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Clear cell renal cell carcinoma (ccRCC) is by far the most common type of kidney cancer and is character-
ized by loss of the tumor suppressor gene von Hippel–Lindau (VHL). ccRCC patients with metastatic dis-
ease has poor prognosis and today’s therapy is insufficient. The cytokine Transforming Growth Factor-b
(TGF-b) has been extensively studied in tumor biology and is believed to serve a variety of functions in
tumor progression. We have previously shown that inhibition of NOTCH signaling causes a reduced
migratory and invasive capacity of ccRCC cells, at least partly by a cross-talk with the TGF-b pathway.
In the present study we aimed to further clarify the role of TGF-b signaling in ccRCC. We investigated
the effects of TGF-b pathway modulation and showed that TGF-b inhibition attenuates the invasive
capacity of ccRCC cells. By performing expression profiling we obtained a gene signature of the TGF-b
induced response in ccRCC cells. The expression analyses revealed an extensive overlap between the
TGF-b response and genes regulated by the hypoxia inducible factor (HIF). The link between the hypoxic
and the TGF-b pathways was further corroborated by functional experiments, which demonstrated that
TGF-b pathway activity was attenuated upon reintroduction of functional VHL in ccRCC.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Renal cell carcinomas (RCCs) comprise a histologically diverse
group of solid tumors, arising from different parts of the kidney
[1,2]. The vast majority of RCCs are clear cell renal cell carcinomas
(ccRCCs), characterized by loss of function of the tumor suppressor
gene von Hippel Lindau (VHL). Defects in the VHL gene are the most
common cause of familial ccRCC, and more than 80% of patients
with sporadic ccRCC have an inactive VHL gene [2,3]. An important
function of the VHL protein is to target hypoxia-inducible factors
(HIF-1a and HIF-2a) for degradation [4]. In the case of hypoxia,
or loss of VHL function, HIF is stabilized which leads to the charac-
teristic hypoxia response, including activation of genes involved in
angiogenesis, glucose uptake, and metabolism [5,6]. In case of
familial ccRCC, loss of VHL is manifested in the formation of renal
cysts from which ccRCCs are thought to arise [7–9]. Nevertheless,
it has been proposed that malfunction of VHL is accompanied by
additional oncogenic events required for the formation and pro-
gression of the disease [10]. Metastasized disease represents for-
midable clinical challenge since disseminated tumors are
refractory to conventional therapies, such as chemotherapy and
radiation.

The transforming growth factor-b (TGF-b) pathway is involved
in a plethora of cellular processes such as proliferation, migration,
and apoptosis, as well as embryonal development, tissue repair,
ll rights reserved.

son).
and inflammation. The TGF-b signaling cascade is initiated when
TGF-b ligand binds to TGF-b Receptor type II (TbRII) which in turn
recruits and phosphorylates TGF-b Receptor type I (TbRI). The
phosphorylated TbRI then phosphorylates Smad2 and Smad3,
which form a complex with Smad4. The Smad complex is trans-
ported into the nucleus where it, together with other transcription
factors and co-factors, regulate transcription of target genes [11].
The TGF-b signaling pathway has contradictory roles in tumorigen-
esis. At early stages TGF-b acts as a tumor suppressor through acti-
vation of cell cycle inhibitors and activation of apoptosis. However,
as the tumor progress the cytostatic effect is evaded and TGF-b in-
stead conveys tumor-promoting signaling. For example TGF-b has
been shown to facilitate immunosuppressive functions, enhance
the invasiveness and angiogenesis, and initiate the process of epi-
thelial to mesenchymal transition (EMT). The pro-oncogenic activ-
ities of TGF-b are exerted both on the microenvironment and
tumor cells, making the tumor more aggressive and prone for dis-
semination [12,13]. In ccRCC, elevated expression of TGF-b1 is cor-
related to poor prognosis and the loss of VHL has been associated
with modulations of the TGF-b1 expression [14–17]. We have
shown that primary ccRCC cells treated with TGF-b1 acquires a
mesenchymal phenotype with characteristics of EMT, thus corrob-
orating the oncogenic influence of TGF-b on ccRCC [18]. Yet, a de-
tailed characterization of the functional role and downstream
effects of TGF-b in ccRCC is still lacking. In this study we aim to
clarify this matter by analyzing changes in global gene expression
as well as functional effects upon modulation of the TGF-b path-
way in ccRCC cells.
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2. Materials and methods

