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ABSTRACT
Signaling Pathways Regulating HIF-1
Brooke Michele Emerling
Hypoxia is a reduction in the normal level of oxygen tension and occurs during acute and chronic
vascular disease, pulmonary disease, and cancer. The key transcription factor that regulates the
cellular responses to hypoxia is hypoxia-inducible-factor-1 (HIF-1). Understanding how HIF-1 is
regulated is fundamental for understanding the biology of tumor growth. My thesis demonstrates
two novel signaling pathways that regulate HIF-1. First, I demonstrate that p38a’/ ~ cells fail to
activate HIF-1 under hypoxic conditions. Cells deficient in Mkk3 and Mkk6, the upstream
regulators of p38a, also fail to activate HIF-1 under hypoxic conditions. Furthermore, the
hypoxic activation of p38a and HIF-1 was abolished by myxothiazol, a mitochondrial complex
IIT inhibitor, and glutathione peroxidase 1 (GPX1), a scavenger of hydrogen peroxide. Thus, the
activation of p38a and HIF-1 is dependent on the generation of mitochondrial reactive oxygen
species (ROS). These results provide genetic evidence that the p38 MAPK signaling pathway is
essential for HIF-1 activation. To further elucidate the direct targets of the ROS or the upstream
regulators of p38 MAPK pathway a candidate approach was taken. Interestingly, the hypoxic

activation of HIF-1 is independent of SRC, ASK1, and AMPK.

The tumor suppressor PTEN is mutated or deleted in many tumors, causing the activation of the
PI3K pathway. Here, I show that the loss of PTEN increases the transcriptional activity of HIF-1
independent of mTOR signaling, but dependent on the inactivation of Forkhead transcription
factors (FOXO) in PTEN null cells. Reintroduction of PTEN in the nucleus, overexpression of a

non-phosphorylatable FOX0O3a, which accumulates in the nucleus, or inhibition of nuclear
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export of FOXO3a by leptomycin B repress HIF-1 transcriptional activity in PTEN null cells.

PTEN and FOXO3a regulate the transactivation domain of HIF-1a. Co-immunoprecipitation
shows that endogenous FOXO3a can associate with HIF-1a and p300 in the nucleus. Chromatin
immunoprecipitation indicates that FOXO3a complexes with HIF-1a and p300 on the Glut-1
promoter, a HIF-1 target gene. Overexpression of p300 reverses FOXO3a mediated repression of
HIF-1 transcriptional activity. Thus, FOXO3a negatively regulates HIF-1 transcriptional activity

by interfering with p300’s ability to function as a transcriptional co-factor.
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CHAPTER 1: Introduction

Oxygen homeostasis is essential for normal development and physiology. As a result, cellular
and systemic oxygen concentrations are precisely regulated. Disruption of oxygen homeostasis is
a critical attribute in the pathophysiology of heart disease, vascular disease, pulmonary disease,
and cancer. As mammalian cells encounter lower oxygen levels (hypoxia, 2-20 TORR or 0.3%-
3% 0O,) they have mechanisms to prevent depletion of oxygen to anoxic levels (0-2 TORR or 0-
0.3% O,). Cells that reside under hypoxia do not undergo cell death and cellular bioenergetics
are not compromised. However, cells that encounter anoxia for a sustained period will commit
to cell death (Graeber et al., 1996; Schroedl et al., 2002). Hypoxia induces a transcriptional
program that promotes an aggressive tumor phenotype. Hypoxic cancer cells are resistant to both
chemotherapy and radiation, thereby making them a major reason for the failure of cancer
therapy. Like normal tissues, tumors require an adequate supply of oxygen. Hypoxia can limit
tumor growth, and tumors with poor vascularization fail to grow and form metastases. However,
hypoxia can also select for adaptive responses that allow tumor cells to survive. These responses
include the induction of angiogenesis and a switch to anaerobic metabolism. The key
transcription factor that regulates the cellular responses to hypoxia is hypoxia-inducible-factor-1
(HIF-1). How HIF-1 is regulated is a fundamental question in cancer biology and my research
presented here illustrates two novel pathways that regulate HIF-1, thereby, providing significant

information that may aid in designing effective targeted therapies for the treatment of cancer.
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Mechanisms of Hypoxic Signaling

Hypoxia Inducible Factor -1 (HIF-1)

HIF-1 is a heterodimeric transcription factor that consists of HIF-1a and HIF-1p subunits (Wang
et al., 1995). HIF-1p is also known as aryl hydrocarbon nuclear receptor translocator (ARNT)
(Wang et al., 1995). Both HIF-la and HIF-1B are members of the basic helix-loop-helix
Per/Arnt/Sim (bHLH-PAS) transcription factor family (Wang et al., 1995; Wang and Semenza,
1995). The functions of HIF-la are mediated by distinct protein domains (Figure 1.1).
Dimerization of HIF-1a and HIF-1f occur via the bHLH and part of the PAS domain of HIF-1a.
The basic domain is specifically required for DNA-binding activity (Jiang et al., 1996a). Two
domains within the C-terminal half of HIF-la mediate transcriptional activation and the
interaction with coactivators. These domains are termed N-terminal (N-TAD) and C-terminal (C-
TAD) transactivation domains (Pugh et al., 1997). Additionally, there is an oxygen-dependent
degradation (ODD) domain, which partly overlaps with N-TAD (Figure 1.1). The ODD domain
controls the protein stability of HIF-1a as a function of the oxygen tension (Huang et al., 1998;
Jiang et al., 1997). HIF-1 activity is dependent upon the availability of the HIF-1a subunit,
which is tightly controlled by cellular oxygen tension (Figure 1.2) (Huang et al., 1996; Kallio et

al., 1997).

Under normal oxygen conditions (21% O;), HIF-1a is polyubiquitinated and targeted for
degradation by an E3 ubiquitin ligase complex that contains the von Hippel-Lindau tumor
suppressor protein (pVHL), elongin B, elongin C, Cul2, and Rbx. This process is primarily
regulated by prolyl hydroxylation at residues Pro402 and Pro564 of HIF-1a, which mediates the

binding of pVHL (Jaakkola et al., 2001; Maxwell et al., 1999). Three closely related 2-
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oxoglutarate-dependent oxygenases with the capacity to catalyze HIF prolyl hydroxylation at

residues 402 and 564 have been identified (Bruick and McKnight, 2001; Epstein et al., 2001).
They are known as prolyl hydroxylase domain (PHD) 1, PHD2, and PHD3. It has been shown
that PHD2 is primarily responsible for determining HIF-1a stability as a function of oxygen
availability (Berra et al., 2003). These HIF hydroxylases or PHDs require Fe™", oxygen, and 2-
oxoglutarate to catalyze the hydroxylation reaction. The requirement of iron and 2-oxoglutarate
by the PHDs explains the same effects that can be seen by treatments known to mimic hypoxia-
inducible expression, such as iron chelation (desferrioxamine-DFQO), iron antagonists (cobalt
chloride), and oxoglutarate analogues (dimethyloxaloylglycine-DMOG). Additionally, HIF-1a is
hydroxylated at Asn803 by factor inhibiting HIF-1 (FIH-1) (Hewitson et al., 2002; Lando et al.,
2002a; McNeill et al., 2002). FIH-1 prevents the binding of the coactivators p300 and CBP to
HIF-1a, thus inhibiting HIF-1 mediated gene transcription. Under hypoxic conditions, the rate of
hydroxylation is decreased. Consequently, pVHL cannot target HIF-1a for degradation, thereby
allowing HIF-1la to accumulate in the cell. HIF-1a can then localize to the nucleus, where it
dimerizes with HIF-1p and binds to hypoxia response elements (HREs) within the promoter
regions of its target genes. The HRE motif (G/ACGTG) is associated with a broad range of
transcriptional targets. To date, more than 60 HIF-1 target genes have been identified and many
of these genes are involved in cancer biology, including angiogenesis, cell survival, oxygen
transport, growth factor signaling, glucose metabolism, metastasis and invasion (Semenza,

2003).
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Oxygen sensing by the Mitochondria

A critical question concerning HIF-1 regulation is how cells sense the lack of oxygen and
ultimately activate HIF-1. Our laboratory has proposed a model in which complex III of the
mitochondrial electron transport chain serves as an oxygen sensor for HIF-1 activation under
hypoxia. In support of this model, it has been demonstrated that hypoxia increases the generation
of reactive oxygen species (ROS) within complex III to induce the stabilization of HIF-1a
(Brunelle et al., 2005; Chandel et al., 2000; Guzy et al., 2005; Mansfield et al., 2005; Schroedl et
al., 2002). Mitochondrial ROS that is generated within complex III can be blocked by using
myxothiazol, an electron transport chain inhibitor (Figure 1.3). Myxothiazol blocks the
stabilization of HIF-1a under hypoxic conditions (1.5% O,), but not anoxia (0% O;) or normoxia
(21% O3) in the presence of the iron chelator DFO (Chandel et al., 2000; Schroedl et al., 2002).
Additionally, p° cells, cells depleted of their mitochondrial DNA, are unable to carry out
functional electron transport and can not stabilize the HIF-1a protein under hypoxia (1.5% O,)
(Schroedl et al., 2002). In contrast, p° cells are able to stabilize HIF-1a under anoxia (0% O,) or
in the presence of DFO under normoxia (Schroedl et al., 2002). Moreover, it has been shown that
antioxidants can abolish the HIF-1a response and that exogenous H,O, during normoxia can
activate HIF-1a (Chandel et al., 2000). These data suggest that mitochondrial ROS production
may trigger a signal transduction pathway, leading to the stabilization of HIF-1a. The site of
ROS generation during hypoxia is localized to complex III within the mitochondrial electron
transport chain (Chandel et al., 1998; Chandel et al., 2000). The superoxide generated during the
Ubiquinone (Q)-cycle within the mitochondrial electron complex III is considered the main site
of ROS production within the electron transport chain (Figure 1.3). Superoxide anion is

converted to hydrogen peroxide in the mitochondria by the manganese superoxide dismutase
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(SOD2) or in the cytosol by copper zinc superoxide dismutase (SOD1). In the cytosol,

hydrogen peroxide is converted into water primarily by glutathione peroxidase 1 (GPX1) (Figure
1.3). Cells overexpressing SOD1 or SOD2 do not alter HIF-1a stabilization under hypoxia, while
overexpression of GPX1 decreased HIF-1a stabilization under hypoxia (Brunelle et al., 2005).
These results are consistent with findings demonstrating that catalase, an antioxidant enzyme,
inhibits HIF-1a stabilization under hypoxic conditions, while exogenous H,O, stabilizes HIF-1a
under normoxia (Brunelle et al., 2005; Chandel et al., 2000). Thus, the hypoxic stabilization of
HIF-1a requires H,O, and not superoxide. Additionally, mitochondrial complex I inhibitors,
such as rotenone, that prevent electron flux upstream of complex III, ablate ROS production

during hypoxia and the hypoxic stabilization of HIF-1a (Figure 1.3).

Based on all the above results, we propose that under anoxic conditions the hydroxylation of
residues within the HIF-1a protein by the hydroxylases can not occur and intracellular signaling
molecules are not required for the stabilization of HIF-1a. However, during hypoxia intracellular
signaling molecules, such as mitochondrial derived ROS regulate the stabilization of HIF-1a. An
interesting corollary is that the mitochondria can not generate ROS during anoxia, due to the lack
of oxygen as a substrate for electrons. The downstream signaling pathways that connect
mitochondrial ROS to HIF-1a stabilization have not been identified. Cells recognize and respond
to cellular stress by engaging specific signaling cascades, such as the p38 mitogen activated
protein kinase (MAPK) signaling pathway (Figure 1.4). Several groups have shown that the p38
MAPK signaling pathway is activated by ROS and by hypoxia, although, p38 MAPK’s

relationship to mitochondrial ROS signals or to the activation of HIF-1 has not been described.
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The first part of my thesis will focus on the role of the p38 MAPK signaling pathway in the

hypoxic activation of HIF-1, thereby for the first time linking the mitochondrial generated ROS

during hypoxia to the activation of HIF-1.

PI3K-PTEN signaling pathway

Hypoxia is a potent stimulus for triggering the ‘angiogenic switch’ and HIF-1 is the main
transcription factor that regulates hypoxia induced angiogenesis (Semenza, 2000a). The
activation of oncogenes and loss of tumor suppressor genes are also crucial for tumor
angiogenesis. The tumor suppressor phosphatase and tensin homologue deleted on chromosome
10 (PTEN) has been shown to regulate angiogenesis during normoxia and hypoxia and many
PTEN null tumors are highly vascularized and display increased HIF-1 activity (Giri and
Ittmann, 1999; Hsu et al., 1996; Jiang et al., 2001; Jiang et al., 2000; Wen et al., 2001; Wesseling
et al.,, 1997; Zhong et al.,, 2000; Zundel et al., 2000). Therefore, activation of HIF-1,
complemented by the loss of PTEN may result in a more aggressive cancer phenotype. The
phosphatidylinositol 3-kinase (PI3K)-PTEN signaling pathway is one of the most frequently
altered pathways in human tumors. Loss of the PTEN is the most common mechanism of
activation of the PI3K pathway in human cancers. PTEN antagonizes PI3K signaling and
regulates the subsequent activation of AKT (Vazquez and Sellers, 2000). In cells deficient in
PTEN, substrates of AKT are aberrantly phosphorylated. Critical downstream targets of AKT
include, the mammalian target of rapamycin (mTOR) and the Forkhead (FOXO) transcription
factors (Brunet et al., 1999; Gao et al., 2002b; Inoki et al., 2002; Kops et al., 1999; Tee et al.,
2003) (Figure 1.5). The connection between the loss of PTEN and HIF-1 activation in cancer has

remained unclear. Therefore, understanding how the loss of PTEN and increase in HIF-1 activity
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are correlated is fundamental for cancer biology. The second part of my thesis will explore the

role of the tumor suppressor PTEN and its downstream target FOXO3a in regulating HIF-1. My
findings highlight the importance of subcellular localization and suggest that by inhibiting
FOXO3a nuclear export in PTEN null cancers may serve as a potential treatment in HIF-1

dependent tumors.

Consequently by defining the regulatory roles of the p38 MAPK and PI3K/PTEN/FOXO
pathways in HIF-1 activation, my research has advanced the field of HIF-1 biology and has

identified novel targets for cancer therapies.



25

Growth factors

/\
/

F— | Rapamycin

l v
Cell Survival -

Cell Proliferation
v
@ — | Protein Synthesis

Figure 1.5. Overview of PI3K/PTEN signaling.




CHAPTER 2: Mitochondrial Reactive Oxygen Species Activation of p38 Mitogen- %
Activated Protein Kinase Is Required for Hypoxia Signaling
Introduction

Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that regulates physiological responses
to hypoxia, including placental development, and pathophysiological processes such as cancer
(Semenza, 2000b). HIF-1 is composed of two subunits, an oxygen-sensitive HIF-1a subunit and
a constitutively expressed HIF-18 subunit. Under normal oxygen conditions, HIF-1x is
polyubiquitinated and targeted for degradation by an E3 ubiquitin ligase complex that contains
the von Hippel-Lindau tumor suppressor protein (pVHL), elongin B, elongin C, Cul2, and Rbx
(Maxwell et al., 1999). This process is dependent on the hydroxylation of two proline residues by
a family of prolyl hydroxylase (PHD) enzymes, which mediates the binding of pVHL (Ivan et al.,
2001; Jaakkola et al., 2001; Masson et al., 2001). PHDs utilize oxygen as a substrate and iron as
a cofactor to hydroxylate proline residues of HIF-1a (Bruick and McKnight, 2001; Epstein et al.,
2001). Oxygen tension also regulates the interaction of HIF-la with the transcriptional
coactivators p300 and CBP. Asparagine hydroxylation of residue 803 of HIF-1a by the enzyme
FIH-1 (factor inhibiting HIF-1) blocks the binding of p300 and CBP to HIF-1a, thus inhibiting
HIF-1-mediated gene transcription (Lando et al., 2002a; Lando et al., 2002b; Mahon et al.,
2001). Under hypoxic conditions or in the presence of iron chelators, the rate of proline and
asparagine hydroxylation is decreased. Consequently, pVHL cannot target HIF-loa for
degradation, thereby allowing HIF-la to accumulate and dimerize with HIF-1B in the cell.

Moreover, p300 and CBP can then be recruited to the HIF-1 complex, allowing transcriptional

activation of HIF-1 target genes.
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The signaling mechanisms that regulate the hypoxic activation of HIF-1 are not fully

understood. Current models suggest that signaling pathways are not involved in the hypoxic
activation of HIF-1 (Semenza, 2001). This is based on the observation that during hypoxia the
decline in oxygen levels directly decreases the activity of the PHDs, thereby preventing
hydroxylation of the HIF-1a protein (Hirsila et al., 2003). The lack of hydroxylation inhibits
pVHL from binding to HIF-1a, allowing HIF-1a to be stabilized. In contrast, there have been
reports to indicate that intracellular signaling pathways are required for HIF-1 activation during
hypoxia. These include but are not limited to the requirement of diacylglycerol kinase, small
GTPases, mitochondrial reactive oxygen species (ROS), and phosphatidylinositol 3-kinase (PI3-
K)/AKT (Aragones et al., 2001; Chandel et al., 2000; Gerald et al., 2004; Hirota and Semenza,
2001; Hudson et al., 2002; Turcotte et al., 2003; Zhong et al., 2000; Zundel et al., 2000). The
requirement of signaling pathways in the activation of HIF-1 suggest that the hydroxylases are

not the sole regulators of HIF-1 during hypoxia.

The p38a mitogen-activated protein kinase (MAPK) is a stress kinase that is activated by dual
phosphorylation on Thr and Tyr in a Thr-X-Tyr motif located within the activation loop proximal
to the ATP- and substrate-binding sites (Raingeaud et al., 1995). This phosphorylation is
meditated by the upstream MAPK kinases (MAPKKs) MKK3 and MKK6 (Derijard et al., 1995;
Raingeaud et al., 1996). Mice deficient in p38a MAPK demonstrate embryonic lethality at day
10.5 and display abnormal vascularization associated with the placenta, resembling the
phenotype seen in the Hif—]/)"/' embryos (Adams et al., 2000; Adelman et al., 2000; Allen et al.,
2000; Maltepe et al., 1997; Mudgett et al., 2000; Tamura et al., 2000). The phenotype of the

Mkk3/6”~ mice also resembles the p38a”~ embryos (Brancho et al., 2003). Pharmacologic
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inhibition of p38a MAPK has been shown to decrease hypoxic activation of HIF-1 (Hirota and

Semenza, 2001; Shemirani and Crowe, 2002). Nonhypoxic stimuli such as exposure to
hepatocyte growth factor (HGF), chromium, or arsenite activates HIF-1 through oxidant
induction of p38 MAPK (Derijard et al.,, 1995; Gao et al., 2002a; Tacchini et al., 2001).
Furthermore, p38a MAPK is activated by mitochondrial ROS during hypoxia (Kulisz et al.,
2002). Based on these previous reports, in the present study we genetically tested whether
mitochondrial oxidant activation of the p38 MAPK signaling pathway is required for the hypoxic

activation of HIF-1.



29
Results

p38a MAPK is required for hypoxic activation of HIF-1.

To elucidate the upstream signaling mechanisms that regulate the hypoxic activation of HIF-1,
we used fibroblasts isolated from wild-type (WT) and p38a null embryos (Figure 2.1A) (Porras
et al., 2004). HIF-1 activity is dependent on the stability of the oxygen sensitive subunit, HIF-1a.
WT or p38a*/ ~ cells were exposed to hypoxia (1.5% O,) or normoxia (21% O,) in the presence or
absence of the iron chelator desferrioxamine (DFO; 100 uM) to examine whether p38a is
required for the stabilization of the HIF-la protein. Loss of p38a completely suppressed the
stabilization of the HIF-la protein under hypoxia, whereas HIF-la protein stability was
unaffected with treatment of DFO in either the WT or p38a -deficient cells (Figure 2.1B). Since
PHDs require iron as a cofactor to execute hydroxylation, it is likely that DFO inhibits PHD
activity directly by chelating intracellular iron. These results were further confirmed by
examining HIF-1 activity using a luciferase reporter assay under the control of a promoter
containing three hypoxic response element sites (HRE-Luciferase). Hypoxia and DFO increased
HRE-dependent luciferase induction in WT cells (Figure 2.2). In contrast, p38a ' cells displayed
a marked attenuation of luciferase induction under hypoxia but not in the presence of DFO during
normoxia (Figure 2.2). These results indicate that the hypoxic activation of HIF-1 is dependent

on p38a MAPK and hypoxia and iron chelators have distinct mechanisms for activating HIF-1.

HIF-1a contains two oxygen regulated transactivation domains (TADs), which are termed N-
TAD (amino acids 531 to 575) and C-TAD (amino acids 786 to 826) (Figure 1.1) (Jiang et al.,

1997). The C-TAD is regulated by the hydroxylation of an asparagine residue by FIH to prevent



A. p38at  p38a”-

— p38a

-

p38att p38a”
H DFO

N H DFO N
- =
[

Figure 2.1. p38 o MAPK is required for HIF-1a protein stability.

