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Abstract
Despite recent advances in cancer therapies, metastatic renal cell carcinoma (RCC) remains difficult
to treat. Most RCCs result from inactivation of the von Hippel Lindau (VHL) tumor suppressor,
leading to stable expression of Hypoxia-Inducible Factor-α (HIF-1α, -2α, -3α) and the induction of
downstream target genes, including those responsible for angiogenesis and metastasis. While VHL
is inactivated in the majority of RCC cases, expression of the PTEN tumor suppressor is reduced in
about 30% of cases. PTEN functions to antagonize PI3K/Akt/mTOR signaling, thereby controlling
cell growth and survival. Activation of PI3K/Akt/mTOR leads to increased HIF-1α expression in
certain cancer cells, supporting the rationale of using mTOR inhibitors as anti-cancer agents. Notably,
HIF-2α, rather than HIF-1α, has been shown to play a critical role in renal tumorigenesis. To
investigate whether HIF-2α is similarly regulated by the PI3K pathway in VHL−/− RCC cells, we
manipulated PI3K signaling using PTEN overexpression and siRNA knockdown studies and
pharmacologic inhibition of PI3K or Akt. Our data support a novel role for wild-type PTEN in
promoting HIF-2α activity in VHL null RCC cells. This mechanism is unique to the cellular
environment in which HIF-2α expression is deregulated, resulting from the loss of VHL function.
Our data show that PTEN induces HIF-2α transcriptional activity by inhibiting expression of Yin
Yang 1 (YY1), which acts as a novel corepressor of HIF-2α. Further, PTEN suppression of YY1 is
mediated through antagonism of PI3K signaling. We conclude that wild-type PTEN relieves the
repressive nature of YY1 at certain HIF-2α target promoters and that this mechanism may promote
early renal tumorigenesis resulting from VHL inactivation by increasing HIF-2α activity.
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INTRODUCTION
Renal cell carcinoma (RCC) affects approximately 40,000 people in the United States per year
(1). Clear cell RCC is genetically linked to loss of the von Hippel Lindau (VHL) tumor
suppressor gene in both familial and sporadic cases (2). About 30% of RCC patients present
with metastatic disease at the time of diagnosis (3–5), and although targeted therapies for RCC
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are being developed and have shown some improvement in patient care, the majority of patients
with advanced disease remain refractory to treatment (1,6,7). Thus, understanding the
molecular mechanisms of this disease is important for the design of better patient-based
therapies and the selection of patients for the appropriate therapy regimen.

The most well-characterized function of VHL is controlling the oxygen-sensing mechanism
of the cell through negative regulation of the transcription factor, Hypoxia Inducible Factor
alpha (HIF-α) (8,9). VHL is part of an ubiquitin ligase complex that targets HIF-α protein for
proteosomal degradation. Thus, inactivation of VHL in RCC is associated with overexpression
of HIF-α and an increase in hypoxia-inducible genes, such as those involved in angiogenesis
(VEGF, PDGF), glycolysis (Glut1), cell growth and survival (Cyclin G2, EGFR, TGF-α), and
tumor invasion and metastasis (MT1-MMP, CXCR4), suggesting that the genes upregulated
by the VHL-HIF pathway are involved in the progression of renal cell carcinoma (10–12).
Three isoforms of HIF-α protein exist. HIF-1α and HIF-2α are the most well-described, and
their dysregulation has been linked to cancer progression, namely in the regulation of a tumor’s
survival response to hypoxia and/or changes in metabolism (13). Notably, successful tumor
suppression in renal cells depends on the proper regulation of HIF-2α rather than on the
presence of wild-type VHL or on the proper regulation of HIF-1α (14–17). These findings
suggest that the HIF-2α isoform behaves as a renal oncogene in the context of VHL null RCC
and illustrate the importance of understanding the molecular mechanisms of HIF-2α regulation
in renal cell tumorigenesis.

During normoxia, HIF-α protein is specifically hydroxylated on two proline residues by oxygen
regulated prolyl hydroxlases, a modification that permits the interaction with VHL and results
in rapid turnover of the protein (18). When VHL function is lost, or when a cell enters a hypoxic
state, hydroxylation of HIF-α does not occur, and the isoforms are stabilized. Stabilized HIF-
α then binds DNA after heterodimerization with the constitutively expressed HIF-β/ARNT
subunit. Although both HIF-1α and HIF-2α dimerize to HIF-β/ARNT, recognize the same
DNA consensus sequence (RCGTG), and share similar mechanisms of regulation, HIF-1α and
HIF-2α display non-redundancy both in target gene pools as well as in phenotypes of knockout
mice (19,20). Determination of HIF-1α versus HIF-2α specific targets does not appear to be
dictated by the binding of the proteins to the consensus hypoxia responsive element (HRE),
but rather by differences in cofactor recruitment as determined by cell type as well as promoter
context (21–23).

While VHL is inactivated in the majority of RCC cases, PTEN, another tumor suppressor, is
rarely mutated (24–26). The PTEN tumor suppressor normally functions to antagonize
phosphoinositide 3-kinase (PI3K)/Akt signaling through its lipid phosphatase activity, thereby
controlling cell growth, survival, and metabolic processes (27). While mutations in the
PTEN gene are rarely found in RCC, loss of heterozygosity (LOH) at or around the PTEN locus
has been observed in approximately 30–40% of RCC tumors (24,28). Recently, the PI3K/Akt/
mTOR signaling pathway has been shown to positively regulate HIF-1α protein in certain
cancer cells (29–31), making mTOR inhibitors attractive anti-cancer drugs. However, the role
of PTEN in the regulation of the HIF-2α isoform, which has been implicated in the development
of renal tumors, has not been clearly defined in RCC cells harboring genetic loss of VHL
(32–34).

To our knowledge, no study has addressed the effect of PTEN antagonism of PI3K/Akt
signaling on stabilized HIF-2α protein resulting from VHL inactivation in RCC cells. The
human 786-0 RCC cell line, which is null for VHL expression, has been extensively used as
a model to study the tumor suppressor function of VHL (14–17,35). Interestingly, the 786-0
cell line also lacks expression of the PTEN tumor suppressor and has been used as a PTEN
null model cell line for studies of PTEN function and regulation (36–38). Of note, the 786-0
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cell line only expresses the HIF-2α isoform (9). Thus, these tumor cells have a cellular
environment of stabilized HIF-2α protein and constitutively active Akt signaling, making it an
ideal model to study the role of PTEN/PI3K/Akt on HIF-2α regulation in the context of
stabilized HIF-2α expression due to VHL loss. We compared the 786-0 cells to another VHL
null line, the A498 cells, which retains expression of wild-type PTEN.