2.1. Cell culture

The ccRCC cell lines SKRC-7, The SKRC-10, SKRC-17 were main-
tained in RPMI 1640 (Invitrogen™) containing 10% fetal calf serum
(FCS, Invitrogen™) and 1% penicillin and streptomycin (PEST, Invit-
rogen™). 786-O cells (ATCC, Rockville, MD, USA) were maintained
in DMEM High Glucose (GIBCO

�
, Invitrogen™) supplemented with

10% FCS and 1% PEST. The 786-O sub-clones pRC3, stably transfec-
ted with pRC/CMV, and WT7, stably transfected with CMV-HA-VHL
and maintained as above with addition of 1 mg/ml G418 (GIBCO

�
,

Invitrogen™). ccRCC cell line SKRC-52 was maintained in RPMI
1640 (Invitrogen™) containing 10% FCS and 1% PEST.
2.2. TGF-b1 and SB431452 treatment

Cells were treated with 0.25 ng/mL of human recombinant TGF-
b1 (PeproTech) dissolved in 2 mg/mL BSA, or with 2 lM TbRI inhib-
itor, SB431542 (Sigma Aldrich) dissolved in DMSO. DMSO and/or
2 mg/mL BSA was used as vehicle control.
2.3. Proliferation WST-1

Cells were seeded in 96-well plates in 10% FCS and incubated
over night (ON). Medium was changed to FCS-free medium and
supplemented with 2 lM SB431542 or DMSO. After 24 h WST-1
dye reagent (Roche) was added to the cells and incubated for 4 h
at 37 �C. The samples were analyzed in an ELISA plate reader (Syn-
ergy 2, BioTek) at 480 nm.
2.4. Western blot

Cells were maintained in FCS-free medium for 24 h followed by
treatment with SB431542, TGF-b1, or vehicle control for 4 h before
harvest. The cells were lysed, separated on a SDS–PAGE gel, and
blotted onto a PVDF membrane (GE Healthcare), followed by incu-
bation with anti-phosphorylated Smad2 antibody (Cell Signaling
Technology), and re-blotted for anti-Smad2 (Cell Signaling Tech-
nology) and anti-Actin (MP Biomedicals, LLC). Mouse or rabbit
ECL™ horseradish-peroxidase linked secondary antibodies (GE
Healthcare). Proteins were detected by Luminol Reagent (Santa
Cruz Biotechnology).
2.5. Elisa

Cells were seeded in 10% FCS medium and incubated ON. Cells
were then maintained in FCS-free medium for 48 h. ELISA was per-
formed using the Human TGF-b1 immuno assay (R&D Systems)
according to manufacturer’s description. An ELISA reader was used
to analyze the absorbance at 450 nm.
2.6. Luciferase reporter assay

Cells were seeded in 6-well plates 24 h prior transfection with
the (CAGA)12-Luc, a vector containing 12 CAGA Smad binding sites
using Liopfectamine 2000 (Invitrogen™) transfection reagent for
5 h in OptiMEM I Reduced Serum Medium (Invitrogen™). phRL-
TK renilla expression vector (Promega) was used as a control for
transfection efficiency. Following transfection, cells were treated
with TGF-b1 or SB431542 for 4 h, then lysed and assayed for lucif-
erase and renilla activity using the Dual Luciferase Reporter Assay
System (Promega) and analyzed in an ELISA plate reader.
2.7. Invasion assays

Cells were pre-treated with SB431542 or DMSO control in FCS-
free medium for 24 h before initiation of the assay. Cells were
thereafter seeded in FCS-free medium supplemented with
SB431542 or DMSO in Boyden Chambers with 8 lm pore size
(Corning), coated with 50 lL of 12.5% Growth Factor Reduced BD
Matrigel TM Matrix (BD Biosciences) diluted in FCS-free media.
Cells were allowed to invade through the matrigel towards the
lower compartment containing 10% FCS for 16 h. Invading cells
were fixed on the membrane using 4% paraformaldehyde (Sigma
Aldrich). The membranes were mounted onto a glass slide, stained
with DAPI (Sigma Aldrich), and number of cells was determined
using Image ProPlus software (Media Cybernetics). Three represen-
tative fields were counted for each membrane, and each treatment
condition was assayed in triplicate and repeated three times.
2.8. Gene expression profiling

