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ABSTRACT

The capacity of mammalian organisms to cope with hypoxic or
ischemic stress is in part mediated by stress-induced transcription factors.
Hypoxia-induced mediators include transcription factors, such as the a
subunit of Hypoxia inducible factors (HIF-1a and HIF-2a). HIF-1a and HIF-2a

have similar structural organization, and after forming an obligate heterodimer

vii



with the common partner ARNT/HIF-1p, bind to the same recognition element
located in target gene promoter or enhancer regions. However, despite these
similarities, HIF-1a and HIF-2a regulate distinct target genes.

In previous studies from the Garcia laboratory using mouse knockout
studies, we demonstrated the importance of HIF-2a. in the in vivo regulation of
genes involved in the cellular response to hypoxic and oxidative stress. These
genes include Erythropoietin (epo), vascular endothelial cell growth factor
(Vegh, superoxide dismutase 2 (Sod2) and other genes encoding major
antioxidant enzymes (AOE). Novel roles for HIF-2a have been found not only
in hematopoiesis, but also in the control of reactive oxygen species and
mitochondrial homeostasis. The molecular mechanism by which HIF-2a
selectively regulates its target genes remains an exciting area of research.

In the first part of my thesis, | identified a novel molecular mechanism
regulating activity of the enhancer region in the Epo gene. First, by using
bioinformatics to perform an unbiased sequence comparison of several
mammalian 3’ Epo enhancer region, we identified a previously unrecognized
evolutionary conserved region. Second, we determined the functional
significance of these conserved sequences using transient transfection and
mutation analyses in cell culture studies and determined that these
sequences contribute to HIF-2a selectivity. Finally, using a candidate factor
strategy, we determined that members of the Egr transcription factor family
bind to these elements and act synergistically with HIF-2a. to augment Epo

gene expression.
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In the second part of my thesis, we demonstrate that the redox-
sensing, NAD* dependent deacetylase enzyme Sirtuin 1, also known as Sirt1
or silent mating type information regulator 2 (Sir2) homolog 1, selectively
stimulates HIF-2a signaling during hypoxia. In lower organisms and cell
culture models, the FoxO family of transcription factor regulates the
transcription of SOD2 and other major AOE. During oxidative stress, Sirt1
modulates FoxO transcriptional activity, promoting the protective cellular
response to oxidative stress.

We hypothesized that Sirt1 would be activated by redox changes
induced by hypoxia and that activated Sirt1 would in turn modulate HIF
signaling. We determined that HIF-2a signaling is indeed increased by Sirt1 in
transfection assays. Sirt1/HIF-2a signaling does not involve previously
described oxygen-dependent HIF-2a modifications. Sirt1 augmentation of
HIF-2a transcriptional activity involves direct binding to and deacetylation of
HIF-2a. In cultured cells and in mice models, interventions that decrease or
increase Sirt1 activity affect expression of the HIF-2a target gene epo
accordingly. Thus, Sirt1 is a molecular switch that promotes HIF-2 signaling

during hypoxia and likely other environmental stresses.
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CHAPTER ONE

General Introduction

The capacity to sense and respond to changes in oxygen tension is critical
for cellular survival. This adaptive response includes altering fundamental
processes short-term and long-term including a switch to anaerobic energy
production and ensuring maintenance of oxygen homeostasis in mammals,
respectively (Semenza, 1999). Physiological and/or pathological responses to
hypoxic stress stimulate global gene expression (Bozzini et al., 1971; Wang and
Semenza, 1993b). An important aspect of the transcriptional response to hypoxia
is conferred by two members of the hypoxia-inducible transcription factor (HIF)
family, HIF-1a and HIF-2a. These two homologous transcription factors are
activated by similar stresses (Lando et al., 2000). However, their biological roles
differ, in part due to induction of selective target genes. The molecular

mechanism of target gene selectivity by HIF-a isoforms remains to be defined.

HIF family of transcription factors

The founding member of the hypoxia inducible transcription factor family,
HIF-1 was discovered through characterization of the hypoxia-responsive
element (HRE) located in the 3’ enhancer region of the erythropoietin (epo) gene
(Semenza, 1994; Semenza et al., 1990). Further studies revealed that the

functional heterodimer complex binding to the HRE during hypoxia, called HIF-1,



consists of the hypoxia-inducible alpha subunit HIF-1ao and a constitutively
expressed subunit HIF-1p (Wang et al., 1995).

The HIF-1 subunits are members of the PAS domain superfamily of
proteins whose founders include D. melanogaster period (Per) protein, aryl
Hydrocarbon Receptor (Ahr), and single minded (Sim). PAS domain proteins
(Taylor and Zhulin, 1999; Wang et al., 1995) are found throughout prokaryotic
and eukaryotic organisms and function as sensors of environmental stimuli
including light, redox state, energy state (i.e., voltage), xenobiotics and hypoxia.

HIF-1a is ubiquitously expressed in human as well as mouse tissues; HIF-
1 plays a pivotal role in multiple physiological responses to hypoxia, including
angiogenesis, erythropoiesis, iron and glucose metabolism in cell culture models
(Wang et al., 2005; Warnecke et al., 2004; Wood et al., 1998). HIF-18, also
known as the aryl hydrocarbon nuclear translocator (Arnt) was identified as a
binding partner for several transcription factors (Wang et al., 1995).

Shortly after the cloning of HIF-1a, a closely related protein HIF-2a (also
called endothelial PAS protein 1 (EPAS1), HIF-like factor (HLF), HIF related
factor (HRF) and member of PAS superfamily 2 (MOP2)) was discovered and
cloned by several laboratories (Ema et al., 1997; Flamme et al., 1997;
Hogenesch et al., 1997; Tian et al., 1997). HIF-1a and HIF-2a share a number of
structural and biochemical properties.

A third member of the family, HIF-3a, was discovered later that lacks the

carboxy terminal trans-activation domain (CTAD); it is also widely expressed (Gu



et al., 1998). A splice variant of HIF-3a called Inhibitory PAS domain protein
(IPAS) lacks any activation domain and is able to interact with the HIF-1a. amino
terminal region. IPAS acts as a dominant negative regulator of HIF-mediated
target gene expression (Makino et al., 2002; Maynard et al., 2003). All three HIF-
o isoforms are stabilized by hypoxia, heterodimerize with ARNT, and bind to the
HREs of target genes.

HIF-1a and HIF-2a. proteins are highly homologous, displaying 48%
overall amino-acid identity. In the amino terminus, the bHLH DNA-binding domain
and the PAS dimerization domains share the highest level of similarity: 83% and
73% identity respectively (Ema et al., 1997; Tian et al., 1997 (Figure 1-1) (Figure
1-1). The carboxy terminus contains two trans-activation domains, the N-terminal
trans-activation domain (NTAD) (Porntadavity et al., 2001) and the (CTAD)
(O'Rourke et al., 1997; Pugh et al., 1997). These domains confer interaction with
the co-activator protein p300.

The HIF-a subunits also contain an oxygen-dependent-degradation
domain (ODD) imbedded within the NTAD that mediates their oxygen-dependent
regulated stability (Pugh et al., 1997). The two trans-activation domains, NTAD
and CTAD, are separated by an unstructured domain called the auto-inhibitory
domain in HIF-1a (Jiang et al., 1997). However, in HIF-2a the function of this
region is still the subject of discussion; we refer to it as the unique region (UR)
since it is the least conserved region between HIF-1a and HIF-2a (19%

sequence homology).
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Figure 1-1. Domain organization of HIF family members. Homology
comparisons of the conserved domains of human HIF-1a, HIF-2a, and HIF-3a.
The similarity between two proteins is higher in basic helix-loop-helix (bHLH
domain) DNA-binding and PAS domains in amino terminus. In the carboxy
terminus, the conserved amino terminal activation domain (NTAD) located within
the oxygen-dependent degradation domain (ODD) and the carboxy terminus
activation domain (CTAD) are very homologous between HIF-1a and HIF-2a,
whereas the splice variants of HIF-3a contain none of these domains or only the
NTAD. The highly divergent unique region (UR) between HIF-1a and HIF-2a may
confer selective activation.



Regulation of HIF transcriptional activity

Both HIF-1a and HIF-2a are regulated post-translationally by cellular
oxygen tension. Under normoxia (20% O,), conserved proline residues in HIF-1a.
and HIF-2a that are part of a consensus sequence LXXLAP in the ODD domain
(P402, P577 and P405, P531 in HIF-1a and HIF-2a, respectively) are
hydroxylated by a family of 2-oxoglutarate-oxygen-dependent prolyl hydroxylases
(PHD1, PHD2, PHD3) (Bruick and McKnight, 2001; Epstein et al., 2001; Masson
and Ratcliffe, 2003) (Figure 1-2). Upon prolyl hydroxylation, the von Hippel-
Lindau tumor-suppressor protein (pVHL) is recruited to HIF-a. (Salceda and Caro,
1997). The oxygen-dependent degradation of HIF-a is triggered by recruitment of
pVHL, which, in a complex with the protein elongin C, recruits an E3 ubiqutin
ligase complex that polyubiquitinates HIF-a and targets it to the 26S proteasome
for degradation (Jaakkola et al., 2001; Mole et al., 2001).