We investigated whether restoration of PTEN function, and antagonism of PI3K/Akt signaling
in the 786-0 cells, regulates HIF-2α, given that inhibition of this pathway has been shown to
regulate expression of the HIF-1α isoform (29–31). While PTEN properly antagonized PI3K/
Akt signaling in our experiments, no effect on HIF-2α protein levels was observed, suggesting
that HIF-2α expression is not regulated by PI3K/Akt in VHL−/− RCC cells. However, to our
surprise, restoration of PTEN expression in the 786-0 RCC cells induced HIF-2α activity and
downstream target gene expression in VHL−/− RCC cells. Reciprocally, knockdown of PTEN
expression in the A498 (VHL−/−, PTENwt) cells resulted in decreased HIF-2α activity.

Next, we show that the mechanism of PTEN induction of HIF-2α activity is mediated through
PTEN suppression of Yin Yang 1 (YY1). Using pharmacologic and siRNA mediated inhibition
of PI3K/Akt, we further demonstrate that PTEN suppression of YY1 is mediated through
antagonism of PI3K/Akt signaling. YY1 (also known as δ, NF-E1, UCRBP, and CF1) is a
ubiquitously expressed, highly conserved, multi-functional protein belonging to the GLI-
kruppel family of zinc finger transcription factors. YY1 acts as either a corepressor or
coactivator of transcription of certain target promoters. Whether YY1 is a corepressor or
coactivator depends largely on promoter context and cell type (39–41). The importance of YY1
is beginning to be recognized in cancer biology in the regulation of several transcription factors,
including p53 and c-myc, and it has been postulated that the loss of YY1 expression or activity
may be an early event in tumorigenesis by regulating cell cycle control and/or apoptotic
pathways. We identified the PTEN tumor suppressor as an inhibitor of YY1 expression and
characterized YY1 as a corepressor of HIF-2α activity. Further, our study demonstrates that
the wild-type functions of the tumor suppressors, VHL and PTEN, have opposing functions in
the regulation of HIF-2α in RCC cells. Specifically, when VHL function is lost and HIF-2α
levels are stabilized, wild-type PTEN functions to enhance HIF-2α activity through the
negative regulation of the YY1 corepressor.

RESULTS
PTEN expression in VHL−/− RCC cells correlates with increased HIF-2α transcriptional
activity and MT1-MMP expression

The human 786-0 RCC cell line is null for both VHL and PTEN expression and has been
extensively used as a cellular model to study the tumor suppressor functions of both of these
proteins (14–17,35–38). The A498 line, another human RCC cell line widely used as a model
to study VHL function (9,42–44), is null for VHL and expresses wild-type PTEN (Figure 1A).
Of note, both of these cell lines only express the HIF-2α isoform (9). To begin our investigation
of PI3K/Akt regulation of HIF-2α in the context of VHL inactivation, we characterized the
786-0 and A498 RCC cells for expression of VHL, HIF-2α, PTEN, and P-Akt. As shown in
Figure 1A, HIF-2α protein levels are stabilized in both cell lines due to VHL deficiency. The
A498 cells express PTEN, resulting in reduced levels of phosphorylated Akt (ser473), whereas
the 786-0 cells, lacking PTEN expression, have high levels of phosphorylated Akt under the
same conditions. Notably, the presence of PTEN and lower levels of active Akt in the A498
line had no effect on HIF-2α protein levels, suggesting that antagonism of PI3K/Akt signaling
in these cells may not regulate HIF-2α protein expression the same way this pathway has been
shown to regulate the HIF-1α isoform in other cell types (29–31).
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To investigate whether PTEN antagonism of Akt activation had any effect on HIF-2α target
gene expression, we measured MT1-MMP expression, a HIF-2α target gene we characterized
as playing an important role in RCC tumor cell invasion (11,12). MT1-MMP promoter activity
was measured in the 786-0 (VHL−/−, PTEN−/−) and A498 (VHL−/−, PTENwt) cells by
transient transfection of a 0.4kb region of the MT1-MMP promoter containing a HIF-2α
responsive element (HRE) we identified at −125 (11), upstream of luciferase (Figure 1B).
MT1-MMP promoter activity was increased in the A498 cells compared to the 786-0 cells by
approximately ten-fold. This increase was mirrored by high levels of MT1-MMP protein
expressed in the A498 cells compared to the 786-0 cells (Figure 1C). Collectively, these data
suggest that VHL null RCC cells that retain wild-type PTEN (such as the A498s) have increased
HIF-2α activity and increased expression of certain downstream targets of HIF-2α.
Furthermore, because HIF-2α protein levels are comparable between the cell lines, these data
suggest that PTEN may regulate HIF-2α on the level of activity rather than expression.

Wild-type PTEN induces HIF-2α activity in VHL−/− RCC cells
We next asked if restoration of PTEN expression in the 786-0 cells would affect HIF-2α
activity, as measured by the transactivation of a luciferase reporter construct containing three
copies of the hypoxia-inducible enhancer region of the erythropoietin gene (HRE-luc) (45).
Transient transfection of the 786-0 cells with a wild-type PTEN expression construct (pc/
PTEN) inhibited Akt phosphorylation (Figure 2A), demonstrating that PTEN tumor suppressor
function was properly restored in these cells. While PTEN expression did not affect HIF-2α
protein levels (Figure 2A), PTEN induced HRE-luc transcription by approximately five-fold
when co-transfected (Figure 2B), indicating that in VHL null RCC cells, PTEN induces
HIF-2α transcriptional activity without influencing HIF-2α protein levels. To measure whether
PTEN induction of HIF-2α activity affected a downstream target of HIF-2α, the PTEN null
786-0 cells were co-transfected with the PTEN expression construct and the proximal MT1-
MMP promoter (0.4MT-luc) (Figure 2C). Reintroduction of PTEN expression in the 786-0
cells induced the MT1-MMP promoter about seven-fold, indicating that the PTEN tumor
suppressor promotes transcriptional activity of a HIF-2α target gene in VHL−/− RCC cells.

Conversely, we next tested whether silencing PTEN expression in the A498 cells (VHL−/−,
PTENwt) with siRNAs regulated HIF-2α activity. The A498 cells were transfected with either
control or PTEN-specific SMARTpool® siRNAs. Endogenous PTEN mRNA and protein
expression was reduced by >50% in the A498 cells in response to the PTEN siRNAs compared
to the control (Figures 3A, 3B). As expected, knockdown of PTEN expression lead to an
increase in phosphorylated Akt (Figure 3B). Importantly, HIF-2α protein levels were not
affected by PTEN silencing (Figure 3B), agreeing with our above studies and suggesting that
PTEN does not regulate the expression of HIF-2α in these cells. To measure the effects of
PTEN knockdown on HIF-2α activity, the A498 cells were co-transfected with either control
or PTEN-specific siRNAs together with the HRE-luc or the MT1-MMP promoter (0.4MT-
luc). Silencing PTEN expression in the A498 cells inhibited activity of the HRE-luc (Figure
3C) as well as the 0.4MT-luc (Figure 3D) by approximately five-fold. Taken together, we
conclude that wild-type PTEN positively regulates the activity of HIF-2α in VHL−/− RCC
cells rather than the expression of HIF-2α.