(A). p380. MAPK protein levels in p38a™* and p38a~~ cells. (B). HIF-la protein

levels in p38a*/* and p38a~" cells exposed to 21% O, (N) + 100 pM DFO or to 1.5%

O, (H) for 2 h.
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Figure 2.2. p38a MAPK is required for hypoxic activation of HIF-1.

p38a*" and p38a~ cells transfected with the HRE-Luciferase reporter gene
construct and exposed to 21% O, + 100 pM DFO or to 1.5% O, for 16 h. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to
p38a™* cells. The data presented are the mean (£SEM) of four independent

transfections.
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the interaction of the HIF-la protein with transcriptional coactivators such as p300. To

examine the activity of the transactivation domains a GAL4 DNA-binding domain (amino acids
1 to 147) fused to HIF-1a (531 to 826) protein can be utilized. Previous work shows that steady-
state levels of this fusion protein do not change between normoxic and hypoxic conditions (Jiang
et al., 1997). Therefore, we used the GAL4-HIF-1a (531 to 826) fusion construct to investigate
the transcriptional activity of HIF-1a independent of its protein expression level. Transactivation
by GAL4-HIF-1a (531 to 826) was induced by hypoxia and DFO in WT cells (Figure 2.3). In
contrast, cells deficient in p38a failed to induce transactivation under hypoxia mediated by
GAL4-HIF-1a (531 to 826). Furthermore, transactivation by GAL4-HIF-1« (531 to 826) was
induced by DFO in p38a null cells, similar to the induction seen in the WT cells. HIF-1
transcriptional activity was further assessed by examining the induction of HIF-1 target genes,
phosphoglycerate kinase 1 (Pgkl) and glucose transporter 1 (Glut-1), using real-time quantitative
RT-PCR. WT cells exposed to hypoxia displayed an eightfold increase in both Pgkl and Glut-1
levels, whereas p38a~ cells had diminished the transcription of Pgkl and Glut-1 under hypoxic
conditions (Figure 2.4). Moreover, Pgkl and Glut-1 gene induction in WT and p38a '~ cells
exposed to DFO were significantly increased to similar levels. These results suggest that p38a
MAPK is specifically required for HIF-1w transcriptional activity that is induced by hypoxia, but

not by DFO.
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Figure 2.3. p38a MAPK is required for HIF-1a transactivation.

p38a™t and p38a7- cells were transfected with a GAL4 (1-147) DNA-binding domain
fused to HIF-la (531-826) construct and a reporter gene construct encoding five
GALA4-binding sites. Cells were incubated at 21% O, for 20 hours, followed by 36
hours at 21% O, + 100 uM DFO or to 1.5% O,. Relative luciferase expression is the

+/+

ratio of luciferase/total protein levels normalized to p38a™" cells. The data presented

are the mean (=SEM) of four independent transfections.
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Figure 2.4. p38a MAPK is required for hypoxic induction of HIF-1 target genes.
Cells were cultured for 16 hours under 21% O, + 100 pM DFO or to 1.5% O,,
harvested, and transcription levels of the target genes Pgkl and Glut-1 were
determined by quantitative real-time RT-PCR analysis. Cycle Threshold (Ct) values
were normalized for amplification of the mitochondrial ribosomal protein L/9. The

data presented are the result of triplicate analyses and the error bars indicate SEM.
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Anoxia activation of HIF-1 does not require p38a MAPK.

We have previously reported that cells exposed to anoxia (~0% O,) differ in their mechanism of
HIF-1 activation compared to cells exposed to hypoxia (Schroedl et al., 2002). Cells exposed to
hypoxia fail to activate HIF-1 in the presence of mitochondrial inhibitors or in cells that lack
mitochondrial DNA [rho"] cells). In contrast, cells exposed to anoxia retain their ability to
activate HIF-1 even in the presence of mitochondrial inhibitors or in [rho"] cells. These results
suggest that hypoxia but not anoxia utilizes a functional electron transport chain to activate HIF-
1. Anoxia directly limits oxygen availability to the hydroxylases to stabilize HIF-1a protein and
thus would not require activation of any signaling mechanisms. To further test whether anoxia
requires p38 MAPK signaling, WT or p38a 7~ cells were exposed to anoxia or normoxia. Loss of
p38w did not affect the stabilization of the HIF-1a protein under anoxia (Figure 2.5A). Anoxia
also increased HRE-dependent luciferase to similar levels in both WT and p38a ™ cells (Figure 2.
5B). These results indicate that the anoxic activation of HIF-1 is independent of p38a MAPK and

that hypoxia and anoxia have distinct mechanisms for activating HIF-1.
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Figure 2.5. p38a MAPK is not required for anoxic activation of HIF-1.

(A). HIF-1a protein levels in p38a** and p38a~ cells exposed to 21% O, (N) or to
0%0, (A) for 2 h. (B). p38a*"* and p38a~~ cells transfected with the HRE-Luciferase
reporter gene construct and exposed to 21% O, or to 0%O, for 16 h. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to
p38a™* cells. The data presented are the mean (+SEM) of four independent

transfections.



37
Reintroduction of p38a MAPK rescues hypoxic activation of HIF-1.

To confirm that the hypoxic activation of HIF-1 was directly due to the absence of p38a, p38a o
cells were stably reconstituted with a p38a ¢cDNA or with vector alone. Immunoblot analysis
demonstrates that the reconstituted cells stably express p38a (Figure 2.6A). The reintroduction of
p38a rescued the hypoxic stabilization of the HIF-1a protein in p38a cells (Figure 2.6B). The
transcriptional activity of HIF-1, as assessed by HRE-Luciferase and the GAL4-HIF-1a (531 to
826) fusion construct, during hypoxia in p3 80 cells was also rescued by the expression of p38a
(Figures 2.7 and 2.8). Furthermore, hypoxia induced gene expression of Pgkl and Glut-1 in the

p38a reconstituted cells (Figure 2.9). Cells treated with DFO during normoxia activated HIF-1
irrespective of the presence or absence of p38a. These results indicate that the suppression of

HIF-1 activation under hypoxia in the p380f/ ~ cells was due to loss of p38a MAPK.

Upstream MAPKKs MKK3 and MKKG6 are required for HIF-1 activation during hypoxia.
MKK3 and MKK6 are the upstream MAPKK isoforms that specifically activate p38a MAPK
(Brancho et al., 2003; Derijard et al., 1995; Raingeaud et al., 1996). To investigate if MKK3 and
MKXKG6 are required for the hypoxic activation of p38 MAPK, we used the Mkk3/6"" and
MKkk3/6" cells (Figure 2.10A), exposed them to hypoxia, and performed immunoblot analysis
using a phosphospecific antibody for p38 MAPK. During hypoxia, the WT cells demonstrated
activation of p38 MAPK (Figure 2.10B). In contrast, cells deficient in both Mkk3 and Mkk6
failed to activate p38 MAPK during hypoxia. Next, we examined whether MKK3 and MKK6
were required for the stabilization of HIF-1c. Similar to the p38e null cells, the Mkk3/67 cells

did not stabilize HIF-1a during hypoxia, whereas cells treated with DFO stabilized HIF-1ex
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Figure 2.6. Reintroduction of p38a rescues hypoxic stabilization of the HIF-1a
protein in p38a null cells.

(A). p38a’~ cells stably reconstituted with a p38a ¢cDNA or with vector alone. (B).
HIF-1a protein levels in reconstituted cells exposed to 21% O, (N) = 100 pM DFO or

to 1.5% O, (H) for 2 h.
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Figure 2.7. Reintroduction of p38a rescues hypoxic activation of HIF-1 in p38a
null cells.

Cells transfected with HRE-Luciferase reporter gene construct and exposed to 21%
0O, =100 uM DFO or to 1.5% O, for 16 h. Relative luciferase expression is the ratio
of luciferase/total protein levels normalized to p38a”*738% cells. The data presented

are the mean (=SEM) of four independent transfections.

39



(&)
]

- p38aq/- +p38a
|:| p38 a'/' +vector

N w BN
1 1 1

—_—
1

GAL4-LUCIFERASE
(fold induction over 21% 02 p38 ** %)

21%0,  1.5%0, DFO

Figure 2.8. Reintroduction of p38a rescues hypoxic transactivation of HIF-1a in
p38a null cells.

Cells were transfected with a GAL4 (1-147) DNA-binding domain fused to HIF-1a
(531-826) construct and a reporter gene construct encoding five GAL4-binding sites.
Cells were incubated at 21% O, for 20 hours, followed by 36 hours at 21% O, + 100
pM DFO or to 1.5% O,. Relative luciferase expression is the ratio of luciferase/total
protein levels normalized to p38a”-*73%* cells. The data presented are the mean

(£SEM) of four independent transfections.
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Figure 2.9. Reintroduction of p38a rescues hypoxic induction of HIF-1 target
genes. Reconstituted cells were cultured for 16 hours under 21% O, = 100 pM DFO or
to 1.5% O,, harvested, and transcription levels of the target genes Pgkl/ and Glut-1
were determined by quantitative real-time RT-PCR analysis. Cycle Threshold (Ct)
values were normalized for amplification of the mitochondrial ribosomal protein L79.

The data presented are the result of triplicate analyses and the error bars indicate SEM.
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Figure 2.10. Hypoxic activation of p38 MAPK is MKK3 and MKK6 dependent.
(A). MKK3 and MKKG®6 protein levels in WT and Mkk3/67~ cells. (B). p38 MAPK

activation in WT and Mkk3/67~ cells exposed to 21% O, (N) or to 1.5% O, (H) for 30

min.
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irrespective of the status of MKK3/6 (Figure 2.11). To test the requirement of MKK3 and

MKKS6 for the hypoxic activation of HIF-1, WT and Mkk3/6" cells were transfected with HRE-
Luciferase under normoxia, hypoxia, and DFO (Figure 2.12). Hypoxia and DFO induced HRE-
Luciferase expression in WT cells. In contrast, Mkk3/67 cells displayed a severe decline of
luciferase induction under hypoxia but not in the presence of DFO during normoxia.
Furthermore, cells deficient in Mkk3/6 failed to induce transactivation of HIF-1 under hypoxia
(Figure 2.13). Consistent with these data are the observation that MKK3 and MKK6 are essential
for the hypoxic induction of the HIF-1 target genes but not for DFO (Figure 2.14). Together
these results indicate that the hypoxic activation of p38 MAPK and HIF-1 is dependent on

MKK3 and MKKG6.

Mitochondrial ROS are required for both the hypoxic activation of HIF-1 and p38 MAPK.
The upstream regulators of the MKK3/6-p38a MAPK signaling pathway remain unknown during
hypoxia. Mitochondrial ROS generated within complex III have been implicated as potential
regulators of p38 MAPK activation during hypoxia (Kulisz et al., 2002). Hypoxia increases the
generation of oxidants during the ubiquinione cycle within complex III. Indeed, hypoxia
generated ROS, as detected by the oxidation of the 2',7'-dichlorofluorescin (DCFH) dye, in WT
and p38a~’ cells (Figure 2.15). To demonstrate the source of the ROS generation during hypoxia,
cells were treated with myxothiazol, a complex III inhibitor. Myxothiazol significantly decreased
the oxidation of the DCFH dye during hypoxia (Figure 2.15). To demonstrate the requirement of
the mitochondrial complex III for the activation of p38 MAPK, WT cells were treated with
myxothiazol under hypoxic conditions. The phosphorylation of p38 MAPK under hypoxic

conditions was also suppressed by myxothiazol (Figure 2.16). To demonstrate whether ROS are
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Figure 2.11. MKK3 and MKKG®6 are required for HIF-1a protein stability.

HIF-1a protein levels in WT and Mkk3/6~cells exposed to 21% O, (N) + 100 uM

DFO or to 1.5% O, (H) for 2 h.
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Figure 2.12. MKK3 and MKKG®6 are required for hypoxic activation of HIF-1.

WT and Mkk3/67 cells transfected with the HRE-Luciferase reporter gene construct
and exposed to 21% O, + 100 pM DFO or to 1.5% O, for 16 h. Relative luciferase
expression is the ratio of luciferase/total protein levels normalized to WT cells. The

data presented are the mean (=SEM) of four independent transfections.
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Figure 2.13. MKK3 and MKKG®6 are required for HIF-1a transactivation.

WT and Mkk3/67 cells were transfected with a GAL4 (1-147) DNA-binding domain
fused to HIF-la (531-826) construct and a reporter gene construct encoding five
GALA4-binding sites. Cells were incubated at 21% O, for 20 hours, followed by 36
hours at 21% O, + 100 pM DFO or to 1.5% O,. Relative luciferase expression is the
ratio of luciferase/total protein levels normalized to WT cells. The data presented are

the mean (=SEM) of four independent transfections.
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Figure 2.14. MKK3 and MKKG6 are required for hypoxic induction of HIF-1
target genes.

Cells were cultured for 16 hours under 21% O, + 100 uM DFO or to 1.5% O,,
harvested, and transcription levels of the target genes Pgkl and Glut-1 were
determined by quantitative real-time RT-PCR analysis. Cycle Threshold (Ct) values
were normalized for amplification of the mitochondrial ribosomal protein L/9. The

data presented are the result of triplicate analyses and the error bars indicate SEM.
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Figure 2.15. Hypoxia stimulates mitochondrial generated oxidants.
ROS were determined by incubating p38a™** and p38a~~ cells with DCFH-DA (10

uM) exposed to 21% O, = 100 uM DFO or to 1.5% O, + myxothiazol (1uM), a

complex III inhibitor, for 4 h.
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Figure 2.16. Hypoxic activation of p38 MAPK requires mitochondrial generated
oxidants.
p38 MAPK activation in WT cells exposed to 21% O, (N) = 100 uM DFO or 1.5% O,

(H) = myxothiazol (1 pM) for 30 min.
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required for the hypoxic stabilization of HIF-1a and the activation of p38 MAPK, cells were

infected with an adenovirus encoding glutathione peroxidase 1 (GPX1), an antioxidant enzyme
that converts hydrogen peroxide into water (Figure 2.17A). Cells overexpressing GPX1 failed to
activate p38 MAPK during hypoxia (Figure 2.17B). The activation of HIF-1 during hypoxia has
also been shown to be regulated by mitochondrial ROS (Chandel et al., 1998; Chandel et al.,
2000). The increase in oxidant production is required for the hypoxic stabilization of HIF-1a
protein. To demonstrate the requirement of the mitochondrial complex III for the stabilization of
HIF-1a, WT cells were treated with myxothiazol under hypoxic conditions. Myxothiazol
prevented the hypoxic stabilization of the HIF-1a protein but not in response to DFO (Figure
2.18). Cells overexpressing GPX1 failed to stabilize HIF-1a protein during hypoxia (Figure
2.19). These results demonstrate that activation of p38 MAPK signaling links mitochondrial

generated ROS to the activation of HIF-1 during hypoxia.
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Figure 2.17. Antioxidant enzyme expression prevents activation of p38 MAPK
during hypoxia.

A. and B. GPX1 levels and p38 MAPK activation in WT cells infected with null
adenovirus (control) or adenovirus expressing myc-tagged GPX1 and subsequently

exposed to 21% O, (N) = 100 uM DFO or 1.5% O, (H) for 2 h.



Myxothiazol

N H DFO N H DFO
Sy roLn

Figure 2.18. Hypoxic activation of HIF-la protein levels requires
mitochondrial generated oxidants.
HIF-1a protein levels in WT cells exposed to 21% O, (N) = 100 pM DFO or

1.5% O, (H) £ myxothiazol (1 uM) for 2 h.
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Figure 2.19. Antioxidant enzyme expression prevents stabilization of the HIF-1a

protein during hypoxia.
HIF-1a protein levels in WT cells infected with null adenovirus (control) or
adenovirus expressing myc-tagged GPX1 and subsequently exposed to 21% O, (N) +

100 uM DFO or 1.5% O, (H) for 2 h.

53



54
Discussion

The signal transduction pathways that regulate the stabilization of HIF-la, as well as, the
subsequent expression of HIF-1 regulated genes are not fully understood. How cells sense the
decrease in oxygen to activate signaling pathways resulting in the activation of HIF-1 remains
unknown. Many signaling molecules have been implicated in the regulation of HIF-1, although
most studies have relied on the use of pharmacological agents in cancer cell lines (Hirota and
Semenza, 2001; Shemirani and Crowe, 2002). In the present study we provide genetic evidence,
using cells from p38a7/* or Mkk3/6” knockout mice, that the p38 MAPK signaling cascade is
necessary for the hypoxic activation of HIF-1. The reconstitution of p38a null cells with a p38a
cDNA restores the ability to activate HIF-1 during hypoxia. This indicates that the inability of
hypoxia to activate HIF-1 was due to a loss of p38a as opposed to an adaptation of p38a null
cells in the absence of the kinase. The p38 MAPK activation during hypoxia was dependent on
oxidant generation within mitochondrial complex IIlI. Thus, p38 MAPK signaling provides a
mechanistic link between the generation of oxidant production and the activation of HIF-1 during

hypoxia (Figure 2.20).

Presently there are two models that account for the activation of HIF-1. One model proposes that
the hydroxylases, PHDs and FIH, serve as oxygen sensors that control HIF-1 activation during
hypoxia (Epstein et al., 2001; Lando et al., 2002b). According to this model, the hydroxylases
reduce their activity directly as a function of declining oxygen levels resulting in a decrease in
hydroxylation of proline and asparagine residues within the HIF-1a protein. The decrease in
hydroxylation of the HIF-1« protein results in both the stabilization of the protein as well as

recruitment of coactivators to induce gene expression. The fact that the hydroxylases could serve
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Figure 2.20. A signaling model for hypoxic activation of HIF-1.

Based on our findings we propose that hypoxia stimulates oxidant production within
mitochondria. These oxidants interact with an unknown protein "X" in the cytosol to
activate MKK3/6 and p38a MAPK. The activation of the p38a MAPK signaling
pathway results in the decrease in hydroxylation of the HIF-1a protein at proline and
asparagine residues resulting in the activation of HIF-1. By contrast, anoxia or iron
chelators (DFO) during normoxia inhibit hydroxylation directly by limiting the
availability of oxygen as a substrate and iron as a cofactor, respectively. Thus, anoxia
or DFO does not require signaling pathways for the activation of HIF-1. Hypoxia and

anoxia have distinct signaling mechanisms to activation HIF-1.
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as oxygen sensors also suggests that there would be no requirement for signaling pathways to

be initiated for the activation of HIF-1 during hypoxia. In order to fulfill the role of oxygen
sensors the hydroxylases would have to have a K,, in the hypoxic region. Recombinant prolyl
hydroxylases have a K,, of ambient air (20.9% O,) in vitro while asparaginyl hydroxylase (FIH)
has a K, of 40% of ambient air in vitro, indicating that the hydroxylases decrease their enzymatic
activity throughout the physiological range of PO, (Hirsila et al., 2003). Therefore, if the
hydroxylases were in fact the sensors, one would predict a continuous increase in the
accumulation of HIF-1a protein as oxygen levels fall from 21% O, to 0% O,. However, HIF-1a
protein begins to accumulate around 5% O,, and its concentration increases as the oxygen levels
approach anoxia (Jiang et al., 1996b). Thus, the K,, of the hydroxylases is not compatible with
the oxygen dependence of HIF-la protein stabilization. Our current finding that p38 MAPK
signaling is required for the activation of HIF-1 during hypoxia further suggests that the

hydroxylases are not likely to be the sole regulators of HIF-1.

A second model proposes that the hydroxylases are only proximal regulators of the HIF-la
protein. According to this model there would be upstream regulators of the hydroxylases. Our
present results are in agreement with this model. Loss of p38 MAPK signaling prevented both the
hypoxic stabilization of HIF-1a protein as well as the transcriptional activity of the protein. The
stabilization of HIF-1a protein is primarily regulated by hydroxylation of proline residues by
PHDs while the transcriptional activity is regulated by asparagine hydroxylation by FIH. The
activation of p38 MAPK signaling during hypoxia is likely to prevent PHDs as well as FIH from
hydroxylating proline and asparagine residues. Our results are also consistent with previous

studies indicating that signaling molecules are necessary for HIF-1a protein stabilization during
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hypoxia. These signaling pathways include but are not limited to the requirement of

diacylglycerol kinase, small GTPases, and PI3-K/AKT (Aragones et al., 2001; Hirota and
Semenza, 2001; Turcotte et al., 2003; Zhong et al., 2000; Zundel et al., 2000). Many of these
signal transduction molecules can activate p38 MAPK signaling pathways. Moreover, the
transactivation potential of HIF-la depends on phosphorylation of the conserved residue
Threonine-796 (Gradin et al., 2002). The modification of this residue increases the affinity of
HIF-1a to the transcriptional coactivator CBP. Whether this modification does not allow FIH
mediated hydroxylation at Asparagine 803 remains unknown. Also, p42/p44 MAPK can directly
phosphorylate HIF-1a and increase the transcriptional activity of the protein (Richard et al.,
1999). We interpret these findings to suggest that the hydroxylases are likely to have enough
oxygen to carry out hydroxylation of HIF-1a protein throughout the physiological range but fail
to hydroxylate HIF-1a protein as they approach oxygen levels in the hypoxic region due to

modification by p38 MAPK signaling (Figure 2.20).

Our results also indicate that cells utilize different mechanisms to activate HIF-1 during hypoxia
compared with anoxia or exposure to iron chelators. The p38 MAPK signaling is not required for
the activation of HIF-1 in cells exposed to anoxia or iron chelators under normoxia. Oxygen is
required as a substrate and iron as a cofactor for the hydroxylation of the HIF-1a protein, and in
the absence of oxygen this reaction will not occur. Therefore, HIF-1a protein will not be
hydroxylated and targeted for ubiquitin mediated degradation under anoxia due to substrate
limitation. The hydroxylases ultimately serve as oxygen sensors under anoxic conditions.
Similarly, the hydroxylases are likely to be the only regulators of HIF-1 by iron chelators, such

as DFO. Iron chelators can inhibit the hydroxylation reaction directly by limiting the availability



59
of iron. Previous observations have indicated that hypoxia and anoxia or iron chelators have

distinct mechanisms for the activation of HIF-1. For example, cells exposed to hypoxia fail to
activate HIF-1 in the presence of mitochondrial inhibitors or in cells that lack mitochondrial
DNA [rh0"] cells). In contrast, cells exposed to anoxia retain their ability to activate HIF-1 even
in the presence of mitochondrial inhibitors or in [r40°] cells (Schroedl et al., 2002). Furthermore,
diphenylene iodonium (DPI), an inhibitor of a wide range of flavoproteins including
mitochondrial complex I, prevents stabilization of HIF-1a protein and HIF-1 target genes at
oxygen levels of 1% but not in the presence of iron chelators under normoxia (Gleadle et al.,

1995).

