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ABSTRACT

Hypoxia inducible factor-1a (HIF-1«) stimulates expression of genes associated with angiogenesis and is associated with poor outcomes in
ovarian and other cancers. In normoxia, HIF-1« is ubiquitinated and degraded through the E3 ubiquitin ligase, von Hippel-Lindau; however,
little is known about the regulation of HIF-1« in hypoxic conditions. FBW?7 is an E3 ubiquitin ligase that recognizes proteins phosphorylated
by glycogen synthase kinase 33 (GSK3B) and targets them for destruction. This study used an ovarian cancer cell model to test the hypothesis
that HIF-1a phosphorylation by GSK3B in hypoxia leads to interaction with FBW7 and ubiquitin-dependent degradation. Expression of
constitutively active GSK3f3 reduced HIF-1a protein and transcriptional activity and increased ubiquitination of HIF-1« in hypoxia, whereas
pharmacologic inhibition of GSK3 or expression of siGSK3@ promoted HIF-1« stabilization and activity. A mechanism through FBW7 was
supported by the observed decrease in HIF-1a stabilization when FBW7 was overexpressed and both the elevation of HIF-1a levels and
decrease in ubiquitinated HIF-1a when FBW7 was suppressed. Furthermore, HIF- 1o associated with FBW7+y by co-immunoprecipitation, and
the interaction was weakened by inhibition of GSK3 or mutation of GSK3 phosphorylation sites. The relevance of this pathway to angiogenic
signaling was supported by the finding that endothelial cell tube maturation was increased by conditioned media from hypoxic SK-OV-3 cell
lines expressing suppressed GSK33 or FBW7. These data introduce a new mechanism for regulation of HIF-1a during hypoxia that utilizes
phosphorylation to target HIF-1« for ubiquitin-dependent degradation through FBW7 and may identify new targets in the regulation of
angiogenesis. J. Cell. Biochem. 112: 3882-3890, 2011. © 2011 Wiley Periodicals, Inc.
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A ngiogenesis, the directed formation of new blood vessels
from preexisting ones, is a key response to tissue hypoxia
that has physiological benefits, but also contributes to pathological
conditions such as macular degeneration and tumor metastasis
[Folkman, 2001]. An important component in the mechanism of
hypoxia-mediated angiogenesis is stabilization of the transcription
factor, hypoxia inducible factor-la (HIF-1a). HIF-1a induces
transcription of numerous genes necessary for hypoxia-induced
angiogenesis including the endothelial cell mitogen, vascular
endothelial growth factor (VEGF) [Bikfalvi and Bicknell, 2002;
Liao and Johnson, 2007]. An increase in HIF-1a expression in both
primary tumor and metastatic tissue sections has been demonstrated
in a variety of human cancers including breast, prostate, and ovarian

and is correlated with reduced overall patient survival [Semenza,
2010; Zhong et al., 1999]. Ovarian carcinomas are highly angiogenic
by nature and often present as extremely lethal malignancies due to
their metastatic potential and frequency of late stage detection.
Work by our laboratory and others has shown that increased HIF-1a
and VEGF expression correlates with advanced stage, poor
prognosis, and decreased survival in ovarian cancer [Wong et al.,
2003].

HIF-1a protein levels are tightly regulated by post-translational
modifications that regulate its stabilization and transcriptional
activity [reviewed in Cassavaugh and Lounsbury, 2011]. The
predominant HIF-1a regulatory pathway in normoxia is initiated
by oxygen-dependent prolyl hydroxylases (PHDs); these enzymes

Additional Supporting Information may be found in the online version of this article.

Grant sponsor: University of Vermont; Grant sponsor: Totman Medical Research Trust Fund; Grant sponsor:
Vermont Cancer Center (LCCRO); Grant sponsor: NIH; Grant numbers: RO1HL67352, T32 HL007944-10.

*Correspondence to: Karen M. Lounsbury, PhD, Department of Pharmacology, University of Vermont, 89 Beaumont

Avenue, Burlington, VT 05405. E-mail: karen.lounsbury@uvm.edu

Received 9 August 2011; Accepted 11 August 2011 e DOI 10.1002/jcb.23321 e © 2011 Wiley Periodicals, Inc.
Published online 30 September 2011 in Wiley Online Library (wileyonlinelibrary.com).