SKRC-10, SKRC-7 and SKRC-17 cells were seeded in 1% FCS ON
followed by treatment with TGF-b, SB431542, or vehicle control
for 8 h. Cells were harvested using Trizol reagent (Invitrogen)
and RNA was isolated using the RNeasy micro kit (QIagen). Each
experiment was carried out in quadruple, and for each sample,
250 ng of total RNA was hybridized to Illumina humanHT-12
v4.0 Expression BeadChips (Illumina Inc) at the SCIBLU Genomics
Centre at Lund University. Data pre-processing and normalization
was performed as described previously [19]. Differential gene
expression between TGF-b and SB431542 treated cells was deter-
mined using the limma R package [20]. P values were adjusted
using the Benjamini and Hochberg method. Gene Set Enrichment
Analysis (GSEA) was performed as described previously [21] using
the c2 curated gene sets as supplied by the Molecular Signatures
Database (www.broad.mit.edu/gsea/msigdb), as well as to addi-
tional published TGF-b and HIF related gene sets [22–25]. The list
of 157 TGF-b responsive genes was used to calculate a TGF-b spe-
cific pathway score for each sample in a ccRCC data set comprising
176 tumors [26], as described previously [17]. Patients were di-
vided into two groups based on their relative TGF-b pathway activ-
ity score (above or below median) and Kaplan–Meier curves were
compared using the log-rank test. Follow-up time was limited to
ten years.
3. Results

3.1. TGF-b activity in CCRCC cells

We compared the secretion of TGF-b1 in a series of ccRCC cell
lines, including SKRC-7, SKRC-10, SKRC-17, and SKRC-52. All inves-
tigated cell lines secreted TGF-b1 within the range previously re-
ported for primary ccRCC cell cultures (Fig. 1A) [27]. To dissect
the functionality of the TGF-b pathway in these cells we performed
luciferase reporter analyses using a Smad regulated reporter gene
(CAGA)12-Luc). Both SKRC-7 and SKRC-52 responded with a signif-
icant induction of reporter gene activity upon treatment with TGF-
b1, while SKRC-17 remained refractory to this treatment (Fig. 1B).
The TbRI inhibitor SB431542 reduced baseline reporter gene activ-
ity in both SKRC-17 and SKRC-52 cells while no effect could be de-
tected in SKRC-7 cells. In order to validate these observations we
performed Western blot analyses of total and phosphorylated lev-
els of Smad2 (P-Smad2). While all three cell lines expressed
Smad2, only SKRC-7 and SKRC-52 responded with increased P-
Smad2 upon TGF-b stimulation. Baseline levels of P-Smad2 were
however decreased in all three cell lines upon treatment with
SB431542 (Fig. 1C).

http://www.broad.mit.edu/gsea/msigdb


Fig. 1. (A) Quantitative determination of activated TGF-b1 concentrations by ELISA. (B) Relative luciferase activity of (CAGA)12-Luc reporter in cells treated with TGF-b1,
SB431542 or vehicle. Data was normalized to control treated cells. (C) Cells were treated with either TGF-b1, SB431542 or vehicle control and phosphorylated Smad2 was
analyzed by Western blot. The membrane was re-probed with anti-Smad2 and anti-Actin antibodies. Data represent mean + SEM of three separate experiments.

128 A.-K. Boström et al. / Biochemical and Biophysical Research Communications 435 (2013) 126–133
3.2. Inhibition of TGF-bRI does not affect cell proliferation but reduce
the invasive capacity of ccRCC cells

In light of the endogenous expression of TGF-b1 in ccRCC cells
we next analyzed whether inhibition of this pathway affects prolif-
eration. No significant impact on proliferation could, however, be
detected when ccRCC cells were treated with the TbRI inhibitor
SB431542 for 24 h. This result strengthens our previous observa-
tion that ccRCC cells evade the cytostatic effect of TGF-b signaling
and that the tumor-promoting effect associated with TGF-b
signaling is not related to proliferative changes (Fig. 2A). It has
been established that induction of TGF-b signaling can induce the
process of epithelial-to-mesenchymal transition (EMT), which is
strongly associated with the metastatic progression of tumors
[18,28,29]. We therefore assessed the invasive capacity of ccRCC
cells using matrigel coated Boyden chambers upon inhibition of
the TbRI. The number of invaded SKRC-7 and SKRC-10 cells was
significantly decreased upon TbRI inhibition (Fig. 2B and C). These
results imply that the invasive capacity of ccRCC cells, at least in
part, is dependent on TGF-b signaling.



