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Background: HIF1« is degraded under normoxic conditions by VHL. Degradation under hypoxia is poorly understood.
Results: HIF1a is degraded under hypoxia via 26 S proteasome; MDM2/E3 ligase, under the control of PI3K, mediates the

hypoxic degradation of HIF1« in glioma systems.

Conclusion: MDM2 action on HIF1« under hypoxia is controlled by PI3K signaling.
Significance: Results reveal a mechanism controlling hypoxic HIF1« degradation.

Hypoxia-inducible factor 1 (HIF1) is a heterodimeric tran-
scription factor containing an inducibly expressed HIF1a sub-
unit and a constitutively expressed HIF18 subunit. Under
hypoxic conditions, the HIF1« subunit accumulates because of
a decrease in the rate of proteolytic degradation, and the result-
ing HIF1la—HIF13 heterodimers undergo post-translational
modifications that promote transactivation. Previous reports
suggest that amplified signaling through PI3K enhances HIF1-
dependent gene expression; however, its role is controversial,
and the mechanism is unclear. Using genetically engineered
PTEN-deficient cell lines, we demonstrate that PTEN specifi-
cally inhibited the accumulation of HIFle in response to
hypoxia. Furthermore, we report that in glioblastoma cell lines,
inhibition of PI3K pathway, using pan as well as isoform-specific
PI3K inhibitors SF1126, PF4691502, BEZ-235, GDC0941, and
TGX221 blocked the induction of HIF1« protein and its targets
vascular endothelial growth factor, HK1, and GLUT1 mRNA in
response to hypoxia. Herein, we describe the first evidence that
HIFla« can be degraded under hypoxic conditions via the 26 S
proteasome and that MDM?2 is the E3 ligase that induces the
hypoxic degradation of HIF1«. Moreover, the action of MDM2
on HIFla under hypoxia occurs in the cytoplasm and is con-
trolled by the PTEN-PI3K-AKT signaling axis. These data
strongly suggest a new role for PTEN in the regulation of HIF1«
and importantly that PI3K-AKT activation is required for the
hypoxic stabilization of HIF1a and that hypoxia alone is not
sufficient to render HIFla resistant to proteasomal cleavage
and degradation. Moreover, these findings suggest new thera-
peutic considerations for PI3K and/or AKT inhibitors for can-
cer therapeutics.
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The hypoxia-inducible factor-1 (HIF1)? is the main regulator
of cellular adaptation to oxygen deprivation (1, 2). Hypoxia-
inducible factor-1 is a heterodimeric transcription factor com-
posed of a constitutively expressed subunit (HIF18 or aryl
hydrocarbon receptor nuclear translocator), and a regulatory
subunit (HIF1«), which is continuously transcribed and trans-
lated, but protein levels are controlled by ubiquitination and
proteasomal degradation (3, 4). HIF1a subunits are ubiquiti-
nated in direct proportion to cellular O, concentrations, pro-
viding a molecular rheostat whereby levels of hypoxia-respon-
sive genes are finely and expeditiously regulated by O,. Under
conditions of normoxia, 2-oxoglutarate-dependent prolyl
hydroxylase domain-containing enzymes covalently modify the
HIFla molecule such that it will bind to the VHL protein
(pVHL), an E3 ubiquitin ligase. Once hydroxylated on specific
proline residues (Pro*®* and Pro®®*), HIF1a binds tightly to
pVHL, is polyubiquitinated and transported to the proteasome
for rapid and complete degradation (5-7). HIFla is also
hydroxylated by FIH-1 (factor inhibiting HIF1) on asparagine
residue 803 in its C-terminal transactivation domain. This pre-
vents the HIF1a coactivator, p300/CBP, from binding and thus
inhibits HIFla-mediated transcription of target genes (8).
Under hypoxic conditions, the rate of prolyl hydroxylase
domain-mediated and asparaginyl hydroxylation is reduced,
and pVHL will not bind, resulting in a rapid increase in HIF1«
levels and function within the nucleus. Stabilized HIF1« trans-
locates to the nucleus and dimerizes with a 8 subunit, and the
heterodimer transactivates target genes, including vascular
endothelial growth factor (VEGF) and GLUT1, and various gly-
colytic enzymes that help cells adapt to hypoxia (9). HIF-medi-
ated gene expression is critical for both embryonic develop-
ment (10-12) and tumor growth (13, 14).

HIFla has been shown to be induced by numerous stimuli
other than hypoxia, including insulin, insulin-like growth fac-
tors (IGFs), epidermal growth factor, heavy metals, and HER-

3 The abbreviations used are: HIF, hypoxia-inducible factor; VEGF, vascular
endothelial growth factor; HRE, hypoxia response element; IGF, insulin-like
growth factor; AP, alkaline phosphatase; MEF, mouse embryonic fibro-
blast; WCE, whole cell extract.
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2/neu activation (15-19). However, the involvement of PI3K
signaling in enhancing HIFla-mediated gene expression
remains a subject of considerable debate. Several groups have
implicated the role of PI3K signaling in the regulation of HIF 1«
(20-22). Introduction of wild type PTEN into human glioblas-
toma cells has been shown to inhibit the hypoxia-induced up-
regulation of HIF1 target genes and expression of a luciferase
reporter containing HIF1 binding sites in the promoter (22).
However, the exact contribution of the PI3K pathway to HIF1«
regulation remains a subject of considerable interest and con-
troversy (23, 24).

