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Abstract

The transcriptional events that promote invasive and metastatic phenotypes in renal cell carcinoma 

(RCC) remain poorly understood. Here we report that the decreased expression of peroxisome 

proliferator-activated receptor gamma, coactivator 1 alpha (PGC1α) and the increased expression 

of several genes encoding collagen family members are associated with RCC tumor progression. 

PGC1α restoration attenuates invasive phenotypes and suppresses tumor progression in vivo. In 

contrast, collagens produced by RCC cells promote invasive and migratory phenotypes. PGC1α 
restoration suppresses the expression of collagens and tumor phenotypes via the induction of 

miR-29a. Furthermore, decreased collagens via the PGC1α/miR-29a axis suppresses collagen-

mediated activation of discoidin domain receptor 1 (DDR1)/ERK signaling. In turn, the 

suppression of collagen/DDR1 signaling by PGC1α leads to decreased levels of the known EMT 
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regulators SNAIL1 and 2. Collectively, our results demonstrate a novel role for PGC1α in the 

regulation of proinvasive SNAIL proteins.

Introduction

Kidney cancer accounts for over 14,000 deaths in the United States annually [1]. The most 

common subtype of renal cancer (~75%) is clear cell renal cell carcinoma (ccRCC) [2]. 

Inactivation of the VHL gene is a common initiating event in primary ccRCC which results 

in stabilization of hypoxia inducible factors (HIFs) and subsequent upregulation of hypoxia-

responsive genes. Several current therapeutic approaches to RCC are based on the VHL/HIF 

pathway. Tumor progression to metastasis is the major cause of the mortality associated with 

RCC. Patients with metastasis have a median survival of 2~3 years despite several available 

therapies, including immunotherapy and antiangiogenic agents. In contrast, patients with 

tumors confined to the kidney, including those with relatively large tumors, have far more 

favorable outcomes with appropriate treatment. Large scale data sets such as The Cancer 

Genome Atlas (TCGA) research network have been integral to our understanding of RCC 

biology. However, these data sets have focused on primary tumors. In contrast, data 

examining metastatic tissues from RCC patients are lacking, thereby limiting the current 

knowledge of the molecular underpinnings of disease progression.

PPARGC1A encodes for the transcription factor peroxisome proliferator activated receptor γ 
coactivator 1α (PGC1α). PGC1α is highly expressed in tissues with high energy demands 

and abundant mitochondria, including brown adipose and kidney tissues [3, 4]. PGC1α 
interacts with several other transcription factors that facilitate an increased capacity for 

cellular energy production, mitochondrial biogenesis, and fatty acid oxidation [5, 6]. 

Although emerging evidence indicates that PGC1α plays a crucial role in cancer 

metabolism, PGC1α has been shown to have both pro- and anti-tumorigenic effects. These 

findings suggest that the role of PGC1α in cancer is likely to be context and tissue 

dependent. To date, mechanistic studies on PGC1α’s role in invasive ccRCC phenotypes 

have not been reported.

Abnormalities of the extracellular matrix (ECM), a complex and dynamic network of 

macromolecules, may also affect tumor migration and metastasis [7]. The major components 

of the ECM are fibrous proteins such as collagens, which account for about 30% of proteins 

in the human body [8, 9]. Excess accumulation of collagen family members is well 

described in chronic kidney disease and is the hallmark of kidney fibrosis[10]. Studies on 

collagen in cancer have primarily focused on collagen synthesized by cancer-associated 

fibroblasts; however, less is known about collagen production by tumor cells. COL23A1, a 

collagen family member, was recently found to be highly expressed in ccRCC [11]. 

However, detailed mechanistic insight into the link between collagen and tumor progression 

in ccRCC is lacking.

Here, we demonstrate that PGC1α loss is a common feature of metastatic ccRCC. PGC1α 
restoration reduces migratory and invasive behaviors and suppresses metastasis in two 

independent in vivo models. PGC1α expression decreases SNAIL1/2 expression via reduced 

protein stability. In tandem, increased expression of several collagen genes is observed in 
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aggressive ccRCC. Collagens produced by RCC cells promote invasive and migratory 

phenotypes. In metastatic tumors, PGC1α expression is inversely correlated with the 

expression of collagen family members. Correspondingly, PGC1α restoration suppresses the 

gene expression of collagen family members via the induction of miR-29a. The suppression 

of collagen expression via the PGC1α/miR-29a axis leads to the inactivation of DDR1 

(discoidin domain receptor) signaling. DDR1 is a transmembrane tyrosine kinase receptor 

known to bind with collagen [12, 13]. DDR1 inactivation eventually leads to the degradation 

of SNAIL1/2 protein. Taken together, these data indicate that PGC1α destabilizes SNAIL1/2 

proteins via suppression of the collagen/DDR1 axis. Furthermore, these data indicate that 

modulation of PGC1α, or its downstream mediators, may have therapeutic potential for 

metastatic renal cancer.

Results

Transcriptomic analysis of RCC tumor progression

Normal kidney, primary, and metastatic ccRCC tumor deposits were analyzed by 

transcriptomic array analysis as recently reported (fig. S1A) [14]. We identified 22 

differentially expressed probes associated with metastasis (table S1). One of the down-

regulated probes was PPARGC1A which encodes for PGC1α (Fig. 1A). We further 

validated these data in a separate cohort of patient-matched samples. The decreased mRNA 

expression of PGC1α was found in both primary and metastatic tumor relative to patient-

matched normal kidney (Fig. 1B). The protein levels of PGC1α were lower in RCC tumor 

tissues relative to uninvolved adjacent kidney (Fig. 1C). RCC cell lines also demonstrated 

lower expression of PGC1α mRNA relative to normal kidney tissue (Fig. 1D). Using data 

from TCGA data set, reduced PGC1α expression was associated with higher tumor grade in 

RCC (fig. S1B). In addition to PGC1α loss, we observed the increased expression of several 

genes encoding collagen family members (COLs) in metastasis (table S1). Although no 

significant induction of COLs was found in primary tumors, a significant upregulation of 

COLs was identified in metastatic tumor deposits relative to normal kidney and primary 

tumor based on microarray data (Fig. 1A). We next validated these data as well as examined 

the expression of other COL members in a separate cohort of patient-matched samples. 