A major finding of the present study is that ROS generated within mitochondrial complex III are
required for the activation of both p38a MAPK and HIF-1. Previous studies have suggested that
mitochondrial complex III can serve as an oxygen sensor and oxidant production from this
complex serves as the major signaling molecule to initiate activation of HIF-1 during hypoxia
(Chandel et al., 1998; Chandel et al., 2000; Schroedl et al., 2002). However, the mechanisms by
which mitochondrial ROS would activate HIF-1 remains unknown. The current finding that p38
MAPK signaling is required for HIF-1 activation provides the first known link between
mitochondrial oxidant production during hypoxia and HIF-1 activation. This premise is
consistent with the observations that nonhypoxic stimuli such as chromium or arsenite generate
oxidative stress resulting in a p38a MAPK-dependent activation of HIF-1. The physiological
implication of ROS as a positive regulator of HIF-1 has been recently highlighted by the
observation that cells deficient in JunD, a member of the AP-1 family of transcription factors,

have increased ROS levels under normoxic conditions resulting in the accumulation of HIF-1a
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protein and induction of VEGF, a potent angiogenic factor (Gerald et al., 2004). Thus, JunD

can reduce tumorigenesis by reducing oxidative stress and HIF-1 activation. Furthermore,
radiation-induced reoxygenation of hypoxic tumor cells results in the production of ROS, which

activates HIF-1 to prevent radiation-induced endothelial cell death (Moeller et al., 2004).

There are two important physiological implications of the present study. First, the requirement of
p38 MAPK signaling for the hypoxic activation of HIF-1 may explain the resemblance seen in
the phenotypes of the p38a, Mkk3/6, Hif-10, and Hif-1p null mice. All these embryos die during
midgestation due to multiple defects, including abnormal vascularization of the placenta (Adams
et al., 2000; Adelman et al., 2000; Allen et al., 2000; Brancho et al., 2003; Carmeliet et al., 1998;
Iyer et al., 1998; Maltepe et al., 1997; Mudgett et al., 2000; Ryan et al., 1998; Tamura et al.,
2000). In particular, both the Hif-1p knockout and p38a null mice display a complete loss of the
labyrinth layer and significant reduction of the spongiotrophoblast layer in the developing
placenta. Secondly, HIF-1 is up-regulated in most human cancers and is required for tumor
progression by up-regulating its target genes, which are involved in angiogenesis, anaerobic
metabolism, cell survival, cell invasion, and drug resistance (Semenza, 2003). Here, we identify
the p38 MAPK signaling pathway as a key upstream regulator of HIF-1 activity. Consequently,
therapies targeted towards modulating the p38 MAPK signaling pathway may provide a basis for

the development of new cancer therapies.
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CHAPTER 3: Hypoxic Activation of HIF-1 is independent of SRC, ASK1, and AMPK

Introduction
Oxidative signaling has been implicated in a number of experimental interventions that lead to
the initiation of gene transcription or other adaptive responses (Palmer and Paulson, 1997,
Schulze-Osthoff et al., 1997; Suzuki et al., 1997). However, the direct molecular target of
oxidants that activates signaling pathways leading to the stabilization of the HIF-1a protein
during hypoxia remains unknown. The generation of mitochondrial reactive oxygen species
(ROS) is required and sufficient for HIF-1 activation during hypoxia (Brunelle et al., 2005;
Chandel et al., 2000; Guzy et al., 2005; Mansfield et al., 2005). The downstream signaling
pathways that link mitochondrial ROS to HIF-1 activation still need to be elucidated. The p38
MAPK signaling pathway is required for the hypoxic activation of HIF-1 (Emerling et al., 2005),
although, the mechanism underlying this activation of p38a MAPK or its relationship to
mitochondrial ROS signals has not been described. Therefore, a candidate approach has been
taken here in order to investigate what is/are the direct targets of the mitochondrial ROS that
activate the p38 MAPK pathway during hypoxia and that eventually lead to the activation of

HIF-1.

One possible mechanism is that the hydrogen peroxide generated during hypoxia in the cytosol
activates the SRC family of kinases which activates the Rho family small GTPase Racl through
focal adhesion kinase (FAK). The activation of Racl would result in the stimulation of p38a
MAPK activity to prevent hydroxylation of the HIF-1a protein. The SRC family is a family of
nonreceptor protein tyrosine kinases, which include SRC, LYN, FYN, LCK, HCK, FGR, BLK,

and YES. SRC, FYN, YES are ubiquitously expressed and display redundancy in function. By
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contrast, other members of the family such as HCK, BLK, or LCK exhibit restricted tissue

expression. SRC is a nonreceptor tyrosine kinase and is a direct target of ROS, specifically
hydrogen peroxide (Abe et al., 1997). Hydrogen peroxide activates SRC by causing SRC to
autophosphorylate itself. Recently, it has also been shown that mitochondrial generated ROS
during hypoxia activates SRC and that SRC activation induces HIF-la protein and the
expression of plasminogen activator inhibitor-1 (PAI-1), a HIF-1 target gene (Sato et al., 2005).
The downstream SRC family target FAK is known to activate Racl (Hsia et al., 2003). FAK can
be activated by hypoxia and by ROS, specifically hydrogen peroxide (Seko et al., 1999).
Hypoxia causes an increased association of FAK with SRC; concomitantly SRC then
phosphorylates FAK at a number of tyrosine residues (Seko et al., 1999). It is well established
that Racl can activate the p38a MAPK pathway through the upstream MAPKKs, MKK3 and
MKK6 (Minden et al., 1995). Hypoxia has been shown to activate p38a MAPK in a Racl
dependent manner (Hirota and Semenza, 2001). One report has even shown that Racl activity is
required for the activation of HIF-1 (Hirota and Semenza, 2001). Moreover, by targeting Racl
with small interference RNA, VEGF and HIF-1a can be downregulated (Xue et al., 2004). These
findings suggest that Racl may be involved in the hypoxic response and make Racl an attractive
upstream candidate to investigate. Thus, the first pathway tested was the Src-FAK-Racl-
MKK3/6-p38 MAPK pathway. Interestingly, the mice deficient in SRC, FAK, Racl,
MKK3/MKK®6, p38a MAPK, HIF-1a, and HIF-1p are all embryonic lethal at days 8.5-10.5 due
to multiple defects including abnormal vascularization (Adams et al., 2000; Adelman et al.,
2000; Allen et al., 2000; Brancho et al., 2003; Carmeliet et al., 1998; Ilic et al., 2003; Iyer et al.,
1998; Klinghoffer et al., 1999; Maltepe et al., 1997; Mudgett et al., 2000; Ryan et al., 1998;

Sugihara et al., 1998; Tamura et al., 2000).
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The next candidate to study was the MAPKKK, apoptosis signal-regulating kinase 1 (ASK1).

The kinase ASK1 has been shown to be directly activated by ROS and it in turn activates the
downstream kinases MKK3 and MKK6-p38 MAPK signalinig cascades (Kyriakis and Avruch,
2001; Roux and Blenis, 2004). ASK1 functions as an important molecular sensor of internal
and/or external environmental stresses to determine cell fate, such as survival, differentiation,
and apoptosis (Sayama et al., 2001; Takeda et al., 2000). Thioredoxin (TRX) has been identified
as a negative regulator of the ASK1-p38 pathway (Saitoh et al., 1998). In resting cells, ASK1
constantly forms a complex with TRX, but upon treatment of hydrogen peroxide, ASKI1 is
disassociated from TRX and activated by subsequent modifications, including oligomerization
auto- and/or cross-phosphorylation at the site Thr845 within the activation loop of ASK1 (Fujino
et al., 2006; Saitoh et al., 1998). TRX is a redox-regulatory protein that has two redox-sensitive
cysteine residues within the conserved active center. Only a reduced form of TRX is associated
with the N-terminal regulatory domain of ASK1 and thereby silences the activity of ASKI.
Oxidation of TRX results in the disassociation of ASK1 from TRX and thereby switches an
inactive form of ASKI to active. Thus, the ASK1-TRX complex serves as a molecular switch
that converts redox signals evoked by ROS to signaling through kinase cascades. Also, there is

evidence that ASK1 may play a role in the hypoxic activation of HIF-1 (Kwon et al., 2005).

The third candidate investigated was AMP-activated kinase (AMPK). AMPK is a heterotrimeric
serine/threonine consisting of a catalytic a subunit and two regulatory  and y subunits (Carling,
2004; Hardie et al., 2003; Rutter et al., 2003). AMPK is ubiquitously expressed and functions as

an intracellular fuel sensor by maintaining energy balance. Conditions that elevate intracellular

AMP or decrease ATP levels activate AMPK through the allosteric binding of AMP, which
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allows AMPK to sense cellular [AMP]/[ATP] ratios. ROS generated by hypoxia and ischemia

is also a potent activator of AMPK independent of increased AMP levels (Laderoute et al., 2006;
Quintero et al., 2006). Whether or not AMPK is a direct target of ROS is yet to be determined,
but none the less AMPK is highly activated by oxidative stress. Full activation of AMPK
requires the phosphorylation within the activation loop of the catalytic a subunit at Thr172 by
LKBI1, a serine/threonine kinase and tumor suppressor (Lizcano et al., 2004; Shaw et al., 2004).
Recently, mammalian Ca®"/calmodulin-dependent kinase kinase (CaMKK) has been identified as
an AMPK kinase (Birnbaum, 2005). AMPK phosphorylates diverse targets, many that are
directly involved in controlling cellular energy metabolism (Hue et al., 2003; Leff, 2003). It has
been reported that the MKK3 dependent p38 MAPK cascade is a downstream component of
AMPK signaling (Xi et al., 2001). Recently, it has also been shown that AMPK activates p38

MAPK in ischemic heart (Li et al., 2005).

The focus of this chapter is to study the potential upstream regulators of p38 MAPK that are
required for the hypoxic activation of HIF-1. The three candidates that are investigated here are
SRC, ASKI1, and AMPK. All these kinases are activated by ROS and are known upstream

regulators of the p38 MAPK signaling pathway.
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Results

SRC is not required for hypoxic activation of HIF-1.

To investigate the first candidate SRC, fibroblasts isolated from Src*’* cells and cells deficient
for the three SRC family members Src, Yes, and Fyn (SYF cells) were used. This triple mutation
of the ubiquitously expressed SRC family members leads to embryonic lethality (Klinghoffer et
al., 1999). Src™" and SYF cells were exposed to hypoxia (1.5% O3) or normoxia (21% O>) in the
presence or absence of the iron chelator desferrioxamine (DFO; 100 uM) to examine whether
SRC is required for the stabilization of the HIF-1a protein. The HIF-1a protein was stabilized in
both the Sr¢™" and SYF cells exposed to hypoxia or to the hypoxic mimetic, DFO (Figure 3.1).
To examine HIF-1 activity, the luciferase reporter assay under the control of a promoter
containing three hypoxic response element sites (HRE-Luciferase) was used. Hypoxia and DFO
both increased HRE-dependent luciferase induction regardless of SRC status (Figure 3.2). These
results indicate that the hypoxic activation of HIF-1 is independent of SRC. To further confirm
these results the two downstream SRC targets, FAK and Racl were tested. FAK is
phosphorylated by SRC at a number of tyrosine residues and then FAK can activate Racl. As
shown in Figure 3.3, FAK and Racl are not required for the stability of the HIF-1a protein. In

" and Fak” cells were used. To demonstrate

order to demonstrate the requirement of FAK, Fak
the requirement of Racl, WT cells were infected with a dominant negative Racl (N17)

adenovirus. These results demonstrate that the SRC mediated pathway is not required for

hypoxic activation of HIF-1.
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Figure 3.1. SRC is not required for HIF-1a protein stability.
HIF-1a protein levels in Src™* and SYF cells exposed to 21% O, (N) + 100 pM

DFO or to 1.5% O, (H) for 2 h.
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Figure 3.2. SRC is not required for HIF-1 activation.
Src™* and SYF cells transfected with the HRE-Luciferase reporter gene construct and
exposed to 21% O, + 100 pM DFO or to 1.5% O, for 16 h. Relative luciferase

+/+

expression is the ratio of luciferase/total protein levels normalized to Src™™ cells.

The data presented are the mean (:SEM) of four independent transfections.
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Figure 3.3. FAK and Racl are not required for HIF-1a protein stability.

(A). HIF-1a protein levels in Fak** and Fak” cells exposed to 21% O, (N) + 100 uM
DFO or to 1.5% O, (H) for 2 h. (B). HIF-1a protein levels in WT cells infected with
null adenovirus (control) or adenovirus expressing a dominant negative Racl and

subsequently exposed to 21% O, (N) + 100 uM DFO or 1.5% O, (H) for 2 h.
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ASK1 is not required for hypoxic activation of HIF-1.

The next candidate to be investigated was the MAPKKK, ASK1. To first test the requirement of
ASK1 for HIF-1a protein stability, .4skl “* and AskI™" cells were exposed to hypoxia (1.5% O5)
or normoxia (21% O) in the presence or absence of the iron chelator desferrioxamine (DFO; 100
uM). Loss of Askl did not affect the stabilization of the HIF-1a protein under hypoxia (Figure
3.4). Furthermore, hypoxia increased HRE-dependent luciferase to similar levels in both Ask/ o

and AskI”" cells (Figure 3.5). These results indicate that the hypoxic activation of HIF-1 is not

dependent on ASKI.

AMPK is not required for hypoxic activation of HIF-1.

To test the requirement of AMPK for the hypoxic activation of HIF-1, the known AMPK
inhibitor, Compound C was used. Compound C is an AMPK inhibitor that functions an ATP-
competitive inhibitor of AMPK (Calbiochem).WT cells were first exposed to hypoxia (1.5% O,)
or normoxia (21% O,) in the presence or absence of the PHD inhibitor dimethyloxaloylglycine
(DMOG; 100 uM) + 20uM Compound C. DMOG is a cell penetrant oxoglutarate analogue,
expected to inhibit all enzymes of the oxoglutarate-dependent dioxygenase class, including
collagen prolyl hydroxylases, PHD 1-3 and FIH. Therefore, DMOG serves a hypoxic mimetic
under normal oxygen conditions, just as DFO did in the above experiments. Treatment with
Compound C completely suppressed the stabilization of the HIF-la protein under hypoxia,
whereas HIF-1a protein stability was unaffected with DMOG (Figure 3.6). These results were
further confirmed by examining HIF-1 activity using the HRE-Luciferase assay. Hypoxia and
DMOG increased HRE-dependent luciferase induction in the untreated WT cells (Figure 3.7). In

contrast, cells treated with Compound C displayed a marked
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Figure 3.4. ASK1 is not required for HIF-1a protein stability.

HIF-1a protein levels in Ask/*"* and AskI” cells exposed to 21% O, (N) £ 100 uM

DFO or to 1.5% O, (H) for 2 h.
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Figure 3.5. ASK1 is not required for the hypoxic activation of HIF-1.

AskI™* and AskI” cells transfected with the HRE-Luciferase reporter gene construct
and exposed to 21% O, + 100 uM DFO or to 1.5% O, for 16 h. Relative luciferase
expression is the ratio of luciferase/total protein levels normalized to Askl™" cells.

The data presented are the mean (=SEM) of four independent transfections.
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Figure 3.6. AMPK inhibitor prevents HIF-1a protein stability.

HIF-1a protein levels in WT cells exposed to 21% O, (N) + 100 uM DMOG

(D) or to 1.5% O, (H) £ 20uM Compound C, an AMPK inhibitor, for 2 h.
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Figure 3.7. AMPK inhibitor prevents HIF-1 activation.

WT cells transfected with the HRE-Luciferase reporter gene construct and exposed to
21% O, + 100 uM DMOG or to 1.5% O, = 20uM Compound C, an AMPK inhibitor,
for 16 h. Relative luciferase expression is the ratio of luciferase/total protein levels
normalized to untreated normoxic WT cells. The data presented are the mean (:SEM)

of four independent transfections.
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attenuation of luciferase induction under hypoxia but not in the presence of DMOG during

normoxia (Figure 3.7). These data are consistent with the results observed in both the Mkk3/6~ -
and p38a*/* cells, thereby suggesting that AMPK could be the upstream regulator of the
MKK3/6-p38a-HIF-1 hypoxic pathway. Usage of chemical inhibitors is not the ideal method to
prove the requirement of a protein of interest, as many chemicals have off targets and are not
always specific for their target. Therefore, the double knockout cells for AMPKal and AMPKa?2
were used in order to genetically test the requirement of AMPK in the hypoxic activation of HIF-
1. Ampka WT and the Ampkal 727 cells were exposed to hypoxia (1.5% O,) or normoxia (21%
0O,) in the presence or absence of the PHD inhibitor dimethyloxaloylglycine (DMOG; 100 uM).
Interestingly, the loss of bothe AMPKal and AMPKa2 did not effect HIF-1a protein stability
under hypoxia (Figure 3.8). Moreover, the HRE-Luciferase assay displayed no difference
between the Ampko. WT and the Ampkal 727 cells under hypoxia (Figure 3.9), proving that the

hypoxic activation of HIF-1 is not dependent on AMPK.

These data were unexpected since Compound C, an AMPK inhibitor, prevented the hypoxic
stabilization of the HIF-la protein. Therefore, to further validate these results the HRE-
Luciferase assay was used to examine HIF-1 activity in the Ampkal” 2" (AMPKa null) in the
presence or absence of Compound C. As shown by immunoblotting, these cells are null for
AMPKa (Figure 3.10A). Confirming the results shown in Figure 3.7, WT cells treated with
Compound C displayed a severe reduction in HRE- Luciferase expression when exposed to
hypoxia in comparison to untreated WT cells (Figure 3.10B). Interestingly, untreated AMPKa
null cells showed an ever greater increase in HRE-Luciferase expression than WT cells and

treated AMPKa null cells displayed no induction of HRE-Luciferase under hypoxia (Figure
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3.10B). From these results, it can be concluded through the use of genetics that the hypoxic

activation is independent of AMPK. Furthermore, these data show that the AMPK chemical
inhibitor, Compound C, is not specific to the one target, AMPK. Here we show that Compound
C does have alternate targets. What those targets are or how Compound C is preventing the
hypoxic activation of HIF-1 remains unknown. Compound C may inhibit other kinase pathways,
such as the p38 MAPK pathway, thereby suppressing HIF-1 activity. Or it may function as an
antioxidant in order to scavenge ROS generated by the mitochondria during hypoxia to inhibit
HIF-1. Or it may function as a respiratory or mitochondrial inhibitor in order to prevent the
hypoxic activation of HIF-1. There are many possible scenarios as for the mechanisms of action
for Compound C. It is a bonafide AMPK inhibitor, although as the data presented here indicates,

it is definitely not specific to AMPK.
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Figure 3.8. AMPK is not required for HIF-1a protein stability.

HIF-1o protein levels in Ampko. WT and Ampko1”-2"" cells exposed to 21% O, (N)

+ 100 uM DMOG (D) or to 1.5% O, (H) for 2 h.
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Figure 3.9. AMPK is not required for HIF-1 activition.

Ampka. WT and Ampkal”-27 transfected with the HRE-Luciferase reporter gene
construct and exposed to 21% O, = 100 uM DMOG or to 1.5% O, for 16 h.
Relative luciferase expression is the ratio of luciferase/tnormalized to Ampka WT

cells. The data presented are the mean (=SEM) of four independent transfections.
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Figure 3.10. AMPK inhibitor prevents HIF-1 activation in AMPKa null cells.

(A). AMPKa protein levels in Ampko WT cells (WT) and Ampkal”-2"cells
(AMPKa null). (B). Ampkal”-27 cells transfected with the HRE-Luciferase reporter
gene construct and exposed to 21% O2 + 100 uM DMOG or to 1.5% O2 £+ 20uM
Compound C, an AMPK inhibitor, for 16 h. Relative luciferase expression is the
ratio of luciferase/total protein levels normalized to untreated normoxic WT cells.

The data presented are the mean (£SEM) of four independent transfections.



79
Discussion

Understanding how hypoxia activates HIF-1 is important for understanding the pathophysiology
of vascular disease, pulmonary disease, heart disease, and cancer. HIF-1 is overexpressed in
many human cancers and plays a crucial role in altering the transcriptional repertoire of tissues
as oxygen levels drop. To date the upstream regulators of HIF-1 are poorly understood.
Mitochondria have been implicated as oxygen sensors by increasing the generation of reactive
oxygen species (ROS) within complex III. Furthermore, it has been demonstrated that the ROS
generated within complex III during hypoxia is required and sufficient to induce the stabilization
of HIF-1a (Brunelle et al., 2005; Chandel et al., 2000; Guzy et al., 2005; Mansfield et al., 2005).
The p38 MAPK signaling pathway provides a mechanistic link between the generation of oxidant
production and the activation of HIF-1 during hypoxia. The p38 MAPK signaling cascade is
necessary for the hypoxic activation of HIF-1 (Emerling et al., 2005). However, the direct targets
of the mitochondrial ROS or the upstream regulators of the p38 MAPK pathway to activate HIF-
1 remain unknown. To investigate potential upstream regulators of HIF-1, a candidate approach
was used here. Three known targets of ROS were chosen on the basis that they could also
activate MKK3/MKK6 dependent p38 MAPK signaling. In this study SRC, ASK1, and AMPK
were tested and the data demonstrates that all three of these kinases do not play a role in

regulating the hypoxic activation of HIF-1 (Figure 3.11).

Currently, the upstream regulators still need to be identified. Interestingly, Compound C, a
known AMPK inhibitor, prevents the hypoxic activation of HIF-1 independent of AMPK.
Obvious alternate targets of the chemical inhibitor Compound C could be p38 MAPK or

antioxidants in order to inhibit HIF-1 activation, yet other unknown proteins may prove to be
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targets, thereby uncovering upstream regulators in the hypoxic signaling pathway for HIF-1

activation. Identifying the targets of Compound C may prove to be important in deciphering the
upstream regulators of HIF-1. Nevertheless, having a blueprint of an oxygen sensing pathway
emanating from the mitochondrial electron transport chain, to the p38 MAPK pathway, and
ultimately to HIF-1 will allow investigators to fill the critical details of signaling molecules
linking mitochondria to HIF-1 activation. Moreover, having eliminated SRC, ASK1, and AMPK

as upstream regulators of HIF-1 will be vital information for investigators to have.
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Figure 3.11. Hypoxic regulation of HIF-1.