The function of HIF1a has been shown to be modulated
through direct and indirect interaction with a number of pro-
teins that regulate passage through the cell cycle including p53,
MDM2 (murine double minute 2), E2F, and pRb (25-29). p53
has been shown to decrease the transcriptional activity of
HIFle, in part through competition, in the setting of hypoxia,
for binding to the transcriptional coactivators of both p53 and
HIFle, p300 and PCAF (26). Recently, the molecular interac-
tion among HIF1le, p53, and MDM2 has been introduced as a
key event in tumor promotion. HIF1«a and p53 affect each other
reciprocally; namely, HIFla stabilizes p53 by blocking the
MDM2-mediated p53 ubiquitination (25), but p53 destabilizes
HIFla by promoting the MDM2-mediated HIF1«a ubiquitina-
tion (30). According to this hypothesis, MDM2 may function as
a negative regulator of HIF1a. On the other hand, Bardos et al.
(31) demonstrated that MDM2 directly associates with HIF1«
and positively regulates HIF 1« expression and activation under
conditions of normoxia and IGF1 stimulation. These observa-
tions raise the question of a more complex function and regu-
lation of HIFla in mammalian systems. Although much is
known about the transcriptional and post-translational regula-
tion of HIF1a (32, 33), there are few reports that HIF1« can be
degraded under conditions of hypoxia by the 26 S proteasome
(30, 34, 35). Ravi et al. (30) has suggested that p53 acts as a
molecular chaperone that facilitates recruitment of HIF1« for
ubiquitination by MDM2 under hypoxic conditions in a protea-
some-dependent manner. Liu ez al. (35) recently described oxy-
gen-independent degradation of HIF1« by a novel HIF1a-in-
teracting protein, RACK1 (receptor for activated protein kinase
C 1). They suggested that similar to the E3 ligase, pVHL,
RACK1 increased polyubiquitination of HIF1« and was unable
to mediate degradation of HIF1a in the presence of proteasome
inhibitor, MG132. In the same context, recent studies suggest
that SHARP promotes proteasomal degradation of HIF1« inde-
pendent of pVHL, hypoxia, and ubiquitination machinery (34).
SHARP1 reported as a crucial regulator of metastatic pheno-
type in triple negative breast cancer (also known as BHLHE41
or DEC2) binds to HIFs and promotes HIF proteasomal degra-
dation by serving as the HIF-presenting factor to the protea-
some (34).

In our study, we demonstrate that PI3K inhibitors and PTEN
promote degradation of HIFla in glioma cells under hypoxic
conditions. Furthermore, we have elucidated the molecular
basis for how PTEN and PI3K inhibitors control the hypoxic
degradation of HIF1a by the localization of MDM2 to the cyto-
plasm. Our data provide a new function for an old oncogene,

22786 JOURNAL OF BIOLOGICAL CHEMISTRY

MDM2, as an E3 ligase for HIF1a under conditions of hypoxia
and limited PI3K-AKT activation.

EXPERIMENTAL PROCEDURES

Tissue Culture Conditions and Reagents—The LN229-
HRE-AP cell line was provided by Dr. Erwin Van Meir. The
LN229-HRE-AP reporter cell line for HIF transcriptional activ-
ity was created by stably transfecting LN229 cells with the
pACN188 plasmid, which contains an alkaline phosphatase
gene driven by six hypoxia response elements (HREs) derived
from the VEGF promoter (36). PRK5-HA-MDM?2 plasmid is a
kind gift from Dr. David Schlaepfer. S166A and S166E FLAG-
MDM2 plasmids were a gift from Dr. David Donner. p53~ /'~
and p53~/~ MDM2 "/~ MEFs were a kind gift from Dr. Inder
Verma. Glioblastoma cell lines derived from U87MG contain-
ing inducible mutant PTEN, 23.24GE (lipid phosphatase inac-
tive because of a G129E mutation) and 23.44GR (both lipid and
protein phosphatase inactive because of a G129R mutation)
were cultured as previously described (37, 38). In these cell
lines, PTEN was induced using 0.5 pwmol/liter muristerone.
GFAP V12 Ras Tg mice develop high grade malignant gliomas
in vivo (39). In this animal model described by Ding et al. (39),
100% of mice develop glial tumors. The tumors are evident
from abnormal neurological function of the mice necessitating
euthanasia or by routine histopathological analysis of neurolog-
ically normal mice. Glial tumors ranging from low grade to high
grade gliomas were described with significant mouse strain
effects noted. We bred these mice with PTEN™? animals
obtained from Dr. Ramon Parsons (Columbia University, NY).
We isolated normal astrocytes and tumor-derived glioma cells
from PTEN-deficient mice. The GFAP V12 Ras Tg mice have
been successfully bred with PTENfI'" mice to generate a
PTEN™" X GFAP V12 Ras glioma cell line. The GFAP V12 Ras
PTEN™ glioma cells are then transduced with a retroviral vec-
tor, pMIEG-cre, which contains cre recombinase and internal
ribosome entry site-directed enhanced GFP. This allowed us to
delete one or both alleles of PTEN and develop isogenic
PTEN /7, PTEN"/", or PTEN"/" GFAP V12 Tg positive gli-
oma cell lines. US7MG, LN229-HRE-AP, MEF PTEN*/*, MEF
PTEN /", GFAP VI2 Ras PTEN™, and GFAP V12 Ras
PTEN™" cre+ cell lines were propagated in Dulbecco’s modi-
fied Eagle’s medium (Cellgro), 10% FBS, 20 mm HEPES, 2 mm
L-glutamine, 100 units/ml penicillin, 100 ng/ml streptomycin
(all from Invitrogen). Cells were routinely cultured in 95% O,
and 5% CO, at 37 °C and made hypoxic by placing them in
hypoxic chamber (Billups chamber) at 1% O,, 5% CO,, and
94.9% nitrogen. Cells were in all cases serum-starved for 4 h and
then pretreated with indicated drug and concentration for 30
min prior to IGF and/or hypoxia treatment. BEZ-235, BKM
120, PF4691502, GDC-0941, and TGX-221 were purchased
from Selleck Chemicals. SF1126 was obtained from SignalRx
Pharmaceuticals (40). Drugs were diluted into medium to the
appropriate concentration before adding to cells to ensure that
all treated dishes received the same concentration of DMSO
that was added to control or untreated dishes at a final dilution
of 1:1000.

Western Blots—For all Western blots, 2 X 10° cells were
plated in 10-cm tissue culture dishes such that the density of the
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cells at the time of lysis was 70—80% confluent. Cells were
allowed to adhere overnight and were then starved for 4 hin 0%
FBS and pretreated for 30 min with the indicated drug or
DMSO control. The cells were then stimulated with IGF and
under hypoxia or normoxia for 4 h. Lysis was performed imme-
diately at the bench in ambient air. For HIF1a Western blots,
nuclear extracts were prepared using a modified Dignam pro-
tocol (41). Whole cell lysates were prepared using WCE buffer:
150 mm NaCl, 50 mm Tris, pH 7.4, 5 mm EDTA, 0.1% SDS, 20
mM B-glycerophosphate, 10 mm NaF, 250 um NavVO,, 1 mm
phenylmethylsulfonyl fluoride, and complete protease inhibi-
tor (Roche Molecular Biochemicals). Extracts were electro-
phoresed, transferred, and immunoblotted according to stand-
ard protocols or the manufacturer’s instructions using 5%
nonfat dry milk in Tris-buffered saline/Tween 20. Antibodies
against human HIF1a were purchased from Transduction Lab-
oratories (catalog number 610959). Antibodies against total
and phosphorylated AKT (Ser*”?) (catalog number 9271) and
PTEN (catalog number 9552) were purchased from Cell Signal-
ing Technologies.

