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The Von Hippel-Lindau gene (VHL) is frequently deleted or mutated in human renal cell carcinoma (RCC) at the early stage.
According to the well-established theory, pVHL acts as a tumor suppressor through its E3 ligase activity, which targets
hypoxia-inducing factor-1a (HIF-1a). However, the elevated expression of HIF-1a did not promote cell proliferation,
indicating that there would be another target, which could promote cell proliferation at the early cancer stage of RCC.
In this study, we show that estrogen receptor-a (ER-a) is a novel proteasomal degradation target of the pVHL E3 ligase.
Indeed, the overexpression of VHL suppresses exo- and endogenous ER-a expression, whereas si-pVHL can increase
ER-a expression. The negative regulation of pVHL on ER-a expression is achieved by its E3 ligase activity. Thus, pVHL can
promote the ER-a ubiquitinylation. In addition, we revealed that ER-a and HIF-1a are competitive substrates of pVHL.
Thus, under normal conditions, ER-« overexpression can increase the transcription factor activity of HIF-1a. Under the
hypoxic condition, where HIF-1a is not a suitable target of pVHL, ER-« is more rapidly degraded by pVHL. However, in
VHL-deficient cells, the expression of ER-a and HIF-1a is retained, so that the hypoxic condition did not suppress cell
proliferation obviously compared with cells that are expressing pVHL. Thus, blocking of ER-a using its inhibitor could
suppress the proliferation of VHL-deficient cells as effectively as hypoxia-induced growth suppression. Considering our
results, blocking of ER-a signaling in VHL-deficient cancer cells would be beneficial for cancer suppression. Indeed, we
showed the anti-proliferative effect of Faslodex in VHL-deficient cells.

Introduction

VHL is a causal gene of a familial cancer syndrome' called von
Hippel-Lindau disease, and pVHL has been identified as an E3
ligase.*? Because the clinical features of VHL are adrenal gland
tumors, hemangioblastomas and clear cell carcinomas of the kid-
ney,’ the underlying molecular functions have been speculated
to be related to endothelial cell regulation and cancer formation.
Considering the fact that the VHL gene is frequently deleted or
mutated in early clear cell carcinomas, its role as a tumor suppres-
sor would be related to the initial step of tumor formation, such
as cell proliferation or apoptosis inhibition.

Several decades ago, it was reported that pVHL is an E3
ligase, and that it promotes proteasome-dependent HIF-1aw deg-
radation. Because HIF-1a is a hypoxia-responding transcription
factor and induces several types of genes, including VEGEF-1,
EPO and iNOS,>* the tumor-suppressive function of pVHL has
been pinned down as angiogenesis suppression.

However, considering that angiogenesis is required at the late
stage of cancer, and that VHL deletion or loss of function has

*Correspondence to: Bum-Joon Park; Email: bjpark1219@pusan.ac.kr
Submitted: 07/30/12; Revised: 10/18/12; Accepted: 11/05/12
http://dx.doi.org/10.4161/cc.22794

4462 Cell Cycle

been detected in the early cancer stage, it seems to be an insuf-
ficient explanation for the tumor-suppressive role of pVHL, and
it is possible that there could be an additional target gene that is
responsible for early cancer progression. In addition, the kidney
is a highly vascularized tissue, so further angiogenesis seems to be
dispensable for cancer progression.

Renal cell carcinoma has been revealed to be dependent on
estrogen, although there is still a matter of debate.” Indeed, in
animal models, treatment with synthetic estrogen can induce
RCC rather than other kinds of cancers.!”!! In addition, ER-a
polymorphism seems to be related to various kinds of human
cancers, including RCC."* However, the relevance of ER-a and
estrogen signaling in RCC progression has not been demon-
strated until now. It was recently reported that the targeted dele-
tion of VHL in the mammary gland induces the impairment of
the mammary cell proliferation and differentiation, which is not
rescued by HIF-la co-deletion.”® In addition, the loss of VHL
alone does not induce mammary tumors. These results indicate
that pVHL may have an additional target in addition to HIF-1a
that would be related to cell proliferation and differentiation.
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In this study, we examined the relevance of pVHL and ER-a.
In addition, we investigate the molecular functional linkage
between ER-a and HIF-1aw under the hypoxic condition. Thus,
we revealed that ER-a is a novel target of pVHL that suspends
cell proliferation under the hypoxic condition. Thus, blocking of
ER-a using Faslodex, a specific blocker of ER-a, can suppress the
proliferation of VHL-deficient RCC cells.