Similar to our array data, the mRNA expression of COLs was predominantly increased in 

metastatic tissue as opposed to normal kidney and primary tumor (Fig. 1E). The increased 

expression of these COLs, including COL1A1, COL5A1, COL6A2, and COL11A1 was 

associated with worse prognosis in the TCGA cohort (fig. S1C). In addition, the increased 

expression of multiple COLs was associated with higher tumor grade in RCC patients (fig. 

S1D–G). Increased transcript levels of COLs in metastatic samples from RCC patients could 

be from the tumor cells or other cells within the microenvironment[15]. We therefore 

characterized a panel of RCC cell lines for transcript levels of COLs. Notably, multiple RCC 

cell lines including CAKI-1, RXF-393, and OSRC2 displayed a higher expression of COLs 
transcripts compared to normal kidney (Fig. 1F). Consistent with the mRNA expression 

findings, COL1A1 protein levels were highly expressed in CAKI-1 and RXF-393 cells (Fig. 

1G). The protein levels of COL6A2 were also detectable in CAKI-1, RXF-393, and OSRC-2 

cells.
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PGC1α suppresses collagen expression in a miR-29a dependent manner

We noted that RCC cell lines with lower mRNA expression of PGC1α (CAKI-1, RXF-393, 

and OSRC-2) tended to have higher COL expression (compare Fig. 1D with Fig. 1F–G). 

Further analysis of gene expression array data focused on metastatic tissues demonstrated an 

inverse relationship between PGC1α mRNA expression and the expression of several COL 
genes (fig. S2A). Given these findings, we assessed the effects of PGC1α restoration on 

COL expression in high COL expressing cell lines (CAKI-1 and RXF-393). Reconstitution 

of PGC1α in both CAKI-1 and RXF-393 cells reduced mRNA expression of COLs (Fig.2A 

and fig. S2B). Stable expression of PGC1α resulted in decreased protein levels of COL1A1, 

COL6A2, and COL11A1 in both CAKI-1 and RXF-393 cells (Fig. 2B). We initially 

considered if this finding could be mediated by TGF-β signaling, a known regulator of 

collagen transcription. However, no changes in phosphorylation of SMAD2 or SMAD3, 

downstream readouts of TGF-β signaling, were found in PGC1α expressing RCC cells (fig. 

S2C). Furthermore, chromatin immunoprecipitation (ChIP) analysis demonstrated no 

significant effect of PGC1α on SMAD3 binding to SMAD binding element (SBE) motifs in 

the promoter of the COL1A1 gene (fig. S2D). PGC1α often cooperates with members of a 

family of nuclear receptors known as the estrogen-related receptors (ERRs) to exert its 

transcriptional effects [16]. We recently reported that the expression of ESRRG (encoding 

ERRγ) was reduced in RCC tumors [14]. We assessed the effect of ERRγ on the mRNA 

expression of COLs in CAKI-1 and RXF 393 cells. ERRγ expression did not reduce the 

expression of COLs in RCC cells (fig. S2E–F). Moreover, no additional effect on COL 
expression was observed when ERRγ was co-expressed with PGC1α (fig. S2E).

MicroRNAs (miRNAs) are a family of small non-coding RNA molecules that have been 

implicated in the regulation of COL genes [17, 18]. We thus performed miRNA profiling in 

RCC cells expressing an empty vector or PGC1α. In both CAKI-1 and RXF-393 cells, 

PGC1α induced the expression of miR-29a (Fig. 2C and fig. S3A). The increased expression 

of miR-29a via PGC1α was validated via qRT-PCR in both cell lines whereas PGC1α re-

expression failed to induce the expression of miR-29b and miR-29c (Fig. 2D and fig. S3B). 

Prior studies indicate that all members of the miR-29 family are down-regulated in primary 

RCC tumors relative to normal kidney [19]. However, studies on the expression and role of 

miR-29a in RCC metastasis are lacking. We observed that miR-29a expression is lower in 

metastatic tumor deposits relative to patient-matched normal kidney (Fig. 2E). Although 

metastatic samples trended toward lower miR-29a levels relative to primary tumors, these 

data did not reach statistical significance. CAKI-1 cells (high basal COL expression) 

transfected with miR-29a mimic led to lower COL mRNA levels (Fig. 2F). Correspondingly, 

RCC4 cells (low basal COL expression) transfected with a miR-29a antagomir led to 

increased mRNA expression of COLs (Fig. 2G). Moreover, treatment of PGC1α expressing 

RCC cells with miR-29a antagomir restored COL expression (Fig. 2H). Taken together, 

these findings indicate that the suppression of COLs by PGC1α is mediated via induction of 

miR-29a.

PGC1α suppresses invasive behavior and tumor progression in RCC

COL expression has been associated with aggressive behavior in other tumor types. Given 

our findings that PGC1α suppresses COL expression in RCC cells, we consider the 
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biological significance of PGC1α loss in ccRCC. We evaluated the role of PGC1α in tumor 

cell migration using a monolayer scratch healing assay. Ectopic PGC1α expression 

markedly attenuated wound closure compared to control cells in RCC cell lines (Fig. 3A–B). 

Similarly, PGC1α expression significantly reduced cell migration in RXF-393 cells via 

Boyden chamber assay (fig. S4A–B). In addition, PGC1α markedly suppressed the invasive 

phenotypes of CAKI-1 and RXF-393 cells as determined by an invasion chamber assay with 

Matrigel insert (Fig. 3C and fig. S4C). Given that enforced PGC1α suppressed migratory 

and invasive phenotype in RCC cells, we evaluated the effect of PGC1α on the metastasis of 

RCC cells using the in vivo chick embryo chorioallantoic membrane (CAM) assay as 

illustrated in fig. S4D. The CAM assay allows for the assessment of metastasis of human 

tumor cells to tissues in a quantitative manner by measuring human-specific Alu repeats in 

genomic DNA from extracted tissues. RXF-393 cells expressing either an empty vector or 

PGC1α were inoculated on the upper CAM of 10-day old chick embryos and incubated for 

7 days. Ectopic PGC1α expression markedly attenuated the ability of RCC cells to 

metastasize to both lung and liver (Fig. 3D–E). Furthermore, we evaluated the role of 

PGC1α with an orthotopic model of RCC using SN12PM6-1 cells. SN12PM6-1 cells are 

luciferase expressing cells and capable of primary tumor growth as well as metastasis [20]. 