HIF1a-Alkaline Phosphatase Reporter Assay—LN229-HRE-AP
cells (4 X 10°/well) were plated onto 6-well plates, serum-starved,
and incubated with or without inhibitors for 24 h under hypoxic or
normoxic condition. Cells were washed with TBS, and p-nitrophe-
nyl phosphate (Sigma) was added into each well. The plates were
incubated at 37 °C for 30 min to detect and quantify AP enzymatic
activity by measuring optical density values at 405 nm in a
spectrophotometer.

Plasmid Constructs, Transient Transfections, and shRNA—
Transient transfections were done using Lipofectamine Plus
(Invitrogen) for MEFs and FuGENE (Roche) for LN229-
HRE-AP cells according to the manufacturer’s instructions.
Briefly, cells were split into 10-cm dishes so that 24 h later they
were 70% confluent. At this time, each dish was transfected 10
pg of plasmid using FUGENE or Lipofectamine Plus. After 48 h
of transfection, lysates were prepared. The short hairpin RNA
was purchased from Dharmacon Research (Lafayette, CO).
shRNA-transfected LN229-HRE-AP cells with different con-
centrations of shRNA according to instruction manual were
allowed to select on puromycin for multiple passages, until we
detect a stable knockdown of PTEN in each cell line.

Site-directed Mutagenesis—The QuikChange site-directed
mutagenesis kit (Stratagene) was used to mutate ring finger
domain site cysteine 464 to alanine in pcDNA S166A MDM?2
plasmid. Oligonucleotides used for mutagenesis were CAGGAC-
ATCTTATGGCCTGCTTTACAGCCGCAAAGAAGCTAA-
AGAAAAGand CTTTTCTTTAGCTTCTTTGCGGCTGTAAA-
GCAGGCCATAAGATGTCCTG (C464A). Dideoxynucleotide
sequencing ensured successful mutagenesis of C464A in FLAG tag
pcDNA S166A MDM2 plasmid.

Confocal Microscopy—p53~'~ MDM2 ™/~ MEFs were trans-
fected with 1 ug of HA-MDM2 or S166A or S166E FLAG-
MDM2. Forty-eight hours after transfection, cells transfected
with HA-MDM2 or FLAG-MDM?2 plasmid were serum-
starved for 4 h, followed by treatment with 500 nm PF4691502
for half an hour. Cells were fixed, permeated with 0.1% Triton
X-100, and blocked with 2% BSA. A FLAG or HA primary anti-
body was added, followed by Alexa 568-conjugated goat anti-
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mouse secondary antibody. The nucleus was detected by stain-
ing with DAPI. Excitation of the stains was performed on a
Nikon STORM confocal super resolution system. Double-blind
analyses of cells in numerous fields were done to study cytoplas-
mic or nuclear localization of MDM2 in the presence of con-
structs or treatment conditions.

RT-PCR Analyses—Total RNA was isolated from cell lines
using the Qiagen RNAeasy kit (Qiagen) according to manufac-
turer’s instructions. cDNA was prepared from 1 ug of RNA
sample using an iScript cDNA synthesis kit (Bio-Rad). cDNA (2
pl) was amplified by RT-PCRs with 1X SYBR green supermix
(Bio-Rad) in 96-well plates on an CFX96 real time system (Bio-
Rad), using the following program: 5 min at 95 °C, then 40
cycles of 20 s at 95°C, 1 min at 58 °C, and 30 s at 72 °C. The
specificity of the produced amplification product was con-
firmed by examination of dissociation reaction plots. Relative
expression levels were normalized to Gapdh expression accord-
ing to the formula < 2°(Ct gene of interest-Ct Gapdh) (42).

RESULTS

PTEN Regulates Expression of HIF1o Protein and Down-
stream HIFla Transcriptional mRNA Targets—The tumor
suppressor PTEN is an antagonist of PI3K signaling and func-
tions by removing the phosphate at the D3 position of phos-
phatidylinositol trisphosphate and phosphatidylinositol bis-
phosphate. To determine the role of PTEN in the regulation of
HIFlea, we used four different genetically engineered PTEN-
deficient cell lines. Glioblastoma cell lines derived from
U87MG containing inducible WT or mutant PTEN (G129E and
G129R) were cultured as previously described (37). In these
U87MG cell lines, expression of PTEN (or mutants of PTEN) is
under the control of a muristerone responsive promoter (38).
First, we verified the biochemical induction of PTEN and sup-
pression of p-AKT in these cell lines when induced with muris-
terone (Fig. 1A). The U87 cell line containing muristerone-in-
ducible WT PTEN, or mutant PTEN (G129E, G129R), MEF
PTEN"'/*, MEFPTEN /~, GFAP V12 Ras PTEN™", and GFAP
V12 Ras PTEN™" cre+ cell lines were serum-starved for 4 h
and then exposed to 4 h of hypoxia. The mutation or loss of
PTEN induced a high level of HIF1« stabilization in U87 PTEN
G129E, U87 PTEN G129R, GFAP V12 Ras PTEN"" cre+, and
MEF PTEN "'~ cell lines (Fig. 1, B—D) compared with isogenic
PTEN-positive cells. We observed that U87 glioblastoma
cell lines containing muristerone-inducible WT PTEN block
HIFla accumulation, whereas cell lines expressing muris-
terone-inducible PTEN mutants, G129E and G129R, were
unable to block HIF1a accumulation (Fig. 1B). These results
were also verified in MEFs where the hypoxic accumulation of
HIF1a was higher in PTEN ™/~ MEFs (Fig. 1D), and this effect
was abrogated when PTEN/~ MEFs were transfected with
HA-PTEN plasmid (Fig. 1E). To further support the role of
PTEN in HIFl« stabilization, we transfected WT PTEN or a
lipid phosphatase dead mutant C124S PTEN into LN229-
HRE-AP cells. The transient transfection of PTEN blocked
HIF1a stabilization in LN229-HRE-AP cells, whereas there is
no effect on HIF1la stability when these cells were transfected
with the catalytic dead PTEN C124S mutant (Fig. 1F). These
results were further confirmed by increased HIF1« stabiliza-
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FIGURE 1. PTEN regulates expression of HIF1« protein. A, muristerone-inducible PTEN or G129E and G129R mutants of PTEN engineered in the U87MG cell
lines were used to detect the expression of PTEN and pAKT before and after induction of 0.5 umol/liter muristerone. After 36 h of muristerone induction, cell
lysates were prepared and used for Western blot analysis of PTEN and pAKT. B-D, muristerone induced expression of PTEN in the U87 cell line including wild
type PTEN orG129E and G129R PTEN mutant expression. B-D, GFAP V12 Ras PTEN"" (B) or GFAP V12 Ras PTEN™ cre cell lines (C) and MEF PTEN*/* and MEF
PTEN~/" cell lines (D) were serum-starved for 4 h and were kept in normoxic (21% O,) or hypoxic (1% O,) for 4 h followed by preparation of nuclear extracts (for
HIF 1) as well as WCE and Western blot analysis. £, MEF PTEN /" cells were transfected with 10 ug of empty vector or HA-PTEN plasmid using Lipofectamine
Plus. 48 h after transfection, cells were serum-starved for 4 h followed by hypoxia (1% O,) for 4 h. Cells were used for preparation of nuclear extracts (for HIF 1)
and whole cell extracts for HA and pAKT for Western blot. Cell lysates were run on SDS-PAGE, and proteins were transferred on nitrocellulose membrane and
probed with HIF1a, HA or pAKT (Ser*’3) antibodies. F, LN229-HRE-AP cell lines were transfected with different concentrations of HA-PTEN (6, 8, and 10 ug),
C124S (10 pg) mutant, and control plasmid (10 ng) using FUGENE transfection reagent. After 48 h of transfection, cells were serum-starved for 4 h and exposed
to hypoxia (1% O,) for 4 h followed by preparation of nuclear extracts and whole cell extracts for Western blot analysis. G, LN229-HRE-AP cell lines stably
transfected with PTEN shRNA or a control construct as described under “Experimental Procedures” were serum-starved for 4 h followed by hypoxia (1% O.) for