Fig. 2. (A) Cells were treated with TbR1 inhibitor SB431542 for 24 h before proliferation was analyzed by WST-1 assay. Data represent mean + SEM of three separate
experiments. (B) Cell invasion was assessed by matrigel coated Boyden chamber assay of SKRC-7 and SKRC-10 cells. The cells were pre-treated with SB431542 or vehicle
control. Data was normalized to control treated cells and represent mean + SEM of three experiments. (C) Representative images of invaded, SB431542 treated and control
treated, SKRC-7 cells stained with DAPI.
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3.3. TGF-b gene signatures in CCRCC

To broaden our understanding of the effects of TGF-b signaling
of ccRCC we performed microarray based global gene expression
profiling, comparing SKRC-10 and SKRC-7 cells treated with
TGF-b1 to cells treated with SB431542. Through this approach
we identified 157 genes that significantly differed in expression
(Supplemental Table 1). In order to assess the generalizability of
this ccRCC-specific TGF-b response, we first performed a gene set
enrichment analysis (GSEA) comparing our data with previously



Fig. 3. Total RNA from SKRC-7 and SKRC-10 cells treated with TGF-b1 or SB431542, was used in oligomer microarry. (A) GSEA of the obtained TGF-b gene set compared with
gene signatures of TGF-b treatment in other cell systems. (B) High ccRCC-specific gene signature correlates with adverse prognosis in ccRCC patients. Kaplan Meier curves
comparing disease-specific survival in a cohort of 176 ccRCC patients divided in two groups based on a TGF-b signature score. (C) GSEA analyses from the MiSig database on
hypoxia related signatures and a bona fide HIF-target gene signature derived from ChIP-seq analyses.
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published gene signatures representing transcriptional responses
to TGF-b treatment. This analysis revealed extensive similarities
between the TGF-b response in ccRCC and other cell systems
(Fig. 3A) [22–24]. We next used the 157-gene signature to calculate
a TGF-b pathway activity score for each sample in a previously
published gene expression data set comprising 176 ccRCCs with
full clinical follow-up [26]. Significant correlation between high
TGF-b pathway activity and adverse outcome was observed
(Fig. 3B). This result corroborates our previous finding that a gene
signature, comprising genes regulated by both NOTCH and TGF-b,
was associated with poor prognosis. Together these results empha-
size the association between elevated TGF-b activity and adverse
prognosis of ccRCC.

It has been suggested that a cross talk exists between hypoxia-
stimulated signaling (VHL/HIF) and TGF-b/Smad signaling [25].
However, the synergistic interactions between these two pathways
remain poorly understood. Importantly, when performing
unsupervised GSEA analyses of the 157-gene set using the MiSig
database we noted significant enrichment for several hypoxia re-
lated signatures (Fig. 3C). Significant enrichment was also observed
when applying a bona fide HIF-target gene signature derived from
ChIP-seq analyses [25] (Fig. 3C), thus implying a commonality be-
tween the cellular responses to HIF and TGF-b.

3.4. Loss of VHL exacerbate the TGF-b1 signaling activity in ccRCC cells

The extensive overlap between HIF-regulated genes and genes
modulated by TGF-b, prompted us to assess possible functional
links between loss of VHL and elevated TGF-b pathway activity.
We therefore analyzed the level of TGF-b1 secretion in the
matched control (pRC3) and VHL reconstituted (WT7) 786-O ccRCC
cell line derivatives. The WT7 cells secreted significantly lower lev-
els of TGF-b1 compared to the control pRC3 cells (Fig. 4A) suggest-
ing that the VHL status affects the secretion of TGF-b1, well in line



Fig. 4. (A) Quantitative determination of activated TGF-b1 concentrations in supernates from VHL reconstituted cells (WT7) and control cells (pRC3) measured by ELISA. (B)
WT7 and pRC3 cells were transfected with (CAGA)12-Luc reporter construct followed by TGF-b1, SB431542 or vehicle treatment and analyzed for relative luciferase activity.
Data was normalized to control vehicle treated cells. (C) Western blot analysis of WT7 and pRC3 cells treated with TGF-b1, SB431542 or vehicle control. Protein was detected
by incubation with rabbit anti-phosphorylated-Smad2 antibody (P-Smad2). The membrane was re-probed with anti-Smad2 and anti-Actin antibodies to ensure equal
loading. Bar represent quantification of band intensity of P-Smad2 normalized to Actin.
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with previous reports [16]. Moreover, we employed the Smad
responsive luciferase reporter to study the TGF-b responsiveness
in these cell lines. In comparison to control cells, the WT7 cells
showed significantly lower capacity to induce the reporter activity
upon TGF-b1 stimulation (Fig. 4B). When assessing the induction of
P-Smad2 upon TGF-b1 stimulation both clones responded with in-
creased phosphorylation of Smad2 (Fig. 4C). However, the induc-
tion was more pronounced in pRC3 cells as shown by
quantification of the band intensities (Fig. 4C). All together these
observations indicate that functional VHL dampens the TGF-b path-
way activity in ccRCC cells and that loss of VHL not only enhance
secretion of TGF-b1, but also enhances the responsiveness to
TGF-b stimulation.
4. Discussion