catalyze hydroxylation of two prolines, P402 and P564, within the
HIF-1a oxygen-dependent degradation (ODD) domain which
promotes binding by von Hippel-Lindau protein (VHL), the E3
recognition component of the ubiquitin ligase complex. Once
bound, the complex ubiquitinates HIF-1a, targeting it for
proteasomal degradation. Hydroxylation occurs quite rapidly in
the presence of oxygen resulting in very rapid HIF-1a protein
turnover [Ivan et al., 2001; Min et al., 2002; Jokilehto and Jaakkola,
2010]. Other modifications that regulate HIF-1a include hydroxyl-
ation of an asparaginyl residue within the COOH-terminal
transactivation domain which inhibits binding of the transcriptional
co-activator, CBP/p300, as well as nitrosylation, sumoylation, and
phosphorylation which differentially affect HIF-1a stabilization
[Mylonis et al., 2006; Berta et al., 2007; Carbia-Nagashima et al.,
2007; Li et al.,, 2007]. Because the PHDs require oxygen for their
activity, HIF-1a is not hydroxylated in hypoxia and is thus
protected from VHL-dependent degradation. It is likely, however,
that HIF-1a has additional regulatory pathways in hypoxia that
have not yet been defined.

Activation of the phosphoinositide 3 kinase (PI3K) pathway has
been linked to stabilization of HIF-1a protein through AKT-
mediated phosphorylation and inactivation of glycogen synthase
kinase 3B (GSK3p) [Mottet et al., 2003; Pore et al., 2006]. HIF-1«
contains GSK3B consensus phosphorylation sites within its ODD
domain, and evidence suggests that phosphorylation within this
sequence leads to HIF- 1« degradation independently of VHL [Flugel
et al.,, 2007]. While the regulation of HIF-1a in normoxia is well
characterized, its regulation in hypoxia is unclear. Recent work
demonstrated the PI3K/AKT/GSK3 signaling axis as a likely
contributor to HIF-1a stability in hypoxia. Specifically, phosphor-
ylation of HIF-1a by GSK3pB, as mediated through PI3K activity,
was shown to negatively regulate HIF-1a stability [Treins et al.,
2002; Mottet et al., 2003; Pore et al., 2006; Flugel et al., 2007].
However, the specific mechanism by which GSK3 phosphorylation
leads to the destruction of HIF-1a and its impact on hypoxia-
mediated angiogenic signaling remains unclear. GSK33 has been
shown to be a negative regulator of numerous oncogenic
transcription factors including B-catenin, cyclin E, cyclin D,
c-Jun, and c-Myc [Nikolakaki et al., 1993; Ikeda et al., 1998;
Gregory et al., 2003]. For select substrates, including cyclin E, c-Jun,
and c-Myc, GSK3 phosphorylation increases their affinity for the
E3 ubiquitin ligase, FBW7 (F-box and WD repeat domain-contain-
ing 7). FBW7 belongs to the Skpl, CUL1, F-box (SCF) protein
complex and is a known tumor suppressor with multiple alternative
splice forms. Interaction of the target protein with FBW7 leads to
polyubiquitination and targeted degradation by the proteasome
[Grim et al., 2008; Welcker and Clurman, 2008]. Substrates of FBW7
contain the cdc4 phospho-degron motif, Ser/Thr-X-X-X-Ser/Thr,
which resembles the GSK3 consensus site found within the HIF-1a
sequence.

In this study, we used the SK-OV-3 human ovarian cancer cell
model to provide data in support of the hypothesis that HIF-1« is
targeted for destruction during hypoxia through a mechanism
whereby FBW?7 targets phosphorylated HIF-1a for ubiquitin-
dependent degradation. Moreover, loss of FBW7 increased the
angiogenic potential of ovarian cancer cells in hypoxia, suggesting

that this pathway may serve as a new area of interest for
angiogenesis-related therapeutics.

REAGENTS, ANTIBODIES, AND PLASMIDS

GSK3 Inhibitor IX (BIO: (2'Z, 3'E)-6-bromoindirubin-3’-oxime;
1 wM), PI3K inhibitor, LY294002 (50 uM), and the proteasome
inhibitor, MG-132 (10 wM), were purchased from Calbiochem/EMD
Biosciences (Gibbstown, NJ). Primary antibodies are as follows:
mouse monoclonal anti-HIF-1a (1:250; BD Biosciences, Bedford,
MA), mouse monoclonal anti-ubiquitin clone P4D1 (1:500; Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), mouse anti-HA (1:1,000;
16B12 clone, Covance, Emeryville, CA), and mouse monoclonal
anti-FLAG (1:1,000; Sigma, St. Louis, MO). Loading control
antibodies anti-B-actin and anti-B-tubulin (1:1,000) and rabbit
monoclonal anti-GSK3p were from Cell Signaling (Ipswich, MA).
Mammalian expression plasmids expressing wild-type HA-tagged
HIF-1a and the constitutively active form of GSK38 (GSK3S9A-HA)
from the vector pcDNA3 were obtained from Erik Huang, NCI, and
James Woodgett, University of Toronto, respectively. Plasmids
expressing FLAG-FBW?7 isoforms were from Bruce Clurman,
University of Washington. Plasmids expressing shCTL or shGSK33
in pRS were purchased from Origene (Rockville, MD). siRNA for
GSK3B was purchased from Dharmacon (Lafayette, CO) and siRNA
for FBW7 was purchased from Santa Cruz Biotechnology, Inc.