Hypoxia stimulates the generation of reactive oxygen species (ROS) from the
mitochondria, thereby initiating the MKK3/6 dependent p38a MAPK pathway to
activate HIF-1. SRC, ASK1, and AMPK are activated by ROS and hypoxia and are
known activators of the p38a MAPK signaling pathway. Data presented here
indicate that SRC, ASK1, and AMPK are not required for the hypoxic activation of

HIF-1.
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Chapter 4: PTEN Represses HIF-1 Transcriptional Activity through FOXO3a

Introduction
The PTEN tumor suppressor was first identified as a gene mutated or deleted in multiple primary
malignant tumors, including prostate cancers and glioblastomas (Cairns et al., 1997; Li and Sun,
1997; Li et al., 1997; Liu et al., 1997; Steck et al., 1997; Teng et al., 1997; Wang et al., 1997).
PTEN is a lipid phosphatase that functions as a tumor suppressor by antagonizing the PI3K/AKT
dependent signaling pathway (Di Cristofano and Pandolfi, 2000; Maehama et al., 2001; Simpson
and Parsons, 2001). Loss of PTEN, in both murine embryonic stem cells or in human cancer cell
lines, allows the accumulation of PIP3 and thus the activation of downstream effectors, one
major factor being AKT (Franke et al., 1997; Stambolic et al., 1998; Sun et al., 1999; Wu et al.,
1998). AKT is a serine/threonine kinase that phosphorylates many critical signaling molecules,
which are specifically involved in cell growth, cell survival, glucose metabolism, and cell
invasiveness. Several indirect and direct phosphorylation targets of AKT have been identified,
including the mammalian target of rapamycin (mTOR) and the Forkhead (FOXO) transcription
factors respectively (Brunet et al., 1999; Gao et al., 2002b; Inoki et al., 2002; Kops et al., 1999;
Tee et al., 2003). A hallmark of PTEN null cancers is an increase in mTOR activity and a

decrease in FOXO activity (Di Cristofano and Pandolifi 2000).

Mammalian members of the Forkhead transcription factors include FOXOla, FOXO3a, and
FOXO4 (also referred as FKHR, FKHRL1, and AFX, respectively). FOXO factors function as
key regulators of cell cycle progression and cell survival. Phosphorylation of FOXO factors by
AKT prevents their transcriptional activity by inducing the binding of 14-3-3 proteins, thereby

promoting export to the cytoplasm (Biggs et al., 1999; Brownawell et al., 2001; Brunet et al.,
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1999; Rena et al., 1999; Takaishi et al., 1999; Tang et al., 1999; Tomizawa et al., 2000). In

PTEN null cells, FOXO factors are constitutively phosphorylated and consequently
predominantly cytoplasmic. Therefore, when wild-type FOXO is expressed exogenously in
PTEN null cells, they are still not capable of activating FOXO responsive promoters (Nakamura
et al., 2000). However, mutations in the three AKT phosphorylation sites to alanine (FOXO-
AAA) allows the accumulation in the nucleus, thus restoring FOXO transcriptional activity in
PTEN null cells (Nakamura et al., 2000; Ramaswamy et al., 1999). An alternate method of
sequestering FOXO in the nucleus is treatment with the nuclear export inhibitor, Leptomycin B
(LMB). Interestingly, it has been shown that forcible localization of FOXOla to the nucleus can

reverse tumorigenicity of PTEN null cells (Ramaswamy et al., 2002).

The majority of solid tumors require angiogenesis for tumor expansion. Many PTEN null tumors
are highly vascularized, including prostate cancers and glioblastomas. In particular,
glioblastomas are one of the most vascularized tumors and display increased expression of
VEGF (Wesseling et al., 1997). Hypoxia is a potent stimulus for triggering the ‘angiogenic
switch’. The master transcription factor that regulates the cellular responses to hypoxia is
hypoxia-inducible-factor-1 (HIF-1) (Semenza, 2000a). HIF-1 is composed of two subunits, an
oxygen-sensitive HIF-1a subunit, and a constitutively expressed HIF-1f3 subunit. HIF-1 activity
is dependent on the availability of the HIF-1a subunit. Under normoxic (21% O,) conditions,
HIF-1a is targeted for ubiquitin-mediated degradation by an E3 ubiquitin ligase complex that
contains the von Hippel-Lindau tumor suppressor protein (pVHL), elongin B, elongin C, Cul2,
and Rbx (Maxwell et al., 1999). This process is dependent on the hydroxylation of two proline

residues by a family of prolyl hydroxylase (PHD) enzymes (Ivan et al., 2001; Jaakkola et al.,
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2001; Masson et al., 2001). Under hypoxic conditions, hydroxylation is presumed to be

inhibited and HIF-1a is stabilized, thereby allowing HIF-1a to localize in the nucleus where it
can dimerize with HIF-1p, recruit p300 and CBP, allowing the transcriptional activation of HIF-
1 target genes. HIF-1 target genes include angiogenic factors, glucose transporters, glycolytic
enzymes, survival factors, and invasion factors- all crucial trademarks of cancer. Previous data
shows that loss of PTEN can increase HIF-1 activity in glioma and prostate cancer cell lines
(Jiang et al., 2001; Zhong et al., 2000; Zundel et al., 2000). Therefore, exaggerated HIF-1
activity in PTEN null cancers may explain the aggressiveness of these tumors. Taken together,
these studies suggest a link between the loss of PTEN and the hypoxic activation of HIF-1.

However, the mechanism by which loss of PTEN increases HIF activity is not fully understood.

To investigate whether the loss of PTEN regulates HIF-1, we used PTEN null murine embryonic
fibroblasts (MEFs), prostate cancer and glioma cells. Our results indicate that nuclear PTEN
represses HIF-1 transcriptional activity via FOXO activation, and independent of mTOR
signaling. Here, we show by co-immunoprecipitation that endogenous FOXO3a can associate
with HIF-1a and p300 in the nucleus. Moreover, when FOXO3a is sequestered in the nucleus, by
treatment with LMB, we demonstrate by chromatin immunoprecipitation (ChIP) that FOXO3a is
found in complex with HIF-1a and p300 on the hypoxia response element (HRE) of the HIF-1
target gene, Glut-1. Nuclear FOXO3a appears to interfere with p300’s ability to function as a co-
activator for HIF-1. Overall, these data suggest by inhibiting FOXO nuclear export in PTEN null

cancers may decrease tumor growth by decreasing HIF-1 transcriptional activity.



86
Results

PTEN modulates HIF-1 transcriptional activity.

To determine whether PTEN regulates HIF-1 activity, Pten"” and Pten” murine embryonic
fibroblasts (MEFs) were exposed to normoxia (21%0,), hypoxia (1.5%0,), or anoxia (0%0,).
The loss of PTEN had no effect on HIF-1a stability (Figure 4.1). However, the Pten” cells
displayed a robust increase in HIF-1 dependent luciferase (HRE-Luciferase) induction in
comparison to the Pten”” cells under both hypoxic (1.5%0,) and anoxic (0%0O,) conditions
(Figure 4.2). Loss of PTEN also markedly increased luciferase induction in the presence of the
hypoxia mimetic agent dimethyloxaloylglycine. (Figure 4.3). HIF-1 transcriptional activity was
further assessed by examining the induction of HIF-1 target genes, vascular endothelial growth
factor (Vegf A) and phosphoglycerate kinase 1 (Pgkl), using real-time quantitative RT-PCR.
Pten” cells exposed to hypoxia and anoxia displayed a dramatic increase in both Vegf 4 and
Pgkl levels in comparison to the Pten™" cells (Figure 4.4). In order to test whether the increase in
HIF-1 transcriptional activity, in the Pten” cells, is independent on the B subunit, a specific
GAL4 DNA binding domain (amino acids 1 to 147) fused to HIF-1a (531-826) fusion construct
was utilized. HIF-1a contains two oxygen regulated transactivation domains (TADs), which are
termed N-TAD (amino acids 531 to 575) and C-TAD (amino acids 786 to 826) (Jiang et al.,
1997). The C-TAD is regulated by the hydroxylation of an asparagine residue by FIH to prevent
the interaction of the HIF-la protein with transcriptional co-activators, such as p300.
Transactivation by GAL4-HIF-la (531 to 826) increased by five-fold in the Pren” cells
compared to the normal transactivation seen in the Pren™ cells (Figure 4.5). These results
indicate that the increase in HIF-1 transcriptional activity caused by the loss of PTEN can be

assigned to the transactivation domain within the HIF-1a subunit. Interestingly, the C-TAD
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region of HIF-1a is where p300 interacts with the a-subunit in order to fully activate the HIF-1

transcription factor. Collectively, these data demonstrate that the loss of PTEN increases HIF-1

transcriptional activity, but has no effect on HIF-1a protein stability.

To confirm that the increase in transcriptional activity of HIF-1 was indeed due to the loss of
PTEN, we reintroduced PTEN into the Pten” cells using an adenovirus. Immunoblot analysis
demonstrates that the reconstituted cells express PTEN (Figure 4.6A). Corroborating the results
in Figure 4.1, the reintroduction of PTEN had no effect on the stability of the HIF-1a subunit
(Figure 4.6B). In contrast, the transcriptional activity of HIF-1, as assessed by HRE-Luciferase,
was significantly decreased by the reintroduction of PTEN (Figure 4.7). These results indicate

that HIF-1 transcriptional activity can be suppressed by the presence of PTEN in Pten” cells.
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Figure 4.1. Loss of PTEN has no effect on HIF-1a protein stability.
HIF-1a protein levels were analyzed in Pten*” and Pten”- cells were exposed to 21%

0, (N), 1.5% O, (H), or 0% O, for 2 hours.
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Figure 4.2. Loss of PTEN increases transcriptional activity of HIF-1.

Pten- and Pten” cells were transfected with a HRE-Luciferase reporter gene
construct and exposed to 21% O,, 1.5% O,, or 0% O, for 16 hours before being
harvested. Relative luciferase expression is the ratio of luciferase/total protein levels
normalized to Pten™” cells. The data presented are the mean (+SEM) of four

independent transfections.
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Figure 4.3. Effect of HIF-1 transcriptional activity using hypoxic mimetic agent.

Pten” and Pten” cells were transfected with a HRE-Luciferase reporter gene
construct and exposed to 21% O, =+ the hypoxia mimetic agent
dimethyloxaloylglycine. (DMOG) for 16 hours before being harvested. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to Pren™”

cells. The data presented are the mean (=SEM) of four independent transfections.
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Figure 4.4 . Loss of PTEN induces HIF-1 target genes.

Pten™” and Pten” cells were cultured for 16 hours under 21% O,, 1.5% O,, or 0% O,,
harvested, and transcription levels of the target genes Vegf A and Pgkl were
determined by quantitative real-time RT-PCR analysis. Cycle Threshold (Ct) values
were normalized for amplification of the mitochondrial ribosomal protein L/9. The

data presented are the result of triplicate analyses and the error bars indicate SEM.
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Figure 4.5. Loss of PTEN increases HIF-1a transactivation.

Pten-and Pten” cells were transfected with a GAL4 (1-147) DNA-binding domain
fused to HIF-la (531-826) construct and a reporter gene construct encoding five
GALA4-binding sites. Cells were incubated at 21% O, for 20 hours, followed by 36
hours at 21% O, or 1.5% O,. Relative luciferase expression is the ratio of
luciferase/total protein levels normalized to Pten*” cells. The data presented are the

mean (=SEM) of four independent transfections.
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Figure 4.6. Reintroduction of PTEN has no effect on HIF-1a protein levels.

(A). Pten” cells infected with null adenovirus (control) or adenovirus expressing PTEN
(50pfu/pl) for 3 hours in serum/antibiotic-free media and subsequently incubated for 16
hours in serum-free media before harvesting. Cell lysates were analyzed by
immunoblotting with an anti-PTEN antibody. (B). HIF-1a protein levels were analyzed
in Pten”" cells infected with adenoviruses and were subsequently exposed to 21% O,

(N) or 1.5% O, (H) for 2 hours.
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Figure 4.7. Reintroduction of PTEN decreases HIF-1 transcriptional activity.
Pten” cells were transfected with a HRE-Luciferase reporter gene construct. 24
hours after transfection, cells were infected with adenoviruses, and subsequently
exposed to 21% O, or 1.5% O, for 16 hours. Relative luciferase expression is the
ratio of luciferase/total protein levels normalized to cells expressing AdNull. The

data presented are the mean (+SEM) of four independent transfections.
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Upregulation of HIF-1 transcriptional activity is independent of mTOR pathway.

A key downstream target of the PI3K/PTEN/AKT pathway is the mammalian target of
rapamycin (mTOR). To investigate if mTOR is required for HIF-1 activation, Pten™" and Pten”
cells were treated with the mTOR inhibitor, rapamycin. Treatment of rapamycin in both cell
types inhibited the phosphorylation of the S6 ribosomal protein (Figure 4.8). Therefore,
rapamycin was indeed repressing mTOR signaling in both cell types. As expected, the
phosphorylation is more robust in the PTEN null cells, due to the increase in PI3K/AKT/mTOR
signaling. Next, we examined whether inhibiting mTOR has any effect on the stability of the
HIF-1a subunit. The HIF-1a subunit was stabilized under hypoxia or anoxia in both Pten™" and
Pten” cells that were treated with rapamycin (Figure 4.9). Similar to the immunoblot analysis,
rapamycin had no effect on HIF-1 activity, as shown by HRE-luciferase (Figure 4.10). These
results demonstrate that the increase in HIF-1 transcriptional activity in the PTEN null cells is

not dependent on mTOR signaling.
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Figure 4.8. Inhibition of mTOR signaling by rapamycin.
mTOR activation as assessed by phospho-S6 Ribosomal protein in Pten™- and Pten”
cells = 100nM of the mTOR inhibitor rapamycin. Cells were serum starved overnight

and then placed in serum complete media for 10 minutes before harvesting.
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Figure 4.9. Inhibition of mTOR has no effect on HIF-1a protein stability.

HIF-10 protein levels in Pten™" and Pten”" cells exposed to 21% O, (N), 1.5% O,

(H), or 0% O, (A) for 2 hours + 100nM rapamycin.
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Figure 4.10. Loss of PTEN increases HIF-1 transcriptional activity independent
of mTOR signaling.

Pten*” and Pten” cells transfected with the HRE-Luciferase reporter gene construct
and exposed to 21% O, (N), 1.5% O, (H), or 0% O, (A) for 16 hours £ 100nM
rapamycin (R). Relative luciferase expression is the ratio of luciferase/total protein
levels normalized to Pten cells. The data presented are the mean (:SEM) of four

independent transfections.
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Nuclear PTEN regulates HIF-1 transcriptional activity.

Recently, a growing body of work has implicated that the tumor suppressor PTEN is not only
found in the cytoplasm, but also localizes to the nucleus. Therefore, since the loss of PTEN had
no effect on the stability of the a-subunit, and increased the transcriptional activity of HIF-1via
the transactivation domain of the a-subunit and not the B-subunit, we examined whether nuclear
PTEN regulates HIF-1 transcriptional activity. Both the wild-type PTEN and the phosphatase
mutant PTEN (G129R) were expressed in the cytoplasm, as well as the nucleus (Figure 4.11). In
contrast, PTEN targeted to the nucleus (NLS-PTEN) was primarily found in the nucleus (Figure
4.11). This result is consistent with previously reported data (Liu et al., 2005). As shown in
Figure 4.11, wild-type PTEN, as well as the NLS-PTEN repressed HIF-1 activity, as measured
by HRE-Luciferase. In contrast, the PTEN-G129R mutant had no effect on HIF-1 activity
(Figure 4.12). These data suggest a role for PTEN in the nucleus and that the phosphatase

function of PTEN is required for the repression of HIF-1 transcriptional activity.

FOXO03a controls HIF-1a transactivation in the nucleus.

In PTEN null cells, FOXO transcription factors are exported from the nucleus (Biggs et al.,
1999; Brownawell et al., 2001; Brunet et al., 1999; Rena et al., 1999). The three known
phosphorylation sites on FOXO3a can be mutated to alanine [FOXO3a (AAA)] and this mutant
therefore can not be phosphorylated and accumulates in the nucleus, allowing the constitutive
activity of FOXO3a in PTEN null cells (Nakamura et al., 2000; Ramaswamy et al., 1999). Cells
expressing the constitutively active FOXO03a (AAA) mutant repressed HIF-1 transcriptional
activity, whereas expression of the wild-type FOXO3a had no effect on HIF-1 (Figure 4.13).

Furthermore, transactivation of HIF-la was also severely impaired by nuclear FOXO3a in
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comparison to wild-type FOXO3a (Figure 4.14). The expression of the FOXO3a WT was

seen predominantly in the cytoplasm and the FOXO3a (AAA) triple mutant was almost

exclusively found in the nucleus of Pten” cells (Figure 4.29).

Leptomycin B (LMB) inhibits the nuclear export of proteins that are escorted to the cytoplasm
by the nuclear export receptor CRM1 (Kudo et al., 1998). It has been shown that FOXO
transcription factors are sequestered in the nucleus upon treatment with LMB (Biggs et al., 1999;
Brownawell et al., 2001; Brunet et al., 1999; Kau et al., 2003). To determine whether HIF-1
transcriptional activity could be inhibited by preventing endogenous FOXO3a from exiting the
nucleus, PTEN null cells were treated with LMB. Figure 4.15 illustrates that LMB indeed keeps
endogenous FOXO3a in the nucleus in Pten” cells, independent of oxygen tension. LMB
represses HIF-1 transcriptional activity, as assessed by the HRE-Luciferase (Figure 4.16). As
expected, LMB had no effect on HIF-1a protein stability (Figure 4.30). Taken together, these
date indicate that either by overexpressing a non-phosphorylatable FOXO3a, which accumulates
in the nucleus, or by inhibiting the nuclear export of FOXO3a by LMB, HIF activation can be

prevented in PTEN null cells.
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Figure 4.11. Expression and localization of PTEN mutants.
To examine subcellular localization of PTEN mutants, Pten” cells were transfected

with PTEN expression constructs and visualized by immunofluorescence.
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Figure 4.12. Nuclear PTEN represses HIF-1 transcriptional activity

Pten” cells were co-transfected with the HRE-Luciferase reporter gene construct and
either pLNCX vector control, pPLNCX-PTEN (WT), pPLNCX-NLS-PTEN, or pLNCX-
PTEN (G129R). 24 hours after transfections cells were exposed to 21% O, or 1.5% O,
for 16 hours. Relative luciferase expression is the ratio of luciferase/total protein
levels normalized to pLNCX vector control. The data presented are the mean (=SEM)

of four independent transfections.
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Figure 4.13. Nuclear FOXO3a represses HIF-1 transcriptional activity.

Pten” cells were transfected with a HRE-Luciferase reporter gene construct. 24
hours after transfection, cells were infected with null adenovirus or adenovirus
expressing wild-type FOXO3a or the constitutively active FOXO3a (AAA)
(100pfu/pl), and subsequently exposed to 21% O, or 1.5% O, for 16 hours. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to cells
expressing AdNull. The data presented are the mean (+SEM) of four independent

transfections.
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Figure 4.14. Nuclear FOXO3a represses HIF-1a transactivation.

Pten” cells were transfected with a GAL4 (1-147) DNA-binding domain fused to
HIF-1a (531-826) construct and a reporter gene construct encoding five GAL4-
binding sites. Following transfection, cells were infected with adenoviruses. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to
AdNull infected cells. The data presented are the mean (+SEM) of four independent

transfections.
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Figure 4.15. Inhibition of FOXO3a nuclear export by Leptomycin B.
Immunofluorescence of FOXO3a in Pren” cells exposed to 21% O, or 1.5% O, for

16 hours = 20nM Leptomycin B.
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Figure 4.16. Inhibition of FOXO3a nuclear export represses HIF-1 activity.

Pten” cells were transfected with the HRE-Luciferase reporter gene construct and
exposed to 21% O, or 1.5% O, for 16 hours = 20nM Leptomycin B. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to
untreated normoxic cells. The data presented are the mean (+SEM) of four

independent transfections.
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Nuclear FOXO3a forms a complex with HIF-la and p300 to impede HIF-1

transcriptional activity.

First, to test whether endogenous FOXO3a could associate with HIF-1a and p300 in the nucleus
we performed nuclear co-immunoprecipitation (Co-IPs) assays at 1.5%0; + LMB in PTEN null
cancer cells (U251 cells). These Co-IPs with antibodies to HIF-1a, FOXO3a, and p300 revealed
that FOXO3a complexed with HIF-1a and p300 when sequestered in the nucleus with LMB
(Figure 4.17). Interestingly, less HIF-1a is pulled down with the anti-p300 antibody when

FOXO3a is kept in the nucleus and is able to associate with HIF-1a.

To further investigate whether endogenous FOXO3a is in a complex with HIF-1 and p300 on
HREs of HIF-1 dependent target genes we performed chromatin immuonprecipitation (ChIP) on
hypoxic Pten” cells treated with LMB, in order to sequester FOXO3a in the nucleus. Glut-1 is a
common HIF-1a target gene with a well characterized HRE. Therefore, an anti-HIF-1a, an anti-
p300, and an anti-FOXO3a antibody were used to precipitate HRE-containing genomic DNA
fragments from the Glus-1 promoter of hypoxic Pren” cells. The immunoprecipitated samples
were then assessed by quantitative SYBR green-based real-time PCR, as well as regular PCR. As
expected, immunoprecipitation (IP) with the anti- HIF-1a antibody generated a strong signal
under hypoxic conditions regardless of LMB treatment (Figures 4.18 and 4.19). IP with an anti-
p300 also generated a signal under hypoxia regardless of LMB treatment. Whereas, IP with the
FOXO3a antibody only generated a signal in the hypoxic cells that were treated with LMB
(Figures 4.18 and 4.19). Both mock IgG antibodies that were used did not detect the Glut-1
promoter. These ChIP results indicate that HIF-1a, p300, and FOXO3a are all in a complex on

the HRE of Glut-1 under hypoxic conditions in PTEN null cells when FOXO3a is kept in the
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Figure 4.17. Endogenous HIF-1a, FOXO3a, and p300 form complex in nucleus.
U251 cells were exposed to 1.5%0, £ 20nM Leptomycin B for 16 hours and
subsequently nuclear fractions were collected. Immunoprecipitations were carried
out on the U251 nuclear lysates using anti-HIF-1a, anti-FOXO3a, anti-p300, or an

IgG control antibody followed by immunoblotting for HIF-1a.
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Figure 4.18. Endogenous FOXO3a complexes with HIF-1a and p300 on the HRE
of the Glut-1 promoter.