VHL tumor suppressor antagonizes PTEN induction of HIF-2α activity
Since VHL destabilizes HIF-2α protein levels (9,11), we next hypothesized that the VHL tumor
suppressor may counteract PTEN induction of HIF-2α activity. To test this, we co-transfected
the 786-0 cells with the HRE-luc construct and either a PTEN expression construct (pc/PTEN),
a VHL expression construct (pRc/VHL), or the two expression constructs together. As
measured by the expression of the HRE-luc, PTEN induced HIF-2α activity about five-fold
(Figure 4A) as in Figure 2B. Importantly, however, VHL inhibited both endogenous activity
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and PTEN-induced activity of the HRE-luc (Figure 4A). Further, restoration of VHL function
reduced the stabilized HIF-2α protein levels, as expected, whereas restoration of PTEN
expression had no effect on HIF-2α protein (Figure 4B). Finally, compared to VHL alone, co-
expression of VHL and PTEN had no further effect on HIF-2α protein levels. Thus, we
postulate that VHL and PTEN appear to regulate HIF-2α by opposing mechanisms: VHL
antagonizes HIF-2α by targeting the protein for proteosomal degradation, leading to rapid
turnover of the protein (Figure 4B) (9), whereas PTEN induces HIF-2α activity when
HIF-2α protein is stabilized from the loss of VHL function.

To investigate whether VHL antagonism of PTEN-induced HIF-2α activity (Figure 4A)
resulted from direct regulation of HIF-2α by VHL and/or from HIF-independent functions of
VHL, we employed the WT8 cells, a 786-0 derivative line stably transfected with wild-type
VHL. It is known that the negative regulation of HIF-2α by VHL is saturable by overexpression
of HIF-α (46, 47); thus, we reasoned that saturating the VHL/HIF-2α system would enable us
to essentially eliminate this particular function of the VHL tumor suppressor without affecting
other HIF-independent functions of VHL. Since the WT8 cells are also PTEN null, PTEN
expression was reconstituted in these cells, and HIF-2α activity was measured by co-
transfection with the HRE-luc reporter. As shown in Figure 4C, ectopic expression of PTEN
had negligible effects on HRE-luc expression compared to the empty vector. This result is
expected since these cells do not express detectable levels of HIF-2α due to the presence of
VHL (11). In agreement with the notion that the VHL/HIF system is saturable, transfection of
the WT8 cells with a HIF-2α expression construct (pCMV-HIF-2α) potently induced
expression (~200 fold) of the HRE-luc construct (Figure 4C), as we have previously reported
(11). To measure the effects of PTEN on overexpressed HIF-2α in a wild-type VHL
background, we co-expressed HIF-2α and PTEN in the WT8 cells by transient transfection
with the HRE-luc. PTEN synergized with HIF-2α in the induction of the HRE-luc reporter,
resulting in a greater than two-fold increase above HIF-2α overexpression alone (Figure 4C).
Together, these data show that when HIF-2α protein is overexpressed in the presence of wild-
type VHL, PTEN functions to induce HIF-2α activity, indicating that this novel function of
PTEN is apparent when HIF-2α expression is deregulated, rather than when the VHL tumor
suppressor is inactivated.

PTEN tumor suppressor negatively regulates YY1 expression
We postulated that one mechanism for PTEN regulation of HIF-2α activity is through the
regulation of a cofactor of HIF-2α. Recent studies have shown that the gene targets of
HIF-1α and HIF-2α are partly dictated by cellular and promoter contexts, suggesting the role
of cofactor recruitment in the regulation of the transcriptional activity of these isoforms (21–
23,43,48). We hypothesized that PTEN induction of HIF-2α activity resulted from either the
positive regulation of a coactivator or the negative regulation of a corepressor. One candidate
factor is the transcriptional coregulator, Yin Yang 1 (YY1), which acts as either a
transcriptional repressor or activator depending on cell type and promoter context (39–41). We
hypothesized that YY1 acts as a cofactor of HIF-2α activity and that PTEN regulates YY1. To
address this, we first compared YY1 expression levels between the 786-0 and A498 cells.
Compared to the 786-0 cells, YY1 was expressed at very low levels in the A498 cells (Figure
5A), which express PTEN, suggesting that PTEN may negatively regulate YY1. To test
whether PTEN regulates YY1, we overexpressed PTEN in the 786-0 cells and measured YY1
protein levels. Indeed, reintroduction of PTEN by transfection of the pc/PTEN expression
construct drastically reduced YY1 protein levels (Figure 5B). Reciprocally, siRNA mediated
knockdown of PTEN expression in the A498 cells led to an increase in YY1 protein levels
(Figure 5C). Thus, PTEN tumor suppressor functions as an inhibitor of YY1 expression in
VHL−/− RCC cells.
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YY1 expression is regulated by PI3K/Akt signaling
PTEN induction of HIF-2α transcriptional activity and MT1-MMP promoter activity correlated
with decreased activation of PI3K/Akt signaling and decreased expression of YY1 (Figures 2,
3, 5). To examine whether the mechanism of PTEN induction of HIF-2α activity and the MT1-
MMP promoter was mediated by the ability of this tumor suppressor to antagonize PI3K/Akt
signaling, we first treated the 786-0 cells with inhibitors of PI3K, Akt, or mTOR, and measured
both HIF-2α and YY1 protein expression. Pharmacologic inhibition of PI3K using LY294002
[10μM] abolished phosphorylation of Akt (ser473), which corresponded with a 50% decrease
in YY1 protein levels, indicating that YY1 expression is partly regulated by PI3K signaling
(Figure 6A). To test this effect more specifically, we treated the 786-0 cells with the Akt
inhibitor, triciribine [20μM, 40μM], as well as the mTOR inhibitor, rapamycin [20nM].
Triciribine treatment decreased P-Akt (ser473) and YY1 protein levels in a dose responsive
manner, while rapamycin had no effect on P-Akt or on YY1 expression. The dose of rapamycin
used [20nM] completely inhibited downstream activation of mTOR targets as measured by
phosphorylation of p70/p85 and p4EBP1 (data not shown). Importantly, HIF-2α protein levels
were unaffected by any of these treatments (Figure 6A), which is consistent with our finding
that PTEN induces HIF-2α activity without altering HIF-2α protein expression (Figures 2–4).
Finally, to directly test whether YY1 expression is dependent on Akt, we transfected the 786-0
cells with SignalSilence siRNAs that target both Akt 1 and 2 isoforms. Total Akt expression
in the 786-0 cells was reduced by the target siRNAs by approximately 75%, leading to a modest
decrease in YY1 levels, while HIF-2α protein levels were not affected by Akt knockdown
(Figure 6B).