In addition to oxygen-dependent prolyl hydroxylation, a conserved
asparagine residue in the CTAD, N803 in HIF-1a and N851 in HIF-2a (Lando et
al., 2002), can be hydroxylated by a HIF-specific oxygen-dependent N-
hydroxylase called factor inhibiting HIF-1 (FIH). Asparaginyl-hydroxylated HIF-a
prevents the recruitment of the transcriptional co-activator CBP/p300 (Koivunen
et al., 2004; Mahon et al., 2001).

During hypoxia, the activity of the PHDs and FIH are suppressed, resulting
in stabilization and accumulation of HIF-a., followed by its dimerization with ARNT

and translocation into the nucleus, where it activates hypoxia-responsive genes



(Bruick and McKnight, 2002; Zagorska and Dulak, 2004). Mutation of the oxygen-
modified proline and asparagine residues to alanine residues disrupts the
interaction of HIF-1a with pVHL and prevents inhibition of p300 binding in the
presence of normal oxygen, thereby constitutively increasing HIF-a stability as
well as activity (Masson et al., 2001)

Emerging evidence indicates that reactive oxygen species (ROS) play a
prominent role in HIF activation. ROS generated by mitochondrial complex Il are
required for hypoxic activation of HIF (Klimova and Chandel, 2008). Agents that
generate ROS (Chandel et al., 2000) or over-expression of NAD(P)H oxidase 1
(Goyal et al., 2004) result in normoxic HIF-1a stabilization.

In addition to the negative regulation of HIF-a by pVHL-mediated
proteosomal degradation, other mechanisms contribute to down-regulation of
HIF-1a transcriptional activity and/or stability. Cited2, a p300-interacting protein,
has been described as a competitive inhibitor of HIF that abrogates the
recruitment of p300, an essential HIF co-activator (Freedman et al., 2003). Cited2
expression is up-regulated by hypoxia, suggesting that it can act in a negative
feedback loop to down-regulate HIF-mediated transcription. The HIF response
can also be potentiated by the recruitment of a variety of co-activator proteins

(Ets1, SRC-1, p300) (Carrero et al., 2000; van den Beucken et al., 2007)



C-TAD

NTAD /ODD Q
P
P

PAS
B

0,

PAS
A

bHLH

Asn
hydroxylase

Normoxia

Hypoxia

Figure 1-2. Oxygen-dependent regulation of HIF. HIF-1a prolyl (PHDs) and
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HIF-1a and HIF-2a are not functionally redundant

HIF-1ao and HIF-2a proteins share a requirement for ARNT/HIF-18
heterodimerization. HIF heterodimers up-regulate a large number of target genes
containing cis-acting HRE (consensus binding sequences: 5’RCGTG-3’)
(Semenza et al., 1991). HIF biological specificity is conferred by the alpha
subunit. This raises the question of the relative role of HIF-1a or HIF-2a in the in
vivo regulation of selective target gene expression. Data from systematic
comparative analyses between HIF-1a and HIF-2a are scarce. However, there is
increasing evidence that HIF-1a and HIF-2a have different biological functions,
and their in vivo spatial as well as temporal pattern of expression are quite
different (Jain et al., 1998; Tian et al., 1997).

HIF-1a is expressed ubiquitously. HIF-2a, which was initially thought to be
expressed only in endothelial cells during embryonic development (Tian et al.,
1997), is found in a number of adult cell types including kidney fibroblasts,
hepatocytes, intestinal epithelial cells, interstitial cells, cardiomyocytes, type Il
pneumocytes, bone marrow, testis, pancreas, and retina (Ding et al., 2005; Ema
et al., 1999; Jurgensen et al., 2004; Wiesener and Maxwell, 2003). Unlike HIF-
1a, HIF-2a. was shown to be transcriptionally inactive in MEF cells treated with
hypoxia (Park et al., 2003). HIF-2a. is very weakly regulated by FIH asparagine
hydroxylase in vitro (Bracken et al., 2006).

HIF-1o. mediates the transcriptional response to hypoxia by inducing

several genes involved in glycolysis (glucokinase, aldolase A, phosphoglycerate



kinase 1, lactate dehydrogenase A, phosphofructokinase (PFKB3), enolase 1,
pyruvate dehydrogenase kinase 1 (PDK1), glucose uptake glucose transporter 1
(Glut1), angiogenesis vascular endothelial growth factor (VEGF) and VEGF
receptor 1 (FIt1), oxygen supply (globin 2, plasminogen activator inhibitor 1 (PAI-
1), nitric oxide synthase (INOS and eNOS), iron metabolism (transferrin,
transferrin receptor, ceruloplasmin), cell proliferation/apoptosis (insulin like
growth factor binding protein 1, Bcl2/adenovirus E1B 19kDa interacting protein 3)
and others including differentially expressed in chondrocytes protein 1 (DEC1),
Cited2, and Ets1 (Campo et al., 2005; Wenger et al., 2005). The ubiquity of the
HIF-1a target genes implies a major role for HIF-1a in mediating the hypoxia
response pathway at systemic, local, and intracellular levels (Semenza, 2004).
Due to the lack of a viable HIF-1o knockout mouse model, however, these
studies were performed mostly in cell culture models and therefore their

physiological relevance is uncertain.

Mouse knockout phenotypes

Given the similarities of HIF-1a. and HIF-2a, a question arises as to
whether HIF-2a. is simply a redundant protein that activates the same genes as
HIF-1a or if it has a unique role, either in activating a different subset of genes or
in regulating these genes in a cell type-dependent or stimulus-specific manner.
HIF-20. has been shown to regulate some HIF-1a target genes (VEGF, Glut1)

(Krieg et al., 2000; Tian et al., 1997), but also induces a distinct repertoire of



target genes (epo, superoxide dismutase 2 (Sod2), plasminogen activator
inhibitor-1 (Pai-1) (Carroll and Ashcroft, 2006; Scortegagna et al., 2003a;
Scortegagna et al., 2003b; Warnecke et al., 2004). Moreover, HIF-1a- and HIF-
2a-deficient mice manifest distinct phenotypes. Disruption of the HIF-1a gene in
mice results in embryonic lethality, and these embryos display defective
vasculature, prominent cardiovascular malformation, neural tube defects and
mesenchymal cell death (lyer et al. 1998, Kosh et al 1999). Disruption of the HIF-
20 gene results in embryonic lethality that has been attributed to bradycardia
induced by lower fetal catecholamine production and/or to an improper
remodeling of the primary vasculature (Tian et al., 1997).

The generation of a viable adult HIF-2a null mouse provided investigators
with what is still today a unique model of mice globally lacking any HIF-o family
member ct (Scortegagna et al., 2003a). Studies from our laboratory of viable HIF-
2a-deficient juvenile mice revealed multiple organ pathology consistent with a
mitochondrial defect (Scortegagna et al., 2003a; Scortegagna et al., 2005). The
pathologic features include retinopathy, cardiac hypertrophy and hematopoietic
deficiency as a result of blunted Epo expression, mitochondrial defects, and
hepatic oxidative stress. The biochemical basis for the phenotype in liver involves
increased oxidative stress due to reduced expression of anti-oxidant enzyme
(AOE) genes, including Sod2 (Scortegagna et al., 2003a) encoding a potent ROS
detoxifying agent that is an essential modulator of mitochondrial homeostasis

(Rabilloud et al., 2001), and frataxin (frx), encoding the oxidative stress-regulated
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chaperone protein essential for stabilization of mitochondrial aconitase (Oktay et
al., 2007).

Concomitant with the in vivo studies, there is a growing body of evidence
demonstrating different biological responses and roles for HIF-1a and HIF-2a in
relation to cellular localization, hypoxic responsiveness and target gene
selectivity. HIF-1a appears to be more important in the early phase of hypoxia,
when the transition from aerobic to anaerobic metabolism is essential for cell
survival. In contrast, HIF-2a. appears to regulate processes that are important for
long-term adaptive or anticipatory responses including the desired, yet potentially

perilous, reoxygenation phase.

Dissertation overview

The first aim of my thesis was to understand the molecular mechanism of
HIF-2a selective activation of the epo gene. | hypothesized that under hypoxia,
HIF-2a, not HIF-1a, is capable of recruiting a transcriptional co-activator to the
Epo enhancer. First, by using bioinformatic analysis and DNA sequence
comparison of several mammalian 3’ Epo enhancer regions, | identified a novel
evolutionarily conserved region adjacent to the HRE that we named BS2 (binding
site 2). To determine the functional relevance of this conserved sequence, |
tested candidate transcription factors using cell culture techniques. | determined
that the BS2 sequence contributes to HIF-2a selectivity through interaction with

the zinc-finger transcription factors Egr1 and Egr2. Synergistic activation of the
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Epo enhancer by Egr1/HIF-20 or Egr2/HIF-2a requires intact HRE and BS2
sequences.

