de/, accessed April 10, 2014) and TargetScan

version 5.2 (http://www.targetscan.org/vert_50/, accessed

April 10, 2014). Pathway analysis was conducted using DIANA

emirPath software (http://diana.cslab.ece.ntua.gr/pathways/,

accessed August 1, 2014) and DAVID Functional Annotation

Bioinformatics Microarray Analysis (http://david.abcc.n-

cifcrf.gov/, accessed March 3, 2014). In addition, PANTHER
Classification System was used to perform Gene Ontology on

significantly dysregulated genes in pRCC1 (http://www.pan-

therdb.org/, accessed July 4, 2014) (Mi et al., 2013).
3. Results

3.1. Differential gene and miRNA expression in pRCC1
compared to normal kidney

Hierarchical clustering of microarray data obtained from two

independent publically available datasets from the National

Centre for Biotechnology Information Gene Expression

Omnibus (GSE7023 and GSE26574) (Barrett et al., 2013; Edgar

et al., 2002) showed that pRCC1 cases clustered together

away from normal kidney samples from both sets of data at

the mRNA level (Supplementary Figure 1A and 1B). Interest-

ingly, pRCC1 also clustered in a separate arm from ccRCC

(Supplementary Figure 1C), indicating a unique pathogenesis

pathway for this subtype. We identified 1590 genes, that are

significantly ( p < 0.05) dysregulated in pRCC1 compared to

normal kidney with a fold-change greater than 2. This

included MET proto-oncogene, MDM2 proto-oncogene, E3

ubiquitin protein ligase and vascular endothelial growth fac-

tor A (Data not shown).

We next mapped the chromosomal locations of these

genes. Our results showed that chromosomal localization of

these genes is significantly enriched for chromosome 17. Mul-

tiple genes on chromosome 17, such as integrin alpha 3, che-

mokine ligand 18 and CD68, were found to be overexpressed in

pRCC1 compared to normal kidney tissue. This is in keeping

with previous reporting that trisomy of chromosome 17 is a

characteristic feature of pRCC1 (Klatte et al., 2009).

Hierarchical clustering of miRNA expression also showed

that pRCC1 cases clustered together in a separate arm that is

distinct from normal kidney (Data not shown). We analyzed

differential miRNA expression between pRCC1 and normal

kidney tissues using our recently published microarray data

(Youssef et al., 2011). Using 5 pRCC1 cases and 20 normal kid-

ney tissues, we identified a number of miRNAs that are signif-

icantly dysregulated in pRCC1. The top up- and down-

regulated miRNAs are shown in Table 1. Additionally, we vali-

dated our finding on an independent data set (GSE41282)

(Barrett et al., 2013; Edgar et al., 2002). We observed a signifi-

cant number of common dysregulated miRNAs, including

down-regulation of miR-126, -199a-3p and �200c. Differences

between the two studies can be attributed to the use of

different technical platforms and statistical methods of anal-

ysis. Interestingly, our significantly dysregulated miRNAs in

pRCC1 were also distinct from those previously reported for

ccRCC, with the exception of miR-200c underexpression

(Jung et al., 2009). This supports the hypothesis that pRCC1

is a distinct molecular entity.

3.2. Focal adhesion and ECM pathways are dysregulated
in pRCC1

In order to identify pathways that are involved in pRCC1

pathogenesis, we performed Gene Ontology and pathway

http://www.broadinstitute.org/cancer/software/genepattern/
http://www.broadinstitute.org/cancer/software/genepattern/
http://pictar.mdc-berlin.de/
http://pictar.mdc-berlin.de/
http://www.targetscan.org/vert_50/
http://diana.cslab.ece.ntua.gr/pathways/
http://david.abcc.ncifcrf.gov/
http://david.abcc.ncifcrf.gov/
http://www.pantherdb.org/
http://www.pantherdb.org/
http://dx.doi.org/10.1016/j.molonc.2015.04.007
http://dx.doi.org/10.1016/j.molonc.2015.04.007
http://dx.doi.org/10.1016/j.molonc.2015.04.007


Table 1 e Top significantly up- and downregulated microRNAs
(miRNAs) in papillary renal cell carcinoma type 1 (pRCC1)
compared to normal kidney.