4 h and preparation of nuclear extracts and Western blot analysis. The experiments were repeated three times with similar results.

tion when PTEN was knocked down by stable transfection of
PTEN shRNA in LN229-HRE-AP cells (Fig. 1G).

Our next point of focus was to investigate the role of PTEN in
the transcriptional activation of HIF 1« target genes. GFAP V12
PTEN"fcre+ cell lines display a significant increase in the
transcription of VEGF, GLUT1, and HK1 (Fig. 24) as compared
with the isogenic GFAP V12 PTEN™® (PTEN-positive) cell line.
Moreover, HIFla transcriptional activity was reduced in the
LN229-HRE-AP cell lines transiently transfected with PTEN
(Fig. 2B). This effect was dose-dependent because it was corre-
lated with levels of PTEN, p-AKT suppression, and HIF1a pro-
tein expression (Fig. 1F). Moreover, the transcription of HIF1«
target genes were increased by knockdown of PTEN in LN229-
HRE-AP cells as evidenced by increased HRE-dependent alka-
line phosphatase activity and real time PCR detection of VEGF,
HK1, PGK1, and GLUT1 mRNA (Fig. 2, C and D).

Inhibition of PI3K Pathway Blocks Hypoxic Accumulation of
HIFla and Its Targets but Not HIFoe mRNA—The observation
that PTEN exerts control over HIFla protein levels and its
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transcriptional activity (Figs. 1 and 2) led us to investigate the
effects of different clinically relevant PI3K inhibitors (SF1126,
BEZ235, PF4691502, BKM120, GDC0941, and TGX221) on the
hypoxic induction of HIF1e in glioma models. SF1126 is a vas-
cular RGDS/integrin targeted prodrug derivative of LY294002
that it has recently completed phase I clinical trials (40). SF1126
inhibits all isoforms of PI3K (pan-PI3K inhibitor), mTOR,
ATM, PIM1, and PLK2. GDC-0941 is an orally bioavailable
inhibitor of class I PI3K that is 100-fold more potent against
class I compared with class IL, I1I, and IV family members and is
in clinical development for solid tumor indications including
breast cancer (43). TGX-221 is a pl110B-specific inhibitor,
which is emerged as a new target for anti-thrombotic therapy
(44). The other inhibitors are in early clinical development,
including: BEZ235, a dual PI3K/mTOR inhibitor; PF4691502, a
panPI3K inhibitor; and BKM120, a pan-PI3K inhibitor (45—
47). We first determined whether these PI3K inhibitors are able
to block accumulation of HIF1« under hypoxic conditions. Fig.
3A shows that PF4691502 blocks the hypoxic accumulation of
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0,) or hypoxia (1% O,) for 24 h, followed by preparation of lysates, and HRE-mediated AP activity was read at 405 nm using p-nitrophenyl phosphate as a
substrate. Cells transfected with pcDNA were used as a control. C, LN229-HRE-AP cell lines stably transfected with PTEN shRNA or a control construct were
subjected to normoxia (21% O,) or hypoxia (1% O,) for 24 h, and HRE-mediated AP activity was read at 405 nm. D, RNA was isolated form LN229-HRE-AP cell
lines stably transfected with PTEN shRNA and its control constructs in normoxic (21% O,) and hypoxic (1% O,) conditions and used to quantitate expression of
VEGF, HK1, PGK-1,and GLUT1 genes by real time PCR. The data are representative of two or three independent experiments. Graphs present means = S.E.*,p <
0.05; **, p < 0.01; ***, p < 0.001 versus GFAP V12 Ras PTEN" (A), vector (B), and control shRNA (C and D) in hypoxic conditions as determined using pair wise
two-sided Student’s t test. Please note that the expression values of all genes (A and D) and alkaline phosphatase activity (B and C) in hypoxic conditions are
significant compared with normoxic conditions.