CELL CULTURE CONDITIONS

SK-OV-3 human ovarian cancer cells (ATCC, Manassas, VA) were
maintained in McCoy’s Media (Mediatech, Herndon, VA) supple-
mented with 10% fetal bovine serum (Gibco, Carlsbad, CA),
penicillin/streptomycin (Gibco) and r-glutamine (Gibco). HEK293
human embryonic kidney cells were maintained in DMEM
(Mediatech) supplemented with 10% bovine growth serum (Hyclone,
Logan, UT), penicillin/streptomycin and r-glutamine. Rat endothe-
lial cells (REC) (a gift from Deborah Damon, University of Vermont)
were grown in F12K media (Thermo Scientific, Waltham, MA)
supplemented with heparin (Sigma), endothelial cell growth
supplement (Millipore, Temecula, CA), 10% fetal bovine serum,
penicillin/streptomycin and ir-glutamine. Hypoxia (2% 0,) was
achieved by N, injection into a humidified CO, incubator outfitted
with an O, sensor (Forma, Marietta, OH).

TRANSFECTION

For transient transfections, 24 h after plating, cells were transfected
with plasmid using SuperfectTM (Qiagen, Valencia, CA) for HEK293
cells or Fugene HD™ (Roche, Indianapolis, IN) for SK-OV-3 cells
following the manufacturer’s instructions. siRNA transfection was
carried out using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA)
following manufacturer’s instructions. Cells were incubated for 48 h
post-transfection. For stable SK-OV-3 cell lines, plasmid-expressing
cells were selected for 7 days using antibiotic selection media
(0.6 mg/ml geneticin for pcDNA3 or 0.5 pg/ml puromycin for pRS).
Surviving cells were passed in the presence of selection antibiotic for
the duration of the experiments.
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IMMUNOBLOT

After treatments, cells were harvested into hypotonic lysis buffer
containing: 25mM Tris-HCL, pH 8, 2mM MgCl,, 5mM KCI,
supplemented with protease inhibitors: 1mM phenyl-methyl-
sulfonamide, 20 pg/ml aprotinin, and 4 pg/ml leupeptin. Extracts
were homogenized or sonicated. Protein was determined by
Bradford assay, and samples were separated by SDS-PAGE. Proteins
were transferred to nitrocellulose membrane and probed with
specific antibody as described [Lounsbury et al., 1994].

QUANTITATIVE RT-PCR

Extraction of total RNA and cDNA synthesis was performed using
RNeasy and Omniscript reverse transcriptase kits (Qiagen) following
the manufacturer’s instructions. The PCR primers and Taqman
probes for B,-microglobulin, VEGF, FBW7, and HIF-1a were
Assays-on-Demand (Applied Biosystems, Foster City, CA). PCR
temperature cycling and real-time fluorescence measurement were
performed using an ABI prism 7700 Sequence Detection System
(Applied Biosystems). The relative quantity of mRNA level was
determined using the comparative Cp (AAC;) method using
B,-microglobulin to normalize mRNA level [Dong et al., 2004].
Experiments with twofold induction or greater induction of VEGF in
hypoxia were used for analysis.

IMMUNOPRECIPITATION

For HIF-1a and HA-HIF-1a immunoprecipitations: cells grown on
150 mm plates were treated in the presence of the proteasome
inhibitor MG-132 and harvested into modified RIPA buffer (mRIPA:
1% NP40, 0.5% sodium deoxycholate, 50 mM Tris pH 7.5, 150 mM
NaCl, 5mM EDTA, 10% glycerol, 1 mM phenyl-methyl-sulfon-
amide, 20 pg/ml aprotinin, and 4 pg/ml leupeptin). Following
preclear with 50% Sepharose beads (Sigma), extracts were incubated
with 3 g rabbit anti-HIF-1a (Santa Cruz Biotechnology, Inc.) or
2.5 g mouse anti-HA (Nick Heintz, University of Vermont) for 1 h at
4°C. Normal IgG was used as a negative control. Protein A/G
Sepharose beads (Santa Cruz Biotechnology, Inc.) were added for 2h
at 4°C, and precipitates were washed 4 x with modified RIPA buffer.