Up-regulated Score Down-regulated Score

hsa-miR-197 5.993 hsa-miR-200c 12.129

hsa-miR-23b* 5.368 hsa-miR-199a-5p 9.233

hsa-miR-380 4.576 hsa-miR-199a-3p 9.147

hsa-miR-1229 4.477 hsa-miR-139-5p 8.521

hsa-miR-548l 4.231 hsa-miR-100 8.312

hsa-miR-92b 4.003 hsa-miR-652 7.748

hsa-miR-367* 3.974 hsa-miR-660 7.473

hsa-miR-346 3.941 hsa-miR-502-3p 7.349

hsa-miR-411* 3.726 hsa-miR-532-5p 7.252

hsa-miR-519b-3p 3.683 hsa-miR-145 7.170

hsa-miR-92a 3.670 hsa-miR-126 6.580

hsa-miR-1197 3.655 hsa-miR-532-3p 6.366

hsa-miR-1260 3.507 hsa-miR-500* 6.337

hsa-miR-299-5p 3.466 hsa-miR-214 6.070

hsa-miR-101* 3.401 hsa-miR-215 6.020

hsa-miR-25 3.391 hsa-miR-363 6.003

hsa-miR-520d-5p 3.336 hsa-miR-378 5.993

hsa-miR-28-3p 3.321 hsa-miR-187 5.686

hsa-miR-520f 3.320 hsa-miR-127-3p 5.684

hsa-miR-24-2* 3.316 hsa-miR-501-5p 5.629
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analyses comparing significantly up- or down-regulated

genes in pRCC1 to normal kidney. We identified a number

of significantly altered biological processes in pRCC1

(Supplementary Figure 2A and 2B). These included biological

adhesion, immune system, metabolic and apoptotic

processes.

We also conducted pathway analysis using the predicted

gene targets of the top significantly up- and down-regulated

miRNAs in pRCC1 compared to normal kidney tissue listed in

Table 1. We found several interesting pathways, including

adherens junction, focal adhesion, TGF-beta signaling, Wnt

signaling and MAP kinase signaling pathway (Supplementary

Table S2). Of interest, the predicted gene targets of the top dys-

regulatedmiRNAswere significantly ( p< 0.05) enriched in the

focal adhesionpathway (Figure 1).Moreover, the predicted tar-

gets of previously identified miRNAs that are aberrantly

expressed in ccRCC indicated enrichment for different biolog-

ical pathways (White et al., 2011). This suggests that theremay

be different mechanisms driving pathogenesis of pRCC1 and

ccRCC.
3.3. Experimental validation of pathway analysis

The focal adhesion pathway was one of the biological path-

ways to have significant enrichment for the predicted gene

targets of these dysregulated miRNAs in pRCC1 (Figure 1). Us-

ing a PCR array, we compared the expression of members of

the focal adhesion and ECM pathways between normal kid-

ney and pRCC1. Our results show that a significant number

of genes involved in these pathways are differentially

expressed at the mRNA level in pRCC1 compared to normal

kidney tissue, including secreted phosphoprotein 1, vascular

cell adhesion molecule and several matrix metalloprotei-

nases (Table 2).
3.4. miR-199a-3p is significantly down-regulated in
pRCC1 and targets members of the focal adhesion and ECM
pathways

miR-199a-3p was one of the most significantly ( p < 0.05)

downregulated miRNAs in pRCC1. We first validated the

downregulation of miR-199a-3p in an independent set of

pRCC1 and their normal counterparts from the same patient

by qRT-PCR. Our results show downregulation of this miRNA

in all samples examined (Figure 2A). The miR-199a-1 stem

loop is encoded on chromosome 19 and miR-199a-2 is found

on chromosome 1. Previous reports have indicated that seg-

ments of chromosome 1 are deleted in pRCC (Jiang et al.,

1998). Therefore, deletion of the locus encoding miR-199a-2

in pRCC1 may contribute to its downregulation. In order to

investigate the potential involvement of miR-199a-3p in

pRCC1 pathogenesis, we performed target prediction analysis.