HIFle in a dose-dependent manner and blocks p-AKT in
LN229-HRE-AP cells. The results shown in Fig. 3 (B and C)
clearly demonstrate that the pan-PI3K inhibitors SF1126, BEZ,
PF4691502, and BKM120 potently inhibit the hypoxic accumu-
lation of HIF1« in LN229-HRE-AP and U87 glioma cell lines.
SF1126, PF4691502, and BKM120 were equally effective in
blocking HIF1a accumulation, whereas BEZ235 was less potent
(Fig. 3, B and C). To determine the specificity of the PI3K sig-
naling in HIF1a accumulation, we used isoform-specific PI3K
inhibitors. Interestingly, both GDC0941 (p110ca-specific inhib-
itor) and TGX-221 (pl110B-specific inhibitor) block HIF1«x
accumulation in LN229-HRE-AP cells (Fig. 3D). To provide
additional evidence that PTEN and PI3K control hypoxic
HIFla, we transfected Myr-AKT into MEF PTEN™*/" and
LN229-HRE-AP cells to determine whether expression of con-
stitutive active AKT would augment HIFla accumulation
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under hypoxic conditions. We observed that the expression of
Myr-AKT augmented the accumulation of HIF under hypoxia
in MEF PTEN"/" (Fig. 3E), as well as in LN229-HRE-AP cells
(Fig. 3F). Of note, the PI3K inhibitor treatment blocked the
accumulation of HIF1e induced by Myr-AKT transfection in
LN229-HRE-AP cells (Fig. 3F). This observation is consistent
with the literature, which has reported that Myr-AKT,
although membrane-localized, requires phosphatidylinositol
1,4,5-trisphosphate-dependent phosphorylation on Thr?%® by
PDK1 for full activation (48).

We next investigated whether PI3K inhibitors can block the
transcriptional activation of HIF1«a target genes. Fig. 4 (A and
B) shows that PI3K inhibitors reduced VEGF, HK1, and GLUT1
mRNA levels in both PTEN containing and PTEN-deficient
glioma cell lines. In agreement with these findings, PI3K inhib-
itors blocked the HIF1a transcriptional activity as measured by
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FIGURE 3. Inhibition of PI3K pathway blocks hypoxic accumulation of HIF1«. A, serum-starved LN229-HRE-AP cells (4 h) were treated with 250 nm, 500 nm,
and 1 um PF4691502 for 30 min followed by IGF stimulation and then placed under normoxic or hypoxic conditions (1% O.) for 4 h followed by the preparation
of nuclear extracts for Western blot analysis of HIF 1« and WCE for pAKT and AKT blots. Band C, serum-starved U87 and LN229-HRE-AP cells treated with 25 um
SF1126, 500 nm PF4691502, BEZ, and BKM120 inhibit HIF 1« accumulation under hypoxia in U87 (B), LN229-HRE-AP (C) cells. Cells were serum-starved for 4 h
pretreated with inhibitors for 30 min followed by IGF stimulation and then placed under normoxic or hypoxic conditions (1% O,) for 4 h followed by the
preparation of nuclear and whole cell extracts for Western blot analysis. D, serum-starved LN229-HRE-AP cells were pretreated with 100 nm GDC0941 and
TGX221 for 30 min followed by IGF stimulation and then placed under normoxic or hypoxic conditions (1% O,) for 4 h followed by the preparation of nuclear
extracts for Western blot analysis of HIF 1« and WCE for pAKT and AKT blots. £, MEF PTEN /™ cells were transfected with 10 ug of Myr-AKT or empty vector using
Lipofectamine Plus transfection reagent, and 48 h after transfection, cells were serum-starved for 4 h and subjected to hypoxia for 4 h followed by preparation
of nuclear extracts and whole cell extracts. F, LN229-HRE-AP cells were transfected with 10 g of Myr-AKT or empty vector using FUGENE transfection reagent
and 48 h after transfection. The cells were serum-starved for 4 h pretreated with 500 nm of PF4691502 for 30 min followed by IGF stimulation and then placed
under hypoxic conditions (1% O,) for 4 h followed by the preparation of nuclear extracts and WCE for Western blot analysis. The data are representative of two

or three independent experiments.

an alkaline phosphatase HRE reporter activity in the LN229-
HRE-AP cell line (Fig. 4C). Interestingly, we found no change in
the transcription of HIF1a mRNA under hypoxic conditions, as
well as upon treatment with panPI3K inhibitor SF1126 in U87
glioma (data not shown) We next explored whether expression
of AKT can increase the transcriptional activation of HIF1a
target genes. Interestingly, expression of constitutively active
Myr-AKT into LN229-HRE-AP cells increased HRE alkaline
phosphatase reporter activity (Fig. 4D). Taken together, these
results suggest that the PI3K-AKT signaling axis is necessary
and sufficient for the hypoxic accumulation of HIF1« in glioma
cells and MEFs (Figs. 3 and 4).

PTEN and PI3K Inhibitors Induce the Hypoxic Degradation of
HIFla via the 26 S Proteasome Pathway—The above results
(Figs. 1—4) clearly establish a key role for the PTEN-PI3K-AKT
signaling pathway in hypoxia-induced HIF1a accumulation in
glioma cells. To explore the mechanism by which PTEN-PI3K
pathway affects HIF1a levels in glioma cells, we utilized the
proteasome inhibitor MG132 to ask whether this process was
related to proteasome-dependent degradation. Cells were
serum-starved and treated with the proteasome inhibitor,

22790 JOURNAL OF BIOLOGICAL CHEMISTRY

MG@G132, for 5 min before being pulsed for 30 min with the
pan-PI3K inhibitors, followed by IGF stimulation. Our data
support the hypothesis that PTEN and pan-PI3K inhibitors
affect HIF 1« under hypoxic conditions by inducing the hypoxic
degradation of HIF1ea, because this effect can be reversed by
pretreatment with the proteasome inhibitor, MG132 (Fig. 5).
In Fig. 54, we used a muristirone-inducible PTEN expres-
sion system to demonstrate that PTEN induced a marked
reduction in HIFle accumulation under hypoxic conditions.
The effect of PTEN on hypoxic accumulation of HIFla is
completely reversed by MG132 treatment. Moreover, in our
isogenic GFAP V12 Ras PTEN™" cre+ glioma cells, PTEN
expression was associated with reduced hypoxia-induced accu-
mulation of HIFle, and this effect is completely reversed by
treating these cells with MG132 (Fig. 5B). To further confirm
that the disappearance of HIFla is a proteasome-dependent
event and that PI3K activation is required for the hypoxic
stability of HIF1«, we treated glioma cell lines with a panel of
PI3K inhibitors (Fig. 5, C-E). The rationale for selecting
PI3K inhibitors SF1126 and PF4691502 was our observation
that these inhibitors potently blocked HIF1a accumulation
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nm as described before. Graphs present means + S.E.*, p < 0.05; **, p < 0.01; ***, p < 0.001 versus control (A-D) in hypoxic conditions as determined using pair
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under hypoxia in U87 and LN229-HRE-AP glioma cells and
blocked HIF1« target gene expression, e.g. VEGF, HK1, PGK1,
and GLUTT1 (Figs. 3, B and C, and 4, A and B). Moreover, the
decreases in HIF1a accumulation observed with isoform-spe-
cific PI3K inhibitors GDC-0941 and TGX-221 were also
reversed with treatment with MG132 (Fig. 5E). From these
results, we conclude that both PTEN and PI3K control a here-
tofore unappreciated and potentially important physiologic
process, the proteasome-dependent degradation of HIFl«
under conditions of hypoxia.