Numerous studies show that TGF-b signaling contributes to the
aggressiveness of ccRCC [16,30,31], however the mechanism
behind the tumor promoting effects remains elusive. In the present
study we wanted to further clarify the role of TGF-b signaling in
this tumor type by using an integrated functional and genomic ap-
proach. In line with our previous report we could show a strong
inducibility of the TGF-b pathway in ccRCC cells, as assessed by in-
creased Smad reporter activity and increased levels of P-Smad2 in
response to TGF-b1 stimulation. However, one cell line, SKRC-17,
remained virtually refractory to TGF-b1 stimulation both in
reporter and Western blot experiments (Fig. 1B and C). This insen-
sitivity could relate to mutations in core components of the path-
way, as reported in other tumor system [32,33].

By performing expression profiling we were able to define a
157-gene signature of the TGF-b response in ccRCC. Not surpris-
ingly, we detected considerable similarities to previously pub-
lished TGF-b gene sets derived from other cells systems, thereby
validating a bona fide TGF-b response in ccRCC cells. In our previous
study we generated a surrogate TGF-b profile from gamma-secre-
tase treated ccRCC cells and this profile could predict poor outcome
in ccRCC patients [17]. In the present paper we could verify these
results, this time using the ccRCC-specific TGF-b gene signature
that displayed a prognostic capacity in a ccRCC patient cohort.
Thus, patients with elevated TGF-b pathway activity show worse
prognosis compared to patients with tumors characterized by a
low pathway activity. We also found that TbRI inhibition decreased
the invasive capacity of ccRCC cells expressing basal TGF-b path-
way activity, indicating that these cells to some extent rely on
autocrine TGF-b activation to induce an invasive phenotype, a re-
sult well in line with the reported correlation of TGF-b pathway
activity and poor clinical outcome. This observation might be
linked to our studies of sarcomatoid ccRCC, which is characterized
by fields of mesenchymal like cells and strongly associated with a
metastatic disease. In this work we showed that high levels of TGF-
b1 was detected in sarcomatoid tumor sections, and that primary
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cells treated with TGF-b1 acquired a mesenchymal phenotype,
thus underscoring the role of TGF-b signaling in dissemination of
ccRCC [18].

Both TGF-b signaling and hypoxia have been associated with tu-
mor aggressiveness and it has been shown that hypoxia augments
TGF-b signaling through up regulation of the ligand TGF-b1 [34,35].
As a consequence, the TGF-b pathway may represent an integral
part of the cellular response to chronic hypoxia. However, the cross
talk between the two signaling pathways remains poorly under-
stood. In order to approach some aspects of this cross talk we stud-
ied VHL reconstituted ccRCC cells. A significant decrease in TGF-b
secretion, as well as a decreased responsiveness of Smad reporter
construct in the VHL reconstituted cells was detected. Thus, the
pseudo-hypoxic phenotype of ccRCC cells may render these cells
more susceptible for the action of TGF-b. Moreover, our microarray
analyses indicated that TGF-b stimulation lead to an enhanced
expression of hypoxia regulated genes, suggesting communality
between cellular responses to TGF-b and hypoxia. This could in
part be explained by studies showing that some hypoxic target
genes such as endoglin, VEGF and Sp1 contains binding sites for
both HIF and Smad proteins allowing for synergistic effects [36–
38]. Also, a stabilization of the HIF-1a protein upon activation of
the TGF-b has been reported [39]. Altogether these observations
indicate that the pseudo-hypoxic phenotype of ccRCC is associated
with elevated TGF-b1 signaling and that the two pathways con-
verge in their transcriptional response. Since VHL loss is intimately
associated with the genesis of ccRCC this might explain the basal
TGF-b activity seen in ccRCC tumors. However, our data also show
that exogenous TGF-b1 can further enhance pathway activity, and
in a clinical setting this might be related to secretion from tumor
stroma, and be manifested in a more aggressive tumor behavior.