Results

pVHL suppresses ER-a expression. To investigate the relevance
between pVHL and ER-a, we compared the expression of ER-a
in UMRC2 (C2) cells and UMRC2-VHL (C2V) cells, an iso-
genic cell line stably transfected with VHL. In C2 cells, but not
in C2V, we could observe the expression of ER-a (Fig. 1A). We
then analyzed the effect of pVHL on exogenous ER-a expression.
Ectopically expressed ER-a was clearly suppressed by pVHL co-
transfection, whereas si-VHL, which could reduce pVHL expres-
sion at translation and transcription level (Fig. SIA and B),
could induce exo- and endogenous ER-a expression (Fig. 1B).
However, estrogen (Est) did not influence pV HL-mediated ER-a
suppression (Fig. 1B). Furthermore, pVHL expression was also
reduced when ER-a was co-transfected (Fig. 1B). To check the
localization of ER-a and confirm that pVHL can regulate ER-a
expression, we performed IF staining, and found that ER-a is
mainly localized in the nucleus, while pVHL is distributed in the
cytosol and the nucleus (Fig. 1C). This result is consistent with
other reports that ER-« is a nuclear protein.'*"> However, the co-
transfection of ER-a and pVHL could reduce the expression of
both proteins (Fig. 1C), which is consistent with our WB analy-
sis (Fig. 1B). To confirm this result, we measured the expression
of ER-a in Caki-2, a RCC cell line in which pVHL is mutated,'®
after transfection with VHL. Highly expressed ER-a was obvi-
ously suppressed by VHL transfection (Fig. 1D). In this case, Est
did not block the pVHL-mediated ER-a reduction. In contrast,
the increase of ectopically expressed ER-a by si-VHL could be
observed in C2V cells (Fig. S1C). To avoid any artifacts caused
by co-transfection, we next checked the expression of endogenous
ER-a in MCF-7 cells and obtained the similar result that pVHL
suppressed ER-a expression, whereas si-VHL could enhance it
(Fig. 1E). In contrast, pVHL did not alter the expression of the
androgen receptor in LNCaP (Fig. S1D). Next, we checked the
effect of ER-a on endogenous pVHL expression using VHL-
expressed C2V cells, and found that ER-a could suppress the
pVHL expression (Fig. S1E). We then examined the expression
and localization of ER-a in pVHL-transfected MCF-7 cells and
obtained the same result (Fig. 1F). However, the overexpres-
sion of HIF-1a, a well-known target of pVHL, did not alter the
expression of ER-a (Fig. 1F). In addition, the elimination of
pVHL but not HIF-1a could increase the nuclear expression of
ER-a in MCEF-7 cells (Fig. S1F). These results strongly suggest
that ER-« is negatively regulated by pVHL in a ligand-indepen-
dent manner.

pVHL promotes the ubiquitin-mediated degradation of
ER-a. To address how pVHL suppresses ER-a, we first checked
the mRNA level of ER-a. However, we did not observe any
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obvious changes at the transcription level (data not shown).
Then, we next checked the engagement with proteasomal deg-
radation, because pVHL is a well-confirmed E3 ligase.*? To test
this, we measured ER-a expression in the presence of proteasome
inhibitors (MG132 and ALLN). These inhibitors could block
the reduction of ER-a by pVHL (Fig. 2A). In addition, pVHL
expression was also retained by the presence of the inhibitors
(Fig. 2A). We could also observe the retention of ER-a in the
nucleus in the presence of proteasome inhibitors by immunos-
taining (Fig. 2B). Moreover, pVHL was retained in the nucleus
in the presence of proteasome inhibitors (Fig. 2B; Fig. S2A).
In contrast, the cellular localization of ER-a was not altered by
pVHL expression (Fig. 2B; Fig. S2B). To know the effect of pro-
teasome inhibitor on reduction of endogenous pVHL by ER-a,
we measured the expression of pVHL after transfection with
ER-a. Consistent with our previous result, ER-a suppressed the
pVHL expression. However, MG132 could block the reduction
of both proteins (Fig. S2C). These results indicate that pVHL
may recognize nuclear ER-a and target it for degradation. We
next checked the half-life of ER-a. Since transfection with VHL
strongly suppressed ER-a expression, we did not analyze the
half-life of ER-a in VHL-transfected cells (Fig. 2C). Instead, we
could observe an obvious extension of the ER-a half-life (from
6 h to over 24 h) after the addition of si-VHL (Fig. 2C). To con-
firm this result, we measured the half-life of endogenous ER-a
in MCF-7 cells. Consistently, the ectopic expression of pVHL
shortened the ER-a half-life from 12 h to less than 6 h, whereas
si-VHL could extend it up to 12 h (Fig. 2D). Because pVHL is
an E3 ligase, we used IP analysis to check the ubiquitinylation of
ER-a by pVHL. HA-Ub-conjugated ER-a levels were increased
in VHL-transfected cells (Fig. 2E). We next directly checked
the level of Ub-conjugated ER-a through IP with an ER-a Ab.
pVHL-mediated ER-a ubiquitinylation was not detected by si-
VHL and mutant pVHL (R167W; E3 ligase activity-deficient
mutant;”” Fig. 2F). Thus, the pVHL mutant did not suppress
ER-a expression (Fig. 2G). These results indicate that the E3
ligase activity of pVHL is required for ER-a suppression.

pVHL suppresses transcriptional activity of ER-a through
a direct interaction. Since E3 ligase family can recognize their
substrates by direct binding, we next examined the interac-
tion between ER-a and pVHL. Through IP analysis, we could
observe the interaction between ER-a and pVHL, with the simi-
lar affinity between HIF-1la and pVHL (Fig. 3A). The interac-
tion between pVHL and HIF-1a or ER-a could be confirmed by
GST pull-down analysis (Fig. 3B). We next examined the effect
of pVHL on the activity of ER-a as a transcription factor. To
address this, we monitored the luciferase activity using an ER-a
response element-luciferase system (ERE-Luc). In 293 cells, the
enhancement of luciferase activity by ER-a transfection was
reduced by VHL transfection (Fig. 3C). We could also observe
a reduction in ERE-Luc activity by VHL transfection and an
increase in activity by si-VHL in MCF-7 cells (Fig. 3D), indicat-
ing that pVHL could regulate the transcription activity of endog-
enous ER-a.. To confirm this result, we measured the expression
of cyclin D1, a well-established target of ER-a,'® and found that
ER-o-induced cyclin D1 expression could be suppressed by
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Figure 1. For figure legend, see page 4465.