SN12PM6-1 cells transduced with an empty vector or PGC1α were injected into the left 

kidney of SCID mice (5 weeks old). Orthotopic injection of SN12PM6-1 control cells 

resulted in aggressive tumor burden (Fig. 3F and fig S4E–F). In addition, orthotopic 

injection of SN12PM6-1 control cells developed histologically detectable metastases in 

multiple organs including spleen and lung (Fig. 3G–I). In contrast, mice injected with 

SN12PM6-1 cells expressing PGC1α showed attenuated tumor burden at 6 weeks from 

tumor challenge. We confirmed the expression of PGC1α by analyzing the mRNA 

expression of TCA cycle enzymes, downstream targets of PGC1α, in orthotopic kidney 

tumors (fig. S4G). Furthermore, orthotopic tumors expressing PGC1α demonstrated reduced 

COL mRNA and protein expression consistent with our in vitro studies (Fig, 3J–K). 

Collectively, these data demonstrate that PGC1α suppresses RCC tumor progression and 

reduces COL expression in vivo.

PGC1α restoration inhibits SNAIL stabilization in RCC

Our data demonstrating that PGC1α suppresses metastatic phenotypes in vivo led us to 

examine the expression of markers related to EMT, a process known to increase the motility 

and invasiveness of tumor cells [21]. The expression of EMT markers including N-cadherin, 

Vimentin, TCF/ZEB1, β-catenin, SNAIL1/2, and TWIST1 were characterized in RCC cells 

expressing an empty vector or PGC1α. Of these, both SNAIL1 and 2 protein were decreased 

by PGC1α expression (Fig. 4A) whereas the expression of other EMT markers were not 

altered by PGC1α (fig. S4H). Consistently, analysis of a panel of RCC cell lines 

demonstrate that cells with detectable PGC1α expression (RCC4, 769-P, and CAKI-2) 

tended to have lower SNAIL1/2 levels compared with RCC cell lines without detectable 

PGC1α (Fig. 4B). PGC1α mediated reduction in SNAIL1/2 protein was not associated with 

a consistent effect on transcript levels (Fig. 4C). Furthermore, we examined the expression 

of SNAIL1/2 level in orthotopic kidney tumors. Consistent with our in vitro studies, PGC1α 
expressing orthotopic tumors demonstrated reduced SNAIL1/2 protein levels without effects 

on mRNA expression (Fig. 4D–E). Based on these data, we next performed loss of function 
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studies via siRNA mediated knockdown of PGC1α in RCC4 cells which have detectable 

PGC1α expression. We first confirmed knockdown with the siRNA construct (Fig. 4F). 

PGC1α knockdown resulted in increased levels of both SNAIL1 and SNAIL2 proteins 

compared to control siRNA (Fig. 4G). We next considered posttranscriptional effects as 

prior studies indicate that SNAIL protein is a highly unstable protein and degraded by the 

ubiquitin-proteasome system [22]. Decreased SNAIL1 protein levels in PGC1α expressing 

cells was rescued by incubation with proteasomal inhibitor MG132 (Fig. 4H). We therefore 

evaluated the effect of PGC1α on SNAIL protein stability. The kinetics of SNAIL1 protein 

stability were measured after blocking protein synthesis using the translation inhibitor 

cycloheximde (CHX). SNAIL1 protein was detectable at 2 hours in control cells with slower 

degradation (Fig. 4I–J). In contrast, SNAIL1 protein was almost completely degraded after 

40 minutes in PGC1α expressing RCC cells. Collectively, these data indicate that PGC1α 
destabilizes SNAIL1 protein levels in RCC.

COL1A1 knockdown reduces SNAIL expression and tumor growth in RCC

We next investigated the biological significance of endogenous COL production by RCC 

cells. CAKI-1 cells (high basal COL expression) were allowed to invade the Matrigel gel 

pore membrane using a Boyden invasion chamber with fetal bovine serum (FBS) as the 

chemoattractant as illustrated in Fig. 5A. The non-invasive cells from inside the chamber as 

well as invasive cells from the bottom of the membrane were separately isolated and the 

expression of COLs was assessed. The mRNA expression of COLs was significantly 

increased in invasive cells compared to non-invasive cells (Fig. 5B). RNA-seq analysis of 

TCGA data on RCC demonstrates that the transcript levels of COL1A1 and COL6A2 are 

higher relative to other COLs (Fig. 5C). COL1A1 was ectopically expressed in RCC4 cells 

which have low basal COL expression (Fig. 5D). COL1A1 expression upregulated 

SNAIL1/2 protein levels in RCC4 cells (Fig. 5D). Correspondingly, CAKI-1 (high basal 

COL expression) stably transduced with two independent shRNA constructs to COL1A1 had 

reduced SNAIL1/2 (Fig. 5E). Moreover, the migratory and invasive phenotypes were 

attenuated in COL1A1 knockdown cells (Fig. 5F–H). As we previously demonstrated that 

PGC1α induces miR-29a and that miR-29a can suppress COL1A1 expression (Fig. 2C, D, 

and F), we assessed the effects of miR-29a inhibition on PGC1α-expressing RCC cells. 

Notably, antagomiR-29a increased both SNAIL expression (Fig. 5I) and migratory 

phenotypes in RCC cells (Fig. 5J–K). Given these in vitro data, we assessed the functional 

significance of COL1A1 in vivo. Notably, COL1A1 knockdown resulted in a significantly 

reduced growth of CAKI-1 xenografts (Fig. 5L–M).