Chromatin fragments were immunoprecipitated with anti-HIF-la, anti-p300, anti-
FOXO3a, or control antibodies (mouse IgG for the anti-HIF-1a and rabbit IgG for both
the anti-p300 and anti-FOXO3a) in cross-linked hypoxic Pten” cells + 20nM
Leptomycin B (LMB). DNA from input and immunoprecipitated samples were
detected using PCR and run on a 2% agarose gel. Primers specific for the HRE of the
common HIF-1a target gene Glut-1 were used. A representative gel is shown above of

three independent experiments.
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Figure 4.19. Endogenous FOXO3a complexes with HIF-1a and p300 on the
HRE of Glutl promoter.

ChIP was performed in hypoxic Pten” cells as in Figure 17. DNA from input and
immunoprecipitated samples were detected using SYBR green real-time PCR.
Primers specific for the HRE of the common HIF-1a target gene Glut-1 were used.
The data presented are the result of triplicate analyses and the error bars indicate

SEM.
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nucleus. During hypoxic conditions in PTEN null cells FOXO3a is not found on the HRE of

Glut-1. This is because FOXO3a is continually being exported out of the nucleus and into the
cytoplasm. These data argue that under hypoxia when FOXO3a is sequestered in the nucleus of
PTEN null cells, that FOXO3a can complex with p300 and HIF-1a on the HRE to suppress HIF-
1 target genes. Moreover, the results suggest that FOXO3a may interfere with p300’s ability to

bind to HIF-1a and thereby prevent transactivation of HIF-1a.

To determine whether FOXO3a interferes with p300’s ability to function as a co-activator by
forming a complex on HREs with p300 and HIF-1a, we overexpressed p300 in Pten” cells in the
presence or absence of LMB. Consistent with data shown in Figure 4.16, treatment of LMB in
the Pten” cells decreased HIF-1 transcriptional activity (Figure 4.20). Co-transfection of p300
increased HRE-luciferase activity under both normoxia and hypoxia (Figure 4.20). Interestingly,
the overexpression of p300 in the LMB treated cells reversed the inhibition of HIF-1
transcriptional activity seen by the treatment of LMB in PTEN null cells (Figure 4.20). We
conclude that even though FOXO3a is sequestered in the nucleus by LMB treatment, HIF-1
activity can be rescued by increasing the amount of p300. These results suggest that FOXO3a

may interfere with p300’s ability to function as a co-factor on the HREs on HIF-1 target genes.
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Figure 4.20. Overexpression of p300 rescues HIF-1 activity.

Pten” cells were co-transfected with the HRE-Luciferase reporter gene and either the
pALTER-MAX vector control or pALTER-MAX p300 wt. 24 hours after transfection
cells were exposed to 21% O, or 1.5% O, for 16 hours + 20nM Leptomycin B.
Relative luciferase expression is the ratio of luciferase/total protein levels normalized
to the pALTER-MAX vector control untreated normoxic cells. The data presented are

the mean (=SEM) of four independent transfections.
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HIF-1a transactivation is regulated by nuclear PTEN/FOXO signaling in PTEN null

cancer cells.

PTEN is commonly mutated or lost in prostate cancers and in glioblastomas. LnCaP prostate
carcinoma cells are PTEN null (Figure 4.21A). Reintroduction of PTEN in LnCaP cells had no
effect on the protein stability of HIF-1a (Figure 4.21B). In contrast, the presence of PTEN
decreased HIF-1 transcriptional activity in the LnCaP cells, as measured by HRE-Luciferase
(Figure 4.22). These results coincide with the above data in the Pten”” MEFs. Next, to investigate
whether nuclear PTEN could regulate HIF-1 activity, PTEN mutants were used just as in Pten™
MEFs. As shown in Figure 4.23, wild-type PTEN, as well as, the NLS-PTEN repressed HIF-1
activity. In contrast, the PTEN-G129R mutant actually increased HIF-1 activity in comparison to
the vector control cells. Wild-type PTEN, as well as, NLS-PTEN also decreased HIF-1
transcriptional activity in human malignant glioma cells, U251 cells (Figure 4.27). U251 cells are
also PTEN null cancer cells and reintroduction of PTEN using an adenovirus had no effect on

HIF-1a protein stability (Figure 4.26A and B).

To determine whether FOXO can suppress HIF-1 transcriptional activity by in the PTEN null
cancer cells, the FOXO3a WT and FOXO3a (AAA) adenoviruses were used, as well as, treated
cells with LMB. Both the expression of the triple mutant FOX0O3a (AAA), which predominately
is nuclear; and treatment of LMB, which prevents nuclear export of FOXO3a, significantly
decreased HIF-1 transcriptional activity in the LnCaP cells (Figures 4.24 and 4.25). Moreover,
treatment of LMB also decreased HIF-1 transcriptional activity in the U251 cells (Figure 4.28).
These data indicate that by inhibiting FOXO nuclear export in PTEN null cancers cells, HIF-1

activity can be repressed.
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Figure 4.21. Reintroduction of PTEN has no effect on HIF-1a protein levels
PTEN null cancer cells .

(A). LnCaP cells infected with adenoviruses. Cell lysates were analyzed by
immunoblotting with an anti-PTEN antibody. (B). HIF-1a protein levels in LnCaP
cells infected with adenoviruses and were subsequently exposed to 21% O, (N) or

1.5% O, (H) for 2 hours.
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Figure 4.22. Reintroduction of PTEN decreases HIF-1 transcriptional activity in
PTEN null cancer cells.

LnCaP cells were transfected with a HRE-Luciferase reporter gene construct. 24 hours
after transfection, cells were infected with adenoviruses, and subsequently exposed to
21% O, or 1.5% O, for 16 hours. Relative luciferase expression is the ratio of
luciferase/total protein levels normalized to cells expressing AdNull. The data

presented are the mean (£SEM) of four independent transfections.
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Figure 4.23. Nuclear PTEN represses HIF-1 transcriptional activity in PTEN
null cancer cells.

LnCaP cells were co-transfected with the HRE-Luciferase reporter gene construct
and either pLNCX vector control, pPLNCX-PTEN (WT), pLNCX-NLS-PTEN, or
pLNCX-PTEN (G129R). 24 hours after transfections cells were exposed to 21% O,
or 1.5% O, for 16 hours. Relative luciferase expression is the ratio of luciferase/total
protein levels normalized to pPLNCX vector control. The data presented are the mean

(£SEM) of four independent transfections.
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Figure 4.24. Nuclear FOXO3a represses HIF-1 transcriptional activity in PTEN
null cancer cells.

LnCaP cells were transfected with a HRE-Luciferase reporter gene construct. 24
hours after transfection, cells were infected with adenoviruses, and subsequently
exposed to 21% O, or 1.5% O, for 16 hours. Relative luciferase expression is the
ratio of luciferase/total protein levels normalized to cells expressing AdNull. The

data presented are the mean (=SEM) of four independent transfections.
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Figure 4.25. Inhibition of FOXO0O3a nuclear export represses HIF-1 activity in
PTEN null cancer cells.

LnCaP cells were transfected with the HRE-Luciferase reporter gene construct and
exposed to 21% O, or 1.5% O, for 16 hours + 20nM Leptomycin B. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to
untreated normoxic cells. The data presented are the mean (£SEM) of four

independent transfections
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Figure 4.26. Reintroduction of PTEN has no effect on HIF-1a protein levels
PTEN null cancer cells .

(A). U251 cells infected with adenoviruses. Cell lysates were analyzed by
immunoblotting with an anti-PTEN antibody. (B). HIF-1a protein levels in U251 cells
infected with adenoviruses and were subsequently exposed to 21% O, (N) or 1.5% O,

(H) for 2 hours.
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Figure 4.27. Nuclear PTEN represses HIF-1 transcriptional activity in PTEN null
cancer cells.

U251 cells were co-transfected with the HRE-Luciferase reporter gene construct and
either pLNCX vector control, pLNCX-PTEN (WT), pLNCX-NLS-PTEN, or pLNCX-
PTEN (G129R). 24 hours after transfections cells were exposed to 21% O, or 1.5% O,
for 16 hours. Relative luciferase expression is the ratio of Iuciferase/total protein
levels normalized to pLNCX vector control. The data presented are the mean (:SEM)

of four independent transfections.
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Figure 4.28. Inhibition of FOXO3a nuclear export represses HIF-1 activity in
PTEN null cancer cells.

U251 cells were transfected with the HRE-Luciferase reporter gene construct and
exposed to 21% O, or 1.5% O, for 16 hours + 20nM Leptomycin B. Relative
luciferase expression is the ratio of luciferase/total protein levels normalized to
untreated normoxic cells. The data presented are the mean (£SEM) of four

independent transfections.
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Figure 4.29. Expression and localization of FOX(O3a Adenoviruses.

(A). Pten” cells were infected with the HA-tagged adenoviruses expressing the wild-
type FOXO3a or the constitutively active FOXO3a (AAA) (100pfu/pl) for 3 hours in
serum/antibiotic-free media and subsequently incubated for 16 hours in serum-free
media before harvesting. Cell lysates were analyzed by immunoblotting with an anti-
HA antibody. The same blot was stripped and reprobed with an anti-a-tubulin
antibody to control for loading. (B). To examine subcellular localization of the
FOXO3a adenoviruses, Pten” cells were infected, as in Panel A, and visualized by

immunofluorescence.
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Figure 4.30. Leptomycin B (LMB) has no effect on HIF-1a protein stability.

Pten” cells were exposed to 21% O, (N) or 1.5% O, (H) = 20nM LMB for four hours.
Nuclear extracts were prepared, analyzed by SDS-PAGE and immunoblotted with an
anti-HIF-1o antibody. The same blot was stripped and re-probed with an anti-POL II

antibody to control for loading.
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Discussion

Hypoxia occurs during tumorigenesis due to the metabolic demands of cancer cells exceeding
the development of angiogenesis. It induces a transcriptional program that promotes
angiogenesis and is associated with resistance to radiation therapy, chemotherapy, and poor
treatment outcome (Harris, 2002). The transcription factor HIF-1 mediates the adaptive
responses, including the induction of angiogenesis and a switch to anaerobic metabolism, during
low oxygen tensions, making HIF-1 or upstream regulators of HIF-1 ideal targets for anticancer
therapeutics. HIF-1 levels are increased in many human primary tumors (Blancher et al., 2000;
Bos et al., 2001; Semenza, 2000c; Zhong et al., 1998; Zhong et al., 1999). PTEN is one of the
most commonly mutated tumor suppressor genes in human cancers (Cantley and Neel, 1999).
The loss of PTEN activity is associated with the induction of HIF-1 activity and an increase in
the expression of HIF-1 inducible genes (Zhong et al., 2000). We show here that loss of PTEN
does increase HIF-1 transcriptional activity coinciding with previous work. Furthermore, PTEN
regulates the HIF-1a transactivation domain, which is known to bind p300. However in contrast
to previous work we observed no difference in the stability of the HIF-1a protein in comparison
to Pten” cells. Furthermore, our findings show that by treating Pren” cells with rapamycin we
can effectively inhibit mTOR signaling, without having any effect on HIF-1a protein or the HIF-
1 transcriptional activity. Our results are in contrast with previous reports indicating that mTOR
inhibition decreases HIF-la protein levels in a mouse model of AKT-dependent prostate
intraepithelial neoplasia (Majumder et al., 2004). However, previous reports do indicate that
activation of AKT is not sufficient to activate HIF-1 and that AKT and HIF-1 both independently

increase tumorigenesis ((Arsham et al., 2004).
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PTEN, once considered a strictly cytoplasmic protein, has been shown by multiple

investigators to be present and functional in the nucleus. In fact, PI3K and AKT have been
shown to be in the nucleus (Ahn et al., 2004; Trotman et al., 2006). Recent findings also suggest
that PTEN could mediate tumor suppressive activities independent of AKT in the nucleus (Liu et
al., 2005). Furthermore, nuclear PTEN has been shown to regulate p53 protein levels
independent of its phosphatase activity (Freeman et al., 2003; Li et al 2006). Together, these
studies highlight supporting evidence of how PTEN can have dual roles in the cytoplasm and in
the nucleus. Here we provide data that nuclear PTEN also plays a significant role in regulating
HIF-1 transcriptional activity. Additionally, by using the phosphatase mutant PTEN we show
that PTEN’s phoshatase activity is required for the repression of HIF-1 activity. Consequently,

our study emphasizes the importance of the subcellular localization of PTEN.

Aberrant growth signaling associated with PTEN null cancers causes FOXO proteins to become
phosphorylated and inactivated through the relocalization from the nucleus to the cytoplasm.
FOXO proteins regulate genes that are involved in key cellular processes downstream of PTEN,
such as cell cycle arrest and apoptosis (Nakamura et al., 2000). Small molecules that would
enforce the nuclear relocalization of FOXO proteins would be useful tools to investigate for
cancer therapy. Silver and colleagues elegantly identified a series of novel inhibitors that
regulated nuclear export of FOXOla in PTEN null cancer cells by using a chemical genetic
screen (Kau et al., 2003). Here, we show that by using the nuclear export inhibitor LMB or by
forcible localization of FOXO3a in the nucleus we can repress HIF-1 transcriptional activity
(Figure 4.31). IP assays reveal that FOXO3a can associate with HIF-1a in the nucleus. ChIP

assays further indicate that nuclear FOX0O3a complexes with HIF-1a and p300 or actually binds



126
to the HRE of the Glut-1 promoter, a HIF-1 target gene, in order to physically interfere with

p300°s ability to activate HIF-1 transcriptional activity. In support of this premise, the FOXO3a-
mediated HIF-1a transactivation repression can be reversed by overexpression of p300 in PTEN
null cells. An additional mechanism by which FOXO3a could negatively regulate HIF-1
transcriptional activity is through upregulation of Cited2 mRNA (Bakker et al. 2007). Hypoxia
induces transcription of FOXO3a through HIF-la (Bakker et al. 2007). Hypoxia induced
FOXO3a increases the transcription of Cited2. Previous reports have indicated that Cited2
competes with HIF-la for p300/CBP binding (Bhattacharya et al. 1999). Thus, FOXO3a
increase in Cited2 would interfere with HIF-1 transcriptional activity during hypoxia by blocking
the interaction between HIF-la and p300/CBP. Collectively data of Bakker et al. and our
findings argue that FOXO3a is a negative regulator of HIF-1 transcriptional activity by

interfering with p300’s ability to serve a transcriptional co-activator.

The physiological implication of FOXO3a negatively regulating HIF-1 has important
implications. HIF-1 is required for angiogenesis and the shift to glycolysis during hypoxia. In
rapidly growing tumors where the cell proliferation exceeds blood supply the activation of HIF-1
is important for adaptation. FOXO3a could inhibit HIF-1’s ability to promote angiogenesis and
the shift to glycolysis resulting in impairment of tumorigenesis. However, HIF-1 does have
other functions, notably in regulating apoptosis as cells become anoxic. Hypoxia does not result
in apoptosis. HIF-1 activation during hypoxia promotes tumorigenesis but as cells approach
anoxia, HIF-1’s function may impair tumorigenesis by inducing apoptosis. There are multiple
targets of HIF-1 including BNIP3, NOXA, and RTP801 that have been implicated in the

induction of apoptosis (Guo et al. 2001; Kim et al. 2004; Shoshani et al. 2002). In this context,
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FOXO03a would promote survival of cells by inhibiting HIF-1’s ability to induce apoptosis.

Indeed, FOXO3a inhibits HIF-1’s ability to induce apoptosis during anoxia in normal and breast
cancer cells (Bakker et al. 2007). Thus, depending on oxygen level, FOXO3a could have
different outcomes with respect to HIF-1 dependent tumorigenesis. HIF-1 has been shown to
both promote as well as inhibit tumorigenesis (Carmeliet et al., 1998; Ryan et al., 1998).
Similarly we predict that FOXO3a may either promote or impair tumorigenesis by interfering

with HIF-1 transcriptional activity.
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Figure 4.31. Proposed model for HIF-1 regulation in PTEN null cells.

Hypoxia stimulates the generation of reactive oxygen species (ROS) within the
mitochondria, which activate HIF-1. In PTEN null cells, HIF-1 activity is further
increased during hypoxia due to FOXO being exported out of the nucleus, thus
allowing more p300 to be available for HIF-1a on the HREs of HIF-1 target genes.
Nuclear PTEN, forcible localization of Foxo3a in the nucleus, or inhibition of nuclear
export of endogenous FOXO3a by leptomycin B (LMB) treatment all repress HIF-1
activity in PTEN null cells. This repression may be due to FOXO3a interfering with
p300 to function as a co-factor for HIF-1 since overexpression of p300 rescues the

FOXO3a repression of HIF-1 transcriptional activity.
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Chapter 5: Conclusions

Hypoxia occurs in most solid tumors in regions where tumor growth outstrips new blood vessel
formation. Hypoxic cancer cells are resistant to both chemotherapy and radiation, thereby
making them the major reason for the failure of cancer therapy (Harris, 2002). The transcription
factor hypoxia inducible factor-1 (HIF-1) is critically important for tumor progression and
angiogenesis. In fact, HIF-1a is overexpressed in 70% of human cancers and their metastases
(Harris, 2002; Semenza, 2003). Therefore, understanding how hypoxia activates HIF-1 is

important for understanding the biology of tumor growth.

The molecular mechanisms by which cells detect hypoxia, resulting in the stabilization of HIF-
la remain unclear. The increased generation of reactive oxygen species (ROS) at complex I1I of
the mitochondrial electron transport chain is required and sufficient for HIF-la protein
stabilization during hypoxia (Brunelle et al., 2005; Chandel et al., 2000; Guzy et al., 2005;
Mansfield et al., 2005). The downstream signaling pathways that connect the mitochondrial
ROS to HIF-1a stabilization were previously unknown. My thesis research has shown that the
p38 MAPK signaling pathway is required for the hypoxic activation of HIF-1, thereby linking
mitochondrial ROS to HIF-1 activation for the first time (Emerling et al., 2005) (Figure 5.1).
Furthermore, I have discovered that the hypoxic activation of p38a MAPK and its upstream
MAPKKs MKK3 and MKKS6, as well as HIF-1, is dependent on the generation of mitochondrial
ROS. These findings have significantly advanced the field and have set forth a model of ROS-
dependent signaling under hypoxia. Moreover, my work has validated the requirement of
intercellular signaling for the regulation of HIF-1. Although, much remains to be learned about

how cells actually sense low oxygen. Currently, there is confusion in defining the oxygen levels
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that investigators utilize to study the biology of low oxygen. Clearly, the biology of cells

exposed to oxygen levels close to 0% O, (anoxia) is different from cells exposed to 1-3% O,
(hypoxia). Thus, there are completely different oxygen sensing mechanisms under hypoxia as
compared to anoxia. My work has corroborated this by demonstrating that p38 MAPK signaling
initiating from the mitochondrial generated ROS during hypoxia is required for HIF-1 activation.
In contrast, I have shown that neither a functional electron transport chain nor p38 MAPK
signaling are required for the anoxic activation of HIF-1. Anoxia directly limits the oxygen
availability for hydroxylation to occur; thus, the PHDs and FIH-1 are likely to serve as direct
oxygen sensors regulating the anoxic HIF-1 dependent gene expression. It is still not clear how
the mitochondrial ROS-dependent signaling prevents PHD or FIH-1 from hydroxylating the
HIF-1a protein during hypoxia. I hypothesize that PHD2 may be a target of p38a MAPK. Of the
four known HIF hydroxylases, PHD2 has been shown to be primarily responsible for
determining HIF-1a stability as a function of oxygen availability (Berra et al., 2003). Therefore,
by inhibiting PHD2 activity, HIF-1 can be activated during hypoxia. I have identified four
consensus sequences within the PHD2 protein that are specific for p38a MAPK phosphorylation.
Determining if PHD?2 is a direct substrate of the p38a MAPK signaling pathway will be crucial
and the control of PHD2 by the p38 MAPK pathway would define a mechanism in which cells

can detect low oxygen levels.

In the past few years, the role of mitochondria as a potential oxygen sensor has been highly
controversial. However, it is difficult to ignore the premise that mitochondrial ROS are likely
sensors necessary for hypoxic gene expression mediated by the transcription factor HIF-1 based

on current genetic evidence (Brunelle et al., 2005; Guzy et al., 2005; Mansfield et al., 2005).
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However, the source of ROS within the electron transport chain and the mechanism by which

the decrease in oxygen levels elicits an increase in ROS remains to be established. Furthermore,
the direct target of the mitochondrial generated oxidants in the cytosol that trigger signaling
pathways has not been identified. I used a candidate approach in order to investigate what is/are
the direct targets of the mitochondrial ROS that activate the p38 MAPK pathway during hypoxia
and that lead to the activation of HIF-1. Chapter 3 of my thesis demonstrates that the kinases
SRC, ASK1, and AMPK do not function as upstream regulators of HIF-1 during hypoxia. In the
end, the advent of genetic tools such as, RNA interference and gene knockouts in mice will yield
new insights into the upstream regulators of HIF-1. Moreover, there may prove to be numerous
upstream regulators and in different mammalian cell types different signaling kinases may be
necessary for the activation of HIF-1. Nonetheless, having a map of an oxygen sensing pathway
emanating from the mitochondrial electron transport chain to the p38 MAPK signaling pathway
and ultimately to HIF-1 will allow investigators to fill in the crucial components that will

complete the hypoxic signaling pathway.