We identified a number of genes including CAV2, ITGB8, MET

and MTOR as potential targets of this miRNA. MET has been

previously reported to be overexpressed in pRCC1 (Yang

et al., 2005). It should be noted, however, that there are a num-

ber of other miRNAs that are dysregulated in pRCC1 and these

miRNAs should be further investigated in future studies.

3.5. Experimental target validation

In order to experimentally validate the potential regulation of

these genes bymiR-199a-3p, we first investigated the presence

of an inverse correlation of the expression of miR-199a-3p and

its predicted targets in pRCC1 relative to normal kidney tissue.

As shown in Figure 2B, CAV2, ITGB8 and MET showed upregu-

lation in pRCC1 compared to normal kidney. This provides

support to the hypothesis that these molecules are controlled

by miR-199a-3p in pRCC1. At the mRNA level, only MTOR

expression was not found to be upregulated in pRCC1 (Data

not shown).

We then tested the ability of miR-199a-3p to regulate the

expression level of these genes using cell line models. The

786-O, CAKI-1 and ACHN kidney cancer cell lines were found

to have significantly low endogenous expression of miR-

199a-3p. Transfection of 786-O and CAKI-1 cells with a miR-

199a-3p mimic resulted in a decrease in CAV2, ITGB8, MET

and MTOR expression compared to cells transfected with the

non-targeting miRNA mimic, which served as the negative

experimental control (Figure 3AeB). We also examined the ef-

fect of miR-199a-3p on the same targets in the ACHN RCC cell

line. Our results show that miR-199a-3p transfection led to

decrease of expression of ITGB8 and MET to a variable degree

(Supplementary Figure 3A).

We also examined the effect of miR-199a-3p on Met and

mTOR expression at the protein level. Using Western blot

analysis, we found a decrease in the protein expression of

mTOR in miR-199a-3p transfected 786-O cells compared to

the negative control (Figure 3CeD). There was also reduction

in Met and mTOR expression after CAKI-1 cells were trans-

fected with miR-199a-3p (Supplementary Figure 3B). Recent

reports have shown that miRNA can affect their targets at

the mRNA, protein levels or both (Hendrickson et al., 2009).

To provide additional evidence supporting the interaction

of miR-199a-3p with MET and MTOR, we conducted a 30 UTR
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Figure 1 e Predicted interactions between dysregulated miRNAs in papillary renal cell carcinoma type 1 (pRCC1) and their target genes in the

focal adhesion pathway. Pathway analysis was performed using 20 significantly ( p < 0.05) up- or down-regulated miRNAs in pRCC1. Predicted

target genes for each miRNA are enclosed in a red box. miR-199a-3p is highlighted in red.

Table 2 e Partial list of differentially expressed members of the focal adhesion and extracellular matrix (ECM) pathways in papillary renal cell
carcinoma type 1 (pRCC1) compared to normal kidney tissue.

Gene symbol Unigene Gene name Fold change relative to normal kidney

CD44 Hs.153304 CD44 molecule 9.5029

CLEC3B Hs.162844 C-type lectin domain family 3, member B �13.4228

CNTN1 Hs.355024 Contactin 1 �13.2626

COL11A1 Hs.266273 Collagen, type XI, alpha 1 38.0566

COL1A1 Hs.164004 Collagen, type 1, alpha 1 19.1859

FN1 Hs.1549976 Fibronectin 1 9.5115

ITGA8 Hs.233321 Integrin alpha 8 �13.5501

ITGAM Hs.355885 Integrin alpha M 9.4734

ITGB2 Hs.164957 Integrin beta 2 9.3786

KAL1 Hs.608006 Kallmann syndrome 1 sequence 9.4786

LAMA3 Hs.165042 Laminin, alpha 3 9.3994

MMP10 Hs.233987 Matrix metalloproteinase 10 364583745.2

MMP12 Hs.899662 Matrix metalloproteinase 12 19.1859

MMP2 Hs.1548727 Matrix metalloproteinase 2 9.5293

MMP3 Hs.968305 Matrix metalloproteinase 3 174.9229

MMP8 Hs.1029057 Matrix metalloproteinase 8 37.5978

MMP9 Hs.957555 Matrix metalloproteinase 9 76.8927

SPP1 Hs.959010 Secreted phosphoprotein 1 9.5056

THBS2 Hs.1568063 Thrombospondin 2 9.3423

TIMP1 Hs.99999139 TIMP metalloproteinase inhibitor 9.436

VCAM1 Hs.103372 Vascular cell adhesion molecule 1 9.0579

VCAN Hs.171642 Versican 37.6786
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Figure 2 e Quantitative reverse transcription-PCR (qRT-PCR)