PGC1α leads to a decrease in SNAIL protein expression via inhibition of the collagen-
mediated DDR1 axis

We next considered the mechanism by which COLs promoted the observed phenotypes in 

RCC. Collagens are a major component of the extracellular matrix and are known to initiate 

signaling cascades through interaction with cell surface receptors, including integrins and 

receptor tyrosine kinases [23–25]. We noted that COL1A1 protein was readily detectable in 

the conditioned media (CM) of CAKI-1 and RXF-393 cells which have high basal COL 
expression (Fig. 6A, lanes 1 and 3). COL1A1 knockdown via shRNA reduced COL1A1 

levels in CM from both RXF-393 and CAKI-1 cells. In contrast, the COL1A1 could not be 
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detected in CM from RCC4 cells which have low basal COL expression (Fig. 6A, compare 

lane 5 with lanes 1 and 3). We therefore examined the effects of CM from high and low 

COL expressing RCC cells on SNAIL expression. RCC4 cells (low COL expression) 

cultured with the CM from CAKI-1 cells (high COL expression) demonstrated increased 

SNAIL1 protein relative to RCC4 cells incubated with CM from RCC4 cells (Fig. 6B). 

Correspondingly, RCC4 cells demonstrated enhanced migratory behavior when treated with 

CM from CAKI-1 cells (Fig. 6C). Furthermore, RCC4 cells cultured with the CM from 

COL1A1 knockdown (derived from CAKI-1 cells) had attenuated wound gap closure 

compared to the RCC4 cells incubated with the CM from shRNA control cells (fig. S5A–B). 

Based on these data, we determined whether extracellular collagen could promote migratory 

and invasive phenotypes. RCC4 cells (low basal COL) were cultured on a plate pre-coated 

with either collagen type I (COLI) or collagen type V (COLV) as well as an uncoated plate 

for 72 h. Both COLI and COLV treatment increased the expression of SNAIL1/2 proteins in 

RCC4 cells (Fig. 6D). Moreover, COLI and COLV treated RCC4 cells demonstrated 

significantly increased invasive and migratory properties (Fig. 6E and fig. S5C–D).

We next determined if extracellular COL produced by RCC cells could promote SNAIL 

accumulation. Immunodepletion was performed to remove COL1A1 protein from the CM of 

CAKI-1 cells as depicted in Fig. 6F. Immunoblotting of immunoprecipitates demonstrates 

successful pulldown of COL1A1 (fig. S5E). Correspondingly, immunodepleted media 

demonstrated reduced COL1A1 protein levels relative to IgG control pulldown media in 

CAKI-1 cells (Fig. 6G). RCC4 cells were then treated with COL1A1 immunodepleted CM 

and the corresponding IgG control treated CM. Notably, immunodepletion of COL1A1 from 

the CM of CAKI-1 cells resulted in decreased SNAIL1 protein (Fig. 6H). Collectively, these 

data indicate that extracellular collagen promotes SNAIL accumulation in RCC cells.

Given the role of extracellular collagen on SNAIL expression and invasive phenotypes, we 

examined the CM from PGC1α expressing RCC cells and found lower COL1A1 levels 

compared to the CM from control cells (Fig. 6I). We next considered the mechanism by 

which decreased collagen, via PGC1α, reduces SNAIL protein. Discoidin domain receptors 

(DDR1 and DDR2) are cell surface receptor tyrosine kinases known to bind collagen [12, 

13]. Prior studies demonstrate that DDR2 activation can stabilize SNAIL1 protein in breast 

cancer [26]. The expression of DDRs was evaluated in renal tumors by RNA-seq data from 

the TCGA data set. Whereas DDR1 was highly expressed in clear cell renal tumors, DDR2 
had very low expression (fig. S5F). Stable expression of COL1A1 in RCC4 cells induced 

phosphorylation of DDR1 and ERK, a downstream target of DDR1, without effects on total 

DDR1 and ERK (fig. S5G). Correspondingly, COL1A1 knockdown decreased 

phosphorylation of both DDR1 and ERK in CAKI-1 cells (Fig. 6J). Consistent with its role 

in regulating COL expression, PGC1α restoration decreased DDR1 and ERK 

phosphorylation in RCC cells (Fig. 6K). No effects on FAK phosphorylation were observed. 

Furthermore, treatment of RCC cells with the selective pharmacological DDR1 inhibitor 7rh 

decreased SNAIL1/2 protein in CAKI-1 cells in a dose-dependent manner (Fig. 6L). Taken 

together, these data indicate that PGC1α’s suppression of COL expression leads to reduced 

DDR1 signaling, thereby promoting SNAIL degradation.

Nam et al. Page 7

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Renal cancer is among the top ten most common malignancies in both men and women. 

Despite several approved agents, including immunotherapy and targeted therapies, 

metastatic ccRCC remains incurable and carries a poor prognosis. While the landscape of 

genetic alterations has been described in primary renal tumors [27, 28], less is understood 

about metastasis. As such, we undertook our current analysis to identify factors critical to 

RCC progression with the aim of identifying novel therapeutic targets.

Although PGC1α has been studied in cancer, its role in the context of metastasis has been 

inconsistent. PGC1α appears to suppress metastasis in prostate cancer [29], whereas 

PGC1α’s bioenergetic activities promotes metastasis in breast cancer [30]. In a subset of 

melanomas, high PGC1α expression promotes growth and survival via its bioenergetics 

effects [31, 32]. Alternatively, PGC1α may suppress melanoma metastasis via activation of 

the transcription factor Inhibitor of DNA binding 2 (ID2) [33]. A recent study reported that 

PGC1α loss in ccRCC is mediated by HIF (which is elevated due to VHL mutation) and that 

restoration reduces proliferation and subcutaneous tumor xenograft growth [34]. We did not 

observe evidence of HIF-mediated suppression of PGC1α in our studies (data not shown). 

Effects of PGC1α on EMT, migration, or invasiveness were not examined. As VHL 
mutation is thought to be an early event in the majority of ccRCCs, our data demonstrating 

that PGC1α loss is associated with metastasis indicates that there are alternative 

mechanisms that suppress this factor which warrants further investigation.