Acknowledgments

We are grateful to E. Oosterwijk for providing the SKRC-7,
SKRC-10 and SKRC-17 cells, W G. Kaelin for providing pRC3 and
WT7 cells, and A. Moustakas for the (CAGA)12-Luc vectors. This
work was supported by the Swedish Cancer Society, the Swedish
Research Council, the Strategic Cancer Research Program, BioCARE,
Ollie and Elof Ericsson’s, Crafoord’s, Gunnar Nilsson’s foundations,
and Malmö University Hospital Research Funds.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.04.054.

References

[1] B.I. Rini, S.C. Campbell, B. Escudier, Renal cell carcinoma, Lancet 373 (2009)
1119–1132.

[2] G. Kovacs, M. Akhtar, B.J. Beckwith, P. Bugert, C.S. Cooper, B. Delahunt, J.N. Eble,
S. Fleming, B. Ljungberg, L.J. Medeiros, H. Moch, V.E. Reuter, E. Ritz, G. Roos, D.
Schmidt, J.R. Srigley, S. Storkel, E. van den Berg, B. Zbar, The Heidelberg
classification of renal cell tumours, J. Pathol. 183 (1997) 131–133.

[3] W.Y. Kim, W.G. Kaelin, Role of VHL gene mutation in human cancer, J. Clin.
Oncol. 22 (2004) 4991–5004.

[4] P.B. Freeburg, D.R. Abrahamson, Divergent expression patterns for hypoxia-
inducible factor-1beta and aryl hydrocarbon receptor nuclear transporter-2 in
developing kidney, J. Am. Soc. Nephrol. 15 (2004) 2569–2578.

[5] M. Ivan, K. Kondo, H. Yang, W. Kim, J. Valiando, M. Ohh, A. Salic, J.M. Asara, W.S.
Lane, W.G. Kaelin Jr., HIFalpha targeted for VHL-mediated destruction by
proline hydroxylation: implications for O2 sensing, Science 292 (2001) 464–
468.

[6] P. Jaakkola, D.R. Mole, Y.M. Tian, M.I. Wilson, J. Gielbert, S.J. Gaskell, A.
Kriegsheim, H.F. Hebestreit, M. Mukherji, C.J. Schofield, P.H. Maxwell, C.W.
Pugh, P.J. Ratcliffe, Targeting of HIF-alpha to the von Hippel–Lindau
ubiquitylation complex by O2-regulated prolyl hydroxylation, Science 292
(2001) 468–472.
[7] E.B. Rankin, J.E. Tomaszewski, V.H. Haase, Renal cyst development in mice with
conditional inactivation of the von Hippel–Lindau tumor suppressor, Cancer
Res. 66 (2006) 2576–2583.

[8] F. Latif, K. Tory, J. Gnarra, M. Yao, F.M. Duh, M.L. Orcutt, T. Stackhouse, I.
Kuzmin, W. Modi, L. Geil, et al., Identification of the von Hippel–Lindau disease
tumor suppressor gene, Science 260 (1993) 1317–1320.

[9] S.J. Mandriota, K.J. Turner, D.R. Davies, P.G. Murray, N.V. Morgan, H.M. Sowter,
C.C. Wykoff, E.R. Maher, A.L. Harris, P.J. Ratcliffe, P.H. Maxwell, HIF activation
identifies early lesions in VHL kidneys: evidence for site-specific tumor
suppressor function in the nephron, Cancer Cell 1 (2002) 459–468.

[10] H.T. Cohen, F.J. McGovern, Renal-cell carcinoma, N. Engl. J. Med. 353 (2005)
2477–2490.

[11] A. Moustakas, C.H. Heldin, The regulation of TGFbeta signal transduction,
Development 136 (2009) 3699–3714.

[12] J. Massague, R.R. Gomis, The logic of TGFbeta signaling, FEBS Lett. 580 (2006)
2811–2820.

[13] D. Padua, J. Massague, Roles of TGFbeta in metastasis, Cell Res. 19 (2009) 89–
102.

[14] A. Hegele, Z. Varga, R. von Knobloch, A. Heidenreich, J. Kropf, R. Hofmann, TGF-
beta1 in patients with renal cell carcinoma, Urol. Res. 30 (2002) 126–129.

[15] D. Mitropoulos, A. Kiroudi, E. Christelli, E. Serafetinidis, A. Zervas, I. Anastasiou,
C. Dimopoulos, Expression of transforming growth factor beta in renal cell
carcinoma and matched non-involved renal tissue, Urol. Res. 32 (2004) 317–
322.

[16] S. Ananth, B. Knebelmann, W. Gruning, M. Dhanabal, G. Walz, I.E. Stillman, V.P.
Sukhatme, Transforming growth factor beta1 is a target for the von Hippel–
Lindau tumor suppressor and a critical growth factor for clear cell renal
carcinoma, Cancer Res. 59 (1999) 2210–2216.