IN VITRO TUBE FORMATION ASSAY

Preparation of conditioned media: SK-OV-3 cells with stable
expression of GSK3S9A or shGSK3 and respective controls were
plated in endothelial cell media with 0.02% fetal bovine serum. Cells
were subjected to 12h of hypoxia (2% 0,) and then media were
immediately recovered and used in the plating of REC cells for the
tube formation assay. Tube formation assay: Rat endothelial cells
(REC) were seeded in 96-well plates (1 x 10 cells/well) coated with
50 wl of Matrige]™ Basement Membrane Matrix Growth Factor
Reduced (BD Biosciences) and incubated in SK-OV-3 conditioned
media. Tube formation was evaluated after 4h by phase-contrast
microscopy (10x objective). Tube characteristics were quantified
using ImageJ software (NIH) for length, number of branch point and
number of tubes. Statistical analysis of one-way ANOVA was
performed with GraphPad Software (La Jolla, CA). Multiple
comparisons were performed using the Tukey test.

STATISTICAL ANALYSIS

Except where indicated, one-way ANOVA for multiple comparisons
was performed on all data. A Kruskal-Wallis adjustment was used
where necessary. All pairwise comparisons were assessed using the
Student’s #-test.

GSK3pB ACTIVITY REGULATES HIF-1a PROTEIN STABILIZATION AND
HIF-1a TRANSCRIPTIONAL ACTIVITY IN HYPOXIA

GSK3p is a kinase that provides targeting phosphorylation for
interaction with the E3 ubiquitin ligases FBW7 and B-TrCP, and has
been implicated in the VHL-independent negative regulation of HIF-
la stability [Flugel et al., 2007; Crusio et al., 2010]. To determine if
enhanced GSK3[ activity affects HIF-1« stability during hypoxia,
GSK3S9A, a constitutively active mutant of GSK3f3, was expressed
in SK-OV-3 ovarian cancer cells. Cells expressing GSK3S9A
exhibited a decrease in hypoxia-induced HIF-1a protein level by
immunoblot that was also reflected by a 30% decrease in
VEGF transcription (Fig. 1A,B). Expression of GSK3S9A also
increased the detection of ubiquitinated forms of HIF-1a that
were stabilized by the proteasome inhibitor, MG-132 (Fig. 1C).
Indirect activation of GSK3B by suppressing PI3K activity also
reduced the HIF-1a stabilization response to hypoxia (Fig. S1A).
Conversely, siRNA-mediated suppression of GSK3B or treatment
with a pharmacologic inhibitor of GSK3 resulted in an increased
HIF-1a protein level in hypoxia (Fig. 1D and Fig. S1B,C). VEGF
transcription was significantly induced by pharmacologic inhibition
of GSK3 (Fig. S1D), but while the siGSK3p response trended towards
an increase, variability prevented statistical significance (Fig. 1E).
Together, these data indicate that GSK3@3 plays a regulatory role
in HIF-1a stability and transcriptional activity in hypoxia, and
support a role for phosphorylation in the targeting of HIF-1a for
proteasomal degradation.

HIF-10o IS REGULATED BY AND INTERACTS WITH FBW?7 IN HYPOXIA
Because of the inhibitory effects of GSK33, the E3 ubiquitin ligases
FBW7 and BTrCP were considered the most likely candidates for
HIF-1a regulation in hypoxia. HIF-1a protein levels were thus
assessed in cells overexpressing FBW7 subtypes or BTrCP. The HIF-
la response to hypoxia was mildly reduced by FBW7a and BTrCP,
but it was markedly decreased by the B and vy isoforms of FBW7,
indicating that FBW7 isoforms 3 and vy selectively contribute to HIF-
la degradation (Fig. 2A). Additionally, suppression of FBW7 in SK-
0V-3 cells using siRNA resulted in an increase in HIF-1a levels
when compared to the siRNA control (Fig. 2B). Expression of
siFBW7 did not affect HIF-1ae mRNA levels suggesting that its effect
is through increased HIF-1a stability in hypoxia (Fig. 2C). This
conclusion was supported by the finding that siFBW7 reduced the
level of ubiquitinated forms of HIF-la in hypoxia that were
stabilized by the proteasome inhibitor, MG-132 (Fig. 2D). There was
no effect of siFBW7 on HIF-1a in normoxia, presumably because
levels of HIF-1a are predominantly regulated by VHL-mediated
ubiquitination in normoxia.