The second aim of my thesis was to identify a regulator that confers HIF-
20 selective activation of target genes. My hypothesis is that target gene
selectivity between HIF-1a and HIF-2a is dictated in part by the capacity of each
HIF-a to differentially recruit co-activators. Transcriptional co-activators, unlike
transcription factors, do not bind directly to DNA, but rather bind to DNA-binding
factors which impacts larger set of target genes. In our HIF-2a. knockout mouse
model, HIF-2a regulates Sod2 and other major AOE (Scortegagna et al 2003a).
In cell culture models, the FoxO family of transcription factors regulates the
transcription of Sod2 and other major anti-oxidant enzymes (AOE). During
oxidative stress, silent mating type information regulator 2 homolog 1 gene or
Sirtuin 1 (Sirt1), a redox-sensing, NAD* dependent deacetylase enzyme,
modulates FoxO transcriptional activity to favor the protective cellular response to
oxidative stress. | demonstrate here that Sirt1 selectively stimulates HIF-2a, but
not HIF-1a, signaling during hypoxia. Sirt1/HIF-2a. signaling does not involve
previously described oxygen-dependent HIF-2a  modifications.  Sirt1
augmentation involves direct binding to and deacetylation of HIF-2a. In cultured
cells and in mice, interventions that decrease or increase Sirt1 activity affect
expression of the HIF-2a. target gene Epo. Thus, Sirt1 is a molecular switch that
promotes HIF-2a signaling during hypoxia and likely other environmental

stresses.
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CHAPTER TWO

Egr proteins confer HIF-2a.-selective activation of the erythropoietin gene:

requirement of a novel regulatory sequence.

INTRODUCTION

Erythropoietin (Epo), a member of the superfamily of cytokines, is the
major endocrine regulator of erythropoiesis or red blood cell production. Epo acts
synergistically with other cytokines to promote progenitor cells of the erythroid
lineage to proliferate and differentiate, thus maintaining the circulating red blood
cell (erythrocyte) mass in a feedback controlled fashion (Lacombe and Mayeux,
1999). Epo mediates the adaptation of an erythroid fate by early pluripotent
hematopoietic stem cells, and also acts later on colony forming unit (CFU)
erythroid cells to prevent their apoptosis and induce at the same time the
expression of erythroid-specific proteins (Lacombe and Mayeux, 1999;
Scortegagna et al., 2005; Scortegagna et al., 2003b). Recombinant Epo has
been used in clinical settings as an erythropoietic stimulating agent in the
treatment of anemia associated with various pathological conditions (cancer,
chronic renal insufficiency) and is being evaluated as a tissue protective mediator
in response to ischemia reperfusion injuries (Konstantinopoulos et al., 2007).

The importance of identifying homeostatic mechanisms regulating epo
gene expression has become evident from recent clinical studies suggesting that

supra-therapeutic levels of exogenous Epo have detrimental effects on patient
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outcomes (Milano and Schneider, 2007; Yoon et al., 2008). Understanding how
epo gene expression is normally regulated will provide novel opportunities for
therapeutic intervention aimed at modulating endogenous Epo production using

existing regulatory mechanisms.

Biological functions of epo

Epo produced in the kidney of adult mammals is the quintessential
hypoxia inducible gene; it is up-regulated up to 1000-fold during hypoxia or
chronic anemia (Ebert and Bunn, 1999). The predominant action of Epo is to
induce red blood cell formation by regulating pluripotent hematopoietic stem cell
maturation. Epo appears to accelerate the commitment of colony-forming unit
erythroid (CFU-E) cells toward proliferation and further maturation, an action that
is primarily due to the anti-apoptotic effect of Epo.

Binding of Epo leads to conformational changes in the Epo receptor
(EpoR) and the associated intracellular Janus family tyrosine protein kinase 2
(JAK-2). These events lead to activation of signal transducer and activator of
transcription 5 (STAT-5), a major mediator of Epo action, as well as other
signaling proteins including protein kinase B/Akt (PKB/Akt). Activated STAT-5
within the nucleus induces the transcription of several genes, including Bcl-X,
which codes for an anti-apoptotic protein of the Bcl-2 family (Sylva et al 1999
JBC). Activation of Akt enables it to inactivate pro-apoptotic proteins such as Bad

and caspase 9 (Chong et al., 2003; Kashii et al., 2000).
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The biological function of epo extends well beyond its erythropoietic
effects and encompasses diverse physiological processes including
angiogenesis, vasculogenesis and cytoprotection. Expression of the epo receptor
is not restricted to hematopoietic cells, and includes neural cells, vascular
endothelium, and muscle progenitor cells (Anagnostou et al., 1990; Brines and
Cerami, 2006; Digicaylioglu et al., 1995). Similar to erythropoiesis, the tissue
protective effects of epo are contingent in part upon its anti-apoptotic properties
(Cerami et al., 2002; Ghezzi and Brines, 2004).

Epo expression is very tightly regulated by developmental, tissue-specific,
and physiological cues (Ebert and Bunn, 1999). The liver is the principle site of
epo synthesis during the prenatal and neonatal stages in mice, but in the adult
mouse Epo expression shifts from the liver to the kidney (Koury and Bondurant,
1988; Semenza et al., 1990). Epo production has also been found in organs
where it has cytoprotective functions. Epo is expressed in the brain, specifically in
neurons and astrocytes (Arai et al., 2002; Masuda et al., 1994) where it promotes
cellular survival and differentiation.

The in situ production of endogenous epo and EpoR transcripts (Awogu
and Abohweyere, 2006; Brines and Cerami, 2005) is regulated in a hypoxia-
dependent manner, suggestive of a paracrine or autocrine action of epo not only
in normal brain development (Chen et al., 2006; Yu et al., 2002), but also as a
cytoprotective agent in response to ischemia/reperfusion injuries (Marti et al.,

2000; Marti et al., 1996). Epo also has a paracrine function in the kidney, where
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EpoR is widely expressed (Westenfelder et al., 1999) and where it has a
cytoprotective effect on interstitial cells and reduces cortical renal blood flow and

urinary solute excretion (Coleman et al., 2006).

Regulation of epo gene expression

In vivo data from our laboratory (Scortegagna et al., 2003a; Scortegagna
et al., 2005) and in vitro data studies from others (Rankin et al., 2007; Warnecke
et al., 2004) suggested that Epo is a HIF-2a specific target gene. Defining the
molecular mechanism that underlies HIF-2o. preferential regulation of Epo gene
expression in comparison to HIF-1a, in spite of the fact that both factors are
capable of binding to the HRE of the epo enhancer, is an active area of
investigation.

Comparison of the human and mouse epo genes provided valuable
information on the location of key regulatory elements in the promoter and aided
in defining a hypoxia-inducible enhancer in the 3’-flanking sequence of the epo
gene located 120 bp downstream of the polyadenylation site (Beck et al., 1991;
Semenza et al.,, 1991; Wang and Semenza, 1993a). This regulatory region is
referred to as the 3’ Epo enhancer region. With the help of hepatoma cells lines
(Hep3B and HepG2), putative hypoxia-activated regulatory DNA sequences of
the epo gene were tested.

Detailed characterization of the Epo 3’ enhancer by transient transfection

experiments and studies with a transgenic mice model defined conserved sites
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critical for hypoxia regulation. Several studies (Beck et al., 1991; Blanchard et al.,
1992; Pugh et al.,, 1991; Semenza et al., 1991) defined a minimal enhancer
region that confers inducibility by cobalt chloride, a chemical mimetic of hypoxia,
by using reporters consisting of Epo enhancer restriction fragments. Based on
these studies, a minimal 3’ enhancer core element of the Epo gene consisting of
a 43 bp restriction fragment extending from the Apa | site to the second Hpa Il
site, was described. This region encompasses critical cis-regulatory elements

responsible for epo hypoxia-dependent responses (Figure 2-1).