[17] J. Sjolund, A.K. Bostrom, D. Lindgren, S. Manna, A. Moustakas, B. Ljungberg, M.
Johansson, E. Fredlund, H. Axelson, The notch and TGF-beta signaling
pathways contribute to the aggressiveness of clear cell renal cell carcinoma,
PLoS One 6 (2011) e23057.

[18] A.K. Bostrom, C. Moller, E. Nilsson, P. Elfving, H. Axelson, M.E. Johansson,
Sarcomatoid conversion of clear cell renal cell carcinoma in relation to
epithelial-to-mesenchymal transition, Hum. Pathol. 43 (2012) 708–719.

[19] D. Lindgren, A.K. Bostrom, K. Nilsson, J. Hansson, J. Sjolund, C. Moller, K.
Jirstrom, E. Nilsson, G. Landberg, H. Axelson, M.E. Johansson, Isolation and
characterization of progenitor-like cells from human renal proximal tubules,
Am. J. Pathol. 178 (2011) 828–837.

[20] G.K. Smyth, Linear models and empirical bayes methods for assessing
differential expression in microarray experiments, Stat. Appl. Genet. Mol.
Biol. 3 (2004). Article3.

[21] A. Subramanian, P. Tamayo, V.K. Mootha, S. Mukherjee, B.L. Ebert, M.A. Gillette,
A. Paulovich, S.L. Pomeroy, T.R. Golub, E.S. Lander, J.P. Mesirov, Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-
wide expression profiles, Proc. Natl. Acad. Sci. USA 102 (2005) 15545–15550.

[22] C. Coulouarn, V.M. Factor, S.S. Thorgeirsson, Transforming growth factor-beta
gene expression signature in mouse hepatocytes predicts clinical outcome in
human cancer, Hepatology 47 (2008) 2059–2067.

[23] B.A. Kennedy, D.E. Deatherage, F. Gu, B. Tang, M.W. Chan, K.P. Nephew, T.H.
Huang, V.X. Jin, ChIP-seq defined genome-wide map of TGFbeta/SMAD4
targets: implications with clinical outcome of ovarian cancer, PLoS One 6
(2011) e22606.

[24] D. Padua, X.H. Zhang, Q. Wang, C. Nadal, W.L. Gerald, R.R. Gomis, J. Massague,
TGFbeta primes breast tumors for lung metastasis seeding through
angiopoietin-like 4, Cell 133 (2008) 66–77.

[25] J. Schodel, S. Oikonomopoulos, J. Ragoussis, C.W. Pugh, P.J. Ratcliffe, D.R. Mole,
High-resolution genome-wide mapping of HIF-binding sites by ChIP-seq,
Blood 117 (2011) e207–217.

[26] H. Zhao, B. Ljungberg, K. Grankvist, T. Rasmuson, R. Tibshirani, J.D. Brooks,
Gene expression profiling predicts survival in conventional renal cell
carcinoma, PLoS Med 3 (2006) e13.

[27] E. Sievers, P. Albers, I.G. Schmidt-Wolf, A. Marten, Telomerase pulsed dendritic
cells for immunotherapy for renal cell carcinoma, J. Urol. 171 (2004) 114–119.

[28] J.P. Thiery, Epithelial-mesenchymal transitions in cancer onset and
progression, Bull. Acad. Natl. Med. 193 (2009) 1969–1978. discussion 1978–
1969.

[29] M.K. Wendt, T.M. Allington, W.P. Schiemann, Mechanisms of the epithelial-
mesenchymal transition by TGF-beta, Future Oncol. 5 (2009) 1145–1168.

[30] A. Miyajima, T. Asano, K. Seta, N. Kakoi, M. Hayakawa, Loss of expression of
transforming growth factor-beta receptor as a prognostic factor in patients
with renal cell carcinoma, Urology 61 (2003) 1072–1077.

[31] J.A. Copland, B.A. Luxon, L. Ajani, T. Maity, E. Campagnaro, H. Guo, S.N.
LeGrand, P. Tamboli, C.G. Wood, Genomic profiling identifies alterations in
TGFbeta signaling through loss of TGFbeta receptor expression in human renal
cell carcinogenesis and progression, Oncogene 22 (2003) 8053–8062.