Next, to test whether inhibition of Akt signaling affected HIF-2α activity, we transfected the
786-0 cells with the HRE-luc construct and treated the transfectants with triciribine.
Alternatively, we co-transfected the HRE-luc with either control or Akt siRNAs. Inhibition of
Akt by either triciribine treatment (Figure 6C) or siRNA-mediated knockdown (Figure 6D)
induced HIF-2α activity, consistent with our finding that PTEN antagonism of Akt signaling
results induction of HIF-2α activity (Figure 2). Similar results were obtained using the MT1-
MMP promoter in parallel experiments (data not shown). These data indicate that at least one
mechanism by which PTEN regulates YY1 is through the inhibition of PI3KAkt signaling.

While this manuscript was being submitted for review, Toschi et al (34), published that
HIF-2α protein expression in the 786-0 cells is dependent on Akt2 signaling, rather than on
Akt1. In their study, Toschi and colleagues demonstrated that siRNA mediated knockdown of
Akt2 levels in the 786-0 cells correlated with inhibition of HIF-2α protein expression. To test
whether Akt2 was playing a role in the regulation of YY1 expression in the 786-0 cells, we
transfected the 786-0 cells with Akt2 siRNAs and measured YY1 and HIF-2α protein levels.
Total Akt2 protein was reduced by greater than 75% by the siRNAs in the 786-0 cells, but Akt2
inhibition had no measurable effect on YY1 or HIF-2α protein levels, suggesting YY1 may be
predominately regulated by Akt1 rather than by Akt2 (Figure 6E). One explanation for the
discrepancy between our findings and that of Toschi, et al, regarding Akt2 regulation of
HIF-2α is that our siRNA studies were harvested 24 hours post-transfection, and Toschi, et al,
harvested their experiments 72 hours post-transfection. Perhaps prolonged knockdown of Akt2
results in reduction of HIF-2α protein expression.

YY1 is a corepressor of HIF-2α activity
Since our data demonstrate that PTEN induces HIF-2α activity and that PTEN inhibits the
expression of YY1, we hypothesized that YY1 acts as a corepressor of HIF-2α activity in VHL
−/− RCC cells. To our knowledge, whether YY1 regulates HIF-2α transcriptional activity has
not yet been investigated. To test this, we used siRNA mediated knockdown of YY1 in the
786-0 derivative line, pRc-9, and measured the effects of YY1 silencing on HIF-2α activity.
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Like the 786-0 line, the pRc-9 cells are null for both VHL and PTEN expression and have
comparable YY1 levels (data not shown). However, the pRc-9 cells have higher transfection
efficiency (~30%) compared to the 786-0 cells (~15%), thus, we were able to consistently
achieve greater knockdown of YY1 in these cells, compared to the 786-0 line (data not shown).
Transfection of the pRc-9 cells with YY1 siRNAs resulted in a reduction of mRNA levels
(~40%) (data not shown) and protein levels (>75%) (Figure 7A), as compared to the control
siRNA. Co-transfection of the pRc-9 cells with the HRE-luc and either the control or YY1
siRNAs increased HIF-2α transcriptional activity four-fold (Figure 7B), suggesting that YY1
is a corepressor of HIF-2α. siRNA mediated knockdown of YY1 had similar effects on MT1-
MMP promoter activity (Figure 7C). Next, to measure the effect of YY1 overexpression on
HIF-2α activity, we co-transfected the A498 cells, which express low levels of YY1, with the
HRE-luc and either an empty vector control (pCEP4) or a YY1 expression construct (pCEP4/
YY1). Overexpression of YY1 decreased HIF-2α transcriptional activity, further supporting
the role of YY1 as a corepressor of HIF-2α (Figure 7D). YY1 overexpression also decreased
MT1-MMP promoter activity in similar co-transfection experiments (Figure 7E). We conclude
from these studies that PTEN induction of HIF-2α transcriptional activity is mediated by the
inhibition of YY1, which acts as a corepressor of HIF-2α at certain target promoters.

YY1 may corepress HIF-2α activity through the recruitment of HDACs
YY1 associates with the general transcriptional machinery and with coregulators, such as
histone acetyl transferases (HATs) and histone deacetylases (HDACs) (49). HATs and HDACs
were first identified to regulate general transcription through the modification of histone
proteins by acetylation and deacetylation; however, recently, both HATs and HDACs were
identified to modify non-histone proteins as well, including transcription factors, such as YY1
(49,50). Full repressive activity of YY1 requires direct acetylation of YY1, and once acetylated,
HDACs bind YY1 more readily, leading to transcriptional corepression of target genes (49).
We reasoned that if YY1 corepresses HIF-2α activity through the recruitment of HDACs, then
treatment with Trichostatin A (TSA), an HDAC inhibitor, should relieve that repression. To
test this hypothesis, we first transfected the 786-0 cells with the HRE-luc or 0.4MT-luc reporter
constructs and then treated the transfectants with increasing concentrations of TSA. Inhibition
of HDACs with TSA induced both the HRE-luc (Figure 8A) and the MT1-MMP promoter
constructs (Figure 8B) in a dose responsive manner, suggesting that HDACs are involved in
the regulation of certain HIF-2α target promoters.

Next, to ask whether PTEN regulation of HIF-2α involved HDACs, we co-transfected the 786-0
cells with the HRE-luc reporter and either an empty vector (pcDNA3.1) or the PTEN expression
construct (pc/PTEN) and cultured the cells in the presence or absence of TSA (Figure 8C).
TSA treatment alone induced HIF-2α activity to levels similarly achieved with PTEN
expression alone, indicating that HIF-2α activity in these cells is regulated by HDACs and
suggesting that PTEN may function to induce HIF-2α activity by modulating HDAC
involvement (through the suppression of YY1). To test whether inhibition of HDACs and
PTEN expression regulated HIF-2α activity in the same pathway, PTEN was expressed in the
786-0 cells, and the cells were treated with TSA. TSA treatment and PTEN expression
enhanced the induction of HRE-luc activity, suggesting that HDACs and PTEN may be
working in the same mechanism (Figure 8C). The regulation of HIF-2α activity by HDACs
and PTEN was mirrored in the regulation of MT1-MMP transcription as measured by the
0.4MT-luc promoter construct (data not shown).

To next determine whether HDAC inhibition reversed YY1 repression of HIF-2α activity, we
cotransfected the HRE-luc with either the pCEP4 empty vector or the pCEP4/YY1 expression
construct in the A498 cells and then treated the cells with or without TSA. Inhibition of HDAC
activity in the A498 cells resulted in an induction of HIF-2α activity (Figure 8D). HIF- 2α
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activity was less responsive to TSA treatment in the A498 cells than the 786-0 cells, which
may be due to the low levels of YY1 in the A498 cells. Overexpression of YY1 in the A498
cells suppressed the HRE-luc as shown in Figure 7, and inhibition of HDACs by TSA partially
reversed YY1 repression of HIF-2α activity (Figure 8D). Similar results were obtained using
the MT1-MMP promoter (data not shown). These data suggest that one mechanism of YY1
corepression of HIF-2α activity may be through the recruitment of HDACs. In contrast, other
studies have shown that HDACs positively regulate the HIF-1α isoform protein and stability,
leading to increased activity (51–53). As such, treatment with HDAC inhibitors, such as TSA,
down-regulate HIF-1α levels and activity. Our results showing TSA treatment increases
HIF-2α activity indicate that HIF-2α may not share this mechanism of regulation by HDACs
with HIF-1α.