Figure 1 (See opposite page). pVHL suppresses ER-a. (A) Expression of ER-« in VHL-deficient C2 cells. MCF7 and MDA-MB.468 (MDA) cells were

used as positive and negative controls of ER-a expression. Actin was used as a loading control. (B) pVHL suppresses ER-a. After transfection with the
indicated vectors or si-RNAs for 24 h, 293 cells were treated with estrogen (Est; 600 p.g/ml) for 6 h. The expression of ER-a was determined by an ER-
a-specific Ab, and the expression of exogenous pVHL was determined by a FLAG-Ab. EV indicates an empty vector transfection. LE and SE indicate a
long exposure and a short exposure, respectively. (C) The reduction of ER-a and pVHL. Two hundred and ninety-three cells were transfected with VHL
and/or ER-a for 24 h. After fixation with Me-OH, 293 cells were stained with anti-ER-« (green), anti-pVHL (red) and DAPI (blue). (D) pVHL suppresses
ER-a in pVHL-mutant Caki-2 cells. Caki-2 cells were transfected with the indicated vectors for 24 h and were treated with estrogen for 6 h. (E) pVHL sup-
presses endogenous ER-a. MCF7 cells were transfected with the indicated vectors or si-RNAs for 24 h and were treated with estrogen for 6 h. LE and SE
indicate a long exposure and a short exposure, respectively. (F) The reduction of endogenous ER-« by VHL transfection. MCF-7 cells were transfected

with VHL or HIF-1a for 24 h. After fixation with Me-OH, MCF7 cells were stained with anti-ER-a« (green) and DAPI (blue). To check for any effects that
could have been caused by the serum, cells were incubated in serum-free medium (SF) or complete medium (CM) for 6 h before harvest.

pVHL overexpression (Fig. 3E). In addition, the expression of
Snail, which is also identified as a target of ER-a,'*?* was also
reduced by pVHL (Fig. 3F). To confirm that reduction of Snail
by VHL-transfection is achieved by ER-a suppression, we per-
formed the similar experiment in ER-a negative MDA-MB468
cells. In this cell line, VHL did not suppress the Snail expression
without ER-a transfection (Fig. 3G). Because Snail can sup-
press p53,%! GN25 and GN29, the specific inhibitors of Snail-p53
binding can induce p53 when Snail is overexpressed; we checked
the effect of these inhibitors on p53 expression in VHL-deficient
RCCs. Interestingly, GN25 and 29 could induce p53 expres-
sion in C2 cells (Fig. S2D). Moreover, Faslodex (an inhibitor of
ER-a) and si-ER-a abolished chemically induced p53 expression,
although they could increase the basal level of p53 expression
(Fig. S2C). These results imply that a VHL deficiency leads to
partial p53 suppression by ER-a-mediated Snail upregulation.
ER-a inhibition suppresses cell proliferation in VHL-
deficient cell lines. Since ER-a can promote cell proliferation
by acting as a transcription factor (inducing cyclin D1, Myc or
Snail),'$2%22 VHL-deficient cells might show ER-a-dependent
cell proliferation. In contrast, VHL-intact cells would not respond
to ER-a inhibition, because ER-a would already be suppressed
by pVHL. To test this hypothesis, we monitored cell prolifera-
tion in RCC cell lines. First, we compared the proliferation of
C2 and its isogenic cell line C2V and their responses to an ER-a
inhibitor. In VHL-deficient C2 cells, Est could promote cell pro-
liferation (23% increase), and Faslodex notably suppressed cell
growth (approximately 40% reduction; Fig. 4A). In contrast,
C2V cells did not respond to Est (6% increase) or Faslodex (less
than 9% reduction; Fig. 4A). Interestingly, Faslodex-treated C2
cells showed a very similar growth potential to C2V control cells
(Fig. S2E). These results suggest that the loss of pVHL would
be sufficient for the activation of ER-a, and that the presence
of pVHL can completely block ER-a activation. We could also
observe a similar result in VHL-intact ACHN cells"” (RCC cell
line; Fig. 4B) in which Estand Faslodex did notappear to alter cell
growth. In contrast, pVHL-mutant A498 cells showed an obvi-
ous reduction in cell growth in response to Faslodex (Fig. 4C).
Consistently, cyclin D1 expression was dramatically reduced by
Faslodex in VHL-deficient A498 cells and C2 cells (Fig. 4D).
Moreover, cells did not show a clear response to Est or Faslodex
(Fig. 4D). To confirm that Faslodex-induced growth suppression
is dependent on the presence of pVHL, we re-performed the cell
counting in VHL-knockeddown ACHN cells and determined
that si-VHL caused a reduction in the growth of these cells in
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response to Faslodex (Fig. 4E). These results indicate that the
loss of pVHL can enhance cell proliferation, which is mediated
by ER-« activation.