ERYTHROPOIETIN
Promoter | I 1 IV V Enhancer

. 1m 1 Bl o
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};
GGCCCTACGTGGTCTCACACAGCCTGTCTGACCTCTEGACCTACCG
HRE HAS DR2 DR2

HIF-a
N

AR

Figure 2-1. Structural organization of the Epo gene. Exons are indicated by
solid black boxes. The 3’ enhancer region highly homologous between human
and murine genes indicated by the red rectangle is expanded for greater detail.
Sites that are functionally critical for hypoxic induction are underlined. Binding of
HIF to the hypoxia responsive element (HRE), HNF4a (hepatocyte nuclear factor
4-a) binding to DR2 (direct repeat 2 sequences) and HIF recruitment of p300 is
illustrated. The trans-activator p300 is capable of interacting with the basal
transcriptional machinery in the promoter and induced epo gene transcription.
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From the 5 end of the minimal epo enhancer region, the epo HRE
(CACGTGCT) was the first hypoxia-responsive element described for a HIF
target gene. Binding of HIF to the HRE site, after hypoxia stabilization, mediates
the hypoxic response of HIF target genes. An intact HRE sequence and HIF
binding are indispensable for hypoxia-induction of epo expression. Downstream
of the HRE, a CACA repeat found in the human epo enhancer, referred to as the
HIF ancillary sequence or HAS, is very important for HIF action, although no
protein has been described that binds to this region (Firth et al., 1995). The
sequence of a third region consists of a direct repeat (DR) of two tandem nuclear
steroid receptor half sites termed the DR2 site. Hepatocyte nuclear factor-4a
(HNF4a) binds to the DR-2 site, making it absolutely required for hypoxic
regulation of epo expression (Blanchard et al 1992). The HNF4a interaction is
believed to contribute to the tissue specificity of Epo gene expression (Ebert and
Bunn, 1999).

During mouse embryonic development,E9.5 to E12.5, another member of
the nuclear receptor family, the retinoic acid receptor-a. (RXRa), binds to the DR2
site and induces HIF-independent epo expression in fetal liver. After E12.5, HNF-
40, activity predominates, competitively blocks RXR-a binding, and may initiate
the switch from retinoid acid control to hypoxic control of epo expression (Makita
et al., 2001). Between E12.5 and E14.5, hepatic epo gene expression is likely
regulated in a HIF-1a dependent manner (Koury et al., 1988; Koury et al., 1991;

Semenza, 1994).
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HIF-2a regulation of epo gene expression in vivo

HIF-1a was initially characterized as a transcription factor binding to the 3’
enhancer of the Epo gene in vitro (Semenza, 1994; Wang and Semenza, 1995)
suggesting a dominant role of HIF-1a in epo gene regulation (Yu et al., 1999).
However, subsequent in vivo and in vitro data indicate that HIF-2a, not HIF-1a, is
the major regulator of Epo gene expression. Systematic comparison between
HIF-1a and HIF-2a in vivo has been scarce due to the lack of a viable HIF-1a-
deficient animal model. Increasing evidence (Rankin et al., 2007; Scortegagna et
al., 2005) has demonstrated the importance of HIF-2a in the regulation of Epo in
Vivo.

In HIF-2a knockout mice maintained in room air or short-term intermittent
hypoxia, there is a significant decrease in renal Epo expression accompanying
the observed anemia compared to wild type littermate mice. Although there are
no significant differences in Epo gene expression for haploinsufficient HIF-2a
mice maintained at room air, Epo expression is blunted in HIF-2a
haploinsufficient mice maintained under short-term intermittent or short-term
continuous hypoxia exposure. For mice treated with hypoxia, there is a significant
decrease in serum Epo protein levels in HIF-2a haploinsufficient compared to
wild type mice (Afsar et al., 2006; Yin et al.) that results in a significant decrease
of the hematocrit. These results indicate that HIF-2a is a critical mediator of renal

Epo production in mice.

19



Cell culture experiments demonstrate functional differences between the
HIF-a subunits by knockdown of endogenous HIF-1a or HIF-2a. expression using
RNA interference (Warnecke et al., 2004). RNAse protection assays showed that
in HeLa and Hep3B cells, HIF-1a knockdown significantly reduced the hypoxic
response of Glut-1, lactate dehydrogenase A (LDH A) carbonic anhydrase /X
(CAIX) and VEGF mRNA expression, whereas HIF-2a. knockdown had no effect
on these genes. The above results supported the importance of HIF-1a in the
regulation of glucose metabolism genes (Glut-1, LDH-A), angiogenic factors
(VEGF) as well as other hypoxia inducible genes (PHD3 and CA /X). In contrast,
Epo mRNA induction is almost completely abolished by knockdown of HIF-2a. in
the hepatoma cell line Hep3B and in neuroblastoma Kelly cells, a neuronal cell
line known to express and induce Epo upon hypoxic stimulation. In both Hep3B
and Kelly cells, HIF-1a siRNA has no significant effect on Epo induction.

The above data suggest that epo regulation in vivo is not regulated at the
level of DNA binding or spatial expression of HIF-1a. Rather, HIF-2a. has an
inherent capacity to activate epo gene expression in the kidney and in cell culture
models. | hypothesized that HIF-2a, but not HIF-1a, possesses an intrinsic
capacity to assemble a more transcriptionally active complex by recruiting
synergistic co-activators. | proposed that such a mechanism would confer upon

HIF-2a the ability to selectively activate the epo gene.
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HIF-2a. selective gene activation is associated with the recruitment of a
transcriptional co activator

Studies in which HIF-1a and HIF-2a hybrid proteins were over-expressed
followed by chromatin immunoprecipitation studies have shown that the selective
activation of HIF target genes is not based solely on the DNA-binding ability of
these factors (Hu et al., 2007). Both HIF-1a and HIF-2a are capable of binding
to the HRE of endogenous target genes, suggesting that binding is not sufficient
for selective target gene activation. Instead, selectivity involves a post-DNA-
binding mechanism mediated by the more heterogeneous carboxy terminal
regions of the HIF-a proteins (Hu et al., 2007; Lau et al., 2007). As defined for the
HIF-1 target gene carbonic anhydrase /X (CA X)), the HIF-1a NTAD region is
sufficient to confer target gene selectivity (Hu et al., 2007). In contrast, for the
HIF-2a target gene prolyl-hydroxylase 3 (PHD3), selectivity requires the HIF-2a
NTAD together with the UR-CTAD (Lau et al., 2007).

Cooperation with other transcription factors may also be required for
maximal or cell type-specific up-regulation of HIF target genes. Ets transcription
factor family members have been implicated in hypoxic gene regulation
(Aprelikova et al., 2006; Kojima et al., 2007). Ets-1 preferentially cooperates with
HIF-2a, but not HIF-1a, to synergistically activate transcription of the VEGF
receptor 2 gene (Flk-1) (Elvert et al., 2003). Interestingly, the physical interaction
between HIF-2a and Ets1 is mediated through the HIF-2a carboxy terminus.

Another Ets family member, Elk-1, cooperates with HIF-2a to activate the target
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genes CITED-2, epo, insulin-like growth factor binding protein-3 (IGFBP3) and
PAI-1 in RCC4 or MCF-7 cancer cells lines (Aprelikova et al., 2006; Hu et al.,
2007).

The NF-kB essential modulator (NEMO) has been identified as a HIF-2a,
but not a HIF-1a, interacting protein from a mammalian two-hybrid screening
(Bracken et al., 2005). In a cell culture model, the specific interaction with NEMO
enhances normoxic HIF-2a transcriptional activity by facilitating p300/CBP
recruitment. However, a requirement for NEMO in the activation of endogenous
HIF-2a target genes has not been described.

Hypoxia triggers the activation of several transcription factors in
mammalian cells besides HIF proteins. Several HIF target genes possess GC-
rich DNA binding motifs in their promoter or enhancer regions (Aprelikova et al.,
2006). Zinc finger transcription factors (Figure 2-2) bind to GC-rich sequences
regulatory regions. Specificity proteins Sp1/Sp3, a ubiquitously expressed family
of zinc finger transcription factors, have been implicated in the hypoxic regulation
of epo and VEGF gene expression (Lee et al., 2004; Sanchez-Elsner et al.,
2004). The Epo promoter is activated by Sp1 in conjunction with HIF-1a during
hypoxia through retinoic acid-activated SMAD3/4. Wilm’s tumor suppressor
protein 1 (WT-1), another transcriptional activator of basal expression of epo
under normoxia, was shown to bind to the epo proximal promoter (Dame et al.,

2006).
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Figure 2-2. Modular structure of Zinc-finger transcription factors
WT1, Sp1/Sp3 and Egr1. These proteins have zinc-finger DNA binding domains
located in the carboxy terminus. WT-1 and Sp1/Sp3 contain respectively a
bipartite glutamine/proline and glutamine rich trans-activation domain on the
amino terminus. The Egr1 protein contains an extended transcriptional activation
domain on the amino terminus and a repression domain (R1) between the
activation and the DNA binding domain that function as a binding site for the
transcriptional repressors NAB1 and NAB2.
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The Egr transcription factor family is comprised of four members in mice
and humans, all of which can bind GC-rich recognition elements. Egr1, Egr2
(Krox20), Egr3 (Pilot), and Egr4 (NGFI-C) are closely related transcription factors
with highly homologous (92%) Cys2-His2 zinc-finger DNA binding domains in the
carboxy terminus and a loosely conserved activation domain in the amino
terminus (Supplemental Figure 1) (Beckmann and Wilce, 1997; O'Donovan et
al., 1999). The Egr proteins recognize similar GC-rich consensus DNA motifs 5'-
CGCCCCCGC-3, suggesting that they may bind to cis-regulatory regions of at
least a subset of the same target genes which are required for cellular
proliferation and differentiation (Chavrier et al., 1990; Swirnoff and Milbrandt,
1995).