DISCUSSION
Loss of VHL function results in the stabilization of HIF-α isoforms, and consequently, VHL
inactivation in renal cell carcinoma is associated with highly vascularized renal tumors. As
such, an anti-angiogenic approach to the treatment of RCC has been under intense investigation
over the last several years, aimed to inhibit the classic angiogenesis growth factor, VEGF. In
fact, sunitinib, a receptor tyrosine kinase inhibitor that blocks VEGF signaling, has recently
been approved as a first-line therapy for metastatic RCC (54). While targeted therapies are
showing signs of success, the improved response over standard care is often minimal, with
most patients suffering from advanced disease remaining refractory or resistant to treatment
(1,6,7). Thus, understanding the intricacies of the molecular mechanisms driving disease
progression may not only identify new targets, but also identify patients that will be more
responsive than others to a given therapy.

Our goal in the current investigation was to explore the role of PTEN antagonism of the PI3K
pathway in the regulation of HIF-2α in VHL−/− renal cell carcinoma cells. To our surprise,
when wild-type PTEN was ectopically expressed in the 786-0 (VHL−/−, PTEN−/−) cells, it
inhibited the activation of Akt and induced HIF-2α activity and the MT1-MMP promoter, a
downstream target of HIF-2α (Figures 1, 2), while having no effect on HIF-2α protein levels.
In agreement, knockdown of PTEN expression in the A498 (VHL−/−, PTENwt) cells led to
an increase in Akt activation and a decrease in HIF-2α activity (Figure 3) with no change in
HIF-2α protein. In addition, our studies indicate that the wild-type functions of the tumor
suppressors, VHL and PTEN, have opposing functions in the regulation of HIF-2α.
Specifically, VHL down-regulates HIF-2α protein stability, whereas PTEN promotes
HIF-2α activity in the context of VHL inactivation (Figure 4).

Collectively, these data suggest that HIF-2α is not positively regulated by PI3K/Akt signaling
in these cells as has been shown for HIF-1α in other cells types (29–31). Recently, Toschi, et
al, published that Akt2 is necessary for HIF-2α protein expression in the 786-0 cells (34). Our
data did not support this mechanism, but did not exclude it either (Figure 6D). We measured
no change in HIF-2α protein expression 24 hours after siRNA knockdown of Akt2, while
Toschi, et al, measured decreased HIF-2α protein after 72 hours of siRNA knockdown of Akt2
[ref]. It is possible that HIF-2α protein becomes downregulated in response to prolonged Akt2
knockdown. The goal of our studies was to address the role of PI3K/Akt signaling in the
regulation of HIF-2α activity. We used experimental approaches that affected all isoforms of
Akt, including the manipulation of PTEN expression, pharmacologic inhibition of PI3K, Akt,
and mTOR, and siRNAs against both Akt1 and Akt2. Our data consistently demonstrate that
HIF-2α protein levels are unchanging under these conditions, while YY1 protein expression
is reduced and HIF-2α transcriptional activity is increased (Figures 2, 3, 5, 6). Thus, we
conclude that the mechanism of PTEN induction of HIF-2α activity is mediated by its ability
to antagonize Akt signaling, which results in a decrease in expression of the YY1 corepressor
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(Figure 9A). When PTEN function is lost, Akt becomes activated, leading to YY1 expression
and repression of HIF-2α activity (Figure 9B). Additionally, we postulate that PTEN may
regulate YY1 through Akt independent mechanism(s) since complete inhibition of Akt
signaling by LY294002 (Figure 6A) reduced YY1 levels by only about 50%, whereas
overexpression of PTEN (Figure 5B) resulted in almost complete abrogation of YY1
expression.

Activation of PI3K/Akt signaling in RCC is associated with poor prognosis (55), although the
PTEN tumor suppressor, an inhibitor of PI3K signaling, is rarely mutated in RCC. In fact,
PTEN expression co-exists with high levels of P-Akt in a subset of RCC patients, suggesting
that Akt activation may occur independently of PTEN loss (56,57), and that the activation of
Akt may due to other factors, such as the overexpression of VEGF, PDGF, and TGFα/EGFR,
which exert their functions through this signaling cascade. Of note, PTEN haploinsufficiency
appears to promote a tumor phenotype in the prostate, suggesting that this tumor suppressor
might not strictly follow Knudsen’s two hit hypothesis of tumor suppression (58,59).
Supporting this notion, 30–40% of RCCs have LOH at or around the PTEN locus, suggesting
that PTEN haploinsufficiency may contribute to renal tumorigenesis as well. Based on these
and our results, we postulate that PTEN suppression of YY1 may contribute to early
tumorigenesis by increasing HIF-2α activity when HIF-2α expression is deregulated.

Studies in mice demonstrate that renal tumorigenesis is dependent on activation of the
HIF-2α isoform rather than HIF-1α (14–17), suggesting that HIF-2α may be a renal oncogene
and that these isoforms may not promote tumorigenesis in the same manner. Many studies have
identified differences in HIF-1α and HIF-2α regulation as well as differences in downstream
targets (21,22,43,48). For instance, HIF-1α has been shown to be regulated by Hsp90 as well
as HDACs in VHL-independent mechanisms (51–53,60), whereas HIF-2α activity has been
shown to be specifically regulated by NEMO and Nox4 (61,62). Further, recent studies have
indicated that HIF-2α transcriptional activity and specificity for target genes depends on
recruitment of cofactors and/or cooperation with other transcription factors (11,21,43,48). We
show that the mechanism of PTEN induction of HIF-2α activity is through the negative
regulation of YY1, which acts as a corepressor of HIF-2α and its downstream target gene,
MT1-MMP (Figures 5,7). Further, our data indicate that YY1corepression of HIF-2α activity
is mediated partly through the recruitment of HDACs (Figure 8). This finding may define
another difference between the regulation of HIF-1α and HIF-2α. Several groups have shown
that HIF-1α protein is stabilized and/or activated by the association with HDACs, and that
treatment with HDAC inhibitors, such as TSA, resulted in HIF-1α inhibition (51–53). In
contrast, our data show that HDAC inhibition in the 786-0 cells, which express YY1, increased
transcriptional activity of HIF-2α.

Hu, et al. described the existence of a specific repressor of HIF-2α activity in embryonic stem
(ES) cells that could be titrated by overexpression of HIF-2α DNA binding mutants (21). We
propose that PTEN may regulate such a repressor, thus explaining the synergy seen with PTEN
and HIF-2α overexpression in the induction of HIF-2α activity (Figure 4C). In support of this
hypothesis, our data show that reducing YY1 expression by siRNAs in the 786-0 derivative,
pRc-9, which have endogenously high HIF-2α protein levels (11), increased HIF-2α activity.
Further, overexpression of YY1 in the A498 cells, which have endogenously low YY1 levels
and high HIF-2α protein levels, decreased HIF-2α transcriptional activity (Figure 7). These
results may be explained by an increase or decrease in the HIF:YY1 ratio, respectively.