Here, we provide two independent in vivo models to demonstrate the role of PGC1α in 

suppressing RCC tumor progression. To date, most of the studies examining PGC1α’s role 

in metastasis suppression have been performed via intravenous injection. While these studies 

have been informative, they may more measure organ site colonization rather than true 

metastasis. These are the first data to demonstrate that PGC1α can mitigate tumor 

progression using an orthotopic tumor model which we believe is more representative of the 

metastatic process.

Prior studies on the role of PGC1α in cancer have linked phenotypes with PGC1α’s 

bioenergetic function which is often mediated via interaction with ERRs. Torrano et al. 
recently reported that PGC1α’s suppression of prostate cancer metastasis was ERR 

dependent [29]. We recently reported that ERRγ is epigenetically suppressed by methylation 

in RCC [14]. Here, we identify a completely novel role for PGC1α in tumor biology through 

the suppression of collagen expression that is ERR independent. The transcriptional 

regulation of collagen has been mainly described by transforming growth factor beta (TGF-

β), a key enforcer of cancer progression through the modification of ECM in cancers [35, 

36]. However, our data do not demonstrate that PGC1α impacts TGF-β signaling. Instead, 

PGC1α induces the expression of miR-29a which is known to target several COL genes [37, 

38]. These data are in concert with recent studies indicating that miR-29a expression level is 

down-regulated in RCC tumors [39] and that restoration can suppresses migratory behaviors 

in RCC [19].
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Collagens in tumor tissue have primarily been thought to be derived from stromal associated 

cells such as cancer-associated fibroblasts (CAFs). CAFs are commonly observed in stromal 

rich tumors including breast, pancreas, and lung [40–42]. In contrast, renal tumors have 

fewer CAFs in the microenvironment. Our in vitro characterization of RCC cell lines clearly 

demonstrates that a subset of RCC cell lines have higher expression of COLs in agreement 

with a recent study on COL23 in RCC [11]. Furthermore, high COL expressing cell lines 

tended to have lower PGC1α expression with concomitant increased expression of SNAIL1 

and SNAIL2. SNAILs have established roles in promoting invasive phenotypes in cancer 

cells. Our studies uncover an unexpected role for PGC1α in the regulation of SNAIL 

proteins. Mechanistically, PGC1α restoration suppresses collagen-mediated DDR1/ERK 

signaling which destabilizes SNAIL. Our studies indicate that this cascade, mediated by 

extracellular collagen, could impact signaling in high COL expressing cells as well as 

neighboring tumor cells which may have low COL expression. Therefore, these data have 

implications in the context of tumor heterogeneity in which cancer cells may have variable 

COL expression.

Collagens are the most abundant proteins and there are at least 28 different types of 

collagens identified so far. Based on their structure, they can be grouped into three major 

types: fibril-forming collagens, fibril-associated collagens with interrupted triple helices, and 

non-fibril-forming collagens [43]. Approximately 90% of collagen is characterized by the 

fibril-forming collagens including type I, V, and XI [44]. We found that these types of 

collagens are highly expressed in metastatic RCC and suppressed by the PGC1α/miR-29a 

axis. Collagens are known to interact with several different types of receptors, including 

receptor tyrosine kinases (RTKs). RTKs have clinical relevance to RCC since protein 

tyrosine kinase inhibitors are currently used in treatment of patients with metastatic ccRCC. 

The discoidin domain receptors, DDR1 and DDR2, are non-integrin collagen receptors that 

belong to the family of RTKs based on the presence of a catalytic kinase domain [45]. 

Recent studies have highlighted the different expression and mutation of DDRs in several 

types of cancers [46, 47]. DDR2 is known to stabilize SNAIL protein in the breast cancer 

[26], and DDR1 signaling enables metastatic breast cancer cells to undergo multi-organ 

metastases [48]. We found that DDR1 transcript levels are significantly higher in ccRCC 

compared to DDR2. Consistent with our data, a recent study reported that DDR1 expression 

is correlated with invasive behavior in RCC cells [49]; however, the downstream signaling 

events upon collagen/DDR1 interaction in RCC are poorly described. Here, we show that 

collagen in RCC cells activate the DDR1 and ERK axes to stabilize SNAIL1/2 proteins. In 

summary, our data provide new insight into the biologic basis of aggressive renal cancer and 

identify a novel link between PGC1α and the EMT promoters SNAIL1/2 vial collagen/

DDR1 signaling (Fig. 7). The signaling cascade outlined may provide new opportunities for 

therapy given that many aspects of this signaling node are targetable.

Materials and Methods

Cell culture.

All RCC cell lines were acquired from the ATCC except for RXF-393 (NCI), RCC4 (kindly 

provided by P.Ratcliffe, University of Oxford), and SN12PM6-1 (kindly provided by Robert 
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S. Kerbel, University of Toronto). RCC cells RCC4, 786-O, A498, SN12PM6-1, and 

HEK293T cells were cultured in DMEM (Corning Life Science) with 10% fetal bovine 

serum (Hyclone) with penicillin-streptomycin (100U/mL). CAKI-1 and CAKI-2 cells were 

grown in MEM medium containing 10% FBS with antibiotics. RXF-393, 769-P, and OSRC2 

cells were grown in RPMI medium. Cell lines were periodically screened for mycoplasma 

contamination.

Plasmid and virus infections.

Human PGC1α cDNA was purchased from GeneCopoeia. Human COL1A1 cDNA was 

purchased from Dharmacon. Lentiviral shRNA constructs for COL1A1 were purchased from 

Sigma. Lentiviral particles were produced by co-transfecting HEK293T cells with packaging 

plasmids (VSVG and Delta-8.9) using the calcium phosphate method. Virus-containing 

supernatants were collected after 48 hours and filtered through a 0.45 μm filter (Millipore). 

CAKI-1 and RXF-393 cells were infected with medium containing indicated virus in the 

presence of polybrene (8 μg/mL) (Sigma). Infected cells were selected with puromycin for 

24 hours and surviving cells were maintained under puromycin selection. For transient 

expression of PGC1α, RCC cells were transduced with either GFP or PGC1α using 

adenovirus mediated gene transfer (Vector Biolabs).