Several lines of evidence identified the zinc finger transcription factor early
growth response 1 factor (Egr1), also called ZIF268, NGFI-A (nerve growth factor
inducible gene A), Krox24 and TIS8 (Lemaire et al., 1988; Lim et al., 1987;
Milbrandt, 1987) as a growth factor- and hypoxia-regulated transcription factor
(Lim et al., 1998; Milbrandt, 1987). Hypoxia up-regulated Egr1 mRNA expression,
as well as its DNA binding activity to the IGF-Il promoter, in HepG2 cells (Bae et
al.,, 1999). Egr1 is also up-regulated in the kidney (the main site of epo
expression in the adult) in response to hypoxia or ischemia induced by renal
artery occlusion (Heiniger et al., 2003; Ouellette et al., 1990). Egr1 mRNA levels

are increased in the embryonic liver as well during early postnatal days (Yang et
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al., 2004). These times correlate with the developmental expression of epo in the

liver.

Egr trans-activation capacities can be inhibited by NGFI-A binding co-
repressor proteins 1 and 2 (NAB1 and NAB2) (Russo et al., 1995; Svaren et al.,
1996). NAB proteins possess two regulatory domains called NAB conserved
domains 1 (NCD1) and NAB conserved domain 2 (NCD2) that are necessary for
repression. Repression depends on direct protein interaction between NCD1 and
a conserved region within Egr1, Egr2 and Egr3 called the R1 domain (Swirnoff et
al., 1998). Egr1 binds to the NAB2 promoter and induces its transcription, thereby
establishing a negative feedback loop (Kumbrink et al., 2005). Egr2 is capable of
inducing both NAB1 and NAB2 expression in Schwann cells (Srinivasan et al.,
2007).

Egri-dependent gene expression involves negative or positive
cooperativity with a growing number of transcription or regulatory factors
including NFAT, SF-1, AP-2, p300, RelA (p65), p53, Sp1 and NAB1 (Chapman
and Perkins, 2000; Decker et al., 1998; Lee et al., 1996; Liu et al., 2001; Mouillet
et al., 2004). It is therefore likely that Egr1 does not act alone in response to
hypoxic stress, but instead works in concert with other factors. Egr2 is highly
expressed in the nervous system; it is required for normal nervous system
development and peripheral nerve maturation (Topilko et al.,, 1994). Egr2

expression outside of neural tissues has not been thoroughly evaluated; it
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displays low basal expression in rat liver and human hepatoma cells lines (Kang

et al., 1999).

Rationale and aim

HIF-1a and HIF-2a are both capable of binding to the HRE in the 3’ Epo
enhancer and equally induce minimal Epo reporter activity. However, HIF-2a is
the main regulator of Epo in vivo. | hypothesized that HIF-2a, not HIF-1q, is
capable of recruiting a more transcriptionally active complex through interaction
with specific co-activators. In order to test this hypothesis, | first thoroughly
reevaluated the 3’ epo enhancer region and identified an evolutionarily conserved
sequence conferring the hypoxic response and HIF-2a. selectivity using modern
bioinformatic tools. | defined the biological relevance of these conserved DNA
elements in the regulation of epo gene expression in relation to HIF-1a and HIF-
2a. Next, using a candidate factor approach and bioinformatic analyses of
transcription binding sites, | identified Egr factors capable of binding to one of
these elements. | determined that HIF-2a-selective activation of the epo gene
expression during hypoxia could be explained by a novel and selective

interaction of Egr1 and Egr2 with HIF-2a.
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RESULTS

Identification and functional analysis of evolutionarily conserved elements
in the 3’ epo enhancer region

The minimal epo enhancer region was defined solely by virtue of its
responsiveness to hypoxia, a requirement that led to the identification of the HRE
and subsequently that of HIF-1. However, the minimal epo enhancer reporter is
non-selectively activated by both HIF-1a and HIF-2a in over-expression reporter
assays. | reasoned that the discrepancy between the selective regulation of
endogenous epo gene expression by endogenous HIF-2 and the non-selective
activation of the minimal 3’ epo enhancer in transfection reporter assays by both
HIF-1 and HIF-2 was not due to over-expression artifacts. | instead hypothesized
that this minimal 3’ Epo enhancer region lacked cis-elements important for HIF-
20 selective activation.

To identify putative novel cis-elements involved in HIF-2 selective
activation of the epo enhancer region, we performed an alignment of several
mammalian epo enhancer regions to identify evolutionarily conserved sequences
using bioinformatics and manual inspection (Figure 2-3). Using rVISTA (Loots
and Ovcharenko, 2005), we identified three blocks of evolutionarily conserved
sequences, designated boxes 1 through 3, in the epo enhancer region. The 5’
block, box 1, contains the HRE whereas the 5’ portion of box 2 contains the
recognition site for the HNF-4a nuclear factor, designated as DR2, which has

previously been implicated in the function of the minimal 3’ epo enhancer region.
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Manual and BLAST inspection identified an additional stretch of conserved
sequence located 5’ to box 1. These regions were arbitrarily designated as
putative binding sites (BS) 1 through 3 with the 3’ aspect of BS3 encompassing

the HRE, thus overlapping with box 1.

BS123 BS23 Box1+

Apal
Human AGGTC--CAGGTCCGGGAAACGAGGGGTGGAGGGGGCTGGECCCTACGTGCTGTCTLACA
Pig A-GGCAGCAGGTCTGGGAAACCAGAAGTGGAGGGGGTTGGGCCCTACGTGCAGCCTTGCA

Rabbit TGGGCGTCAGGTCTGGGAAACCAGCGGTGGAGGGGGCTGGGCCCTACGTGCTGCCTLACA

Mouse AAGGCATCAGATCTGGGAAACCAGAGGTGGAGGGGGTTGGECCCTACGTGCTGCCTCGCA
* ok kkk hk kkkkkkk *k  hhkkhkkhkhkkk hhkkhkhkhkkkkkk Kk kk| k¥

BS1 BS2 BS3 HRE HAS
Box1+ Box1
‘H,HaeIII
| [ —
Human CAGCCTGTCTGACCTCTCGACCCTACCGGGCCTGAGGCCACAAGCTCTGCCTACGCTGGT
Pig TGGCCTGTCTGACCTCTTGACCCCACTGGGCCTGAGGCCACAGC - TCTGCCCACGCTGGT

Rabbit CAGCCTGTCTGACCTCCTGACCCCACTGGGCCTGAGGCCACTAGCTCTGCCCACGTTGGT
Mouse TGGCCCGGCTGACCTCTTGACCCCTCTGGGCTTGAGGCCACAATGCCTGCCCACGCTAGT

kk Kk |kkkkkkkk *kkkk * khkhkkk hhkkkkkkkk khkkkk *kk * %%
SBE DR2 Box2
Box12 Box123

Human CAATAAGGTGGCTCCATTCAAGGCCJLACCGCAGTAAGGCAGCTGCCAACC
Pig CAATAAGGTGGCTCCATTCAAGGCOTAGTCCTCAGTA-GGCAGCTGCCAACT,
Rabbit CAATAAGGTGGCCCCATTCAAGGCTGCGTCTCAGTA-GGCAGCTGCCAGG-
Mouse CAATAAGCAGGCTCCATTCAAGGOIGTCTCTCAGTG-|GGCAGCTGCCAACC

*kkkkkk *hkk  kkkkkkkkkkk * kkk*k EEEEEEE X R X

Box3

HQQ'(ZI

Figure 2-3. Evolutionarily conserved elements in the mammalian epo
enhancer region. Using bioinformatics and manual inspection, alignments were
made between human, pig, rabbit and mouse 3’ epo enhancer regions. The
regions designated as Box1, 2, or 3 were identified by rVISTA whereas the
underlined elements designated as binding sites (BS) 1, 2, or 3 were identified by
nucleotide BLAST and manual inspection. The Apal and Haelll restriction sites
define the borders of the 3’ minimal epo enhancer region used in the majority of
epo enhancer reporter constructs. This region contains the HIF recognition
element (HRE), the HIF accessory region (HAS), the SMAD binding element
(SBE), and the dyad recognition element (DR2). The HRE is contained within
Box1 whereas the DR2 element is located at the 5’ aspect of Box2. The open
arrows indicate the boundaries for the 3’ aspect of the deletion constructs
whereas the solid arrows indicate the boundaries for the 5’ aspect of the deletion
constructs.
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To define the functional contribution of the evolutionarily conserved
domains in the 3’ epo enhancer in HIF-2a selective activation, | constructed a
series of 3’ and 5’ deletion constructs of the epo enhancer region and fused them
to a minimal epo promoter placed upstream of the firefly luciferase reporter gene.
These constructs were introduced into either a human embryonic kidney
epithelial cell line, HEK293 or a human hepatoma cell line, Hep3B, along with
expression plasmids encoding constitutively active forms of HIF-1a or HIF-2a,
hereafter designated as P1P2N HIF-1a or P1P2N HIF-2o (Figure 2-4A).
HEK293 cells are commonly used in transient transfection studies, including
those investigating epo enhancer function, whereas Hep3B cells, which show
endogenous epo expression in response to hypoxia, are a model cell line for
endogenous epo regulation in response to hypoxia.