In addition to its well-described function as a lipid phosphastase, PTEN has Akt-independent
functions as well, namely, in the regulation of p53 stabilization and activity (63,64). Of
particular interest is the recent finding that wild-type PTEN positively regulates the stability
of a p53 gain-of-function mutant, resulting in a tumor-promoting phenotype, contrary to what
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one would expect given that PTEN is a well-described tumor suppressor (65). Since VHL loss
results in gain-of-function of the HIF-2α protein, we postulate that wild-type PTEN may
similarly enhance the tumor-promoting functions of HIF-2α in VHL−/− RCC. Our current
finding that wild-type PTEN induces HIF-2α activity in VHL−/− RCC cells supports this
notion. In conclusion, we have shown that PTEN inhibition of YY1 relieves YY1 corepression
of HIF-2α in VHL null RCC. Therefore, our data suggest that VHL null RCC tumors retaining
PTEN expression may have increased levels of certain HIF-2α target genes, thereby
contributing to early tumorigenesis.

MATERIALS AND METHODS
Cell lines and cell culture

Cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (Mediatech, Inc.)
supplemented with 10% fetal bovine serum (FBS) (Hyclone), penicillin [100U/mL],
streptomycin [100μg/mL], and l-glutamine and cultured at 37°C, 5% CO2. The human A498
and 786-0 renal cell carcinoma cell lines were purchased from American Type Culture
Collection (ATCC). Both lines are null for VHL expression (9). The A498 cells were cultured
under the above conditions supplemented with 1x non-essential amino acids (NEAA)
(Invitrogen, Carlsbad, CA), except during transfection experiments when the NEAA were not
added. The WT8 and pRc-9 cell lines (kindly provided by William Kaelin, Dana-Farber Cancer
Institute, Boston, MA) represent stable subclones of the 786-0 cell line transfected with either
pRc/CMV-HA-VHL or pRc/CMV empty, respectively (35), and were cultured under
continuous selection with the addition of [1mg/mL] G418 sulfate (11). For serum-free
conditions, cells were thrice washed with Hank’s Buffered Saline Solution and cultured in
DMEM supplemented with 0.2% lactalbumin hydrosylate (12).

Reagents and plasmids
The pHRE-tk-luc reporter plasmid contains 3 copies of a 50nt hypoxia-inducible enhancer
from the erythropoietin gene and has been shown to be inducible by co-expression of HIF-2α
(11,45). pHRE-tk-luc and the pCMV-HIF-2α expression construct containing full-length
cDNA of HIF-2α were generous gifts of Richard Bruick (University of Texas, Southwestern
Medical Center, Dallas, TX). pGL3-Basic-0.4MT-luc contains 0.4kb of the 5′-flanking region
of the MT1- MMP gene linked to the firefly luciferase gene (generously provided by Jouko
Lohi, University of Helsinki, Helsinki, Finland) (66). We previously identified a HIF-2α
responsive site at position -125 in this promoter (11). The human MT1-MMP expression
construct, MTpc3SE, was another kind gift of Jouko Lohi, and contains full-length MT1-MMP
cDNA downstream of a CMV promoter (67). The pRc/CMV-HA-VHL expression construct
was generously provided by William Kaelin, Dana-Farber Cancer Institute, Boston, MA (35).
pCMV-renilla was a kind gift of Mark Israel (Dartmouth Medical School, Lebanon, NH). The
PTEN expression construct, pcDNA3.1/PTEN (pc/PTEN), was constructed by subcloning the
full-length human PTEN cDNA from pOTB7/PTEN (ATCC, #MGC-11227) into pcDNA3.1/
zeo(+) (Invitrogen) using XhoI and EcoRI restriction sites. The pCEP4/YY1 plasmid was
generously provided by Edward Seto, H. Lee Moffit Cancer Center, Tampa, FL) (49). The
pCEP4 empty vector control plasmid was constructed from pCEP4/YY1 by removing the YY1
cDNA with HindIII/BamHI digestion. HindIII-NheI-BamHI adaptors were used to religate the
empty vector. Ligation was performed using the Roche Rapid DNA Ligation Kit. Successful
cloning was verified by DNA sequencing. Trichostatin A (TSA) was purchased from Sigma-
Aldrich. LY294002, triciribine, and rapamycin were purchased from Calbiochem.

Transient transfections
Cells were plated in triplicate at a density of 1.5–2×105 cells/well in 6-well plates. The
following day, cells were transfected with 1–4μg of DNA per well using either Lipofectamine
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2000™ Transfection Reagent (Invitrogen) or Effectene (Qiagen) according to manufacturer’s
instructions and as described previously (11,12). In co-transfection studies, empty vector
controls balanced the concentration of transfected DNA. Approximately 18–24hr later, cells
were washed in cold 1x PBS and lysed using either 25mM glycylglycine, 4mM EGTA, 15mM
MgSO4, 1% Triton X-100 or 1x Passive Lysis Buffer (Promega). Luciferase assays were
performed using the Dual Luciferase Assay® kit (Promega) or as previously described (11,
12). Activity of pCMV-renilla was used for normalization where indicated. Activity was
measured using an LMaxII384 Luminometer (Molecular Devices). Values are presented as
relative luciferase units of representative data from three or more independent experiments of
triplicate samples.

siRNA transfections
For PTEN siRNA experiments, A498 cells were transiently transfected with 25nM of either
negative control SMARTpool® siRNAs (Upstate, D-001206–13–05) or PTEN SMARTpool®
siRNAs (Upstate, M-003023). These siRNAs were provided as a pool of four SMARTselected
siRNA duplexes designed by Dharmacon and Upstate. Cells were plated in 6-well dishes at a
density of 1.5×105 cells/well as described under ‘Transient transfections’ following the
protocol for Effectene (Qiagen). The transfection reaction was the same whether siRNAs were
transfected alone or siRNAs were co-transfected with either HRE-luc or 0.4MT-luc. Cells were
left under transfection conditions for 24hrs, then washed twice with Hank’s Balanced Salt
Solution (HBSS) and placed in fresh standard culturing media for an additional 48hrs. For YY1
siRNA experiments, pRc-9 cells were transiently transfected with 25nM of either non-targeting
control siRNA (Santa Cruz Biotechnology, sc-37007) or YY1 siRNAs (Santa Cruz
Biotechnology, sc-36863), which are a pool of three specific YY1 siRNA duplexes. For Akt
siRNA experiments, 786-0 cells were transiently transfected with 50nM of either non-targeting
control siRNA (Cell Signaling, 6201), SignalSilence Akt siRNA (Cell Signaling, 6211), or
SignalSilence Akt2 siRNA (Cell Signaling, 6396). Cells were plated in 6-well dishes at a
density of 1.5×105 cells/well as described under ‘Transient transfections’ and transfected
according to the Lipofectamine 2000™ protocol for siRNA transfection (Invitrogen). Co-
transfections of the pRc-9 or 786-0 cells with siRNAs and the HRE-luc or 0.4MT-luc were
performed according to manufacturer’s instructions and as previously described (12). Cells
were transfected for 24hrs before being washed once with cold 1x PBS and harvested for
luciferase assays as described above or harvested for western blot analysis as described below.
Values are presented as relative luciferase units of representative data from three or more
independent experiments of triplicate samples.