Gene Expression Profiling.

The microarray experiment was conducted as recently reported in Nam et. al. [14]. The raw 

data and processed data have been uploaded in Gene expression Omnibus (GEO; 

#GSE105261).

TCGA gene expression correlation and outcome analysis.

Gene expression, correlation and survival analyses using TCGA clinical and level 3 RNA-

seq data was performed using UALCAN web-portal [50].

siRNA transfection.

RCC4 cells were seeded on 6 well plates for 48 h. RCC4 cells were transfected with 50 nM 

of a negative control siRNA or siRNA against PGC1α using Lipofectamine® RNAiMAX 

regent (Invitrogen) for 48 h.

RNA isolation and Quantitative RT-PCR.

Total RNA from human tissues were isolated with the RNeasy Mini Kit (Qiagen). RNA 

from culture cells were extracted using the Trizol reagent (Ambion). cDNA was generated 

using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). qRT-PCR 

analysis was followed using the Taqman Gene Expression Master reagent mixed Taqman 

primers with in QuantStudio™ 6K Flex Real-Time PCR System (Applied Biosystems). 

mRNA expression level was normalized to TATA-binding protein (TBP) and the normalized 

Ct value was quantified using the double delta Ct analysis. Indicated Taqman primers were 

pre-designed from Applied Biosystems (Table S2).
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microRNA expression profiling.

RNA was extracted using mirVana™ miRNA isolation kit. The quality of the total RNA was 

verified by an Agilent 2100 Bioanalyzer. miRNA array profiling was processed as 

recommended by the manufacturer (NanoString Technologies Inc). The samples were 

processed on an nCounter Dx Prep Station and counted using an nCounter Dx Digital 

Analyzer (NanoString Technologies Inc). Differences in miRNA expression were assessed 

using the nSolver program (version 3.0).

MicroRNA and qRT-PCR.

Total RNA for miRNA expression were extracted using the mirVana™ miRNA isolation kit 

(ThermoFisher) according to the manufacturer’s instructions. Reverse transcription was 

followed using a small RNA-specific stem-loop RT primer with Taqman MicroRNA Reverse 

Transcription kit (ThermoFisher). qRT-PCR analysis was performed using Taqman 

Universal PCR master mix II. For the inhibition of miR-29a, RCC cells were transfected for 

48 h with 50 nM negative control or antagomiR-29a (ThermoFisher) using Lipofectamine® 

RNAiMAX reagent. For the induction of miR-29a, RCC cells were transiently transfected 

with 50 nM negative control or miR-29a mimics (ThermoFisher). Relative miRNA 

expression was determined using the 2−ΔΔct with human U6 snRNA as the internal reference 

gene.

Collagen coating of tissue culture surfaces.

Collagen type I from calf skin (Sigma) and collagen type V from human placenta (Sigma) 

were reconstituted with 0.02 M acetic acid for 2 h. The diluted collagen solution (5 ug/cm2) 

was coated on a 6 well plate for 1 h at room temperature. The excess diluted collagen 

solution was aspirated, and the plate rinsed with PBS before seeding RCC4 cells.

Immunoblotting analysis.

Cells were lysed with ice-cold RIPA buffer containing 1X protease inhibitor. Human kidney 

tissue was homogenized using microbeads (Bioexpress). Preparation of samples and Western 

blot analyses were described previously [14]. Nuclear extraction for PGC1α detection was 

performed using a commercial kit (Pierce). Antibodies used in this study are described in 

Table S2. The full uncut images for each blot are provided in fig. S6.

Immunoprecipitation.

The conditioned media from CAKI-1 cells were incubated with either total 5 ug of COL1A1 

or IgG antibody coated with A/G magnetic beads (ThermoFisher) for overnight at 4 ° with 

rotation. The immune complex was then filtered and washed three times with 20 mM Tris-

HCl, 150 mM NaCl, 2 mM EDTA (pH 8.0). The immunoprecipitated proteins were eluted 

by boiling beads in Laemmli buffer and analyzed by immunoblot analysis.

Wound healing and migration assay.

RCC cells were seeded on 6 well plates to reach 90% confluence and then mechanically 

disrupted using 1000μl pipette tips. Cell migration was monitored with an EVOS™ FL 

imaging system (Invitrogen) at the indicated times. For the transwell migration assay, cells 
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were seeded in serum-free medium onto the upper chamber of the transwell insert (Corning) 

for 24 h. The migrated cells were fixed and quantified by crystal violet staining.

Matrigel-based invasion assay.

RCC cells were plated on the upper chambers of a BD BioCoat Matrigel Matrix (Corning). 

The cells were allowed to invade through the Matrigel layer for 16 h and then stained with 

Diff-Quik Stain kit (Siemens). Invading cells were counted under a light microscope.

Isolation of Non-invasive versus invasive cells.

RCC cells were plated on the upper chambers of BD BioCoat Matrigel Matrix (Corning) for 

24 h. The non-invasive cells were harvested using a Corning Cell Recovery Solution 

following the manufacturer’s instructions. The non-invasive cells were resuspended using a 

lysis buffer in the Cells-to-cDNA II kit (Invitrogen). The invasive cells on the bottom of 

membrane were directly collected by a lysis buffer in the Cells-to-cDNA II kit (Invitrogen).

Chick chorioallantoic membrane assay.

CAM assay was performed according to the previously described method with slight 

modifications [51]. Briefly, specific pathogen free fertile eggs (Charles River Laboratories) 

were incubated in a rotary humidified chamber (60~65%) for 10 days. Two million cells 

were resuspended in media and mixed with an equal volume of BD Matrigel Basement 

Membrane Matrix (Corning). Approximately 2 million RXF-393 cells were implanted on 

the upper CAM of 10-day old chick embryos after creating a small window in the egg shell 

which was subsequently sealed. On the 17th day of the experiment, the lungs and liver were 

harvested, and genomic DNA was isolated using a Wizard genomic DNA isolation kit 

(Promega). Quantification of the invaded tumor cells was performed with a Taqman-based 

ALU assay.