pVHL-mediated ER-a suppression is enhanced by hypoxia.
Our previous results showed that pVHL suppresses ER-a
(Fig. 1). However, pVHL also suppresses HIF-la.>* We thus
investigated the molecular detail mechanism between ER-a
and HIF-1a.. We first checked the effect of HIF-la or ER-«
on transcription activity of ER-a or HIF-1aw using ERE-Luc or
iNOS-Luc assays in 293 cells. Differentially from the effect of
HIF-1a on ERE-Luc, ER-a transfection could induce HIF-1a
transcription activity (Fig. S3A and B). In addition, ER-a par-
tially promoted resistance to pVHL-mediated suppression of
HIF-la (Fig. S3B). However, the increase in iNOS-Luc activity
by ER-a transfection or in that of ERE-Luc by HIF-la trans-
fection was not detected in C2 cells (Fig. S3C and D). We also
checked the binding between ER-a and HIF-1a and found that
there was no interaction between them (data not shown). These
results indicate that HIF-1a could escape from pVHL-mediated
degradation in the presence of ER-a, and that ER-a would be a
more suitable target of pVHL. To discern a more detailed mecha-
nism, we measured the expression of HIF-law and ER-a under
the hypoxic condition, where HIF-la is not a favorable target
of pVHL.? Under this condition, ER-a expression was reduced,
whereas HIF-1a expression was increased (Fig. 5A). In contrast,
we could not observe a reduction in ER-a or elevated expression
of HIF-1a in response to CoCl, in C2 cells (Fig. 5B). Although
we observed an increase in HIF-la following ER-a transfec-
tion in C2 cells under normoxia, considering our luciferase assay
result, this finding is not related to pVHL or to the activation of
HIF-la. These results imply that under the hypoxic condition,
ER-a is a primary target of pVHL. To confirm this result, we
examined the localization of pVHL and ER-a under the hypoxic
condition. Our hypothesis was that if ER-a is a primary target of
pVHL, pVHL would be localized in the nucleus to target ER-a
for destruction. From the subcellular fractionation analysis, we
found that under the hypoxic conditions, pVHL is mainly local-
ized in the nucleus, where ER-a expression was reduced to an
undetectable level (Fig. 5C). Moreover, the elimination of ER-a
could prevent the nuclear localization of pVHL (Fig. 5C). To
confirm this result, we examined the localization of pVHL in
the hypoxic condition through IF staining. Hypoxic stress pro-
motes the partial translocation of pVHL from the cytosol to the
nucleus (Fig. S4A). In addition, ER-a transfection could induce
the partial nuclear translocation of pVHL (Fig. 5D; Fig. S4B).
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Figure 2. For figure legend, see page 4467.

Indeed, hypoxic stress induced the nuclear localization of pVHL  These results are consistent with our cell fractionation data and
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in ER-o-transfected cells (Fig. 5D; Fig. S4B). A more interesting
feature is that the elimination of ER-a by si-RNA completely
blocked the nuclear translocation of pVHL (Fig. 5D; Fig. S4C).
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support our hypothesis that under the hypoxic condition, pVHL
mainly targets ER-a. However, HIF-1a is also located in the
nucleus under hypoxic condition. We thus examined the effect of
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with the indicated vectors or si-RNAs for 24 h.

Figure 2 (See opposite page). pVHL promotes ER-a degradation through an E3 ligase. (A) Blocking of proteasomal degradation induces ER-a
expression. Two hundred and ninety-three cells were transfected with the indicated vectors or si-RNAs for 24 h and were treated with ALLN and
MG132 (50 pg/ml) for 6 h. SE and LE indicate short exposure and long exposure. (B) Proteasome inhibitors block pVHL-induced reduction in nuclear
ER-a. 293 cells were co-transfected with VHL and ER-o for 24 h and incubated with ALLN or MG132 for 6 h. After fixation with Me-OH, 293 cells
were stained with anti-ER-« (red), anti-pVHL (green) and DAPI (blue). (C) si-VHL extends the half-life of ER-a.. Two hundred and ninety-three cells
were co-transfected with ER-« and si-VHL or pVHL for 24 h. To block de novo synthesis, cycloheximide (CHX; 5 pwg/ml) was added for the indicated
times. Although VHL transfection completely eliminated ER-q, si-VHL extended the ER-a half-life. LE and SE indicate a long exposure and a short
exposure, respectively. (D) pVHL can reduce the half-life of ER-a. MCF7 cells were transfected with the indicated vectors or si-RNAs for 24 h. After
washing with serum-free medium, de novo synthesis was blocked by cycloheximide treatment for indicated times, and the expression of ER-a was
measured. (E and F) ER-a is ubiquitinylated through the E3 ligase activity of pVHL. Immunoprecipitation was performed using HA or ER-a antibod-
ies, and the co-precipitated proteins were analyzed using the indicated antibodies. Whole-cell extracts were obtained from 293 cells transfected
with the indicated vectors. (G) ER-a can be suppressed by wild-type but not mutant pVHL. Two hundred and ninety-three cells were transfected

si-HIF-1loe on pVHL localization. Nuclear pVHL did not return
to the cytosol by si-HIF-1a (Fig. S5). These results suggest that
the primary purpose of pVHL nuclear translocation under the
hypoxic condition is the suppression of ER-cr.