Immunoblotting
Immunoblotting procedures were performed essentially as previously described (11,12).
Briefly, whole cell lysates were harvested from confluent 6-well plates by washing the cells
twice with cold 1x PBS, adding 150μL of lysis buffer (50mM Tris-HCl, pH 6.8, 1% SDS, 1mM
EDTA, pH 8.0, protease inhibitor cocktail) or SDS reducing buffer (60mM Tris-HCl, pH 6.8,
2% SDS, 14.4mM β-mercaptoethanol, 25% glycerol, 0.1% bromophenol blue), and boiling for
5 minutes. Proteins were resolved on 10% Tris/SDS-PAGE gels (Pierce) and electrotransferred
to Immobilon-P PVDF membranes (Millipore). Membranes were blocked at room temperature
for 1–2 hours with: 1) 3% milk in 1x PBS for PTEN blots; 2) 3% bovine serum albumin (BSA)
in Tris- buffered saline 0.1% Tween-20 (TBST) for MT1-MMP blots; or 3) 5% milk in TBST
for HIF-2α, VHL, YY1, P-Akt, total Akt, and actin blots. Primary antibodies were diluted in
respective blocking buffer and incubated with the membranes overnight at 4°C with rocking,
with the exception of P-Akt and total Akt antibodies, which were diluted in 5% BSA TBST,
and MT1-MMP antibody, which was diluted in 1% BSA TBST. Appropriate secondary
antibodies were diluted in blocking buffer and incubated with the membrane at room
temperature for 1 hour. Proteins were visualized by Western Lightning Chemiluminescence
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Reagent (Perkin Elmer). Antibodies and dilutions are as follows: VHL, 1:100 (Neomarkers,
Clone Ig33); HIF-2α, 1:1000 (Novus Biologicals, NB100–122); PTEN, 1:5000 (Upstate,
siAb™ 07–016); P-Akt (ser473), 1:1000 (Cell Signaling, 9271); total Akt, 1:1000 (Cell
Signaling, 9272); total Akt2, 1:1000 (Cell Signaling, 2962); YY1, 1:1000 (Active Motif,
39071); MT1-MMP, 1:2000 (R&D Systems, MAB918); actin, 1:10,000 (Oncogene, Ab-1);
anti-mouse HRP conjugated antibody, 1:5000 (Santa Cruz Biotechnology); and anti-rabbit
HRP conjugated antibody, 1:5000 (Amersham BioSciences).

Real-time RT-PCR
Total cellular RNA was purified from confluent cultures assayed in triplicate using the RNeasy
kit (Qiagen) with on-column DNase treatment. Reverse transcription (RT) was performed
using either the Applied Biosystems Taqman Reverse Transcription Reagent Kit or the
Moloney Murine Leukemia Virus Reverse Transcriptase Kit (Invitrogen) and following the
manufacturers’ protocol and as described previously (11,68). Real-time PCR reactions were
performing using the Applied Biosystems Sybr Green master mix. Five hundred ng of input
cDNA was used in each real-time PCR reaction. Each cDNA was assayed in duplicate using
a MJ Research DNA Engine Opticon thermal cycler using the following parameters: 95°C
10min, 40 cycles of 95°C 15s, 60°C 1min, and a plate read. Primer sequences are as follows:
PTEN: 5′-TGTTCAGTGGCGGAACTTGCAATC-3′ (sense) and 5′-
TATCACCACACACAGGTAACGGCT-3′ (antisense); YY1: 5′-
TGGAGGAATACCTGGCATTGACCT-3′ (sense) and 5′-
TGGCCGAGTTATCCCTGAACATCT-3′ (antisense); actin: 5′-
TGGCACCACACCTTCTACAAT-3′ (sense) and 5′-CACCGGAGTCCATCACGAT-3′
(antisense) Data are presented as relative expression as calculated by 2−ΔΔC(T) method (69).

Statistical analysis
Statistical significance was calculated using the student’s t-test available at
http://www.physics.csbsju.edu/stats/t-test.html. Significance was assigned to p values <0.05.
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hypoxia-inducible factor

HRE  
hypoxia-responsive element

MT1-MMP  
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PTEN  
phosphatase and tensin homolog deleted on chromosome 10