Two crucial physiological implications have emerged from my thesis work presented here. First,
the requirement of p38 MAPK signaling for the hypoxic activation of HIF-1 may explain the
resemblance seen in the phenotypes of the p38a, Mkk3/6, Hif-1a, and Hif-1f null mice. All these
embryos die during midgestation due to multiple defects, including abnormal vascularization of
the placenta (Adams et al., 2000; Adelman et al., 2000; Allen et al., 2000; Brancho et al., 2003;
Carmeliet et al., 1998; Iyer et al., 1998; Maltepe et al., 1997; Mudgett et al., 2000; Ryan et al.,
1998; Tamura et al., 2000). In particular, both the Hif-1f knockout and p38a null mice display a

complete loss of the labyrinth layer and significant reduction of the spongiotrophoblast layer in
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the developing placenta. Alternations in oxygen tensions have profound effects on

development and HIF-1 is essential for life. The mammalian embryo resides in a physiologically
hypoxic environment during gestation, therefore understanding the signaling pathways that
regulate the responses to oxygen deprivation are fundamentally important at a cellular level. My
work has shed light by identifying the p38 MAPK signaling pathway as an upstream regulator of

the transcription factor HIF-1.

Secondly, HIF-1 is up-regulated in most human cancers and is required for tumor progression by
up-regulating its target genes, which are involved in angiogenesis, anaerobic metabolism, cell
survival, cell invasion, and drug resistance (Semenza, 2003). I have showed that the p38 MAPK
signaling pathway is a key upstream regulator of HIF-1 activity. By understanding the complex
molecular mechanisms that regulate HIF-1, we can ultimately target HIF-1 to selectively inhibit
hypoxic tumor cells. Moreover, with the correlations between increased HIF-1 protein levels and
the poor prognosis of cancer, deciphering the upstream regulators of HIF-1 is vital for cancer
research. Thereby, altering the p38 MAPK signaling pathway may prove to hinder HIF-1

dependent tumor growth.

Understanding the connection between the loss of the tumor suppressor PTEN and HIF-1
activation is also fundamental in understanding the biology of tumor growth. Many PTEN null
tumors are highly vascularized and display increased HIF-1 activity. Numerous studies have
suggested a link between the loss of PTEN and the hypoxic activation of HIF-1. However, the
mechanism by which loss of PTEN increases HIF-1 activity has never been described.

Therefore, I set out to investigate whether the loss of PTEN regulates HIF-1. Here I have
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described a model in which a novel nuclear PTEN-FOXO3a signaling pathway regulates the

activation of HIF-1 (Figure 5.1). These findings have significant implications for cancer biology.
First, they highlight the importance of subcellular localization. PTEN can participate in several
cellular processes relevant to tumorigenesis including regulation of proliferation and survival,
cell migration and invasion, angiogenesis, genomic instability, induction of cell-cycle
checkpoints in response to DNA damage, and stem cell self-renewal (Chow and Baker, 2006).
This wide range of activities spans both the nucleus and the cytoplasm. Despite its well-defined
role in signaling at the plasma membrane, PTEN has recently been shown by many groups to be
found in the nucleus in a number of different normal and tumor cell types. Interestingly, nuclear
localization of PTEN may play a role in its tumor suppressor activity (Lian and Di Cristofano,
2005). There is increasing evidence now that many of the main components of the PI3K
signaling pathway are found in the nucleus, including PIP2, PIP3, PI3K, PDKI1, and AKT
(Deleris et al., 2006), therefore, it is possible that PTEN is a PIP3 phosphatase in the nucleus as
well. However, a recent study demonstrates that nuclear PTEN does not dephosphorylate the
nuclear pool of PIP3 (Lindsay et al., 2006). Other studies have implicated phosphatase-
independent functions of PTEN within the nucleus including protein-protein interactions that
modulate the activity and stability of p53 (Li et al., 2006; Lian and Di Cristofano, 2005). My
data implicates yet another role for nuclear PTEN as a repressor of HIF-1 activity through
FOXO3a activation and further corroborates that nuclear localization of PTEN adds to its tumor
suppressor functions. Moreover, I have shown that the repressing function of nuclear PTEN is

dependent on its phosphatase activity.
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Secondly, my findings propose that by inhibiting FOXO3a nuclear export in PTEN null

cancers may serve as a potential treatment in HIF-1 dependent tumors. FOXO transcription
factors function as tumor-suppressor proteins by inhibiting cell proliferation, promoting
apoptotic cell death and protecting cells from DNA damage and oxidative stress (Biggs et al.,
1999; Brownawell et al., 2001; Brunet et al., 1999; Rena et al., 1999; Takaishi et al., 1999; Tang
et al., 1999; Tomizawa et al., 2000). Recently, two papers have showed that FOXO factors are
bona fide tumor suppressors in vivo (Paik et al., 2007; Tothova et al., 2007). Moreover, the
tumorigenicity of PTEN null cancer cells can be reversed by forcible localization of FOXOla in
the nucleus (Kau et al., 2003). My study here further suggests that by inhibiting FOXO3a
nuclear export in PTEN null cancers may decrease tumorigenicity by repressing HIF-1
transcriptional activity. In support of this implication I have shown that FOXO3a is a negative
regulator of HIF-1 transcriptional activity. More specifically, that FOXO3a stifles HIF-1
transcriptional activity by interfering with p300°s ability to activate HIF-1. However, the actual
mechanism of how FOXO3a represses HIF-1 transcriptional activity still needs to be elucidated.
IP assays reveal that FOXO3a interacts with HIF-1a and p300 in the nucleus. ChIP assays show
the nuclear FOXO3a complexes with HIF-1a and p300 on the promoter of HIF-1 target genes.
Therefore, we have proposed a model in which FOXO3a physically interferes with p300°s ability
to induce HIF-1 transcriptional activity. In support of this model, my work shows that the
FOXO3a-mediated HIF-1a transactivation repression can be reversed by overexpression of p300

in PTEN null cells.

How nuclear FOXO3a interferes with p300’s ability to function as a co-activator for HIF-1 is

also not entirely defined. It is know that FOXO3a and p300 directly interact (Mahmud et al.,
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2002; Motta et al., 2004); therefore FOX0O3a may bind to p300 on the HRE’s of HIF-1 target

genes, thereby repressing HIF-1a transactivation. Or FOXO3a may directly bind to HIF-1a. The
actual physical interactions need to be solved. Furthermore, does inhibiting FOXO3a nuclear
export in PTEN null cancers decrease tumor growth by decreasing HIF-1 transcriptional activity.
This can be tested by designing a stable PTEN null cell line that expresses the constitutively
active FOXO3a (FOXO3a-AAA). FOXO3a would be sequestered in the nucleus, thereby
repressing HIF-1 transcriptional activity. By injecting these cells into nude mice one could
monitor whether the presence of nuclear FOXO3a decreases tumor formation or growth in
comparison to control PTEN null cancer cells. From my work thus far, I would predict that
nuclear FOXO3a would decrease tumorigenesis, consequently identifying FOXO3a as a tumor

suppressor and a bona fide negative regulator of HIF-1 in vivo.

In conclusion, my work has uncovered two novel signaling pathways that regulate HIF-1. Both
these pathways have increased our understanding of how HIF-1 is regulated. Furthermore, I have
identified key molecular targets that could be manipulated in order to decrease HIF-1 dependent

tumor growth by repressing HIF-1 activity.
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Chapter 6: Materials and Methods

Cell Culture:

All mouse embryonic fibroblasts (MEFs) and U251 glioma cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 4.5 g/L glucose, L-glutamine, and sodium pyruvate,
supplemented with 10% heat inactivated fetal bovine serum (Gibco), 100U/ml penicillin,
100pg/ml streptomycin, 0.25ug/ml amphotericin B, and 20mM HEPES. LnCaP prostate cancer
cells were grown in RPMI 1640 supplemented with 10% heat inactivated fetal bovine serum
(Gibco), 1% sodium pyruvate, 100U/ml penicillin, 100pg/ml streptomycin, 0.25pg/ml
amphotericin B, and 20mM HEPES. All cells were maintained at 37°C in 5% CO, humidified

incubators and plated at a confluency near 30-50% for experimentation.

Stable cell lines were established by retroviral infection. Briefly, retroviral vectors were
transiently transfected using the Mirus 7TransIT Transfection reagent (Mirus Bio Corporation)
into the RetroPack PT67 packaging cell line (BD Biosciences). Media containing the virus was
collected, filtered through a .45uM membrane, and 8ug/ml polybrene was added. This was
placed on desired cell line for 24 hours and media containing the appropriate antibiotic was used
for selection. p38a’~ cells were retrovirally infected with a p38a cDNA or vector control. These

cells were selected in Dulbecco's modified Eagle media (DMEM) containing hygromycin.

Null adenovirus (control) and adenoviruses encoding a myc-tagged GPX-1 (25pfu/ul), Rac1-N17
(50pfu/ul), PTEN (50pfu/ul), a HA-tagged FOXO3a (WT) (100pfu/ul), and a HA-tagged

constitutively active FOXO3a (AAA) (100pfu/pl) were used to infect the desired cell line for 3
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hours in serum/antibiotic-free media and subsequently incubated for 16 hours in serum-free

media before experimentation.

Oxygen Conditions:
Hypoxic conditions (1.5% O, and 5% CO; balanced with N,) were achieved in a humidified
variable aerobic workstation (INVIVO O,, BioTrace), which contains an oxygen sensor that

continuously monitors the chamber oxygen tension.

Anoxic conditions (10% H, and 5% CO, balanced with N,) were achieved using the Bugbox
workstation (BioTrace). An anaerobic color indicator (Oxoid) confirms anaerobicity of the

chamber.

Transfections and Reporter assays:

Transfections were done using the Mirus TransIT Transfection reagent (Mirus Bio Corporation)
according to the manufacturer's protocol. The HRE-Luciferase reporter gene construct (1ug), a
pGL2 vector containing three hypoxia response elements from the Pgk-/ gene upstream of
firefly luciferase, was transfected into cells. After 24 hours, the media was replaced and cells

were exposed to various conditions.

For GAL4-reporter assays, cells were transfected with 3pg of a GAL4 (1 to 147) DNA-binding

domain fused to HIF-1a (531 to 826) construct and 2ug of a reporter gene construct encoding
five GAL4-binding sites using the AMAXA Nucleofactor transfection system (AMAXA

biosystems). For MEFs, 2 million cells are needed and for all other cell lines 1 million cells are
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needed per transfection. Briefly, cells were pelleted and resuspended in 100ul of

Nucleofactor solution. DNA was then added and the nucleofection sample was transferred into
AMAXA cuvette using a sterile transfer pipette. The Nucleofector program was selected (for
MEFs, A-23), the cuvette was inserted into holder, and the start button pressed. The cuvette is
then removed and 500ul of media is added to cells and transferred to an eppendorf tube. The
samples are then transferred to culture dishes for experimentation. Cells were incubated at 21%
O, for 20 hours, followed by 36 hours at various conditions. Data were normalized by using total

protein concentration as determined by the Bio-Rad protein assay (Bio-Rad Laboratories).

Measurement of Reactive Oxygen Species (ROS):

Intracellular ROS generation was assessed using 2',7'-dichlorofluorescein diacetate (DCFH-DA)
(Molecular Probes). ROS in the cells cause oxidation of DCFH, yielding the fluorescent product
2',7'-dichlorofluorescein (DCF). Cells were plated on Petri dishes and incubated with DCFH-DA
(10 uM) under various conditions. The media was then removed, cells were lysed, centrifuged to
remove debris, and the fluorescence in the supernatant was measured using a spectrofluorometer
(excitation, 500 nm; emission, 530 nm). Data were normalized to values obtained from normoxic,

untreated controls.

Immunoblot analysis:

HIF-1a protein was analyzed in nuclear extracts prepared from cells using the NE-PER Nuclear
and Cytoplasmic Extraction kit (Pierce). For whole cell lysates, cells were scraped and lysed
using 1X Cell Lysis Buffer (Cell Signaling) supplemented with ImM phenylmethylsulfonyl

fluoride (PMSF). The BioRad protein assay (Bio-Rad Laboratories) was used to measure protein
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concentration. Nuclear extracts (15-30 pug) and whole cell lysates (50-100ug) were separated

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
Hybond-ECL nitrocellulose membrane (Amersham) using a Semi-Dry Transblot blotter (Bio-
Rad Laboratories). Blots were stained in Ponceau S to ensure equal loading. Membranes were
blocked in 5% milk in Tris-buffed saline with Tween (TBST). Primary antibodies used included:
anti-HIF-1a antibody (1:500; Novus Biological Sciences, 1:250; Cayman Chemical, 1:200; BD
Biosciences), p38a MAPK (1:1,000; Cell Signaling Technology, Inc.), phospho-p38 MAPK
(1:1,000; Cell Signaling Technology, Inc.), MKK3 (1:1,000; Cell Signaling Technology, Inc.),
MKKG6 (1:250; R&D Systems, Inc), myc (1:5,000; Invitrogen), S6 Ribosomal protein (1:1000;
Cell Signaling Technology, Inc.), phospho-S6 Ribosomal protein (1:1000; Cell Signaling
Technology, Inc.), PTEN (1:1000; Cell Signaling Technology, Inc.), p300 (1:200; Santa Cruz
Biotechnology, Inc.), FOXO3a (1:1000; Santa Cruz Biotechnology, Inc.), and HA (1:1000;
Covance Research Products, Inc.). To control for loading in nuclear extracts, membranes were
stripped and reprobed with an anti-POL II antibody (1:200; Santa Cruz Biotechnology, Inc.). To
control for loading in whole cell lysates, an anti-a-tubulin antibody (1:2,000; Sigma-Aldrich,
Inc.) was used. Secondary antibodies used were an anti-Mouse IgG and an anti-Rabbit IgG,
HRP-linked antibodies (1:1000; Cell Signaling Technology, Inc.). Membranes were stripped in
stripping buffer (100mM B-mercaptoethanol, 2% Sodium Dodecyl Sulphate (SDS), 62.5 mM
Tris-HCI pH 6.7) at 50°C for 30 minutes with occasional agitation, washed in TBST for 2 x 10
minutes, blocked, and reprobed. SuperSignal West Pico Chemiluminescent Substrate (Pierce)

was used to develop immunoblots.
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Immunoprecipitation (IP) analysis:

IP assays were performed using the Nuclear Complex Co-IP kit (Active Motif). U251 cells were
exposed to 1.5% O, + 20nM Leptomycin B (Sigma) for 16 hours and nuclear extracts were
prepared using the kit’s extraction reagents (Active Motif). The protocol was adjusted for 150
mm plates and the low IP buffer was used without DTT, NaCl, or detergent. 100ug of nuclear
protein was used per IP reaction and incubated with 2ug HIF-1a antibody (BD Biosciences), 2pug
FOXO3a antibody (Santa Cruz Biotechnology, Inc.), 2pug p300 antibody (Santa Cruz
Biotechnology, Inc.), or 2ug IgG control antibody (Sigma). 50ul of Protien A/G PLUS-Agarose
(Santa Cruz Biotechnology, Inc.) was added to each IP reaction. Following the IP, 2x sample
buffer was added to each IP reaction, samples were boiled and run on an SDS-PAGE gel. The

samples were then subjected to immunoblotting as described above.

Chromatin-immunoprecipitation (ChIP) analysis:

ChIP assays were performed using the EZ ChIP Assay Kit and protocol (Upstate). Pten” cells
were grown at 1.5% O, + 20nM Leptomycin B (Sigma). 4.5 x 10’cells were fixed in 1%
formaldehyde at RT for 20 minutes. Isolated nuclei were lysed, followed by chromatin shearing
using the Enzymatic Shearing Kit (Active Motif). An anti-HIF-1a monoclonal Ab (1ug; Novus
Biological, Inc.), anti-FOXO3a polyclonal Ab (ug; Santa Cruz Biotechnology, Inc), and anti-
p300 polyclonal Ab (ng; Santa Cruz Biotechnology, Inc.) were used. A mouse IgG Ab (ug;
Upstate), and rabbit IgG Ab (pg; Sigma) were used as controls. After reverse crosslinking and
DNA purification, DNA from Input (1:20 diluted) or immunoprecipitated samples were assayed

using PCR and products were separated by agarose gel electrophoresis. The following were the
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primers to detect HRE-containing Glut-1: Glut-1 F, 5'-

GGGCTGTGTTACTCACTCTTACTCC-3; Glut-1 R, 5'-
CTCTTCCTGGGTTGTGTTCAAGCTG-3’. DNA from input and immunoprecipitated samples
was also amplified using the Biorad iCycler iQ system (Biorad Laboratories) and quantified
using the 1Q SYBR Green SuperMix (BioRad Laboratories). The following primers were used to
detect HRE-containing Glut-1 using quantitative SYBR-green real-time PCR: Glut-1 F, 5'-
ATTTCTAAGGCCCTGGGTCC-3"; Glut-1 R, 5-CCTGCCTGATGCGTGTCA-3". All Cycle
threshold (Ct) values were compared to the input amounts to normalize for variations. The data
was analyzed using the Pfaffl method (Pfaffl, 2001). The results were graphed as fold changes

relative to the control IgG antibodies.

Real-time reverse transcription-PCR (RT-PCR) analysis:

Total RNA was isolated from cells exposed to various conditions using the RNAqueous-4PCR
kit (Ambion, Inc.). First-strand ¢cDNA was synthesized from 1 pg of total RNA using the
RETROscript cDNA synthesis kit (Ambion, Inc.) with the random decamer primers. The diluted
cDNAs were amplified using the Bio-Rad iCycler iQ system (Bio-Rad Laboratories).
Quantitative real-time RT-PCR was carried out using gene-specific dual fluorescently labeled
probes. The following primer and probe sequences were used: for Pgkl, the primer sequences
were TCTGTTCTTGAAGGATTGTGTGG and CTCTACATGAAAGCGGAGGTTT and the
probe sequence was 6-carboxyfluorescein (FAM)-CGAGAATGCCTGTGCCAACCCAGCGG-
black hole quencher 1 (BHQ-1); for Glut-1, the primer sequences were
AACATGGAACCACCGCATCG and CCGACAGAGAAGGAACCAATCAT and the probe

sequence was 6-FAM-AGCCCATCCCATCCACCACACTCACCACGC-BHQ-1; for L19, the
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primer sequences were CATCAAGCGATCAGGGAATG and

GAGGATTATACAGTTCAAAGCAAAT and the probe sequence was Texas Red-
CACCTTGTCCTTCAATCGTGTTCCTGAGGG-black hole quencher 2 (BHQ-2). For cDNA
amplication using the iQ SYBR Green SuperMix (BioRad Laboratories), the following primer

sequences were used: for Vegf A, 5’- GTACCCCGACGAGATAGAGT-3’ (forward) and 5°-

ATGATCTGCATGGTGATGTTG-3’ (reverse); for Pgkl, 5’-
TCTGTTCTTGAAGGATTGTGTGG-3’ (forward) and 5’-
CTCTACATGAAAGCGGAGGTTT-3’ (reverse); for L19, 5’-
CATCAAGCGATCAGGGAATG-3’ (forward) and 5’-

GAGGATTATACAGTTCAAAGCAAAT-3’ (reverse). The specificity of primers and probes
were first tested under normal PCR conditions before quantitation. Cycle threshold (Ct) values
were normalized for amplification of the mitochondrial ribosomal protein L/9 and the data was

analyzed using the Pfaffl method (Pfaffl, 2001).

Immunofluorescence microscopy:

Pten™” or Pten” MEFs were cultured on glass coverslips. Cells were either transfected with
PTEN constructs as indicated, infected with the adenoviruses, AdFOXO3a (WT) and
AdFOXO3a (AAA), or subjected to conditions as indicated. Cells were washed three times with
PBS and fixed with 3.7% paraformaldehyde (PFA) for 20 min at RT. PFA was quenched with
PBS+glycine (10mM) for 10 min at RT, washed one more time with PBS and then
permeabilized/blocked using 0.3% Triton X-100+ 0.3&BSA+Normal Goat serum (NGS) in PBS
for 30 min at RT. First antibody incubation was carried out with either anti-FKHRL-1/FOXO3a

(1:200; Upstate Biotechnology, Inc.) or anti-PTEN (1:2000; BD PharMingen) for 1 hour at RT,
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followed by a secondary antibody incubation with either an Alexa®-Fluor488 goat anti-

rabbit (1:1000; Molecular Probes) or a fluorescein goat anti-mouse (1:1000; Molecular Probes).
The coverslips were then washed three times in PBS/BSA/TX-100; removed and mounted using
Vectashield® mounting medium containing DAPI (Vector Laboratories). Cells were observed
under the Axioplan 2 fluorescence microscope (Carl Ziess Microlmaging, Inc.; 63x objective)

and imaged with AxioVision LE software (Carl Ziess Microlmaging, Inc.).

Reagents:
The following reagents were used: Desferrioxamine (DFO) (Sigma), Myxothiazol (Sigma),
dimethyloxaloylglycine (DMOG) (Frontier Scientific, Inc.), Rapamycin (Sigma), Leptomycin B

(Sigma).

The adenovirus expressing PTEN (AdPTEN) were purchased from the Vector Core Facility
(Univ. of Pittsburgh). The adenoviruses, AdNull (control), AdFoxo3A (WT) and AdFoxo3A
(AAA) were purchased from Vector Biolabs. The pLNCX-PTEN wild-type (WT), pLNCX-NLS-
PTEN, and pLNCX-PTEN (G129R) constructs were provided by J.L. Liu. The pALTER-MAX

p300 WT and vector control constructs were provided by T. Unterman.



146
References

Abe, J., Takahashi, M., Ishida, M., Lee, J. D., and Berk, B. C. (1997). c-Src is required for
oxidative stress-mediated activation of big mitogen-activated protein kinase 1. J Biol Chem 272,
20389-20394.