Orthotopic tumor challenge and xenograft study.

Tumor challenges were performed using 5 weeks old SCID male mice. A skin incision was 

made and SN12PM6-1 (1×10^6) cells were injected through the intact peritoneum into the 

left kidney. Bioluminescent imaging was performed weekly, and mice were sacrificed 6 

weeks later.

Data analysis and statistics.

Data are represented as mean ± SEM of at least 3 independent experiments. The exact 

number of samples is described in the corresponding figure legend. Tests of statistical 

significance between control and experimental groups were performed using Student’s t test 

or a 1-way ANOVA. p values of less than 0.05 were considered statistically significant.

Study approval.

Fresh frozen normal kidney and tumor tissues were obtained in accordance with an IRB-

approved protocol. All animal studies were performed following approval from the 

institutional IACUC.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The decreased expression of PGC1α and the increased expression of several 

collagen genes are associated with progression of renal cell carcinoma (RCC).

• Restoration of PGC1α in RCC cells suppresses the expression of collagens 

and tumor phenotypes via the induction of miR-29a as well as tumor 

progression in vivo.

• The suppression of collagens by PGC1α/miR-29a axis promotes the 

degradation of the known EMT regulators SNAIL1 and SNAIL2, which 

promote cancer invasiveness.
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Fig. 1. Gene expression signatures of tumor progression in RCC
(A) Heatmap representing expression patterns of PGC1α and collagen family members 

(COLs) using the Illumina Human HT-12 v4 bead array in the three-patient groups (normal 

n=9, primary n=9, and metastasis n=26). Colors in the heatmap represent log transformed 

quantile normalized expression values for selected set of probes in individual samples. 

Normalized expression values for probes of selected genes ranged between 8 and 14. 

Specifically, high expression values indicated in red and low expression values indicated in 

blue. (B) Quantitative RT-PCR analysis of PGC1α expression in a separate cohort of patient-

matched samples. Transcript levels were normalized to those of TBP (n=6/group). (C) 

Immunoblot analysis of PGC1α in patient-matched normal kidney (N) and tumor (T). (D) 
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Relative mRNA expression of PGC1α in a panel of RCC cell lines compared to primary 

normal kidney tissue (n=4/group). (E) Relative mRNA expression of COLs in a separate 

cohort of patient-matched normal, primary, and metastatic tumor deposits. (F) Relative 

mRNA expression of COLs in a panel of RCC cell lines compared to primary normal kidney 

tissue (n=4/group). (G) Western blot analysis of COL1A1 and COL6A2 in a panel of RCC 

cell lines. All data represent 3 independent experiments and error bars are SEM. Asterisks 

indicate significant differences compared to normal kidney (*P<0.05, **P<0.01, One-way 

ANOVA with Tukey’s multiple comparisons test).
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Fig. 2. PGC1α inhibits the expression of collagens in a miR-29a dependent manner.
(A) Relative mRNA expression of COLs in stable CAKI-1 cells expressing an EV or 

PGC1α compared to normal kidney (n=3/group, 3 independent experiments). (B) Western 

blot analysis of COL1A1, COL6A2, and COL11A1 in CAKI-1 and RXF-393 cells stably 

expressing an EV or PGC1α. (C) Heatmap of miRNA profile in RCC cells stably expressing 

an EV or PGC1α using a NanoString miRNA assay (n=2~3/group). (D) Relative miR-29a 
expression in stable CAKI-1 and RXF-393 cells expressing an EV or PGC1α. U6 snRNA 

was used for normalization (n=3/group). (E) Relative miR-29a expression in a separate 

cohort of patient-matched normal, primary, and metastatic tumor deposits (n=5/group). (F) 

CAKI-1 cells were transfected with either 50 nM negative control (NC) or synthetic 

miR-29a mimic for the indicated times. The mRNA expression of COLs was analyzed by 
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qRT-PCR (n=3/group). (G) RCC4 cells were transfected with either 50 nM antagomiR-NC 

(negative control) or antagomiR-29a for 24 h. (H) Western blot analysis of COL1A1 and 

COL6A2 in PGC1α-expressing CAKI-1 cells after transfection with either 50 nM 

antagomiR-NC or antigomiR-29a for 48 hr. All data represent 3 independent experiments 

and error bars are SEM. Asterisks indicate significant differences compared to control cells 

(*P<0.05, **P<0.01, One-way ANOVA with Tukey’s multiple comparisons test or 2 tailed 

student t test).
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Fig. 3. PGC1α suppresses the migratory and invasive phenotypes of ccRCC cells.
(A) Representative images and (B) relative wound healing over time in RCC cells (n=3/

group). (C) Representative images of Boyden invasion assay with Matrigel insert in RCC 

cells. (n=3/group). (D and E) Chick embryo chorioallantoic membrane (CAM) metastasis 

assay. Two million RXF393 cells were implanted on the upper CAM vessels of 10-day old 

chick embryos. One week later, tissues were harvested and metastasis of RCC cells was 

quantified by qPCR of human Alu repeats in genomic DNA (n=10/group). (F) 

Bioluminescence in vivo imaging at 6 weeks after tumor challenge. SN12PM6-1 cells were 
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orthotopically implanted into the left kidney of SCID mice (n=7/group). (G) H&E staining 

of tissue sections from the mice orthotopically implanted with an EV or PGC1α expressing 

SN12PM6-1 cells at 6-week after tumor challenge. Arrows indicate metastatic tumors (T) 

and normal tissues (N). Spontaneous metastasis to the spleen (H) and lung (I) was 

quantified. (J) At 6 weeks from tumor challenge, kidney tumors were harvested and 

analyzed for the mRNA expression of PGC1α and COLs (n=7/group). (K) COL1A1 and 

COL6A2 protein levels in kidney tumors from the mice orthotopically implanted with an EV 

or PGC1α expressing SN12PM6-1 cells (n=7/group).
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Fig. 4. PGC1α destabilizes the SNAIL protein in ccRCC.
(A) Western blot analysis of SNAIL1 and SNAIL2 in the stable CAKI-1 and RXF-393 cells 

expressing an EV or PGC1α. (B) Immunoblot analysis of PGC1α, SNAIL1, and SNAIL2 in 

a panel of RCC cell lines. HDAC1 was used to normalize protein loading. (C) Relative 

mRNA expression of SNAIL1 and SNAIL2 in stable CAKI-1 cells expressing an EV or 

PGC1α (n=3/group). TBP was used as normalizing control for gene expression. (D) At 6 

weeks from tumor challenge, kidney tumors were harvested and analyzed for the expression 

of SNAIL1 and SNAIL2 (n=7/group). (E) Relative mRNA expression of SNAIL1/2 in 

dissected kidneys injected tumors cells at 6 weeks from tumor challenge (n=7/group). (F) 