To examine the functional relevance between pVHL localiza-
tion and transcription activity of ER-a or HIF-1at, we measured
the transcriptional activity of HIF-law and ER-a.. In 293 cells,
CoCl, dramatically increased the HIF-law transcription activ-
ity, and co-transfection of ER-a could promote HIF-la activ-
ity (Fig. 5E). Moreover, ER-a transfection could overcome the
pVHL-mediated iNOS-Luc suppression (Fig. 5E). In contrast,
ER-a did not show this beneficial effect on iNOS-Luc in the
C2 and A498 RCC cell lines when pVHL was not transfected
(Fig. S6A and B). These results also support that ER-a can
facilitate HIF-1a activation by the repression of pVHL-mediated
HIF-1ow suppression. We next examined the effect of HIF-la
on ER-a activity. As shown previously, HIF-1a did not signifi-
cantly affect ER-a transcription activity (Fig. S3A). In addition,
hypoxic stress suppressed ER-a activity in 293 cells (Fig. 5F).
Considering that the reduction of ER-a transcription activity is
not significant in C2 cells treated with CoCl, (Fig. 5G; Fig. S7TA
and B), the reduction of ER-« in the hypoxic condition (Fig. 5F)
would be mediated by pVHL. This hypothesis could be sup-
ported by the fact that the transfection of pVHL could restore
the CoCl,-induced ER-a suppression in VHL-deficient cell lines
(Fig. 5G; Fig. S7A and B).

Although CoCl, is popularly used as a hypoxia mimetic, it is
not clear that low oxygen conditions also produce the same fea-
tures. To address this, we measured the transcriptional activity of
ER-a and HIF-law under low oxygen conditions using hypoxic
chamber. Consistently with CoCl, experiments, hypoxia could
suppress ERE-Luc activity in 293 cells (Fig. S8A). However,
VHL-deficient C2 did not show the reduction of ERE-Luc activ-
ity in response to hypoxia (Fig. S8B). In addition, transcriptional
activity of HIF-1at (iNOS-Luc) also showed the similar pattern in
response to hypoxia with CoCl, (Fig. S8C). Our results strongly
suggest that hypoxia condition can promote pVHL-mediated
ER-a suppression, whereas it can activate HIF-1a.

Hypoxia-induced cell growth arrest is achieved by pVHL-
mediated ER-a suppression. In the previous result, we found
that pVHL strongly suppressed ER-a activity under the hypoxic
condition. Because the activation of ER-a can promote cell pro-
liferation, we speculated that hypoxia would lead to cell growth
arrest in VHL-intact cells. To address this, we assessed cell
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growth by cell counting. In VHL-mutant A498 cells, CoCl,
did not induce a significant growth suppression (Fig. 6A). In
contrast, ACHN cells showed obvious growth suppression in
response to CoCl, (Fig. 6B). This result implies that CoCl.-
induced growth suppression could be related to VHL status. We
thus checked cell growth in C2 cells. Similarly to A498 cells,
C2 cells also showed the resistance to CoCl -induced growth
suppression (Fig. 6C). In contrast, the growth of C2 cells was
clearly suppressed by treatment with Faslodex (Fig. 6C). To test
that the reduction in cell proliferation in response to hypoxia is
mediated by pVHL-induced ER-a suppression, we checked cell
growth by a colony-forming assay (Fig. 6D). In C2 cells, hypoxic
stress did not suppress cell growth; however, Faslodex strongly
suppressed cell growth (Fig. 6D). In contrast, C2V cells showed
the obvious reduction of the cell growth in response to CoCl,
(Fig. 6D). Similarly, a MTT assay showed that the proliferative
ability of C2 cells was reduced by inhibition of ER-a (Fig. 6E),
whereas this was mainly accomplished by hypoxic stress in C2V
cells (Fig. 6F). We could also obtain the same results from
hypoxia (low oxygen-chamber) treatment (Fig. S9A and B). In
fact, Faslodex did not enhance the CoCl,-induced cell prolifera-
tion reduction in MCEF-7 cells (Fig. S9C and D). These results
indicate that CoCl -induced cell growth in pVHL-positive cells
is achieved by the reduction of ER-a activity.

Discussion

The loss of pVHL can induce von Hippel-Lindau disease, a
well-known cancer syndrome. In addition, the genetic defects
in VHL occur in 75% of human RCCs. Although it has been
well-documented that pVHL suppresses HIF-1la and inhibits
endothelial cell growth,’# its role in tumor suppression has not
been fully elucidated until now. Moreover, why pVHL should
be deleted at the early stage of RCC should be addressed to
understand the carcinogenesis of RCC. In this study, we show
that pVHL suppresses ER-a expression (Fig. 1). Since ER-a
is known to be a powerful proliferation factor, ER-a should
be suppressed in normal cells. In contrast, in tumor cells, the
elevated expression or the activation of ER-a signaling would
be beneficial for tumor formation. Indeed, the proliferation
of VHL-deficient cells could be abolished by the inhibition
of ER-a (Figs. 4A and D and 6E), whereas VHL-intact cells
did not respond to treatment with the ER-a inhibitor Faslodex
or Estrogen (Figs. 4A and B and 6F). These results strongly
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suggest that the proliferation of VHL-
deficient RCC would be dependent
on ER-a activity. In fact, it has been
reported that the continuous injection
of estrogen can particularly induce
RCC in animal models.!*!!