[32] J.L. Ku, S.H. Park, K.A. Yoon, Y.K. Shin, K.H. Kim, J.S. Choi, H.C. Kang, I.J. Kim, I.O.
Han, J.G. Park, Genetic alterations of the TGF-beta signaling pathway in
colorectal cancer cell lines: a novel mutation in Smad3 associated with the
inactivation of TGF-beta-induced transcriptional activation, Cancer Lett. 247
(2007) 283–292.

[33] F. Chen, W. Cai, Z. Chen, R. Liu, Establishment of a method for detecting
transforming growth factor beta 1 mRNA, Zhongguo Ji Sheng Chong Xue Yu Ji
Sheng Chong Bing Za Zhi 16 (1998) 219–222.

http://dx.doi.org/10.1016/j.bbrc.2013.04.054
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0005
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0005
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0010
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0010
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0010
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0010
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0015
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0015
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0020
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0020
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0020
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0025
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0025
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0025
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0025
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0025
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0030
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0030
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0030
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0030
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0030
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0030
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0035
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0035
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0035
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0040
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0040
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0040
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0045
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0045
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0045
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0045
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0050
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0050
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0055
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0055
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0060
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0060
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0065
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0065
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0070
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0070
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0075
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0075
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0075
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0075
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0080
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0080
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0080
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0080
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0085
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0085
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0085
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0085
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0090
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0090
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0090
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0095
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0095
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0095
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0095
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0195
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0195
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0195
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0100
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0100
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0100
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0100
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0105
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0105
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0105
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0110
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0110
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0110
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0110
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0115
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0115
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0115
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0120
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0120
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0120
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0125
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0125
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0125
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0130
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0130
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0135
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0135
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0135
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0140
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0140
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0145
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0145
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0145
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0150
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0150
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0150
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0150
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0155
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0155
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0155
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0155
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0155
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0160
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0160
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0160


A.-K. Boström et al. / Biochemical and Biophysical Research Communications 435 (2013) 126–133 133
[34] H. Zhang, H.O. Akman, E.L. Smith, J. Zhao, J.E. Murphy-Ullrich, O.A. Batuman,
Cellular response to hypoxia involves signaling via Smad proteins, Blood 101
(2003) 2253–2260.

[35] V. Falanga, S.W. Qian, D. Danielpour, M.H. Katz, A.B. Roberts, M.B. Sporn,
Hypoxia upregulates the synthesis of TGF-beta 1 by human dermal fibroblasts,
J. Invest. Dermatol. 97 (1991) 634–637.

[36] J.T. Norman, I.M. Clark, P.L. Garcia, Hypoxia promotes fibrogenesis in human
renal fibroblasts, Kidney Int. 58 (2000) 2351–2366.

[37] T. Sanchez-Elsner, L.M. Botella, B. Velasco, A. Corbi, L. Attisano, C. Bernabeu,
Synergistic cooperation between hypoxia and transforming growth factor-beta
pathways on human vascular endothelial growth factor gene expression, J.
Biol. Chem. 276 (2001) 38527–38535.

[38] T. Sanchez-Elsner, J.R. Ramirez, F. Sanz-Rodriguez, E. Varela, C. Bernabeu, L.M.
Botella, A cross-talk between hypoxia and TGF-beta orchestrates
erythropoietin gene regulation through SP1 and Smads, J. Mol. Biol. 336
(2004) 9–24.

[39] R.K. Basu, S. Hubchak, T. Hayashida, C.E. Runyan, P.T. Schumacker, H.W.
Schnaper, Interdependence of HIF-1alpha and TGF-beta/Smad3 signaling in
normoxic and hypoxic renal epithelial cell collagen expression, Am. J. Physiol.
Renal. Physiol. 300 (2011) F898–F905.

http://refhub.elsevier.com/S0006-291X(13)00680-3/h0165
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0165
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0165
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0170
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0170
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0170
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0175
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0175
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0180
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0180
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0180
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0180
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0185
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0185
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0185
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0185
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0190
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0190
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0190
http://refhub.elsevier.com/S0006-291X(13)00680-3/h0190

	Effects of TGF-β signaling in clear cell renal c
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 TGF-β1 and SB431452 treatment
	2.3 Proliferation WST-1
	2.4 Western blot
	2.5 Elisa
	2.6 Luciferase reporter assay
	2.7 Invasion assays
	2.8 Gene expression profiling

	3 Results
	3.1 TGF-β activity in CCRCC cells
	3.2 Inhibition of TGF-βRI does not affect cell p
	3.3 TGF-β gene signatures in CCRCC
	3.4 Loss of VHL exacerbate the TGF-β1 signaling 

	4 Discussion
	Acknowledgments
	Appendix A Supplementary data
	References