Relative mRNA expression of PGC1α in RCC4 cells transfected with either 50 nM negative 

control siRNA (NC) or PGC1α siRNA for 48 hr (**P<0.01, 2 tail student t test). (G) 

Western blot analysis of SNAIL1 and SNAIL2 in RCC4 cells transfected with either 50 nM 

NC or PGC1α siRNA for 48 hr. (H) Stable PGC1α expressing CAKI-1 cells were treated 
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with the indicated concentration of proteasome inhibitor MG132 for 4 hr. SNAIL1 protein 

levels were analyzed by immunoblot analysis. (I) CAKI-1 cells stably expressing an EV or 

PGC1α were incubated with 10 μg/ml cycloheximide (CHX) for the indicated times. Cell 

lysates were immunoblotted with SNAIL1 and tubulin antibodies. (J) Immunoblot analysis 

of SNAIL as shown in (I) was quantified using Image J program. All data represent 3 

independent experiments and error bars are SEM (*P<0.05, **P<0.01, 2 tail student t test).

Nam et al. Page 25

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. COL1A1 knockdown diminishes the migratory and invasive phenotype in ccRCC.
(A) Schematic diagram representing the isolation of non-invasive and invasive cells using a 

Boyden invasion chamber with Matrigel insert. CAKI-1 cells were seeded in the chambers 

for 24 h. The non-invasive cells from inside of the chamber as well as invasive cells from the 

bottom of the membrane were separately harvested. (B) Relative mRNA expression of COLs 
in invasive cells relative to non-invasive cells. 18S used as a housekeeping gene (n=3/group). 

(C) RNA-Seq analysis of gene expression for COLs in the renal tumors in the TCGA data 

set. (D) Western blot analysis of the indicated proteins in RCC4 cells stably expressing an 

EV or COL1A1 cDNA. (E) Western blot analysis of the indicated proteins in CAKI-1 cells 

stably expressing shRNA control (SCR) or two independent COL1A1 shRNA constructs. 

(F) Representative images and (G and H) quantification of migratory and invasive 
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phenotype in CAKI-1 cells. (I) Western blot analysis of SNAIL1 in PGC1α-expressing 

CAKI-1 cells after transfection with either NC or antigomiR-29a for 48 hr. (J) 

Representative images and (K) relative quantification of Transwell migration assay in 

CAKI-1 cells stably expressing PGC1α after transfection with NC or antigomiR-29a for 48 

h (n=3/group). (L) Representative images of nude mice showing tumor growth of CAKI-1 

cells. Two million CAKI-1 cells stably expressing SCR or COL1A1 shRNA were 

subcutaneously injected into the flanks of female BALB/c nu/nu mice at 5–7 weeks old 

(n=6/group). (M) Caliper measurements of the tumor volumes were taken on the indicated 

weeks. All data are presented as mean ± SEM (*P<0.05, **P<0.01).

Nam et al. Page 27

Matrix Biol. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. PGC1α suppresses SNAIL protein via deactivation of collagen-induced DDR1 axis.
(A) Western blot analysis of COL1A1 in the conditioned media (CM) from RCC cells stably 

expressing shRNA control (SCR), COL1A1 shRNA, or RCC4 cells. (B) Immunoblot 

analysis of SNAIL1 expression in RCC4 cells cultured with the CM from RCC4 or CAKI-1 

cells. (C) Representative images and quantification of migratory phenotype in RCC4 cells 

cultured with the CM from RCC4 or CAKI-1 cells (n=3/group). (D) Western blot analysis of 

indicated proteins in RCC4 cells cultured on a plate pre-coated with either collagen type I 

(COLI) or collagen type V (COLV) for 72 h. (E) Representative images of migratory and 

invasive phenotype in RCC4 cells cultured on a plate pre-coated with either collagen type I 

(COLI) or collagen type V (COLV) for 72 h (n=3/group, 3 independent experiments). (F) 

Illustration of COL1A1 immunodepletion assay. The conditioned media (CM) from CAKI-1 

cells were incubated with either COL1A1 antibodies or IgG coated magnetic beads. The 

COL1A1 immunodepleted media were incubated with RCC4 cells. (G) Western blot 

analysis of COL1A1 in the CM from COL1A1 immunodepletion or IgG control pull down. 

(H) Western blot analysis of SNAIL1 expression in RCC4 cells cultured with the CM from 

COL1A1 immunodepleted media or IgG control pull down. (I) Western blot analysis of 
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COL1A1 in the CM from CAKI-1 cells stably expressing an EV or PGC1α. (J) Western blot 

analysis of indicated proteins in CAKI-1 cells stably expressing shRNA control (SCR) or 

two independent shRNA COL1A1. (K) Western blot analysis of indicated proteins in 

CAKI-1 cells stably expressing an EV or PGC1α. (L) Immunoblot analysis of indicated 

proteins in CAKI-1 cells treated with pharmacological DDR1 inhibitor 7rh for 24 h.
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Figure 7. A proposed working model for PGC1α-mediated metastasis suppression.
In normal or high basal PGC1α expressing RCC cells, PGC1α induces miR-29a expression 

which in turn suppresses COL mRNA levels. Decreased COL expression by the PGC1α /

miR-29a axis inhibits DDR1/ERK signaling thereby leading to SNAIL degradation. Loss of 

PGC1α results in stabilization of the prometastatic factors SNAIL1/2.
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