validation of microRNA (miRNA) and mRNA differential expression

in papillary renal cell carcinoma type 1 (pRCC1). A) miR-199a-3p is

downregulated in pRCC1. Representative bar graph showing relative

miR-199a-3p expression in pRCC1 compared to normal kidney for

each patient. RNU44 was used as the endogenous control. B) miR-

199a-3p targets are upregulated in pRCC1 compared to normal

kidney. Individual dots show relative caveolin 2 (CAV2), integrin beta

8 (ITGB8) and MET mRNA expression levels in pRCC1 and normal

kidney samples. TATA box binding protein was used as the reference

gene. Statistical significance was calculated using the t-test with

Welch’s correction for CAV2 and ITGB8, and ManneWhitney test

for MET. *p < 0.05, ****p < 0.0001.
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luciferase reporter assay. We measured a significantly lower

luminescence signal from 786-O cells co-transfected with

the plasmid encoding for the 30 UTR of MTOR downstream of

the luciferase enzyme and miR-199a-3p mimic compared to

cells co-transfected with the same plasmid and miRNA nega-

tive control ( p ¼ 0.0038) (Figure 4). Similar results were

observed for 786-O cells co-transfected with the plasmid

encoding for the 30 UTR of MET and miR-199a-3p mimic

( p ¼ 0.0071) (Figure 4).
3.6. Overexpression of miR-199a-3p reduces kidney
cancer cell proliferation

In order to explore the functional impact of miR-199a-3p on

pRCC1 pathogenesis, we performed pathway analysis of its

predicted targets. miR-199a-3p was predicted to significantly

affect a number of pathways that can be involved in pRCC1

pathogenesis including the focal adhesion, ECM-receptor
interaction and regulation of actin cytoskeleton pathways

(Table 3). Other interesting pathways included ErbB signaling

pathway, mTOR signaling pathway and MAP kinase signaling

pathway.

We next investigated the potential tumor suppressive role

for miR-199a-3p in pRCC1 by performing a proliferation assay.

After 24 h, 786-O cells that were transfected with the miR-

199a-3p mimic had a significantly lower proliferation rate

compared to the negative control (Figure 5).
4. Discussion

The dismal response ofmetastatic pRCC to targeted therapy is

a clear indication that our knowledge of themolecular players

involved in this cancer is lacking. A previous study has indi-

cated that the G1-S checkpoint may be dysregulated in this

RCC subtype (Yang et al., 2005). In the current study, we pro-

vide preliminary evidence through gene expression analysis

that members of the focal adhesion and ECM pathways are

involved in pRCC1. We also identified significantly up- or

downregulated miRNAs in pRCC1 compared to normal kidney

( p < 0.05) (Table 1). We further show that these miRNAs can

regulate the expression of genes associated with the focal

adhesion and ECM pathways (Figure 1), and this was experi-

mentally validated. Our results are in agreement with previ-

ous literature. For example, we showed that secreted

phosphoprotein 1 and vascular cell adhesion molecule 1 had

higher mRNA expression in pRCC1 compared to normal kid-

ney tissue, which reflects previous findings by other indepen-

dent groups (Matusan et al., 2005; Shioi et al., 2006).

We providemultiple lines of evidence showing the involve-

ment of themiR-199a-3p/focal adhesion and ECMpathways in

pRCC1. These include the presence of an inverse correlation

between the miRNA and its predicted targets in pRCC1 tissues

compared to normal (Figure 2AeB). We also found that the

predicted gene targets of miR-199a-3p were significantly

enriched in the focal adhesion and ECM pathways (Table 3).