The Epo enhancer reporter transfection data reveal differential
contributions of the conserved sequences to HIF-dependent regulation of epo
enhancer function. First, the parental construct encompassing the entire
conserved region of the epo enhancer, BS123-Box123, has the lowest absolute
activity with HIF activation and exhibits minimal differences with respect to
activation by over-expressed HIF-1a versus HIF-2a. Deletion of box 3 (BS123-
Box12) or both boxes 2 and 3 (BS123-Box1) results in an increase in HIF-2a.
versus HIF-1a activation in both HEK293 and Hep3B cells, likely as a result of
loss of a repressor binding to box 3. This preferential activation of the epo

enhancer by HIF-20 is maintained when BS1 is deleted (BS23-Box1). This
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construct is the first demonstration of an epo enhancer construct showing
preferential activation by over-expressed HIF-2a. compared to HIF-1a. The
preferential activation of the epo enhancer is lost when BS2 is removed (BS3-
Box1). We note the BS3-Box1 construct is virtually identical to the minimal
human epo enhancer region, delineated by an Apal-Haelll restriction
endonuclease fragment, also activated to a similar extent by over-expressed HIF-

1a or HIF-2a.
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Figure 2-4. Contribution of conserved epo enhancer sequences to HIF-
selective activation. (A) Schematic representation of the mouse epo enhancer
reporter constructs used in these transfection studies. The reporter constructs
were made by fusing 3’ followed by 5’ deletions of the mouse epo enhancer to a
mouse minimal epo promoter inserted upstream of the firefly luciferase gene.
The reporter constructs were transfected into (B) HEK293 or (C) Hep3B cells
along with expression plasmids encoding constitutively active forms of HIF-1a or
HIF-2a. generated by alanine substitutions for the two proline (P1P2) and the
asparagine (N) residues that are normally hydroxylated in an oxygen-dependent
manner.
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The transfection data for the deletion epo enhancer constructs support the
existence of repressive cis-element(s) in box 3, and presumably trans-acting
repressive factors, that modulate HIF-2 activation of the epo enhancer region.
The deletion reporter data also support the existence of an activating cis-
element(s) in BS2, and presumably frans-acting activating factors, that selectively
potentiate HIF-2 activation of the epo enhancer region. To determine if BS2
contributes to hypoxia dependent activation of the epo enhancer, | used the
reporter that was preferentially activated by HIF-2a (BS23-Box1) and constructed
a site-directed mutation of the epo enhancer region that alters the sequence of
BS2 (mutBS2-BS23-Box1). | compared the hypoxia inducibility of the parental
BS23-Box1 and the BS2 point mutant, muBS2-BS23-Box1, to a similar construct
in which | altered the sequence of the HRE (mutHRE-BS23-Box1) or a construct

in which BS2 was deleted (BS3-Box1) (Figure 2-5).
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Figure 2-5. BS2 contributes to hypoxia-induced epo enhancer activity.

(A) Schematic representation of the mouse epo enhancer reporter constructs
used in these transfection studies. The reporter constructs were either deletion
(BS3-Box1) or point mutations (mutBS2 BS23-Box1, mutHRE BS23-Box1) of the
mouse epo enhancer reporter that is efficiently and preferentially activated by
HIF-2 (WT BS23-Box1). The reporter constructs were transfected into (B) Hep3B
cells and then exposed to continuous hypoxia (1% oxygen) for 16 hours.
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The effects of BS2 deletion or mutation upon the BS23-Box1 Epo
enhancer reporter construct function indicate that BS2 is important for optimal
hypoxia inducibility. Both of these constructs exhibited a significant reduction in
hypoxia inducibility relative to the parental epo enhancer construct (BS23-Box1).
Although alteration or elimination of BS2 sequence reduced hypoxia-induced
activation of the epo enhancer by up to half, BS2 is not sufficient for hypoxia
inducibility as evident by the effect of the HRE site-directed mutation (mutHRE-
BS23-Box1). | note that similar basal levels of activity were present for all epo
enhancer reporters, indicating that BS2 contributes substantially to the absolute
responsiveness of the epo enhancer to hypoxia.

To evaluate if BS2 sequence was also important for HIF-2a preferential
activation of epo enhancer reporter, | over-expressed P1P2N HIF-1a or P1P2N
HIF-2a. together with the epo enhancer reporter containing the site-directed
mutation of BS2 (mutBS2-BS23-Box1) compared to the parental construct
(BS23-Box1) (Figure2-6A). As shown, mutation of BS2 abrogates preferential
activation of the epo enhancer by HIF-2a relative to HIF-1a in both HEK293 (data
not shown) and Hep3B cells (Figure 2-6B). Immunoblots of epitope tag over-
expressed P1P2 HIF-1a and P1P2N HIF-2a show similar level of HIF-o. (Figure
2-6B). These data confirm results observed with the BS2 deletion construct

(BS3-Box1) in the presence of HIF over-expression (Figure 2-4).
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Figure 2-6. BS2 confers HIF-2 selective activation of the epo enhancer

(A) Schematic representation of the mouse epo enhancer reporter constructs
used in these transfection studies. The reporter constructs were either a mouse
epo enhancer reporter that is efficiently and preferentially activated by HIF-2 (WT
BS23-Box1), or the same construct with point mutations introduced into BS2
(mutBS2 BS23-Box1). The reporter constructs were transfected into (B) Hep3B
cells along with expression plasmids encoding constitutively active forms of HIF-
1a or HIF-2a. (C) Exogenous P1P2N HIF-1a and HIF-2a proteins exhibit similar
stability. Whole cell extracts (WCE) from HEK293 or Hep3B cells expressing
P1P2N HIF-10:HA or P1P2N HIF-20:HA were immunoblotted using antibodies

recognizing the HA epitope tag or a-tubulin.
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Identification of candidate transcription factors that bind to conserved BS2
element

| hypothesized that the evolutionarily conserved BS2 sequence dictates
HIF-2a selective activation of the Epo enhancer. To test this hypothesis, | used a
transcription factor binding site analysis database (TRANSFAC TFscan) of
eukaryotic cis-acting regulatory DNA elements and trans-acting factors to

interrogate mammalian epo enhancer regions (fip://fip.ebi.ac.uk/pub/databases/

transfac/transfac32.tar.Z). This database includes yeast to human transcription
factors and their recognition sites. The BS2 GC-rich sequence fits the consensus
sequence of zinc-finger transcription factors Sp1 /Sp2, WT-1 and Egr family
members (Figure 2-7A), and a weak Ets binding site consensus.

To determine whether Sp1/Sp3 and WT1 can confer HIF-2a selective
activation of the epo enhancer BS23 epo promoter reporter through the BS2
element, | compared activation of the parental epo enhancer reporter (BS23-
Box1) with the site-directed mutation of BS2 (mutBS2-BS23-Box1) (Figure 2-
7B). | transfected HEK293 (data not shown) and Hep3B cells with the BS23-Box1
or the mutBS2-BS23-Box1 reporter in conjunction with either P1P2N HIF-1a or
P1P2N-HIF-2a. Sp1 protein over-expression has no significant effect upon HIF-
10 or HIF-2a activation of the epo enhancer reporters, whereas Sp3 and WT1
reduces or increases HIF-1a and HIF-2a activation in a non-selective manner
respectively (Figure 2-7C). Mutation of BS2 does not abrogate Sp3 or WT1

effects on HIF-1a or HIF-2a.