To determine if FBW7 forms a complex with HIF-1a in hypoxia,
co-immunoprecipitation experiments with overexpression of FBW7
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Fig. 1. GSK3p activity alters HIF-1« stabilization and transcriptional activity in hypoxia. SK-OV-3 cells were transfected with either pcDNA3 (empty vector) or pGSK3S9A-
HA, a constitutively active GSK3(3 plasmid (A,B) or either siGSK3[ or non-targeting siRNA (siCTL) (D,E). After 48 h, cells were exposed to 2% O, for 5 h. A,D: Protein levels of
HIF-1o, HA-GSK3, GSK3, and B-tubulin were analyzed using immunoblot. B,E: RNA was isolated followed by measurement of relative VEGF mRNA levels using RT-qPCR. RNA
content between samples was normalized using B,-microglobulin levels. The data shown are representative of at least three independent experiments; “P< 0.01. C: GSK3S9A
increases HIF-1a ubiquitination. The indicated plasmids were transfected into HEK293 cells and then exposed to 2% O, for 5 h in the presence of the proteasome inhibitor MG-
132. Top panel: Input lysates were analyzed by immunoblot using anti-HIF-1c.. Bottom panel: Lysates were immunoprecipitated with anti-HIF-1«, followed by immunoblot
using anti-HIF-1a or anti-ubiquitin. Normal IgG was used as a negative control (IgG).
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Fig. 2. FBW?7 negatively regulates HIF-1a stability in hypoxia. A: HEK293 cells were transiently transfected with pcDNA3 (empty vector), FLAG-tagged FBW7 plasmids of the
indicated subunits, or FLAG-tagged BTrCP plasmid. Cells were treated in hypoxia for 6 h and HIF-1«, FLAG, and B-actin proteins were detected by immunoblot. B,C: SK-OV-3
cells were transfected with siFBW7 or non-targeting siRNA (siCTL). After 48 h, cells were exposed to 2% O, for 5 h. B: HIF-1a and B-tubulin proteins levels were assessed by
immunoblot. FBW7 protein expression could not be obtained due to poor antibody specificity. C: RNA was isolated followed by measurement of relative FBW7 and HIF-1a mRNA
levels using RT-qPCR. RNA content between samples was normalized using B,-microglobulin levels. The data shown are representative of at least three independent
experiments; “P< 0.01. D: FBW7 promotes HIF-1c ubiquitination in hypoxia. SK-OV-3 cells were transfected with siFBW7 or non-targeting siRNA (siCTL) and then exposed to
2% 0, for 5h in the presence of the proteasome inhibitor MG-132. Top panel: Input lysates were analyzed by immunoblot using anti-HIF-1c. Bottom panel: Lysates were
immunoprecipitated with anti-HIF-1c, followed by immunoblot using anti-ubiquitin. Normal 1gG was used as a negative control (IgG).
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isoforms were performed. A selective interaction between HIF-1a
and both FBW78 and FBW7y was demonstrated (Fig. 3A). This
interaction was observed in the presence of the proteasome
inhibitor, MG-132 and was significantly reduced by pharmacologic
inhibition of GSK3 (Fig. 3B), suggesting that FBW7 promotes
ubiquitin-dependent degradation of HIF-1a in hypoxia through
GSK3. Together these results add support to the hypothesis that
FBW?7 interacts with HIF-1a and regulates its stability in hypoxia
through a GSK3- and proteasome-dependent mechanism.

HIF-1e INTERACTION WITH FBW7 REQUIRES GSK38
PHOSPHORYLATION SITES

Possible FBW7 interaction sites within the ODD domain of HIF-1«
were identified through homology with other FBW7 targets that are
phosphorylated by GSK3p (Fig. 4A). To specifically explore the sites
involved in the targeting of HIF-1a by FBW7, mutant forms of
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Fig. 3. FBW?7 interacts with HIF-1c. A: HEK293 cells were transfected with
the indicated FLAG-tagged FBW7 constructs and then exposed to 2% O, for
6h in the presence of the proteasome inhibitor MG-132. Lysates were
immunoprecipitated with anti-HIF-1a followed by immunoblot using anti-
HIF-1a and anti-FLAG. Normal IgG was used as a negative control (IgG). B: SK-
OV-3 cells were transfected with FLAG-FBW?7-y, followed by incubation in
2% 0, for 6 h in the presence of the proteasome inhibitor MG-132 and either
DMSO or GSK3 Inh (BIO, 1 wM). Lysates were immunoprecipitated with anti-
HIF-1a followed by immunoblot using anti-HIF-1a and anti-FLAG. Data are
representative of three independent experiments, P< 0.05 between DMSO and
GSK3 Inh.
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Fig. 4. Phosphorylation of HIF-1a in the cdc4 phospho-degron of the ODD
domain is necessary for interaction with FBW7. A: Structural features of HIF-
1a and comparison of phosphorylation sites to known substrates of FBW7.
Inset shows portion of HIF-1a expressing potential cdc4 phospho-degron
(CPD) motifs and CPDs from known FBW?7 targets. ODD: oxygen-dependent
degradation domain; N-TAD: N-terminal transactivating domain; C-TAD:
C-terminal transactivating domain. B: SK-OV-3 cells were transfected with
the indicated mutant HA-HIF-1a plasmids and FLAG-FBW?7+y, followed by
incubation in 2% O, for 6 h in the presence of the proteasome inhibitor MG-
132. Extracts were immunoprecipitated with anti-HA followed by immunoblot
using anti-FLAG and anti-HA. Normal IgG was used as a negative control (IgG).