RCC  
renal cell carcinoma

TSA  
trichostatin A

VHL  
von Hippel Lindau

YY1  
yin yang 1
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Figure 1. PTEN expression in VHL null cells correlates with increased expression of the HIF-2α
target, MT1-MMP
A. Whole cell lysates of the human RCC cell lines, 786-0 and A498, were analyzed by western
blotting for expression of VHL, HIF-2α, PTEN, and P-Akt (ser 473). As a positive control
(Ctrl) for immunoblotting purposes only, the 786-0 derivative line (WT8) was transfected to
express VHL, HIF-2α, or PTEN. The WT8 cells have endogenously high levels of P-Akt, due
to lack of PTEN expression. A non-specific (NS) band was used as a loading control. B. 786-0
and A498 cells were transiently co-transfected with 0.4kb of the human MT1-MMP promoter
upstream of luciferase (0.4MT-luc) and pCMV-renilla. Cells were harvested and analyzed by
the Dual Luciferase Assay®. Results represent three independent experiments of triplicates
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samples and are presented as relative luciferase units (luciferase normalized to renilla). C.
MT1-MMP protein expression in whole cell lysates of the 786-0 and A498 lines as analyzed
by western blotting. As a control, WT8 cells were transfected with the MTpc3SE construct to
express MT1-MMP as previously described (12). Note that MT1-MMP protein appears as
several cleavage products, which is not unusual for this protein (70). Results represent the
average of three independent experiments of triplicates samples. Protein expression studies
were repeated at least three times. Columns, mean; bars, SD; p<0.0001.
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Figure 2. Overexpression of PTEN in 786-0 cells induces HIF-2α activity
A. Western blot analysis of whole cell lysates from 786-0 cells transiently transfected to express
wild-type PTEN using a PTEN expression construct (pc/PTEN) or an empty vector control
(pcDNA3.1). PTEN protein expression was detected in pc/PTEN transfected cells and resulted
in reduced P-Akt levels. Overexpression of PTEN had no effect on HIF-2α protein levels. Total
Akt was used as a loading control. 786-0 cells transiently co-transfected to express either empty
vector (pcDNA3.1) or wild-type PTEN (pc/PTEN) with either the HRE-luc (B) or 0.4-MT-luc
(C) reporter constructs and assayed for luciferase activity. Results represent three independent
experiments of triplicate samples. Columns, mean; bars, SD; p<0.0001.
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Figure 3. Knockdown of PTEN expression by siRNA in A498 cells inhibits HIF-2α activity
A498 cells were transiently transfected with control or PTEN specific SMARTpool® siRNAs
[25nM] for 72hrs. Total RNA and protein was purified and analyzed for PTEN mRNA
expression (A) and protein levels (B) as assayed by real-time RT-PCR and western blotting,
respectively. B. Western blot analysis of A498 cells transfected with control or PTEN siRNAs
measuring PTEN, P-Akt (ser473) and HIF-2α protein levels. Transient co-transfection of the
A498 cells with control or PTEN siRNAs with either the HRE-luc (C) or 0.4MT-luc (D) and
assayed for luciferase activity. Results represent three independent experiments of triplicate
samples. Columns, mean; bars, SD; p<0.0001.
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Figure 4. VHL abrogates PTEN induction of HIF-2α activity
A. 786-0 cells were co-transfected with the HRE-luc and either an empty vector (pcDNA3.1),
a PTEN expression construct (pc/PTEN), a VHL expression construct (pRc/VHL), or the PTEN
and VHL expression constructs together, and assayed for luciferase activity. DNA content was
balanced in all transfection conditions with empty vector. Results represent three independent
experiments of triplicate samples. B. Western blot analysis for PTEN, VHL, and HIF-2α protein
of transfectants in (A). C. WT8 RCC cells were co-transfected with the HRE-luc and either an
empty vector (pcDNA3.1), a PTEN expression construct (pc/PTEN), a HIF-2α expression
construct (pCMV-HIF2α), or both the PTEN and HIF-2α constructs and assayed for luciferase
activity. DNA content in each transfection reaction was balanced by empty vector. Results
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represent three independent experiments of triplicate samples. Columns, mean; bars, SD;
p<0.0001 (***), p<0.001 (**).
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Figure 5. PTEN negatively regulates the YY1 cofactor
A. Whole cell lysates of 786-0 and A498 cells were immunoblotted for YY1 expression. Total
protein was quantitated by Bradford Assay and equalized before loading. Actin was used as a
loading control. Protein expression analysis was repeated independently three times. B. The
786-0 line was transiently transfected with either the empty vector, pcDNA3.1, or the pc/PTEN
expression construct. Whole cell lysates were purified and immunoblotted for PTEN and YY1
protein expression. C. The A498 line was transfected with either control or PTEN-targeted
SMARTpool® siRNAs [25nM] for 72hrs. Whole cell lysates were purified and analyzed for
PTEN and YY1 protein levels by western blotting. A non-specific (NS) band was used as a
loading control in B and C. Transfections were repeated three times in triplicate.
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Figure 6. Akt regulates YY1 protein expression
A. The 786-0 cells were treated with either vehicle (DMSO) alone, the PI3K inihibitor,
LY294002 [10μM], the Akt inhibitor, triciribine [20μM, 40μM], or the mTOR inhibitor,
rapamycin [20nM] in serum-free conditions overnight. Whole cell lysates were purified and
immunoblotted for P-Akt (ser473), YY1, and HIF-2α. Actin was used as a loading control.
B. The 786-0 cells were transfected with 50nM of control siRNA or siRNAs specifically
targeting both Akt1 and Akt2 isoforms. Whole cell lysates were harvested 24 hrs later and
immunoblotted for total Akt, YY1, HIF-2α and actin as a loading control. The 786-0 cells were
co-transfected with the HRE-luc and either treated with 20μM triciribine (C) or co-transfected
with 50nM of control or Akt1, 2 siRNAs (D). Transfectants were harvested after 24 hrs and
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analyzed for luciferase activity. Results represent three independent experiments of triplicate
samples. Columns, mean; bars, SD; p<0.0001 (***). E. 786-0 cells were transfected with 50nM
of control or Akt2 specific siRNAs for 24hrs. Whole cells lysates were then purified and
analyzed by immunoblotting for total Akt2, YY1, HIF-2α, and actin as a loading control.

Petrella and Brinckerhoff Page 25

Cancer Biol Ther. Author manuscript; available in PMC 2009 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. YY1 acts as a corepressor of HIF-2α activity
The 786-0 derivative, pRc-9, was transfected with control or pooled YY1 siRNAs [25nM] for
24hrs. Total protein was purified and analyzed for YY1 expression by western blot analysis
(A). A non-specific (NS) band was used as a loading control. The pRc-9 cells were co-
transfected with either the HRE-luc reporter (B) or 0.4MT-luc (C) and either control or YY1
siRNAs [25nM] for 24hrs and assayed for luciferase activity. Results represent two
independent experiments of triplicate samples. The A498 cells were co-transfected with either
the HRE-luc reporter (D) or 0.4MT-luc (E) and either pCEP4 empty vector control or the
pCEP4/YY1 expression construct. Transfectants were harvested 24hrs later and analyzed for
luciferase activity. Results represent three independent experiments of triplicate samples.
Columns, mean; bars, SD; p<0.0001.

Petrella and Brinckerhoff Page 26

Cancer Biol Ther. Author manuscript; available in PMC 2009 October 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Inhibition of HDACs induces HIF-2α activity
The 786-0 cells were transfected with the HRE-luc (A) or 0.4MT-luc (B) and then treated with
increasing concentrations of TSA overnight before being assayed for luciferase activity. (C)
786-0 cells were co-transfected with the HRE-luc and either an empty vector (pcDNA3.1) or
the PTEN expression construct (pc/PTEN). Transfectants were then treated with TSA [25nM]
or DMSO vehicle control in DMEM/10%FBS for 18 hrs. Cells were harvested and assayed
for luciferase activity. (D) A498 cells were co-transfected with the HRE-luc reporter and either
an empty vector (pCEP4) or the YY1 expression construct (pCEP4/YY1). After 6 hours of
transfection, cells were treated with TSA [200nM] or DMSO vehicle control for an additional
18hrs. Cells were harvested and analyzed for luciferase activity. Results represent three
independent experiments of triplicate samples. Columns, mean; bars, SD; p<0.0001 (***).
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Figure 9. Model of PTEN induction of HIF-2α transcriptional activity in VHL null RCC cells
(A) The PTEN tumor suppressor functions to antagonize PI3K/Akt signaling, leading to the
downregulation of YY1 expression (Mechanism 1). PTEN may also suppress YY1 levels via
Akt independent mechanisms (Mechanism 2). YY1 acts as a corepressor of HIF-2α
transcriptional activity; therefore, PTEN relieves YY1 corepression of HIF-2α, leading to an
increase in certain HIF-2α target genes. (B) Inactivation of PTEN results in aberrant activation
of PI3K/Akt signaling. YY1 expression is no longer suppressed under these conditions, thereby
resulting in YY1 corepression of HIF-2α activity.
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