Adams, R. H., Porras, A., Alonso, G., Jones, M., Vintersten, K., Panelli, S., Valladares, A.,
Perez, L., Klein, R., and Nebreda, A. R. (2000). Essential role of p38alpha MAP kinase in
placental but not embryonic cardiovascular development. Mol Cell 6, 109-116.

Adelman, D. M., Gertsenstein, M., Nagy, A., Simon, M. C., and Maltepe, E. (2000). Placental
cell fates are regulated in vivo by HIF-mediated hypoxia responses. Genes Dev 74, 3191-3203.

Ahn, J. Y., Rong, R., Liu, X., and Ye, K. (2004). PIKE/nuclear PI 3-kinase signaling mediates
the antiapoptotic actions of NGF in the nucleus. Embo J 23, 3995-4006.

Allen, M., Svensson, L., Roach, M., Hambor, J., McNeish, J., and Gabel, C. A. (2000).
Deficiency of the stress kinase p38alpha results in embryonic lethality: characterization of the

kinase dependence of stress responses of enzyme-deficient embryonic stem cells. J Exp Med
191, 859-870.

Aragones, J., Jones, D. R., Martin, S., San Juan, M. A., Alfranca, A., Vidal, F., Vara, A., Merida,
I., and Landazuri, M. O. (2001). Evidence for the involvement of diacylglycerol kinase in the

activation of hypoxia-inducible transcription factor 1 by low oxygen tension. J Biol Chem 276,
10548-10555.

Arsham, A. M., Plas, D. R., Thompson, C. B., and Simon, M. C. (2004). Akt and hypoxia-
inducible factor-1 independently enhance tumor growth and angiogenesis. Cancer Res 64, 3500-
3507.

Berra, E., Benizri, E., Ginouves, A., Volmat, V., Roux, D., and Pouyssegur, J. (2003). HIF
prolyl-hydroxylase 2 is the key oxygen sensor setting low steady-state levels of HIF-1alpha in
normoxia. Embo J 22, 4082-4090.

Biggs, W. H., 3rd, Meisenhelder, J., Hunter, T., Cavenee, W. K., and Arden, K. C. (1999).
Protein kinase B/Akt-mediated phosphorylation promotes nuclear exclusion of the winged helix
transcription factor FKHR1. Proc Natl Acad Sci U S A 96, 7421-7426.

Birnbaum, M. J. (2005). Activating AMP-activated protein kinase without AMP. Mol Cell /9,
289-290.

Blancher, C., Moore, J. W., Talks, K. L., Houlbrook, S., and Harris, A. L. (2000). Relationship
of hypoxia-inducible factor (HIF)-lalpha and HIF-2alpha expression to vascular endothelial

growth factor induction and hypoxia survival in human breast cancer cell lines. Cancer Res 60,
7106-7113.



147
Bos, R., Zhong, H., Hanrahan, C. F., Mommers, E. C., Semenza, G. L., Pinedo, H. M.,
Abeloff, M. D., Simons, J. W., van Diest, P. J., and van der Wall, E. (2001). Levels of hypoxia-
inducible factor-1 alpha during breast carcinogenesis. J Natl Cancer Inst 93, 309-314.

Brancho, D., Tanaka, N., Jaeschke, A., Ventura, J. J., Kelkar, N., Tanaka, Y., Kyuuma, M.,
Takeshita, T., Flavell, R. A., and Davis, R. J. (2003). Mechanism of p38 MAP kinase activation
in vivo. Genes Dev 17, 1969-1978.

Brownawell, A. M., Kops, G. J., Macara, 1. G., and Burgering, B. M. (2001). Inhibition of
nuclear import by protein kinase B (Akt) regulates the subcellular distribution and activity of the
forkhead transcription factor AFX. Mol Cell Biol 217, 3534-3546.

Bruick, R. K., and McKnight, S. L. (2001). A conserved family of prolyl-4-hydroxylases that
modify HIF. Science 294, 1337-1340.

Brunelle, J. K., Bell, E. L., Quesada, N. M., Vercauteren, K., Tiranti, V., Zeviani, M., Scarpulla,
R. C., and Chandel, N. S. (2005). Oxygen sensing requires mitochondrial ROS but not oxidative
phosphorylation. Cell Metab 7, 409-414.

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S., Anderson, M. J., Arden, K.
C., Blenis, J., and Greenberg, M. E. (1999). Akt promotes cell survival by phosphorylating and
inhibiting a Forkhead transcription factor. Cell 96, 857-868.

Cairns, P., Okami, K., Halachmi, S., Halachmi, N., Esteller, M., Herman, J. G., Jen, J., Isaacs,
W. B., Bova, G. S., and Sidransky, D. (1997). Frequent inactivation of PTEN/MMACI in
primary prostate cancer. Cancer Res 57, 4997-5000.

Cantley, L. C., and Neel, B. G. (1999). New insights into tumor suppression: PTEN suppresses
tumor formation by restraining the phosphoinositide 3-kinase/AKT pathway. Proc Natl Acad Sci
U S A 96, 4240-4245.

Carling, D. (2004). The AMP-activated protein kinase cascade--a unifying system for energy
control. Trends Biochem Sci 29, 18-24.

Carmeliet, P., Dor, Y., Herbert, J. M., Fukumura, D., Brusselmans, K., Dewerchin, M., Neeman,
M., Bono, F., Abramovitch, R., Maxwell, P., et al. (1998). Role of HIF-lalpha in hypoxia-
mediated apoptosis, cell proliferation and tumour angiogenesis. Nature 394, 485-490.

Chandel, N. S., Maltepe, E., Goldwasser, E., Mathieu, C. E., Simon, M. C., and Schumacker, P.
T. (1998). Mitochondrial reactive oxygen species trigger hypoxia-induced transcription. Proc
Natl Acad Sci U S A 95, 11715-11720.

Chandel, N. S., McClintock, D. S., Feliciano, C. E., Wood, T. M., Melendez, J. A., Rodriguez,
A. M., and Schumacker, P. T. (2000). Reactive oxygen species generated at mitochondrial



148
complex III stabilize hypoxia-inducible factor-lalpha during hypoxia: a mechanism of O2
sensing. J Biol Chem 275, 25130-25138.
Chow, L. M., and Baker, S. J. (2006). PTEN function in normal and neoplastic growth. Cancer
Lett 241, 184-196.

Deleris, P., Gayral, S., and Breton-Douillon, M. (2006). Nuclear PtdIns(3,4,5)P3 signaling: an
ongoing story. J Cell Biochem 98, 469-485.

Derijard, B., Raingeaud, J., Barrett, T., Wu, 1. H., Han, J., Ulevitch, R. J., and Davis, R. J.
(1995). Independent human MAP-kinase signal transduction pathways defined by MEK and
MKK isoforms. Science 267, 682-685.

Di Cristofano, A., and Pandolfi, P. P. (2000). The multiple roles of PTEN in tumor suppression.
Cell 100, 387-390.

Emerling, B. M., Platanias, L. C., Black, E., Nebreda, A. R., Davis, R. J., and Chandel, N. S.
(2005). Mitochondrial reactive oxygen species activation of p38 mitogen-activated protein
kinase is required for hypoxia signaling. Mol Cell Biol 25, 4853-4862.

Epstein, A. C., Gleadle, J. M., McNeill, L. A., Hewitson, K. S., O'Rourke, J., Mole, D. R.,
Mukherji, M., Metzen, E., Wilson, M. 1., Dhanda, A., et al. (2001). C. elegans EGL-9 and
mammalian homologs define a family of dioxygenases that regulate HIF by prolyl
hydroxylation. Cell 107, 43-54.

Franke, T. F., Kaplan, D. R., Cantley, L. C., and Toker, A. (1997). Direct regulation of the Akt
proto-oncogene product by phosphatidylinositol-3,4-bisphosphate. Science 275, 665-668.

Fujino, G., Noguchi, T., Takeda, K., and Ichijo, H. (2006). Thioredoxin and protein kinases in
redox signaling. Semin Cancer Biol /6, 427-435.

Gao, N., Jiang, B. H., Leonard, S. S., Corum, L., Zhang, Z., Roberts, J. R., Antonini, J., Zheng, J.
Z., Flynn, D. C., Castranova, V., and Shi, X. (2002a). p38 Signaling-mediated hypoxia-inducible
factor lalpha and vascular endothelial growth factor induction by Cr(VI) in DU145 human
prostate carcinoma cells. J Biol Chem 277, 45041-45048.

Gao, X., Zhang, Y., Arrazola, P., Hino, O., Kobayashi, T., Yeung, R. S., Ru, B., and Pan, D.
(2002b). Tsc tumour suppressor proteins antagonize amino-acid-TOR signalling. Nat Cell Biol 4,
699-704.

Gerald, D., Berra, E., Frapart, Y. M., Chan, D. A., Giaccia, A. J., Mansuy, D., Pouyssegur, J.,
Yaniv, M., and Mechta-Grigoriou, F. (2004). JunD reduces tumor angiogenesis by protecting
cells from oxidative stress. Cell 118, 781-794.

Giri, D., and Ittmann, M. (1999). Inactivation of the PTEN tumor suppressor gene is associated
with increased angiogenesis in clinically localized prostate carcinoma. Hum Pathol 30, 419-424.



149

Gleadle, J. M., Ebert, B. L., and Ratcliffe, P. J. (1995). Diphenylene iodonium inhibits the
induction of erythropoietin and other mammalian genes by hypoxia. Implications for the
mechanism of oxygen sensing. Eur J Biochem 234, 92-99.

Gradin, K., Takasaki, C., Fujii-Kuriyama, Y., and Sogawa, K. (2002). The transcriptional
activation function of the HIF-like factor requires phosphorylation at a conserved threonine. J
Biol Chem 277, 23508-23514.

Graeber, T. G., Osmanian, C., Jacks, T., Housman, D. E., Koch, C. J., Lowe, S. W., and Giaccia,
A. J. (1996). Hypoxia-mediated selection of cells with diminished apoptotic potential in solid
tumours. Nature 379, 88-91.

Guzy, R. D., Hoyos, B., Robin, E., Chen, H., Liu, L., Mansfield, K. D., Simon, M. C.,
Hammerling, U., and Schumacker, P. T. (2005). Mitochondrial complex III is required for
hypoxia-induced ROS production and cellular oxygen sensing. Cell Metab 7, 401-408.

Hardie, D. G., Scott, J. W., Pan, D. A., and Hudson, E. R. (2003). Management of cellular
energy by the AMP-activated protein kinase system. FEBS Lett 546, 113-120.

Harris, A. L. (2002). Hypoxia--a key regulatory factor in tumour growth. Nat Rev Cancer 2, 38-
47.

Hewitson, K. S., McNeill, L. A., Riordan, M. V., Tian, Y. M., Bullock, A. N., Welford, R. W,
Elkins, J. M., Oldham, N. J., Bhattacharya, S., Gleadle, J. M., ef al. (2002). Hypoxia-inducible
factor (HIF) asparagine hydroxylase is identical to factor inhibiting HIF (FIH) and is related to
the cupin structural family. J Biol Chem 277, 26351-26355.

Hirota, K., and Semenza, G. L. (2001). Racl activity is required for the activation of hypoxia-
inducible factor 1. J Biol Chem 276, 21166-21172.

Hirsila, M., Koivunen, P., Gunzler, V., Kivirikko, K. 1., and Myllyharju, J. (2003).
Characterization of the human prolyl 4-hydroxylases that modify the hypoxia-inducible factor. J
Biol Chem 278, 30772-30780.

Hsia, D. A., Mitra, S. K., Hauck, C. R., Streblow, D. N., Nelson, J. A., Ilic, D., Huang, S., L1, E.,
Nemerow, G. R., Leng, J., et al. (2003). Differential regulation of cell motility and invasion by
FAK. J Cell Biol 160, 753-767.

Hsu, S. C., Volpert, O. V., Steck, P. A., Mikkelsen, T., Polverini, P. J., Rao, S., Chou, P., and
Bouck, N. P. (1996). Inhibition of angiogenesis in human glioblastomas by chromosome 10
induction of thrombospondin-1. Cancer Res 56, 5684-5691.



150
Huang, L. E., Arany, Z., Livingston, D. M., and Bunn, H. F. (1996). Activation of hypoxia-
inducible transcription factor depends primarily upon redox-sensitive stabilization of its alpha
subunit. J Biol Chem 271, 32253-32259.
Huang, L. E., Gu, J., Schau, M., and Bunn, H. F. (1998). Regulation of hypoxia-inducible factor
lalpha is mediated by an O2-dependent degradation domain via the ubiquitin-proteasome
pathway. Proc Natl Acad Sci U S A 95, 7987-7992.

Hudson, C. C., Liu, M., Chiang, G. G., Otterness, D. M., Loomis, D. C., Kaper, F., Giaccia, A.
J., and Abraham, R. T. (2002). Regulation of hypoxia-inducible factor lalpha expression and
function by the mammalian target of rapamycin. Mol Cell Biol 22, 7004-7014.

Hue, L., Beauloye, C., Bertrand, L., Horman, S., Krause, U., Marsin, A. S., Meisse, D.,
Vertommen, D., and Rider, M. H. (2003). New targets of AMP-activated protein kinase.
Biochem Soc Trans 31, 213-215.

Ilic, D., Kovacic, B., McDonagh, S., Jin, F., Baumbusch, C., Gardner, D. G., and Damsky, C. H.
(2003). Focal adhesion kinase is required for blood vessel morphogenesis. Circ Res 92, 300-307.

Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K. L. (2002). TSC2 is phosphorylated and inhibited
by Akt and suppresses mTOR signalling. Nat Cell Biol 4, 648-657.

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

Iyer, N. V., Kotch, L. E., Agani, F., Leung, S. W., Laughner, E., Wenger, R. H., Gassmann, M.,
Gearhart, J. D., Lawler, A. M., Yu, A. Y., and Semenza, G. L. (1998). Cellular and
developmental control of O2 homeostasis by hypoxia-inducible factor 1 alpha. Genes Dev /2,
149-162.

Jaakkola, P., Mole, D. R., Tian, Y. M., Wilson, M. L., Gielbert, J., Gaskell, S. J., Kriegsheim, A.,
Hebestreit, H. F., Mukherji, M., Schofield, C. J., et al. (2001). Targeting of HIF-alpha to the von
Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. Science 292, 468-
472.

Jiang, B. H., Jiang, G., Zheng, J. Z., Lu, Z., Hunter, T., and Vogt, P. K. (2001).
Phosphatidylinositol 3-kinase signaling controls levels of hypoxia-inducible factor 1. Cell
Growth Differ /2, 363-369.

Jiang, B. H., Rue, E., Wang, G. L., Roe, R., and Semenza, G. L. (1996a). Dimerization, DNA
binding, and transactivation properties of hypoxia-inducible factor 1. J Biol Chem 271, 17771-
17778.



151
Jiang, B. H., Semenza, G. L., Bauer, C., and Marti, H. H. (1996b). Hypoxia-inducible factor
1 levels vary exponentially over a physiologically relevant range of O2 tension. Am J Physiol
271, C1172-1180.

Jiang, B. H., Zheng, J. Z., Aoki, M., and Vogt, P. K. (2000). Phosphatidylinositol 3-kinase
signaling mediates angiogenesis and expression of vascular endothelial growth factor in
endothelial cells. Proc Natl Acad Sci U S A 97, 1749-1753.

Jiang, B. H., Zheng, J. Z., Leung, S. W., Roe, R., and Semenza, G. L. (1997). Transactivation
and inhibitory domains of hypoxia-inducible factor 1alpha. Modulation of transcriptional activity
by oxygen tension. J Biol Chem 272, 19253-19260.

Kallio, P. J., Pongratz, I., Gradin, K., McGuire, J., and Poellinger, L. (1997). Activation of
hypoxia-inducible factor lalpha: posttranscriptional regulation and conformational change by
recruitment of the Arnt transcription factor. Proc Natl Acad Sci U S A 94, 5667-5672.

Kau, T. R., Schroeder, F., Ramaswamy, S., Wojciechowski, C. L., Zhao, J. J., Roberts, T. M.,
Clardy, J., Sellers, W. R., and Silver, P. A. (2003). A chemical genetic screen identifies
inhibitors of regulated nuclear export of a Forkhead transcription factor in PTEN-deficient tumor
cells. Cancer Cell 4, 463-476.

Klinghoffer, R. A., Sachsenmaier, C., Cooper, J. A., and Soriano, P. (1999). Src family kinases
are required for integrin but not PDGFR signal transduction. Embo J 18, 2459-2471.

Kops, G. J., de Ruiter, N. D., De Vries-Smits, A. M., Powell, D. R., Bos, J. L., and Burgering, B.
M. (1999). Direct control of the Forkhead transcription factor AFX by protein kinase B. Nature
398, 630-634.

Kudo, N., Wolff, B., Sekimoto, T., Schreiner, E. P., Yoneda, Y., Yanagida, M., Horinouchi, S.,
and Yoshida, M. (1998). Leptomycin B inhibition of signal-mediated nuclear export by direct
binding to CRM1. Exp Cell Res 242, 540-547.

Kulisz, A., Chen, N., Chandel, N. S., Shao, Z., and Schumacker, P. T. (2002). Mitochondrial
ROS initiate phosphorylation of p38 MAP kinase during hypoxia in cardiomyocytes. Am J
Physiol Lung Cell Mol Physiol 282, L1324-1329.

Kwon, S. J., Song, J. J., and Lee, Y. J. (2005). Signal pathway of hypoxia-inducible factor-
lalpha phosphorylation and its interaction with von Hippel-Lindau tumor suppressor protein
during ischemia in MiaPaCa-2 pancreatic cancer cells. Clin Cancer Res /17, 7607-7613.

Kyriakis, J. M., and Avruch, J. (2001). Mammalian mitogen-activated protein kinase signal
transduction pathways activated by stress and inflammation. Physiol Rev 87, 807-869.

Laderoute, K. R., Amin, K., Calaoagan, J. M., Knapp, M., Le, T., Orduna, J., Foretz, M., and
Viollet, B. (2006). 5'-AMP-activated protein kinase (AMPK) is induced by low-oxygen and



152
glucose deprivation conditions found in solid-tumor microenvironments. Mol Cell Biol 26,
5336-5347.

Lando, D., Peet, D. J., Gorman, J. J., Whelan, D. A., Whitelaw, M. L., and Bruick, R. K.
(2002a). FIH-1 is an asparaginyl hydroxylase enzyme that regulates the transcriptional activity of
hypoxia-inducible factor. Genes Dev /6, 1466-1471.

Lando, D., Peet, D. J., Whelan, D. A., Gorman, J. J., and Whitelaw, M. L. (2002b). Asparagine
hydroxylation of the HIF transactivation domain a hypoxic switch. Science 295, 858-861.

Leff, T. (2003). AMP-activated protein kinase regulates gene expression by direct
phosphorylation of nuclear proteins. Biochem Soc Trans 317, 224-227.

Li, A. G., Piluso, L. G., Cai, X., Wei, G., Sellers, W. R., and Liu, X. (2006). Mechanistic insights
into maintenance of high p53 acetylation by PTEN. Mol Cell 23, 575-587.

Li, D. M., and Sun, H. (1997). TEP1, encoded by a candidate tumor suppressor locus, is a novel
protein tyrosine phosphatase regulated by transforming growth factor beta. Cancer Res 57, 2124-
2129.

Li, J., Miller, E. J., Ninomiya-Tsuji, J., Russell, R. R., 3rd, and Young, L. H. (2005). AMP-
activated protein kinase activates p38 mitogen-activated protein kinase by increasing recruitment
of p38 MAPK to TABI in the ischemic heart. Circ Res 97, 8§72-879.

Li, J.,, Yen, C., Liaw, D., Podsypanina, K., Bose, S., Wang, S. L., Puc, J., Miliaresis, C., Rodgers,
L., McCombie, R., et al. (1997). PTEN, a putative protein tyrosine phosphatase gene mutated in
human brain, breast, and prostate cancer. Science 275, 1943-1947.

Lian, Z., and Di Cristofano, A. (2005). Class reunion: PTEN joins the nuclear crew. Oncogene
24, 7394-7400.

Lindsay, Y., McCoull, D., Davidson, L., Leslie, N. R., Fairservice, A., Gray, A., Lucocq, J., and
Downes, C. P. (2006). Localization of agonist-sensitive PtdIns(3,4,5)P3 reveals a nuclear pool
that is insensitive to PTEN expression. J Cell Sci 7179, 5160-5168.

Liu, J. L., Sheng, X., Hortobagyi, Z. K., Mao, Z., Gallick, G. E., and Yung, W. K. (2005).
Nuclear PTEN-mediated growth suppression is independent of Akt down-regulation. Mol Cell
Biol 25, 6211-6224.

Liu, W., James, C. D., Frederick, L., Alderete, B. E., and Jenkins, R. B. (1997). PTEN/MMACI
mutations and EGFR amplification in glioblastomas. Cancer Res 57, 5254-5257.

Lizcano, J. M., Goransson, O., Toth, R., Deak, M., Morrice, N. A., Boudeau, J., Hawley, S. A.,
Udd, L., Makela, T. P., Hardie, D. G., and Alessi, D. R. (2004). LKB1 is a master kinase that
activates 13 kinases of the AMPK subfamily, including MARK/PAR-1. Embo J 23, 833-843.



153
Maehama, T., Taylor, G. S., and Dixon, J. E. (2001). PTEN and myotubularin: novel
phosphoinositide phosphatases. Annu Rev Biochem 70, 247-279.

Mahmud, D. L., M, G. A., Deb, D. K., Platanias, L. C., Uddin, S., and Wickrema, A. (2002).
Phosphorylation of forkhead transcription factors by erythropoietin and stem cell factor prevents
acetylation and their interaction with coactivator p300 in erythroid progenitor cells. Oncogene
21, 1556-1562.