36



l\ BS1 BS2 BS3 HRE

Consensus: YCTGGGAAACYAGRGGTGGAGGGGGYYRGGCCCTACGTGCYGCCTC
*gS**agggtgcacar*ck L ¥ ¥Mrgh_* ¥k kkkkkkkkkakttar

small=1/8; large=2/8; ¥Y=C,T; R=A,G; M=A,C; K=G,T; S=C,G
Organisms: human, mouse, rat, rabbit, dog, armadillo, elephant, pig

Consensus Human Mouse
BS2: Ets(lo)/core

[GGAG] GGAG GGAG GGAG

Spl

[ KRGGCKRRK] GRGGtGGAG GGGGtGGAG GAGGtGGAG
GGtGgaGGG GGtGgaGGG GGtGgaGGG
GGaGgGGGY GGaGgGGGG GGaGgGGGT

Egr

[GNGKGGGYG] GRGGtGGaG GGGGtGGaG GAGGtGGaG
GTGGaGGgG GTGGaGGgG GTGGaGGgG
GAGGGGGYy GAGGGGGCt GAGGGGGTt
GGyyrGGCc GGcTGGGCc GGtTGGGCc

B Epo Enhancer Epo Promoter Luc

BS2 BS3-HRE/Box1

WT BS23-Box1 .-._:vaq_r>
mBS2 BS23-Box1 --:I-D\/-I_r>

¢ 120
Hep3B

c

o

=

@©

=

) i

o 60

<

3

o

T8

0 4

PIP2NHIF-1o. — * * + + - = == -+ 4+ 4+ - - —-
PIP2NHIF-20. = =~ = ~ TEFE mmm s e
sp1 - -+ - - - + - - - —+ - - -+ = =
Sp3 - —_- -+ = - =+ - - —_ — F = - = ¥ -
WTH1 - —_ - — + = = -+ - —_ - =+ = = -+
Reporter WT BS23-Box1 mBS2 BS23-Box1

Figure 2-7. Candidate approach of the evolutionarily conserved BS2
sequence. (A) Candidate transcription factor binding site in the conserved epo
enhancer sequence BS2 adjacent to the hypoxia responsive element (HRE). A
consensus sequence was generated based on the conservation in mammalian
species and evaluated for transcription binding site using software analysis
programs (TFscan, rVISTA) and manual inspection (Akuzawa et al., 2000; Al-
Sarraj et al., 2005). (B) Set of reporters used in transfection assays in which
mBS2-BS23-Box1 have point mutations in the BS2 region. C) Over-expression of
P1P2N HIF-1a or P1P2N HIF-2a together with Sp1, Sp3 or WT1 in Hep3B in the
presence of the indicated reporters.
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The Egr transcription factor family members are potential candidates that
may bind to the BS2 region. | investigated whether Egr members could act
synergistically with HIF-2a to activate the BS23 Epo enhancer. Over-expression
of Egr1, Egr2, Egr3, and Egr4 (Figure 2-8A) together with the P1P2N HIF-1a or
P1P2N HIF-2a revealed synergistic activation by Egr1 and Egr2 with HIF-2a, but
not HIF-1a, in both HEK293 as well as Hep3B cells (Figure 2-8B). Egr3 had no
significant effect on either HIF-1a or HIF-2a activation of the Epo enhancer
construct, whereas Egr4 repressed both HIF-1a as well as HIF-2a activation of
the epo enhancer. These data revealed a selective role for Egr1 and Egr2 on
HIF-2a. activation of the BS23-Box1 Epo enhancer construct.

To determine if Egr1 and Egr2 act through the BS2 element, we examined
the activation of the Epo enhancer reporter containing the site-directed mutation
of BS2 (mutBS2-BS23-Box1), compared to activation of the parental construct
(BS23-Box1) (Figure 2-8C). Egr1 or Egr2 augmentation of the epo enhancer
reporter with HIF-2a. is abrogated by BS2 mutation. Egr1 and Egr2 require an

intact BS2 to synergistically activate the epo enhancer with HIF-2a..
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Figure 2-8. Egr1 and Egr2 act synergistically with HIF-2 to augment epo
enhancer activity. (A) Schematic representation of the mouse epo enhancer
reporter construct used in these transfection studies. The reporter construct was
a mouse epo enhancer reporter that is efficiently and preferentially activated by
HIF-2 (WT BS23-Box1). The reporter construct was transfected into (B) Hep3B
cells along with expression plasmids encoding constitutively active forms of HIF-
1a or HIF-2a. with or without expression plasmids encoding each of the four Egr
family members (Egr1, 2, 3, 4). (C) Over-expression of Egr1 or Egr2 together
with HIF-2a using the BS2mut BS23-Box1 or the BS23-Box1 parental reporter.



The NAB2 protein inhibits Egr transcriptional activity by direct protein
interaction between the NAB2 NCD1 domain and the conserved R1 domain
present in Egr1, Egr2 and Egr3, but absent in Egr4 (Houston et al., 2001; Svaren
et al., 1996). The repressive interaction of NAB2 to Egr can be abrogated by
point mutation of a conserved glutamate (E82K) in the NAB2 conserved domain
1 (NCD1) making it dominant negative form (dnNAB2). A point mutation within
the R1 domain of Egr1 (I 292F) or Egr2 (I 218F), which abrogates interaction
with NAB proteins renders, Egr1 and Egr2 constitutively active (CA Egri1, CA
Egr2).

To further examine the influence of Egr signaling in epo enhancer function,
we over-expressed together with P1P2N HIF-2a the wild type (WT) or dominant
negative (dn) forms of NAB2, in either the presence or absence of Egr1 or Egr2
(Figure 2-9). The over-expression of WT NAB2 or dnNAB2 has no effect on HIF-
2a. transcriptional activity per se. WT NAB2 over-expression blocks Egr1 and
Egr2 synergy of the epo enhancer reporter with P1P2N HIF-2a.. CA Egr1 and CA
Egr2 are insensitive to the repressive effect of WT NAB2. The over-expression of
dn-NAB2 did not affect HIF-2o/Egr1 and HIF-20/CA Egr1 synergy; however, it
further stimulated HIF-2a/WT Egr2 and HIF-20/CA Egr2 activation of the BS23-

Box1 epo enhancer reporter.
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Figure 2-9. NAB2 represses Egr1 and Egr2 activation of the epo enhancer.
The BS23-Box1 epo enhancer epo promoter reporter construct was transfected
into Hep3B cells along with expression plasmids encoding P1P2N HIF-2o with or
without expression plasmids encoding Egr1 or Egr2 with or without wild type
(WT) or dominant negative (dn) forms of the Egr repressor protein NAB2.
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HIF complex formation with Egr1 and Egr2

To determine if Egr synergy is conferred by selective complex formation
with HIF-2a, we performed a co-immunoprecipitation assay by co-expressing
P1P2N- HIF-1o:HA or P1P2N- HIF-1a:HA together with WT vsv-g tagged Egri,
Egr2, Egr3, or Egr4 proteins in HEK 293 cells (Figure 2-10). Egr1 protein is
extremely unstable under normoxic conditions. To prevent its degradation, |
treated Egr1 transfected cells with the proteasome inhibitor MG132 (Bae et al.,
2002). In HA pull down assays followed by immunoblots against HA and vsv-g,
Egr1 selectively interact with HIF-2a, but not HIF-1a. In contrast, Egr2 interacts
with both HIF-1a. and HIF-2a, in spite of the fact that it only augments HIF-2a
trans-activation. Egr3 binds to neither HIF-1a nor HIF-2a. whereas Egr4, which
inhibits both HIF-1a and HIF-2a, formed stable complexes with both HIF-a

isoforms (Figure 2-10).
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Figure 2-10. Egr1 selectively interact with HIF-2a, Egr2 and Egr4, but not
Egr3; form a complex with HIF-1a and HIF-2a. (A) Western blots (WB) using
whole cell extracts from HEK293 cells transfected with expression plasmids
encoding epitope-tagged P1P2N HIF-1a, P1P2N HIF-2a:HA along with vsv-
g:Egr1, Egr2, 3, or Egrd representing 10% input. (B) Western blots (WB) of the
HA (P1P2N HIF-a) co-immunoprecipitation (IP) fraction from the whole cell
extracts described above with a monoclonal antibody against the indicated
epitope tag.



Physical interactions between Egr2 and full length HIF-1a or HIF-2a is
necessary, but not sufficient, to induce synergistic activation of the epo enhancer
reporter. To further define the nature of the HIF-1o/Egr2 and HIF-2a/Egr2
interaction, | constructed a series of HIF-1a and HIF-2a deletion constructs that
were over-expressed in HEK293 cells together with WT vsv-Egr2. The P1P2N
HIF-1a:HA carboxy terminus deletion NTAD-UR-CTAD (aa# 351-826) co-
immunoprecipitates with Egr2 as well as the amino terminus deletion (aa# 1-572)
containing the bHLH-PAS-NTAD domains. However, the HIF-1a N-terminus
bHLH PAS (aa# 1-351) and the UR CTAD (aa# 573-826) deletions failed to form
stable complexes with Egr2.