HIF-1a were created that lacked GSK3[3 consensus phosphorylation
sites. Two mutant HA-tagged HIF-1a constructs were designed; the
first construct, S551A T555A S589A (STS), was created based on
previous identification of these sites as GSK3 phosphorylation sites
within a fragment of HIF-1a containing the ODD [Flugel et al.,
2007]. The second construct, T498V S502A S505A T506V S510A
(TSSTS), was based on our analysis of likely GSK3p sites based on
consensus sequence comparisons to other GSK3f targets such as
cyclin E (Fig. 4A). When the constructs were expressed in cells, the
mutant HIF-1a constructs were more stable than WT in both
normoxia and hypoxia, although the TSSTS mutation had a more
dramatic effect (Fig. S2A).

Immunoprecipitation of HA-tagged WT or mutant HIF-l1a
constructs followed by in vitro phosphorylation using purified
GSK3p confirmed that WT HIF-1« is a substrate for GSK3( as seen
by a shift in molecular size (Fig. S2B). The TSSTS mutant was not
significantly shifted by GSK38, and the STS mutant exhibited a
partial shift, suggesting that the mutations removed GSK3B
phosphorylation sites on HIF-1a. These data confirm and expand
the previous findings that HIF-1a acts as a substrate for GSK3
phosphorylation at multiple sites within the ODD domain.

To assess whether the GSK3 phosphorylation sites are important
for FBW7 interaction with HIF-1ca, the HA-tagged phosphorylation
mutants along with the FBW7+y construct were expressed in SK-
0V-3 cells. Co-immunoprecipitation experiments demonstrated the
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expected interaction between WT HIF-1a and FBW7 (Fig. 4B).
However, the ability of the HIF-1a STS and TSSTS phosphorylation
mutants to complex with FBW7+vy was abrogated, suggesting that
FBW7+vy requires phosphorylation at these specific sites for the
interaction to occur. These results support the hypothesis that FBW7
interacts with HIF-1a through GSK3p phosphorylation sites within
the ODD domain (Fig. 4A).

LOSS OF GSK3p OR FBW7 LEADS TO INCREASED
HYPOXIA-INDUCED STIMULATION OF ANGIOGENESIS

In order to assess the physiological role of FBW7 and GSK3{ in HIF-
la-dependent stimulation of angiogenesis, stable cell lines were
created in SK-OV-3 ovarian cancer cells. Cell lines generated
included constitutively active GSK3B (GSK3S9A), overexpression of
FBW7vy (FBW7v), and knockdown of both GSK3@ (shGSK3B) and
FBW?7 (siFBW?7). Efficient expression of the vectors in the stable cell
lines was demonstrated using immunoblot and immunofluorescence
(Fig. S3). No significant effect of altering GSK3B on the metabolism
or growth of SK-OV-3 cells was detected as measured by Alamar
blue and cell counts respectively (Figs. S4 and S5). Thus, altering the
GSK3p activity within the cells did not result in a dramatic change in
the cell status that would confound measurements of their
angiogenic potential.

To determine if alterations in GSK33 or FBW7 expression results
in functional changes in the angiogenic response of SK-OV-3 cells
to hypoxia, conditioned media from each stable cell line was applied
to endothelial cells grown in Matrigel™ and effects on endothelial
tube formation were analyzed. The endothelial cells readily formed
tube structures in the presence of conditioned media from SK-0V-3
cells grown in hypoxia (Fig. 5 and Fig. S6). Expression of GSK3S9A
or FBW7v did not significantly reduce the ability of the hypoxic
cells to stimulate tubes or branch points when compared with empty
vector control (Fig. S6). However, conditioned media from SK-OV-3
cells with suppressed FBW7+vy or GSK3[ stimulated a significant
increase in the number of branches and tubes formed by the
endothelial cells. The increase in tube formation is supportive of a
regulatory role for both FBW7 and GSK3B on the angiogenic
potential of cells in hypoxia. Together, the data presented support a
model whereby FBW7 inhibits hypoxia-induced angiogenesis by
promoting destruction of HIF-la. Phosphorylation by GSK3f
promotes the interaction of HIF-1a with FBW7 and mediates its
ubiquitination and degradation. Loss of HIF-1a in this manner
prevents its transcriptional activation of genes important in the
promotion of angiogenesis and therefore regulates angiogenic
signaling in hypoxia.