Mahon, P. C., Hirota, K., and Semenza, G. L. (2001). FIH-1: a novel protein that interacts with
HIF-lalpha and VHL to mediate repression of HIF-1 transcriptional activity. Genes Dev /5,
2675-2686.

Maltepe, E., Schmidt, J. V., Baunoch, D., Bradfield, C. A., and Simon, M. C. (1997). Abnormal
angiogenesis and responses to glucose and oxygen deprivation in mice lacking the protein
ARNT. Nature 386, 403-407.

Mansfield, K. D., Guzy, R. D., Pan, Y., Young, R. M., Cash, T. P., Schumacker, P. T., and
Simon, M. C. (2005). Mitochondrial dysfunction resulting from loss of cytochrome c¢ impairs
cellular oxygen sensing and hypoxic HIF-alpha activation. Cell Metab 7, 393-399.

Masson, N., Willam, C., Maxwell, P. H., Pugh, C. W., and Ratcliffe, P. J. (2001). Independent
function of two destruction domains in hypoxia-inducible factor-alpha chains activated by prolyl
hydroxylation. Embo J 20, 5197-5206.

Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C., Cockman, M. E.,
Wykoff, C. C., Pugh, C. W., Maher, E. R., and Ratcliffe, P. J. (1999). The tumour suppressor
protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature 399,
271-275.

McNeill, L. A., Hewitson, K. S., Claridge, T. D., Seibel, J. F., Horsfall, L. E., and Schofield, C.
J. (2002). Hypoxia-inducible factor asparaginyl hydroxylase (FIH-1) catalyses hydroxylation at
the beta-carbon of asparagine-803. Biochem J 367, 571-575.

Minden, A., Lin, A., Claret, F. X., Abo, A., and Karin, M. (1995). Selective activation of the
JNK signaling cascade and c-Jun transcriptional activity by the small GTPases Rac and
Cdc42Hs. Cell 81, 1147-1157.

Moeller, B. J., Cao, Y., Li, C. Y., and Dewhirst, M. W. (2004). Radiation activates HIF-1 to
regulate vascular radiosensitivity in tumors: role of reoxygenation, free radicals, and stress
granules. Cancer Cell 5, 429-441.

Motta, M. C., Divecha, N., Lemieux, M., Kamel, C., Chen, D., Gu, W., Bultsma, Y., McBurney,
M., and Guarente, L. (2004). Mammalian SIRT1 represses forkhead transcription factors. Cell
116, 551-563.



154
Mudgett, J. S., Ding, J., Guh-Siesel, L., Chartrain, N. A., Yang, L., Gopal, S., and Shen, M.
M. (2000). Essential role for p38alpha mitogen-activated protein kinase in placental
angiogenesis. Proc Natl Acad Sci U S A 97, 10454-10459.
Nakamura, N., Ramaswamy, S., Vazquez, F., Signoretti, S., Loda, M., and Sellers, W. R. (2000).
Forkhead transcription factors are critical effectors of cell death and cell cycle arrest downstream
of PTEN. Mol Cell Biol 20, 8969-8982.

Paik, J. H., Kollipara, R., Chu, G., Ji, H., Xiao, Y., Ding, Z., Miao, L., Tothova, Z., Horner, J.
W., Carrasco, D. R,, et al. (2007). FoxOs are lineage-restricted redundant tumor suppressors and
regulate endothelial cell homeostasis. Cell 728, 309-323.

Palmer, H. J., and Paulson, K. E. (1997). Reactive oxygen species and antioxidants in signal
transduction and gene expression. Nutr Rev 535, 353-361.

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Res 29, e45.

Porras, A., Zuluaga, S., Black, E., Valladares, A., Alvarez, A. M., Ambrosino, C., Benito, M.,
and Nebreda, A. R. (2004). P38 alpha mitogen-activated protein kinase sensitizes cells to
apoptosis induced by different stimuli. Mol Biol Cell /5, 922-933.

Pugh, C. W., O'Rourke, J. F., Nagao, M., Gleadle, J. M., and Ratcliffe, P. J. (1997). Activation of
hypoxia-inducible factor-1; definition of regulatory domains within the alpha subunit. J Biol
Chem 272, 11205-11214.

Quintero, M., Colombo, S. L., Godfrey, A., and Moncada, S. (2006). Mitochondria as signaling
organelles in the vascular endothelium. Proc Natl Acad Sci U S A 103, 5379-5384.

Raingeaud, J., Gupta, S., Rogers, J. S., Dickens, M., Han, J., Ulevitch, R. J., and Davis, R. J.
(1995). Pro-inflammatory cytokines and environmental stress cause p38 mitogen-activated
protein kinase activation by dual phosphorylation on tyrosine and threonine. J Biol Chem 270,
7420-7426.

Raingeaud, J., Whitmarsh, A. J., Barrett, T., Derijard, B., and Davis, R. J. (1996). MKK3- and
MKK6-regulated gene expression is mediated by the p38 mitogen-activated protein kinase signal
transduction pathway. Mol Cell Biol /6, 1247-1255.

Ramaswamy, S., Nakamura, N., Sansal, 1., Bergeron, L., and Sellers, W. R. (2002). A novel
mechanism of gene regulation and tumor suppression by the transcription factor FKHR. Cancer
Cell 2, 81-91.

Ramaswamy, S., Nakamura, N., Vazquez, F., Batt, D. B., Perera, S., Roberts, T. M., and Sellers,
W. R. (1999). Regulation of G1 progression by the PTEN tumor suppressor protein is linked to
inhibition of the phosphatidylinositol 3-kinase/Akt pathway. Proc Natl Acad Sci U S A 96, 2110-
2115.



155

Rena, G., Guo, S., Cichy, S. C., Unterman, T. G., and Cohen, P. (1999). Phosphorylation of the
transcription factor forkhead family member FKHR by protein kinase B. J Biol Chem 274,
17179-17183.

Richard, D. E., Berra, E., Gothie, E., Roux, D., and Pouyssegur, J. (1999). p42/p44 mitogen-
activated protein kinases phosphorylate hypoxia-inducible factor lalpha (HIF-lalpha) and
enhance the transcriptional activity of HIF-1. J Biol Chem 274, 32631-32637.

Roux, P. P., and Blenis, J. (2004). ERK and p38 MAPK-activated protein kinases: a family of
protein kinases with diverse biological functions. Microbiol Mol Biol Rev 68, 320-344.

Rutter, G. A., Da Silva Xavier, G., and Leclerc, 1. (2003). Roles of 5'-AMP-activated protein
kinase (AMPK) in mammalian glucose homoeostasis. Biochem J 375, 1-16.

Ryan, H. E., Lo, J., and Johnson, R. S. (1998). HIF-1 alpha is required for solid tumor formation
and embryonic vascularization. Embo J /7, 3005-3015.

Saitoh, M., Nishitoh, H., Fujii, M., Takeda, K., Tobiume, K., Sawada, Y., Kawabata, M.,
Miyazono, K., and Ichijo, H. (1998). Mammalian thioredoxin is a direct inhibitor of apoptosis
signal-regulating kinase (ASK) 1. Embo J 17, 2596-2606.

Sato, H., Sato, M., Kanai, H., Uchiyama, T., Iso, T., Ohyama, Y., Sakamoto, H., Tamura, J.,
Nagai, R., and Kurabayashi, M. (2005). Mitochondrial reactive oxygen species and c-Src play a
critical role in hypoxic response in vascular smooth muscle cells. Cardiovasc Res 67, 714-722.

Sayama, K., Hanakawa, Y., Shirakata, Y., Yamasaki, K., Sawada, Y., Sun, L., Yamanishi, K.,
Ichijo, H., and Hashimoto, K. (2001). Apoptosis signal-regulating kinase 1 (ASK1) is an
intracellular inducer of keratinocyte differentiation. J Biol Chem 276, 999-1004.

Schroedl, C., McClintock, D. S., Budinger, G. R., and Chandel, N. S. (2002). Hypoxic but not
anoxic stabilization of HIF-1alpha requires mitochondrial reactive oxygen species. Am J Physiol
Lung Cell Mol Physiol 283, L.922-931.

Schulze-Osthoff, K., Bauer, M. K., Vogt, M., and Wesselborg, S. (1997). Oxidative stress and
signal transduction. Int J Vitam Nutr Res 67, 336-342.

Seko, Y., Takahashi, N., Sabe, H., Tobe, K., Kadowaki, T., and Nagai, R. (1999). Hypoxia
induces activation and subcellular translocation of focal adhesion kinase (pl125(FAK)) in
cultured rat cardiac myocytes. Biochem Biophys Res Commun 262, 290-296.

Semenza, G. L. (2000a). Expression of hypoxia-inducible factor 1: mechanisms and
consequences. Biochem Pharmacol 59, 47-53.

Semenza, G. L. (2000b). HIF-1 and human disease: one highly involved factor. Genes Dev /4,
1983-1991.



156

Semenza, G. L. (2000c). Hypoxia, clonal selection, and the role of HIF-1 in tumor progression.
Crit Rev Biochem Mol Biol 35, 71-103.

Semenza, G. L. (2001). HIF-1, O(2), and the 3 PHDs: how animal cells signal hypoxia to the
nucleus. Cell 107, 1-3.

Semenza, G. L. (2003). Targeting HIF-1 for cancer therapy. Nat Rev Cancer 3, 721-732.

Shaw, R. J., Kosmatka, M., Bardeesy, N., Hurley, R. L., Witters, L. A., DePinho, R. A., and
Cantley, L. C. (2004). The tumor suppressor LKB1 kinase directly activates AMP-activated
kinase and regulates apoptosis in response to energy stress. Proc Natl Acad Sci U S A 101, 3329-
3335.

Shemirani, B., and Crowe, D. L. (2002). Hypoxic induction of HIF-1alpha and VEGF expression
in head and neck squamous cell carcinoma lines is mediated by stress activated protein kinases.
Oral Oncol 38, 251-257.

Simpson, L., and Parsons, R. (2001). PTEN: life as a tumor suppressor. Exp Cell Res 264, 29-41.
Stambolic, V., Suzuki, A., de la Pompa, J. L., Brothers, G. M., Mirtsos, C., Sasaki, T., Ruland, J.,
Penninger, J. M., Siderovski, D. P., and Mak, T. W. (1998). Negative regulation of PKB/Akt-
dependent cell survival by the tumor suppressor PTEN. Cell 95, 29-39.

Steck, P. A., Pershouse, M. A., Jasser, S. A., Yung, W. K., Lin, H., Ligon, A. H., Langford, L.
A., Baumgard, M. L., Hattier, T., Davis, T., et al. (1997). Identification of a candidate tumour

suppressor gene, MMACI, at chromosome 10q23.3 that is mutated in multiple advanced cancers.
Nat Genet /5, 356-362.

Sugihara, K., Nakatsuji, N., Nakamura, K., Nakao, K., Hashimoto, R., Otani, H., Sakagami, H.,
Kondo, H., Nozawa, S., Aiba, A., and Katsuki, M. (1998). Racl is required for the formation of
three germ layers during gastrulation. Oncogene /7, 3427-3433.

Sun, H., Lesche, R., Li, D. M., Liliental, J., Zhang, H., Gao, J., Gavrilova, N., Mueller, B., Liu,
X., and Wu, H. (1999). PTEN modulates cell cycle progression and cell survival by regulating
phosphatidylinositol 3,4,5,-trisphosphate and Akt/protein kinase B signaling pathway. Proc Natl
Acad Sci U S A 96, 6199-6204.

Suzuki, Y. J., Forman, H. J., and Sevanian, A. (1997). Oxidants as stimulators of signal
transduction. Free Radic Biol Med 22, 269-285.

Tacchini, L., Dansi, P., Matteucci, E., and Desiderio, M. A. (2001). Hepatocyte growth factor
signalling stimulates hypoxia inducible factor-1 (HIF-1) activity in HepG2 hepatoma cells.
Carcinogenesis 22, 1363-1371.



157
Takaishi, H., Konishi, H., Matsuzaki, H., Ono, Y., Shirai, Y., Saito, N., Kitamura, T., Ogawa,
W., Kasuga, M., Kikkawa, U., and Nishizuka, Y. (1999). Regulation of nuclear translocation of
forkhead transcription factor AFX by protein kinase B. Proc Natl Acad Sci U S A 96, 11836-
11841.
Takeda, K., Hatai, T., Hamazaki, T. S., Nishitoh, H., Saitoh, M., and Ichijo, H. (2000). Apoptosis
signal-regulating kinase 1 (ASK1) induces neuronal differentiation and survival of PC12 cells. J
Biol Chem 275, 9805-9813.

Tamura, K., Sudo, T., Senftleben, U., Dadak, A. M., Johnson, R., and Karin, M. (2000).
Requirement for p38alpha in erythropoietin expression: a role for stress kinases in
erythropoiesis. Cell 102, 221-231.

Tang, E. D., Nunez, G., Barr, F. G., and Guan, K. L. (1999). Negative regulation of the forkhead
transcription factor FKHR by Akt. J Biol Chem 274, 16741-16746.

Tee, A. R., Manning, B. D., Roux, P. P., Cantley, L. C., and Blenis, J. (2003). Tuberous sclerosis
complex gene products, Tuberin and Hamartin, control mTOR signaling by acting as a GTPase-
activating protein complex toward Rheb. Curr Biol 73, 1259-1268.

Teng, D. H., Hu, R., Lin, H., Davis, T., lliev, D., Frye, C., Swedlund, B., Hansen, K. L., Vinson,
V. L., Gumpper, K. L., et al. (1997). MMACI1/PTEN mutations in primary tumor specimens and
tumor cell lines. Cancer Res 57, 5221-5225.

Tomizawa, M., Kumar, A., Perrot, V., Nakae, J., Accili, D., and Rechler, M. M. (2000). Insulin
inhibits the activation of transcription by a C-terminal fragment of the forkhead transcription

factor FKHR. A mechanism for insulin inhibition of insulin-like growth factor-binding protein-1
transcription. J Biol Chem 275, 7289-7295.

Tothova, Z., Kollipara, R., Huntly, B. J., Lee, B. H., Castrillon, D. H., Cullen, D. E., McDowell,
E. P., Lazo-Kallanian, S., Williams, I. R., Sears, C., et al. (2007). FoxOs are critical mediators of
hematopoietic stem cell resistance to physiologic oxidative stress. Cell 728, 325-339.

Trotman, L. C., Alimonti, A., Scaglioni, P. P., Koutcher, J. A., Cordon-Cardo, C., and Pandolfi,
P. P. (2006). Identification of a tumour suppressor network opposing nuclear Akt function.
Nature 441, 523-527.

Turcotte, S., Desrosiers, R. R., and Beliveau, R. (2003). HIF-lalpha mRNA and protein
upregulation involves Rho GTPase expression during hypoxia in renal cell carcinoma. J Cell Sci
116,2247-2260.

Vazquez, F., and Sellers, W. R. (2000). The PTEN tumor suppressor protein: an antagonist of
phosphoinositide 3-kinase signaling. Biochim Biophys Acta /470, M21-35.



158
Wang, G. L., Jiang, B. H., Rue, E. A., and Semenza, G. L. (1995). Hypoxia-inducible factor
1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad
SciUS A 92, 5510-5514.

Wang, G. L., and Semenza, G. L. (1995). Purification and characterization of hypoxia-inducible
factor 1. J Biol Chem 270, 1230-1237.

Wang, S. 1., Puc, J., Li, J., Bruce, J. N., Cairns, P., Sidransky, D., and Parsons, R. (1997).
Somatic mutations of PTEN in glioblastoma multiforme. Cancer Res 57, 4183-4186.

Wen, S., Stolarov, J., Myers, M. P., Su, J. D., Wigler, M. H., Tonks, N. K., and Durden, D. L.
(2001). PTEN controls tumor-induced angiogenesis. Proc Natl Acad Sci U S A 98, 4622-4627.

Wesseling, P., Ruiter, D. J., and Burger, P. C. (1997). Angiogenesis in brain tumors;
pathobiological and clinical aspects. J Neurooncol 32, 253-265.

Wu, X., Senechal, K., Neshat, M. S., Whang, Y. E., and Sawyers, C. L. (1998). The
PTEN/MMACI1 tumor suppressor phosphatase functions as a negative regulator of the
phosphoinositide 3-kinase/Akt pathway. Proc Natl Acad Sci U S A 95, 15587-15591.

Xi, X., Han, J., and Zhang, J. Z. (2001). Stimulation of glucose transport by AMP-activated
protein kinase via activation of p38 mitogen-activated protein kinase. J Biol Chem 276, 41029-
41034.

Xue, Y., Bi, F., Zhang, X., Pan, Y., Liu, N., Zheng, Y., and Fan, D. (2004). Inhibition of
endothelial cell proliferation by targeting Racl GTPase with small interference RNA in tumor
cells. Biochem Biophys Res Commun 320, 1309-1315.

Zhong, H., Agani, F., Baccala, A. A., Laughner, E., Rioseco-Camacho, N., Isaacs, W. B.,
Simons, J. W., and Semenza, G. L. (1998). Increased expression of hypoxia inducible factor-
lalpha in rat and human prostate cancer. Cancer Res 58, 5280-5284.

Zhong, H., Chiles, K., Feldser, D., Laughner, E., Hanrahan, C., Georgescu, M. M., Simons, J.
W., and Semenza, G. L. (2000). Modulation of hypoxia-inducible factor lalpha expression by
the epidermal growth factor/phosphatidylinositol 3-kinase/PTEN/AKT/FRAP pathway in human
prostate cancer cells: implications for tumor angiogenesis and therapeutics. Cancer Res 60, 1541-
1545.

Zhong, H., De Marzo, A. M., Laughner, E., Lim, M., Hilton, D. A., Zagzag, D., Buechler, P.,
Isaacs, W. B., Semenza, G. L., and Simons, J. W. (1999). Overexpression of hypoxia-inducible
factor lalpha in common human cancers and their metastases. Cancer Res 59, 5830-5835.

Zundel, W., Schindler, C., Haas-Kogan, D., Koong, A., Kaper, F., Chen, E., Gottschalk, A. R.,
Ryan, H. E., Johnson, R. S., Jefferson, A. B., et al. (2000). Loss of PTEN facilitates HIF-1-
mediated gene expression. Genes Dev /4, 391-396.



159

Brooke M. Emerling
Curriculum Vitae

PERSONAL DATA:
Work Address: Home Address:
Northwestern University 1118 W. Wrightwood Ave #2
Section of Pulmonary Chicago, Illinois 60614
& Critical Care Medicine, Phone (650) 465-0198
McGaw M410

240 East Huron Street
Chicago, IL 60611
Phone (312) 503-0410
Fax (312) 908-4650

Email: b-emerling@northwestern.edu
Born: 5/15/76, San Diego, California
Citizenship: U.S.A.

EDUCATION:

2002-Present Ph.D., Cell and Molecular Biology (expected June 2007)
Northwestern University, Chicago, Illinois

1994-1998 B.A., Molecular, Cellular, and Developmental Biology
University of California, Santa Cruz, California

WORK EXPERIENCE:

2001-2002 Bioinformatics Associate
Incyte Genomics, Palo Alto, California
1998- 2001 Staff Research Associate
Department of Pediatrics, University of California, San Francisco
Summer 1997 Research Intern
Department of Immunology, The Scripps Research Institute, La Jolla, California
2/97-10/97 Laboratory Assistant
Santa Cruz Biotechnology, Inc., Santa Cruz, California

PUBLICATIONS (in chronological order):

1. Kratz CP, Emerling BM, Donovan S, Laig-Webster M, Taylor BR, Thompson P, Jensen
S, Banerjee A, Bonifas J, Makalowski W, Green ED, Le Beau MM, Shannon KM. (2001)



160
Candidate gene isolation and comparative analysis of a commonly deleted segment of
7922 implicated in myeloid malignancies. Genomics. Oct; 77(3):171-80.

2. Kratz CP, Emerling BM, Bonifas J, Wang W, Green ED, Beau MM, Shannon KM.
(2002) Genomic structure of the PIK3CG gene on chromosome band 7q22 and evaluation
as a candidate myeloid tumor suppressor. Blood. Jan 1; 99(1):372-4.

3. Emerling BM, Bonifas J, Kratz CP, Donovan S, Taylor BR, Green ED, Le Beau MM,
Shannon KM. (2002) MLLS5, a homolog of Drosophila trithorax located within a segment
of chromosome band 7q22 implicated in myeloid leukemia. Oncogene. Jul 18;
21(31):4849-54.

4. Curtiss, NP, Bonifas J, Lauchle, JO, Balkman, JD, Kratz CP, Emerling BM, Green ED,
Le Beau MM, Shannon KM. (2005) Isolation and analysis of candidate myeloid tumor
suppressor genes from a commonly deleted segment of 7q22. Genomics. May; 85(5):600-
7.

5. Emerling BM, Platanias LC, Black E, Nebreda AR, Davis RJ, and Chandel NS. (2005)
Mitochondrial ROS activation of p38 MAPK is required for hypoxia signaling. Mol Cell
Biol. Jun; 25(12):4853-62.

6. Emerling, BM and Chandel NS. (2005) Oxygen sensing: getting pumped by sterols.

Sci STKE. Jun 21; 2005(289):pe30.

7. Bell EL, Emerling, BM, and Chandel NS. (2005) Mitochondrial regulation of oxygen
sensing. Mitochondrion. Oct; 5(5):322-32.

8. Emerling BM, Weinberg F, Liu JL, Mak TW, and Chandel, NS. (2007) PTEN represses
HIF-1 transcriptional activity through FOXO3a. Mol Cell (in review).

INVENTIONS:
e 115 full length gene patents
AWARDS:

e First place prize for Best Research Poster 2004 - Chicago Thoracic Society

e Gramm Travel Fellowship Award 2005 — Northwestern University

e Travel Fellowship Award 2005 — Nature Biotechnology

e T-32 Training Grant in Lung Biology 2004 and 2005

e Nominated for Northwestern University Presidential Fellowship 2006

e Travel Fellowship Award 2006 — Nature Biotechnology

American Heart Association (AHA) Predoctoral Fellowship (funded through 2007)