Interestingly, the estrogen-depen-
dent proliferation of RCC seems
to be related to a gender bias in the
occurrence of RCC. In general, RCC
frequently occurs in the aged male
population.”® Considering that estro-
gen is elevated in aged males but is
decreased in aged females, the dele-
tion or inactivation of pVHL could
cause RCC in the aged male popu-
lation. However, it is unclear why
females, who produce much more
estrogen, have a lower incidence of
RCC than males. It would be that
an intrinsic protective mechanism
against estrogen-induced proliferation
may be present in the cells of females.
However, until now, we did not know
what could be responsible for this
phenomenon.

In this study, we show that pVHL is
preferentially localized in the nucleus
when ER-a is highly expressed
(Fig. 5C and D). In contrast, pVHL
is predominantly expressed in the
cytoplasm under normoxia (Fig. S2A)
or si-ER-a-transfected conditions
(Fig. 5C and D). In general, the inter-
action between pVHL and HIF-la
and the subsequent degradation of
HIF-loe occurs in the cytoplasm.”
Considering these results and previ-
ous reports, the main role of pVHL in
the nucleus seems to be to eliminate
ER-a. Thus, under the hypoxic condi-
tion, where HIF-1a does not undergo
hydroxylation by proline hydroxylase
and is no longer a favorable substrate
of pVHL, pVHL is translocated into
the nucleus to block ER-a-mediated
proliferation (Fig. 5C; Fig. S4A). In
general, cell proliferation should be
suppressed under the hypoxic condi-
tion, because the lack of nutrients and
blood under these conditions is not
suitable for cell growth. Under physi-
ological conditions, pVHL suppresses
HIF-1oe and ER-a (Fig. 7). Under the
hypoxic condition, HIF-1a is released
from pVHL-mediated suppression
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Figure 3. pVHL suppressed ER-a through a direct interaction. (A) Direct interaction between ER-a
and pVHL. Immunoprecipitation was performed using a pVHL antibody, and the co-precipitated
proteins were analyzed using the indicated antibodies. Whole-cell extracts were obtained from
293 cells transfected with the indicated vectors. (B) GST pull-down assay. Agarose-conjugated
GST-pVHL was incubated with whole-cell extracts from 293 cells transfected with the indicated
vectors in RIPA buffer for 4 h. PPT indicates proteins that co-precipitated with bead-conjugated
pVHL, whereas Sup indicates the supernatant. (C) pVHL suppresses transcription activity of ER-a.
Two hundred and ninety-three cells were transfected with ERE-Luc and pVHL or ER-a. The increase
in ERE-Luc activity was clearly reduced by VHL transfection. (D) pVHL regulates endogenous ER-a
transcription activity. MCF-7 cells were transfected with ERE-Luc and VHL or si-VHL for 24 h. ER-«
transcription activity was determined by a luciferase activity. (E) pVHL can suppress cyclin D1 ex-
pression. After transfection with the indicated vectors for 24 h, estrogen was added for 6 h in A549
cells. Immunoblot analysis was performed using the indicated antibodies. LE and SE indicate a long
exposure and a short exposure, respectively. (F and G) pVHL can suppress Snail expression. After
transfection with indicated vectors for 24 h. RT-PCR was performed to determine the expression of
Snail using matched specific primers.
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Currently, we do not know how
ER-a is activated in an estrogen-inde-
pendent manner. Indeed, we checked
the localization of ER-a in serum-free
conditions, but it was localized to the
nucleus in MCF-7, A498 and C2 cells.
In addition, the overexpression of
ER-a can increase ERE-Luc in these
cell lines (Fig. 5F; Fig. S7A and B).
Other reports also described that ER-a
is present in the nucleus in the absence
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that the elevated expression of ER-a
due to the loss of pVHL can enhance
transcription activity.

In this study, we also suggest that
ER-a-mediated snail induction seems
to be contributing to the suppression of
p53 activity (Fig. S2D). Although we
do not show the detailed mechanism,
considering that snail can suppress

p53*' and that blocking Snail-p53-
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can increase p53 expression,” ER-a-
mediated snail upregulation is another
important target of RCC treatment.
Indeed, we show a dramatic suppres-
sion of cell growth in pVHL-depen-
dent RCC cells by the treatment with

Faslodex (Figs. 4A and C and 6C-F).
Taken together, we revealed that

pVHL acts as a tumor suppressor by
suppressing HIF-la as well as ER-a.
Under pVHL

normal conditions,

1 day 2day

strongly suppresses both, thereby inhib-
3 day 4 day

iting cell proliferation and neo-vascular-

ization. However, HIF-1a is activated

4 d, and cell numbers were calculated daily.

Figure 4. ER-a blocker suppresses cell proliferation in VHL-deficient cells. (A-C) Cell growth was
estimated. Each cell line was treated with estrogen or Faslodex (5 pg/ml). Cells were maintained for
maximum of 3 d, and cell numbers were calculated daily. (D) VHL-intact cell lines did not respond to
estrogen or Faslodex. Each cell line was treated with estrogen or Faslodex for 6 h. After treatment, an
immunoblot analysis was performed using the indicated antibodies. (E) The sensitivity to estrogen of
Faslodex can be recovered by adding si-VHL to ACHN cells. Cell growth was estimated. After transfec-
tion with si-VHL, ACHN cells were treated with estrogen or Faslodex for 6 h. Cells were maintained for