We show evidence that in hypoxia HIF- 1« is targeted for ubiquitin-
dependent degradation via FBW?7 interactions subsequent to
phosphorylation by GSK3B (Fig. 6). Expression and stabilization
of HIF-1a, especially in hypoxia, is necessary for the propagation of
signals leading to angiogenesis, a process which supports tumor
growth and metastasis. While several studies have described post-
translational regulation of HIF-1a via phosphorylation, nitrosyla-

tion, and sumoylation, most of these modifications result in positive
regulation of HIF-1a in normoxia and few studies have focused on
HIF-1« regulation in hypoxia [[nna and Vadim, 2003; Bae et al.,
2004; Mylonis et al., 2006]. This study provides a new mechanism
for HIF-1a regulation in hypoxia and demonstrates the impact of
this regulation on angiogenic signaling.

The identification of a cdc4 phospho-degron motif within the
0DD domain provided a likely interaction site between HIF-1a and
FBW?7, which we have shown exists. The conformation of HIF-1a
upon phosphorylation may provide a pocket for E3 ubiquitin ligase
binding in a manner similar to hydroxyl-mediated VHL binding. We
observed effects of overexpressed FBW73 and <y isoforms on the
hypoxia-mediated stabilization of HIF-1a and detected an interac-
tion between FBW7 and HIF-1a when the proteasome was inhibited.
The reduced interaction between HIF-1a and FBW7 with mutations
in the phospho-degron motif or with inhibition of GSK3 further
supports our hypothesis. Although we propose that the FBW7-
mediated pathway is primarily relevant in hypoxia, the normoxic
stabilization of HIF-1a mutants suggests that these phosphorylation
sites may also be important for HIF-1a stability in normoxia.
Overall, these studies demonstrate that modulation of HIF-1a in
hypoxia is a multi-step process involving both phosphorylation by
GSK3p and ubiquitination stimulated by FBW?7.

Phosphorylation targets of GSK3B interact with several E3
ubiquitin ligases; therefore other potential candidates could
participate in the ubiquitination of HIF-1a [Fuchs et al., 2004;
Welcker and Clurman, 2008]. A common E3 ligase associated with
GSK3p activity, BTrCP, did not significantly interact with HIF-1a in
hypoxia. Additionally, knockdown of FBW7 increased ubiquitina-
tion of HIF-1a suggesting a specific role of FBW7 in the ubiquitin-
dependent destruction of HIF-1a. This result was further supported
by the increase of ubiquitinated HIF-la in the presence of
constitutively active GSK3(. While it is possible for another E3
ubiquitin ligase to also contribute to HIF- 1« ubiquitination, FBW?7 is
shown here to have functionality specific to HIF-1a destruction.

In concordance with previous studies, our data show that
inhibition of GSK3 activity increases HIF stability in hypoxia, yet
this difference did not significantly carry over to induction of VEGF
transcript [Flugel et al., 2007]. VEGF has multiple regulatory
mechanisms including other signaling pathways and micro-RNA;
thus the lack of significant induction of VEGF with specific siRNA
inhibition of GSK3p may be because of a compensatory role of
GSK3a in combination with other regulatory mechanisms. Expres-
sion of constitutively active GSK3 clearly demonstrates negative
regulation of HIF stability and VEGF transcription. Taken together,
these data suggest that GSK3p is involved as control mechanism to
restrain HIF-1a protein and transcriptional activity in hypoxia and
during re-oxygenation and that this effect leads to induction of
genes necessary for angiogenesis.

Our results show that loss of FBW7 or GSK3f results in an
increase in hypoxia-induced secretion of angiogenic factors by SK-
0V-3 ovarian cancer cells and support a role for HIF- 1« stabilization
as the cause of this effect. No reduction in angiogenesis was seen
with constitutively active GSK3f or overexpression of FBW7+y. This
may be due to a saturation of the system, as the SK-OV-3 cells have
high levels of endogenous protein and therefore increasing the
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Fig. 5. Reduction of either GSK33 or FBW7 increases tube formation in hypoxia. A: Endothelial cells were plated in MatrigelTM and incubated with hypoxia-treated
conditioned media from SK-OV-3 stable cell lines expressing shGSK3, siFBW?7 or their respective controls. Tubes were quantified using ImageJ software (NIH) and were assessed
for number of tubes and number of branch points. For quantification, three representative images from each condition were averaged for three independent experiments;
*P<0.05. B: A representative 10x phase-contrast image from each condition is shown; bar =200 um.

expression may not impact the outcome. We propose that the effects
of FBW7 and GSK3B on HIF-1a are modulatory in nature and
important for modulating the hypoxic response, thus targeting this
pathway would be selective for hypoxic cells or VHL-deficient cells
in the tumor microenvironment.