PTEN and PI3K Regulate the MDM?2 Induced Hypoxic Deg-
radation of HIFIa—The observation that HIFla can be
degraded under hypoxic conditions in a PTEN- and PI3K-de-
pendent manner suggested the involvement of a potential E3
ligase and proteasome-dependent degradation. We hypothe-
sized that MDM2, an E3 ligase whose transport between the
cytoplasm and nucleus is regulated by PI3K and AKT might be
the E3 ligase controlling HIF1a degradation. We first biochem-
ically confirmed the pattern of p53 and MDM2 expression in
the p53~/~ and MEF p53~/~ MDM2~/~ MEF cells (data not
shown). To test our hypothesis, we compared HIF1a stability in
p53~/~ MDM2"'" and p53~/~ MDM2 /" cultured MEFs
under conditions of PI3K inhibitor treatment. As expected,
under normoxia, p53~/~ MDM2 /" and p53~/~ MDM2"/"
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MEFs express no detectable HIF1« protein. When exposed to
hypoxia for 4 h, p53~/~ MDM2 /'~ MEFs express slightly
higher basal levels of HIF1a protein than do p53 '~ MDM2™"/™*
MEFs (Fig. 6A). Treatment of MEFs with the pan-PI3K inhibi-
tors SF1126, PF4691502, and BEZ235 under hypoxic condi-
tions resulted in abrogation of HIF1a protein levels in p53~/~
MEFs, whereas the same treatment of p53 /'~ MDM2 '~
MEFs was completely ineffective in the depletion of HIFl«
under hypoxic conditions. From these results, we conclude that
MDM2 is mediating the hypoxic degradation of HIFl« in the
absence of signaling through PI3K. Our results support the
hypothesis that inhibition of PI3K affects HIF1« under hypoxic
conditions by inducing the hypoxic degradation of HIF1« and
that this effect is dependent on the E3 ligase, MDM2. We fur-
ther verified these results by reconstituting MDM2 in the
p53~/7 MDM2 /" cell line. Interestingly, reconstitution of
MDM2 in this cell line blocked the hypoxic accumulation of
HIF1e, and this effect is more pronounced in cells treated with
PI3K inhibitor (Fig. 6B). To further confirm this observation,
we transiently transfected PRK5-HA-MDM2 construct in
LN229-HRE-AP cells. In Fig. 6C, we demonstrate a dose-de-
pendent reduction of HIF1« stabilization and HIF1« HRE tran-
scription reporter activity in LN229-HRE-AP cells. We next
turned our attention to the molecular mechanism that under-
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fland GFAP V12 Ras PTEN™f cre+ (B) cell lines were treated with the proteosome inhibitor 10 um

MG132 for 30 min before exposure to hypoxia (1% O,) for 4 h, followed by nuclear extract and WCE preparation. Cand D, serum-starved U87 and LN229-HRE-AP
cell lines were treated with the proteosome inhibitor 10 um MG132 for 5 min before being pulsed for 30 min with, the pan-PI3K inhibitors, 25 um SF1126, and
500 nm PF4691502, followed by IGF stimulation and hypoxia for 4 h. Nuclear extracts were prepared for HIF1a Western blots as described before. E, serum-
starved LN229-HRE-AP cell lines were treated with 10 um MG132 (as indicated) for 5 min before being pulsed for 30 min with 100 nm GDC0941 and TGX221,

followed by IGF stimulation and hypoxia for 4 h.

pins a role for PI3K/AKT signaling in the regulation of HIF1«
stabilization in the presence or absence of MDM2; we over-
expressed PTEN and AKT in both p53~/~ and p53 /"
MDM2 /" cell lines and treated them with PI3K inhibitor
PF4691502. Fig. 6D shows that overexpression of PTEN drasti-
cally blocked HIF1a accumulation in p53~/~, and this effect is
more pronounced when treated with PF4691502, whereas there
was a modest decrease in HIFla accumulation in p53~/~
MDM2 /" cell lines upon expression of PTEN, and there is no
drop in HIFla protein levels when treated with PF4691502.
Moreover, expression of Myr-AKT increased HIF1a accu-
mulation in p53~/~, and this effect was inhibited upon treat-
ment with PF4691502, whereas in p53~'~; MDM2 /"~ cells,
PF4691502 was unable to block the increased HIF1« accumu-
lation observed with Myr-AKT transfections (Fig. 6D). These
data suggest that MDM2 is mediating the hypoxic degradation
of HIFla in the absence of signaling through PI3K. These
results led us to investigate further the mechanism involved in
the MDM2 regulated degradation of HIFla. It is previously
reported that there are two AKT phosphorylation sites (serine
166 and 186) in RXRXX(S/T) motifs within the human MDM2
protein (49) that mediate its translocation to the nucleus.
This observation led to the hypothesis that MDM2 might
serve as an E3 ligase for the degradation of HIFla under
hypoxic conditions.