by hypoxia, and pVHL prefers to block
ER-a activation more tightly to suppress
improper cell proliferation. Thus, a loss
of pVHL can promote cell proliferation,
which is required for early tumor forma-
tion and angiogenesis, eventually lead-

ing to late cancer progression. Because

and functions as a transcription factor, inducing the expression
of pro-angiogenic factors such as VEGF or EPO.5* Meanwhile,
pVHL blocks ER-a to suppress cell proliferation (Fig. 7).
However, if the cell does not have functional pVHL because
of a genetic deletion or epigenetic inactivation,?® ER-a func-
tions as a transcription factor and induces the expression of
cyclin D1, Myc and Snail (Fig. 7). Under these conditions,
HIF-lo-mediated angiogenesis is accomplished, and the pro-
liferation of VHL-deficient cells would be boosted, because the
nutrient supply could be restored due to neo-vascularization.
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of its dual roles, pVHL should be inacti-
vated in RCC.

Materials and Methods

Cell culture and reagents. MCF7, MDA-MB.468, HEK293
and A549 cells were purchased from ATCC. ACHN and A498
cells were obtained from KCLB. UMRC2 (C2), UMRC2/
VHL (C2V) and Caki-2 cells were kindly provided by Y.-S.].,
Y.J. (Pusan National University). Cells were maintained in
DMEM (Thermo), except for A549 (RPMI 1640; Thermo)

cells. Estrogen, cycloheximide, Faslodex and CoCl, were
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Figure 5. For figure legend, see page 4471.

purchased from Sigma, and ALLN and MG132 were provided

by Calbiochem. Antibodies against ER-a, actin, pVHL, HA,
GFP, Cyclin DI, androgen receptor, GST and p53 (DO-1)
were purchased from Santa Cruz, the antibody against HIF-1a

4470

Sigma.
Transfection of vectors and si-RNAs. ER-a and ERE-Luc
expression vectors were gifts from Dr. J.H. Jung (Pusan National

Cell Cycle

was from BD Biosciences and the a-FLAG antibody was from
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Figure 5 (See opposite page). Hypoxia promotes pVHL-mediated ER-a degradation. (A and B) Hypoxia reduces the expression of ER-a in a pVHL-depen-
dent manner. After transfection with the indicated vectors for 24 h, CoCl, (400 wM) was added for 12 h in each cell line. Immunoblot analysis was performed
using the indicated antibodies. (C) pVHL translocates from the cytoplasm to the nucleus under the hypoxic condition. Two hundred and ninety-three cells
were transfected with the indicated vectors and were treated with CoCl, for 12 h. After treatment, cells were harvested to isolate the cytoplasm, membrane/
organelle, nucleus and insoluble fractions and these samples were analyzed by immunoblot. (D) Knockdown of ER-a blocks the nuclear translocation of
pVHL. Two hundred and ninety-three cells were transfected with the indicated vectors or si-RNAs for 24 h and were treated with CoCl, for 12 h in 293 cells.
After fixation with Me-OH, cells were stained with anti-pVHL (green) and DAPI (blue). (E) ER-a promotes HIF-1a transcription activity. Two hundred and
ninety-three cells were co-transfected with an iINOS-Luc reporter containing a HIF-1a response element and the indicated vectors for 24 h. In addition, cells
were incubated with CoCl, for 12 h to induce the hypoxic conditions. (F) Hypoxia-induced suppression of ER-« activity is achieved by pVHL. Two hundred
and ninety-three cells transfected with ERE-Luc were incubated with CoCl, for 12 h. A clear reduction in ERE-Luc activity in response to hypoxia was de-
tected. (G) The resistance of hypoxia-induced ERE-Luc suppression in VHL-deficient cells. Under similar conditions to those described above, a reduction in
ERE-Luc activity in response to CoCl, in C2 cells was not observed. Instead, pVHL transfection could restore sensitivity to hypoxia.

University). The a-FLAG-fused pVHL and iNOS-Luc vec-
tors were kindly provided by Dr Y.J. Jung (Pusan National
University). The HA-tagged HIF-la expression vector was gen-
erously provided by Dr. Kim, Y.J. (Pusan National University).
The HA-fused VHL RI167W vector was purchased from
Addgene. For the in vitro gene knockout, si-RNAs against tar-
get proteins were generated. The si-RNA target sequences are as
follows: VHL: 5'- ACA CAG GAG CGC ATT GCA CAT-3}
HIF-1a: 5“TAC GTT GTG AGT GGT ATT ATT-3" For the
mammalian expression of these vectors or si-RNAs, the transfec-
tion was performed using Jetpei (Polyplus) according to manu-
facturer’s protocol.

Immunoblot analysis and protein interaction studies.
Proteins were extracted from cells with RIPA buffer. Samples
were applied to SDS-PAGE, and immunoblot analysis was per-
formed by means of a general protocol. Blotted membranes were
incubated with primary antibodies for 1 h to overnight at 4°C.
Secondary antibodies were HRP-linked goat anti-mouse, goat
anti-rabbit and mouse anti-goat (Thermo). The whole-cell lysates
were incubated first with the proper antibodies for 4 h at 4°C and
then with protein A/G agarose beads (Invitrogen) for 2 h at 4°C.
After centrifugation and washing with RIPA, the immunocom-
plexes were subjected to SDS-PAGE and immunoblot analysis.
To determine the direct interaction between proteins, agarose
bead-conjugated GST-pVHL was incubated with cell lysates for
4 h at 4°C. Using the same procedure with IP, precipitated pro-
teins were analyzed by immunoblot analysis.