To confirm our in silico findings, we over-expressed miR-

199a-3p in 786-O and CAKI-1 cells and measured a decrease

in the mRNA expression of CAV2, ITGB8, MET and MTOR

compared to the negative control group (Figure 3AeB). Finally,

we provided evidence that miR-199a-3p targets the 30 UTR of

MET and MTOR by conducting a luciferase reporter assay

(Figure 4). Therefore, miR-199a-3p can represent an attractive

therapeutic target in pRCC1 that post-transcriptionally regu-

lates components of the focal adhesion and ECM pathways.

By modulating miR-199a-3p expression, we can simulta-

neously achieve control over a number of pathways. These re-

sults should be, however, interpreted with caution due to the

possibility of an indirect effect of the miRNA on other

molecules.

We observed that miR-199a-3p negatively regulates prolif-

eration of 786-O cells (Figure 5). There are different mecha-

nisms by which miR-199a-3p can affect cancer cell

proliferation. Inhibition of the focal adhesion and ECM path-

ways has been previously linked to a decrease in cell prolifer-

ation (Gilmore and Romer, 1996). Another study also

determined that miR-199a-3p negatively regulates cellular

proliferation in hepatocellular carcinoma (Henry et al., 2010).
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Figure 3 e miR-199a-3p downregulates the expression of its target genes. A) miR-199a-3p was transfected into 786-O cells for 24 h, and mRNA

expression levels of caveolin 2 (CAV2), integrin beta 8 (ITGB8), MET and mammalian target of rapamycin (MTOR) were measured by quantitative

reverse transcription PCR (qRT-PCR). All genes showed lower mRNA expression in miR-199a-3p transfected cells relative to the negative control

group. Hypoxanthine phosphoribosyltransferase 1 was used as the reference gene. Each experiment represents a summary three biological and

technical replicates. Statistical analysis was performed using the unpaired t-test withWelch’s correction. *p< 0.05. B) miR-199a-3p was transfected

into CAKI-1 cells for 24 h, and CAV2, MET, ITGB8 and MTOR had decreased expression levels at the mRNA compared to the negative control

measured by qRT-PCR. The reference control was the hypoxanthine phosphoribosyl transferase 1 gene. C) 786-O cells were transfected with miR-

199a-3p. Total protein was extracted after 72 h and western blot analysis was performed for mTOR. Cells transfected with the miR-199a-3p mimic

showed lower mTOR protein concentration compared to the negative control. b-actin was used as a loading control. Experiments were performed in

three biological replicates. D) Representative western blot image of mTOR and b-actin expression levels in 786-O cell line.
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A group also provided evidence that miR-199a-3p targets MET

and its downstream targets, including MTOR (Huang et al.,

2014). In addition, investigators found that miR-199a-3p

downregulates the expression ofMET andMTOR in hepatocel-

lular carcinoma (Fornari et al., 2010). miR-199a-3p also nega-

tively regulates MTOR in endometrial cancer (Wu et al.,

2013). Dysregulation of miR-199a-3p is not limited to pRCC1

since it has a role in othermalignancies, such as gastric cancer

(Wang et al., 2014), papillary thyroid carcinoma (Minna et al.,

2014), and colorectal cancer (Han et al., 2014). We previously

showed that miR-199a-3p is downregulated in ccRCC (Chow

et al., 2010). However, the role of miR-199a-3p in ccRCC war-

rants investigation.

In general, patients with metastatic non-ccRCC, including

pRCC, have poor response to mTOR inhibitors (Voss et al.,

2014). Therefore, an effective targeted therapy for pRCC is

warranted, particularly because this RCC subtype has a worse

survival outcome than other non-clear cell histologies (Motzer

et al., 2002). Moreover, we provide evidence that MTOR is not

upregulated at the transcriptional level in pRCC1 compared
to normal kidney tissue (Data not shown). This finding may

shed light on the low efficacy of mTOR inhibitors on treating

this kidney cancer subtype. It would be warranted to further

investigate the role of mTOR in pRCC1 by examining its pro-

tein expression and phosphorylation level compared to

normal kidney tissue. In addition, the differential expression

level of downstream targets of mTOR, such as the eukaryotic

initiation factor 4E-binding protein, should be measured.