GSK3B mediates proteasomal degradation of a number of
transcription factors and other signaling molecules, thus it is
perhaps not surprising that the findings of our current study show
expression of GSK3p leads to an increase in ubiquitination of HIF-
1a protein [Aberle et al., 1997]. This current study is consistent with
earlier work studying the effect of GSK3B on HIF-1« [Flugel et al.,
2007]. In that study, GSK3B induced phosphorylation of an
expressed fragment of HIF-la containing the ODD domain,
resulting in loss of PAI-1 transcription in response to hypoxia.
Our results confirm these results in ovarian cancer cells, measure the
effects on endogenous HIF-1a, and extend the findings to include a

mechanism whereby phosphorylation of HIF-1a leads to its
ubiquitination through FBW7 binding. A previous study also using
SK-0V-3 cells found that constitutively active GSK3f increased cell
growth and GSK3 inhibition reduced cell growth [Cao et al., 2006].
We found neither expression of constitutively active GSK3B or
shGSK3 resulted in significant effects on cell metabolism, growth
or apoptosis. Because our experiments were in stable cell lines, the
extent of overexpression was less than that seen in their model,
which may explain the differences. Our study further defines the
functional effects of altering FBW7 and GSK3[ on the angiogenic
response, revealing that inhibition of both proteins increases the
angiogenic potential of ovarian cancer cells.

Recent studies have shown that inhibition of FBW7 via C/EBPS
also results in increased HIF-1a through stabilization of mTOR, as
mTOR is shown to be targeted by FBW7 [Mao et al., 2008;
Balamurugan et al., 2010]. Also, the PI3K pathway has been shown
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Fig. 6. Model representing HIF-1 a proteasomal targeting by VHL in nor-
moxia and FBW7 in hypoxia.

to increase HIF-1a protein levels in normoxia as indicated by reports
showing AKT activity leads to increased HIF-1a protein [Zhong
et al., 2000; Treins et al., 2002; Mottet et al., 2003; Zhong et al.,
2004; Fang et al., 2005; Pore et al., 2006]. We have not observed
this finding with GSK3B inhibition, which suggests that other
mechanisms may also play a role; GSK3 is regulated by other major
signaling pathways including mTOR and MAP kinase. However,
since PI3K leads to GSK3fB inactivation through AKT-mediated
phosphorylation, the anti-angiogenic activity of PI3K inhibitors
may be due to increased activity of GSK3B [Manning and Cantley,
2007]. Due to the immense impact HIF-1a activity has on cellular
processes, it is likely that multiple levels of regulation exist. Future
experiments will explore the mechanisms and role of GSK3f and
FBW7 in a complex tumor environment to define the dominant
effects on the angiogenic environment.

While the importance of GSK3f in the angiogenic response is
clearly indicated, we cannot rule out the possibility that the effect is
in part due to increased B-catenin activity which would also be
increased in the absence of GSK3B. B-catenin has also been
shown to regulate transcription of genes necessary for angiogenesis
and metastasis, thus it could also play a role in our findings.
Overexpression of GSK3f in endothelial cells has been shown to
reduce B-catenin activity, VEGF transcription, and to inhibit
formation endothelial tubes in Matrigel [Skurk et al., 2005]. Our data
show that loss of GSK3@ promotes VEGF production through HIF-
la stabilization, but the observed stimulation of endothelial tube
maturation may be a result of a combination of factors secreted into
the media that will be explored in future studies.

Our results were obtained primarily in the SK-OV-3 ovarian
cancer cell line, which was chosen due to the importance of HIF-1a
and VEGF signaling in ovarian cancer identified by our laboratory
and others [Zhong et al., 1999; Wong et al., 2003; Semenza, 2010].
Angiogenesis is particularly important in ovarian cancer, and
inheritable variations in genes including VHL and VEGF are
significant predictors of survival [Goode et al., 2010]. The use of
bevacizumab, an antibody targeting VEGF, has also been shown to
have clinical benefit in the treatment of platinum-resistant ovarian
cancer [McGonigle et al., 2011]. FBW7 has not been directly linked
to ovarian cancer, however loss of function mutations in FBW7 have
been linked to a common pathway of drug resistance [Wertz et al.,

2011]. Thus, our findings make the first connection between FBW7
and the regulation of angiogenic signaling in ovarian cancer cells,
and because all cells share the cellular response to hypoxia, it is
likely that regulation of HIF-1a by FBW7 is a common pathway.
While there is still much to understand about this mechanism, these
results indicate that HIF-1a stability can be reduced in hypoxia,
opening opportunities to selectively modulate signaling by cells in a
pro-angiogenic environment.
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