Immunofluorescence staining. Cells were seeded on a cover
glass and transfected with the indicated vectors. After fixing with
Me-OH for 30 min, the cells were incubated with blocking buffer
[PBS + anti-human-Ab (1:500)] for 1 h. After washing with PBS,
the cells were incubated with anti-pVHL, ER-a in blocking buf-
fer (1: 100 ~200) for 4 h and subsequently with FITC-conjugated
or Rhodamine-conjugated secondary antibodies in blocking buf-
fer (1: 500) for 2 h. The nucleus was stained by DAPI. After
washing with PBS, cover glasses were mounted with mounting
solution (Vector Laboratories). The immunofluorescence signal
was detected through fluorescence microscopy (Zeiss).

RNA isolation and RT-PCR. For RT-PCR, total cellular
RNA was extracted using a Qiagen RNA extraction kit. After
measurement of the RNA concentration, 1 pg of total RNA was
reverse transcribed to cDNA using MMLV-RT (Invitrogen) and
random hexamers. RT-PCR was performed with the primers

www.landesbioscience.com

specific to the Snail (5-TAT GCT GCC TTC CCA GGC TTG-
3'and 5-ATG TGCATCTTG AGG GCA CCC-3") or GAPDH
(5-ATC TTC CAG GAG CGA GAT CCC-3' and 5-AGT GAG
CTT CCC GTT CAG CTC-3") cDNA.

MTT assay and cell proliferation. To measure the cell viabil-
ity, cells were treated with the indicated chemicals for 4 d. For the
MTT assay, cells were incubated with 0.5 mg/ml of MTT solu-
tion (Calbiochem) for 4 h at 37°C. After removing the excess solu-
tion, the precipitated materials were dissolved in 200 wl DMSO
and quantified by measuring the absorbance at 540 nm. For cell
counting, we collected cells with media and stained them with
Trypan blue (GIBCO) for 10 min at room temperature. Using a
hemocytometer, we determined the number of viable cells.

Luciferase assay. To address ER-a or HIF-1a activity, ERE-
Luc or iNOS-Luc vectors were transfected into cells for 24 h, and
cells were treated with the indicated chemicals. After washing
with wash buffer (Promega), the cells were lysed by lysis buf-
fer (Promega). The luciferase activity was determined by a lumi-
nometer (MicroDigital).

Subcellular fractionation analysis. Indicated vectors or si-
RNAs were transfected into 293 cells for 24 h. Cells were treated
with CoCl, for 12 h. After treatment, subcellular fractionation
was performed using the cytoplasm, nucleus, membrane/organ-
elle and insoluble isolation kit (Calbiochem) according to the
manufacturer’s protocol.

Hypoxia using low-oxygen chamber. C2, C2V and 293
cells were transfected with each vector for 24 h. After transfec-
tion, cells were exposed to hypoxia (2% O,) treatment for 72 h
(Trypan Blue staining and MTT) or 48 h (Luciferase) ina HEPA
incubator (Thermo Forma).

Statistical analysis. To obtain the statistical significance, we
performed the Student’s t-test.
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Figure 6. Blocking of ER-a suppresses cell proliferation in VHL-deficient tumors. (A and B) Hypoxia-induced growth arrest is dependent on pVHL
status. The growth of cells that lacked VHL (A498; A) was not suppressed by hypoxia. In contrast, ACHN (VHL-positive) cells were sensitive to hypoxia-
induced growth suppression. Each cell line was treated with CoCl,. Cells were maintained for 4 d, and cell numbers were calculated daily. (C) The
inhibition of ER-a is more effective than hypoxia in cell growth suppression in VHL-deficient cells. C2 cells were incubated in CoCl, or Faslodex-treated
medium for 4 d. (D) Comparison of the growth of C2 and C2V cells. Differentially from C2 cells, where hypoxia did not notably suppress cell growth,
C2V cells showed the sensitivity to hypoxia-induced growth suppression. In contrast, the growth of C2 cells was reduced by Faslodex. Cells were
incubated with CoCl, or Faslodex-containing medium for 3 d and fixed with PFA. Cells were visualized by staining with trypan blue. (E and F) pVHL is
a critical factor for the determination of hypoxia- or Faslodex-induced growth suppression. Compared with C2V cells, in which Est or Faslodex did not
alter cell viability, C2 cells were affected by Faslodex and Est. The opposite effect was observed with CoCl, treatment. Cells were incubated with the
indicated chemicals for 4 d. Cell viability was determined by a MTT assay.
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Figure 7. Diagram for the working mechanism. Under normal conditions (center), pVHL suppresses HIF-1a and ER-a through its E3 ligase activity.
However, in the hypoxic condition (right panel), pVHL sequesters ER-a more strongly so that cells cannot proliferate. Instead, HIF-1« can be activated
and induce angiogenesis. Because the hypoxic condition is generated by tissue damage, this mechanism may contribute to blocking an overgrowth
of damaged cells. However, when pVHL is deleted or mutated (left panel), ER-1a-induced cell proliferation can be apparent. In addition, nutrients are
then supplied by HIF-1a-mediated angiogenesis. These conditions would increase the probability of the occurrence of cancer.
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