22792 JOURNAL OF BIOLOGICAL CHEMISTRY

To test this hypothesis, wild type or phosphorylation site
mutants of MDM2 that regulate subcellular localization of this
protein were employed. S166A-MDM2 plasmid with a serine to
alanine substitution cannot be phosphorylated by AKT; thus, it
remains in the cytoplasm (49), whereas the SI66E-MDM2 con-
struct where serine 166 is mutated to glutamic acid mimics a
phosphorylated MDM2 and is predominantly localized in the
nucleus (49, 50). In this manner, we were able to test the effect
of cytoplasmic versus a nuclear MDM?2 on the hypoxic stability
of HIF1a under conditions of PI3K and/or AKT inhibition. In
these experiments, p53~/~ MDM2 '~ MEF cells were trans-
duced with wild type HA-MDM2 plasmid and serum-starved
for 4 h followed by treatment with 500 nm PF4691502 and
hypoxia for 4 h. MDM2 under these conditions was localized
to the cytoplasmic compartment as determined by confocal
immunofluorescence microscopy (Fig. 6E). Under these condi-
tions, HIF1a is degraded in a PI3K-dependent manner. In con-
trast, the S166E mutant of MDM2, which is obligately localized
to nuclear compartment (Fig. 6E), does not induce the hypoxic
degradation of HIF (Fig. 6F). Finally, the transfection of an obli-
gate cytoplasmic MDM2 (S166A) mutant (Fig. 6E) results in the
degradation of HIF1« in a PI3K-independent manner (Fig. 6F),
confirming a model predicting that MDM2 in the cytoplasm
mediates the degradation of HIF under hypoxia. Interestingly,
we note that blocking the proteasome with MG132 reverses the
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FIGURE 6. MDM2 regulates PI3K induced hypoxic degradation of HIF1a. A, serum-starved p53~/~ or p53~/~ MDM2~/~ MEFs (4 h) were treated with the
proteosome inhibitor 10 um MG132 for 5 min before being pulsed for 30 min with, the pan-PI3K inhibitors, 25 um SF1126, and 500 nm PF4691502 and BEZ,
followed by IGF stimulation and hypoxia for 4 h. Whole cell extracts were prepared for HIF1« blots. The results support a requirement for MDM2 for PI3K
inhibitors effects on hypoxic HIF1a. In the absence of MDM?2, inhibitor has no effect on HIF1a under hypoxic conditions. B, MEF p53~/~ MDM2~/~ cell lines
were transfected with 10 ng of HA-MDMZ2 plasmid using Lipofectamine Plus transfection reagent. 48 h after transfection, cells were serum-starved, followed
by treatment with, the pan-PI3K inhibitors, 25 um SF1126, and 500 nm PF4691502 followed by IGF stimulation and hypoxia for 4 h and whole cell lysate
preparation and Western blot analysis. C, LN229-HRE-AP cell lines transfected with PRK5-HA-MDM2 plasmid (6, 8, and 10 n.g) or a control plasmid (10 ng) were
serum-starved for 4 h and exposed to hypoxia for 4 h, followed by preparation of whole cell extracts (upper panel). LN229-HRE-AP cell lines transfected with
PRK5-HA MDM2 plasmid (6, 8, and 10 p.g) and control plasmid (10 ng) were exposed to normoxia or hypoxia for 24 h followed by lysate preparation and alkaline
phosphatase activity as described before (lower panel). D, p53 /" (left panel) and p53~/~ MDM2 /" (right panel) MEFs were transfected with 10 g of HA-PTEN
or Myr-AKT plasmids using Lipofectamine Plus transfection reagent. 48 h after transfection, cells were serum-starved for 4 h before being pulsed for 30 min with
500 nm of PF 4691502 followed by IGF stimulation and hypoxia for 4 h. Whole cell extracts were prepared for HIF 1, HA, and AKT blots. E, localization of MDM2
characterized by confocal microscopy. p53~/~ MDM2 ™/~ MEFs were transfected with 1 ug of FLAG-S166A/S166E-MDM2 or HA-WT MDM2 plasmid. Cells were
serum-starved for 4 h after 48 h of transfection followed by treatment with 500 nm of PF4691502 for 30 min and were then processed for confocal microscopy
as described under “Experimental Procedures.” F, p53~/~ MDM2 /" cells were transfected with 10 ug of S166A or S166E MDM2 plasmids. 48 h after transfec-
tion, cells were serum-starved, followed by IGF treatment and pulse with 10 um MG132 followed by hypoxia for 4 h and whole cell extract preparation. These
lysates were run on SDS-PAGE, transferred on nitrocellulose membrane, and probed for HIF 1« and FLAG tag. G, p53 ™/~ MDM2 /" cells were transfected with
10 ng of S166A or C464A,5166A double mutant MDM2 plasmids. 48 h after transfection cells were serum-starved, followed by IGF treatment and hypoxia for
4 h and whole cell extract preparation. These lysates were run on SDS-PAGE, and proteins were transferred to a nitrocellulose membrane and probed for HIF 1«
and FLAG tag antibody.

effect caused by S166A MDM2 plasmid (Fig. 6F). Finally, we duction of the S166A,C464A mutant into p53~/~ MDM2 '~
performed experiments to determine whether the E3 Ub-ligase  cells did not induce the degradation of HIF1a stability under
activity of MDM2 is required for the degradation of HIFlae hypoxic conditions (Fig. 6G). Based on these results, we pro-
observed under conditions of hypoxia and PI3K inhibition. The  pose a hypothetical model in which MDM2 degrades HIF1a
Ub-protein ligase function of MDM?2 is dependent on RING  under hypoxic conditions in the cytoplasm in a E3 ligase- and
finger domain (residues 434 —490) at the C terminus (51). Itis proteasome-dependent manner. The model would predict that
reported that MDM2 mutant with a substitution of a cysteine  the stimulation of PI3K and AKT via upstream signals will serve
residue at position 464 to alanine (C464A) is deficient in E3  to promote MDM2 translocation into the nucleus and promote
Ub-protein ligase function (52). To validate our hypothesis, we  the stabilization of hypoxic HIFla. The pathway will bring
generated an MDM2 double mutant that has mutations at the  hypoxic HIF1a under the control of the PTEN-PI3K/AKT sig-
S166A and C464A sites. In contrast to SI66A MDM2, the intro-  naling axis to regulate an E3 ligase MDM2 to control hypoxic
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HIF1la levels, p53, and angiogenesis in vivo (Fig. 7). Consistent
with this notion, we and other laboratories have reported the
potent antiangiogenic activity of PTEN and PI3K inhibitors in
vivo (53, 54). It is possible that potent antiangiogenic properties
of PI3K inhibitors are to some degree dependent on this mech-
anism to suppress hypoxic HIF function.

DISCUSSION

Despite a number of reports that the PI3K/AKT pathway is
involved in the regulation of HIF1a expression (20-22), the
importance of the PI3K/AKT pathway in the hypoxic induction
and/or stabilization of HIF1a remains controversial (23, 24).
Hence, we designed experiments to investigate this issue in
greater detail and made two important observations: 1) the
PTEN-PI3K signaling axis regulates the hypoxic stability of
HIFla, and 2) we have identified the molecular basis for this
effect of PI3K inhibitors and PTEN on HIFla stability under
hypoxic conditions and provide a new function for the E3 ligase,
MDM2.