Although we provide evidence that miR-199a-3p targets

MTOR at the mRNA and protein level, this oncogene may not

have a significant role in the initiation or propagation of

pRCC1, and theremay be other geneswith a greater oncogenic

potential. In addition, a phase II clinical trial was recently per-

formed for the administration of foretinib, a dual inhibitor of

Met and vascular endothelial growth factor receptor 2, in

pRCC patients (Choueiri et al., 2013). Patients with germline

mutations in the MET proto-oncogene had a high response

rate to foretinib (Choueiri et al., 2013). It may be of interest

to study whether miR-199a-3p may be a predictive biomarker

for foretinib treatment in pRCC patients. Additionally, our
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Figure 4 e miR-199a-3p targets the 30 untranslated region (UTR) of

MET and mammalian target of rapamycin (MTOR). 786-O cells were

co-transfected for 24 h with a miR-199a-3p or non-targeting

microRNA (miRNA) mimic and a plasmid encoding the 30 UTR of

MET or MTOR downstream of luciferase. Cells were lysed and

luminescence was measured after adding luciferase substrate. Cells

transfected with the miR-199a-3p mimic has a lower signal compared

to the negative control. Experiments were performed in three

biological replicates. Statistical significance was measured using the

ManneWhitney test. **p < 0.01.

Table 3 e Biological pathways with significant enrichment for
predicted gene targets of miR-199a-3p.

Biological pathway p-value

ECM-receptor interaction <0.001

Regulation of actin cytoskeleton 0.001

Focal adhesion 0.002

ErbB signaling pathway 0.004

Glioma 0.004

mTOR signaling pathway 0.008

MAPK signaling pathway 0.008

Melanoma 0.010

Chronic myeloid leukemia 0.014

Small cell lung cancer 0.029

Prostate cancer 0.036

Figure 5 e miR-199a-3p overexpression decreases cell proliferation.

miR-199a-3p was transfected into 786-O cells. After 24 h, cells were

then incubated with WST-1 reagent for 30 min. Formazan

absorbance was measured at 440 nm. Cells transfected with the non-

targeting miRNA had a higher absorbance value compared to cells

treated with the miR-199a-3p mimic. Experiments were conducted as

biological triplicate. Statistical significance was measured using the

ManneWhitney test. *p < 0.05.
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study sheds light on the possibility of using other targeted

therapies that intersect the focal adhesion and ECMpathways,

such as the focal adhesion kinase inhibitor TAE226 (Halder

et al., 2007).

There are a number of limitations in our study. For

instance, 786-O, CAKI and ACHN cells were used to perform

in vitro experiments, as there is no currently available cell

line for pRCC1. Future investigations on the molecular mech-

anisms underlining pRCC1 requires the use of cell lines gener-

ated from a patient with this RCC subtype since the function

of miRNAs can be cell line specific (Flores et al., 2014). It still

remains a task to elucidate whether dysregulation of the focal

adhesion and ECM pathways is involved in the initiation or

propagation of pRCC1. Moreover, the role of miR-199a-3p in

pRCC1 pathogenesis must be interpreted with caution in

view of the reported occurrence of trisomy 7 and MET acti-

vating mutations in this RCC subtype. These mechanisms, in
addition to downregulation of miR-199a-3p, may occur

concomitantly and exhibit a synergistic effect on pRCC1 dis-

ease progression. In addition, loss of miR-199a-3p may also

serve as a supplementary oncogenic function in a subset of

patients with trisomy 7 or mutated MET. A larger patient

data set is required in order to address these potential

scenarios.
5. Conclusions

We provided evidence for the aberrant expression of multiple

members of the focal adhesion and ECM pathways in pRCC1

by both miRNA and gene expression analyses. We showed

that miR-199a-3p can target members of these pathways,

including MET and its downstream target MTOR, although

the role of mTOR in pRCC1 requires further elucidation.

Finally, this miRNA may have a tumor suppressive function

in pRCC1 by inhibiting cellular proliferation. Insights into

the molecular components driving pRCC1 are essential for

the design and development of effective drug inhibitors.
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