We have previously reported that PTEN regulates tumor-
induced angiogenesis and the progression of gliomas to a
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malignant phenotype via the regulation of phosphoinositide-
dependent signals (38). In the current study, using genetically
engineered cell lines and different commercially available PI3K
inhibitors, we demonstrate an important role of PTEN-PI3K
signaling pathway in HIF1« stabilization and HIF1a-mediated
transcription of VEGF, HK1, and GLUT1 (Figs. 1-4). Alvarez et
al. (23) and Ashram et al. (24) investigated the role of PI3K in
the regulation of HIF1a and concluded that PI3K/AKT signal-
ing is neither required for hypoxic stabilization of HIF1« nor
for HIF1a-dependent gene transcription. Our results clearly
demonstrate that the loss of PTEN and activation of PI3K and
AKT are required for HIF1a accumulation in glioma cells.

On the same note, studies conducted by others have also
suggested a role for PTEN and PI3K/AKT signaling in facilitat-
ing HIF1a-mediated gene expression or protein expression via
mTOR (20-22). In our study, we address the molecular mech-
anism for how PI3K inhibitors and PTEN regulate protea-
somal-dependent degradation of HIF1la. Recent studies have
suggested that MDM2 binds to HIF1a under hypoxic condi-
tions, and some investigators have suggested a regulatory role
for MDM2 in HIF1« function (27, 30). Our results demonstrate
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that HIF1« stability is increased in p53~/~ MDM2 '~ MEFs
and that PI3K inhibitors do not induce the hypoxic degradation
of HIF1lainp53~/~ MDM2 ™/~ MEFs (Fig. 6A). In contrast, loss
of p53 does not affect the hypoxic degradation of HIF1« caused
by PI3K inhibition. These data suggest that MDM2 is capable of
degrading HIF1a under conditions of hypoxia, under condi-
tions where PI3K is inactivated or phosphatidylinositol 1,4,5-
trisphosphate is regulated (PTEN). The observation that
MDM?2 can move from the cytoplasm into the nucleus in a
PI3K-dependent manner (49) and that this cytoplasmic to
nuclear shuttling is dependent on two AKT phosphorylation
sitesin MDM2 (Ser'®® and Ser®®) (49) led our group to hypoth-
esize a role for MDM2 and MDM2 phosphorylation in the reg-
ulation of hypoxic HIF1a stability. Evidence to support this idea
came from experiments examining the hypoxic stability of HIF
under conditions of PI3K inhibition in p53 /" versus p53~ '~
MDM2 ™/~ MEF cells. In the absence of MDM2 protein, HIF1a
was not degraded under conditions where the PI3K signaling
pathway was inhibited. To confirm this observation, we over-
expressed PTEN or a constitutive active mutant of AKT in
p53~/ or p53~/~ MDM2 /= MEFs. These data demonstrate
that MDM2 mediates hypoxic degradation of HIFle in the
absence of signaling through PI3K (Fig. 6, A and D). An obser-
vation that revealed a potential mechanism behind the hypoxic
degradation of HIF1la emerged when we observed that the
transfection of S166A MDM2 into p53~/~ MDM2 /'~ cells
resulted in the total degradation of HIF1a under hypoxia (Fig.
6F). This is an important finding suggesting that S166A MDM2,
whose entry to nucleus is restricted, degrades HIFla in cyto-
plasm. On the other hand, expression of S166E plasmid, which
mimics phosphorylated MDM?2 and localizes to the nucleus, is
unable to degrade HIF1« (Fig. 6, E and F). The supporting evi-
dence that MDM2 acts as an ubiquitin ligase for the degrada-
tion of MDM2 comes from the observation that the double
mutant (S166A,C464A) MDM2 cytoplasmic localized, E3 ligase
dead mutant is unable to degrade HIF1 o under hypoxic condi-
tions (Fig. 6G). Recent reports suggest that p53 serves as a
potential bridge that links HIF1e and MDM2 into a ternary
complex in nucleus (27, 30). Ravi et al. (30) reported that p53
promotes MDM2 mediated ubiquitination and proteasomal
degradation of HIFle in full serum and hypoxic conditions.
The effects were modest (2-fold) in comparison with our results
in Fig. 6 (F and G), in which 100% of HIF1« was lost/degraded
upon the transfection of the cytoplasmic S166A MDM?2
mutant. Other literature supports the association between
nuclear MDM2 and HIF1« and between HIF1« and p53 (30), in
which HIF1a accumulation under hypoxia is augmented by the
loss of p53 leading to augmented tumor-induced angiogenesis.
Our results are consistent with those of Ravi et al. (30) in that
the MDM2 S166E mutant did not induce HIF1a degradation in
p53 ~/~ MEFs. The localization of proteasome is well estab-
lished in nucleus as well as in cytoplasm (55), but the factors
involved in the inability of MDM2 S166E to degrade HIF1« in
nucleus are not clear and will be a point of focus of future stud-
ies in our laboratory. For now, our results suggest a VHL-inde-
pendent novel mechanism of HIF1«a regulation where MDM?2
induce degradation of hypoxic HIF1a in cytoplasm in a PTEN/
PI3K-dependent manner (Fig. 7). Our results also suggest that
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AKT-dependent phosphorylation of MDM2 on Ser'®® or is nec-
essary and/or sufficient to regulate MDM2 capacity to induce
the hypoxic degradation of HIF1« in vivo. In summary, we con-
clude that PTEN and PI3K inhibitors inhibit the hypoxic stabi-
lization of HIFla in a proteasome- and MDM2-dependent
manner. The results reported here suggest that the PI3K-AKT
signaling axis is required to maintain HIFla stability under
hypoxia. We suggest that the inhibition of this pathway could
be important in the context of hypoxic tumor progression in
that it supports the existence of another element of regulation
of HIF1a other than the oxygen-dependent prolyl hydroxyla-
tion reaction as required for the proteasomal degradation of
HIFla in vivo. These findings provide new insight into the
mechanisms controlling HIF1a degradation under hypoxic
conditions and suggest new therapeutic considerations for
PI3K and/or AKT for cancer therapeutics.
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