Using similar P1P2N HIF-2a deletions, only the amino terminus bHLH-
PAS (aa# 1-350) failed to interact with Egr2 in HA pull-down assays. The carboxy
terminus NTAD-UR-CTAD region (aa# 351-870) as well as the UR-CTAD region
(aa 543-870) form stable complexes with Egr2 (Figure 2-11B). To further
delineate the domain in HIF-2a required for stable interaction with Egr2, | made
several deletions of the carboxy terminus region of P1P2N HIF-2a:HA (Figure 2-
11B). In co-immunoprecipitation assays followed by HA and vsv-g epitope
immunoblots, Egr2 stably interacts with the NTAD and UR-CTAD domains of
HIF-2a (Figure 2-11D). The HIF-2a UR domain alone is not sufficient to interact
with Egr2. Whether it participates in the HIF-2o0 CTAD interaction with Egr2

remain to be explored.
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Figure 2-11: Egr2 interacts with NTAD domain of HIF-1a but with NTAD and
CTAD domains of HIF-2a.. (A) Schematics of the HIF-1a/HIF-2a deletions used
for co-immunoprecipitation (IP). (B) Western blot (WB) of the immunoprecipitated
(IP) HA—tagged HIF-a deletion along with vsv-g:Egr2 from HEK293 whole cell
lysate over-expressing either the P1P2N HIF-1a orP1P2N HIF-20 deletion
constructs together with vsv-g:Egr2. (C) HIF-2a:HA deletions used in co-IP with
vsv-g:Egr2. (D) Western blot (WB) of immunoprecipitated (IP) HIF-2a:HA
deletions together with the vsv-g:Egr2. Input is whole extract representing 10% of
the IP protein.
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To identify the region of HIF-2a conferring Egr1 and Egr2 synergistic
activation, | constructed hybrid forms of HIF-1a and HIF-2a in which the UR-
CTAD carboxy terminal regions of the proteins were exchanged (Figure 2-12 A).
The HIF-1o/HIF-20 hybrids and the parental HIF-a forms were over-expressed in
the absence or presence of Egr1 or Egr2 (Figure 2-12B) in Hep3B cells together
with the BS23-Box1 epo enhancer reporter. The data indicate that Egr1 or Egr2
synergistic activation of HIF-2a signaling is conferred by the HIF-2a carboxy
terminal UR-CTAD region. Exchange of the HIF-1a UR-CTAD region with the
HIF-20. UR-CTAD region results in a hybrid protein that exhibits Egr synergistic
signaling whereas the converse results in a hybrid HIF protein without synergistic
Egr signaling. The hybrid results, taken together with the interaction domain
results, suggests that the HIF-2o. UR-CTAD domain is necessary for Egr synergy

with HIF-2a..
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Figure 2-12: Egr1 and Egr2 activation are conferred through the HIF-2a
carboxy terminal region. (A) Schematic representations of the mouse epo
enhancer reporter construct (WT BS23-Box1) and the parental constitutively
active forms of HIF-1a or HIF-2a. as well as hybrid constructs in which the unique
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between HIF-1a and HIF-2 in Hep3B cells (B) reporter assay with BS23-Box1
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o parental and hybrid proteins in the absence or presence of Egri or Egr2.
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Relevance of Egr in the regulation epo in cell culture

Next, | examined levels of endogenous HIF-1a, HIF-2a, Egr1, Egr2, and
NAB2 protein level in Hep3B cells treated with hypoxia at various times. From
nuclear extracted proteins, (Figure 2-13A) western blotting analyses indicate an
early transient peak of HIF-1a as well as Egr1 and NAB2 protein level within the
four first hours of treatment whereas HIF-2a and Egr2 protein levels showed a
delayed and sustained induction with hypoxia. To assess the in vivo relevance of
Egr signaling to endogenous Epo mRNA expression, | purified total RNA from
Hep3B cells treated with hypoxia and determined Epo, Egr1 and Egr2 mRNA
expression by real-time RT-PCR experiments. The data revealed a sustained
exponential increase of Epo mRNA expression in response to hypoxia for the
duration of the experiment (Figure 2-13B). Egr1 mRNA increased gradually with
hypoxia and peak at 8 hrs whereas Egr2 mRNA expression level remains

invariable (Figure 2-13C D)

48



Hep3B Hypoxia Exposure (Hrs)

< 60
0 1 2 4 8 16 zZ
¥ c Epo/Hep3B
g9
| - e e ™ W« c ®
S Q30
- @« ®« ®« ® ® |TFD s
s X
B (]
- o
| - w=b o8 & ||.|||:_2a w ]
|-----—|TFIIDC < 6
zZ Egri/Hep3B
X c
‘ - 9 % ‘Egr1 Eg
@« a888 s 38
< o
3 X
E o
o
- e T W %W %9 Egr2 w 0
2
> @& eéaeaaea s D < ——
X c
) NAB2 EQ
(v 9 @ » | =%,
. o 2
o> ew» @ e ew» e | «-Tubulin < s
S X
E o
o o
E ¢ %0 - 0 1 2 4 8 16
1]
g _ Epo ChIP/Hep3B Hypoxia exposure (hr)
£5
0 Q
= £ —
8 o 201
:“
© C
£0
==
o ©
8.:
S = 10
HE
E
5o ol o o
ChIP IgG antibody  control HIF-2a Egr1 Egr2

Figure 2-13: HIF, Egr protein and epo mRNA expression profile in hypoxia-
treated Hep3B cells. (A) Western blots of endogenous HIF-1a, HIF-2a, Egri,
Egr2 and NAB2 as well as the loading controls TFIID, Sp1 and a-tubulin. Extracts
were prepared from Hep3B cells at 0, 1, 2, 4, 8, and 16 hours following
continuous hypoxia exposure (1% oxygen). (B) Epo, Egr1 (C) or Egr2 (D) mRNA
levels as determined from a portion of the same cells exposed to continuous
hypoxia as above. The measurements were made by semi-quantitative real-time
RT-PCR determined relative to p-actin normalized
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Recruitment of transcription factor to target gene regulatory sequences is
a pre-requisite for activation. To determine if Egr1 and/or Egr2, as well as HIF-
20, are associated with the endogenous epo enhancer chromatic region following
hypoxia exposure in Hep3B cells, we performed chromatin immunoprecipitation
(ChIP) experiments after 4 hr and 8 hr following the onset of hypoxia compared
to normoxia control (0 hr) (Figure 2-13 E). As seen below, both Egr1 and Egr2
binding to the endogenous Epo enhancer region is increased following hypoxia
exposure. Binding of Egr1, Egr2, and HIF-2a. are maximal at 4 hr relative to the
room air or 8 hr hypoxia time-point.

To determine if endogenous Epo gene expression can be affected in
Hep3B cells by either positively or negatively altering of Egr signaling proteins, |
over-expressed P1P2N HIF-1a or P1P2N HIF-2a in the presence or absence of
WT Egr1, WT Egr2, or dnNAB2. The level of Epo expression induced by P1P2N
HIF-1a is dramatically lower than that of P1P2N HIF-2a. Over-expression of
P1P2N HIF-1a together with WT Egr1, WT Egr2 or dnNAB2 did not further
increase the level of epo induction (Figure 2-14A). WT Egr2 or dnNAB2 over-
expression with P1P2N HIF-2a resulted in synergistic activation of endogenous
epo gene expression. The magnitude of Epo induction was close to or exceeded
the level of induction observed upon hypoxia exposure. Wt Egr1 over-expression
with P1P2N HIF-2a failed to increase Epo mRNA to levels higher than that of
HIF-2a. alone. This might be due to the low level of Egr1 proteins in normoxia

(Figure 2-14D).
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Figure 2-14: Egr1 and Egr2 over-expression regulate endogenous epo
expression in Hep3B cells. (A) Real-time RT-PCR of endogenous epo
expression in Hep3B cells over-expressing P1P2N HIF-1a or P1P2N HIF-2a
together with WT Egr1, WT Egr2 or dn NAB2 under normoxia (N). Hypoxic
treated Hep3B cells for 16 hrs (H) was used a positive control. WT Egr1, WT
Egr2 and dn NAB2 over-expressed alone are used as control. (B) Real-time RT-
PCR of endogenous epo in normoxic Hep3B cells over-expressing P1P2N HIF-
2o in the presence or absence of wtEgr2 and/or WT NAB2, (C) CA Egr1, CA
Egr2 or dnNAB2. (D) Western blot (WB) analysis of 20ug of total protein from
over-expressed CA Egr1, Wt and CA vsv-g:Egr2, WT Flag:NAB2 or dn
Flag:NAB2 in Hep3B cells *p<0.05, **p<0.0001).
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Over-expression of the Egr co-repressor NAB2 has no effect on P1P2N
HIF-2a activation of epo gene expression in Hep3B cells. However, when over-
expressed with P1P2N HIF-2o and WT Egr2, WT NAB2 dramatically reduced
endogenous epo expression to levels substantially lower than P1P2N HIF-2a
alone induction (Figure 2-14B). Endogenous NAB proteins are capable of
inhibiting the activity of the low level of Egr1 protein over-expressed in our cell
culture experiment. To circumvent NAB inhibitory effect, over-expression of CA
Egr1, similar to CA Egr2, significantly increased P1P2N HIF-2a mediated
induction of endogenous Epo (Figure 2-14C).

Egr1 and Egr2 protein level can be knocked down by short hairpin RNA
(shRNA) over-expression in Hep3B cells treated with hypoxia (Figure 2-15A).
Epo mRNA expression is significantly reduced after knockdown of either
endogenous Egr1 or Egr2, and is further reduced by combined knockdown of
both Egr1 and Egr2 (Figure 2-15B). Combined knockdown of Egr1 and Egr2
show an additive affect upon reduction of epo mMRNA levels below 50% of control.
Levels of a classical HIF target gene, vascular endothelial growth factor (VEGF)
MmRNA expression was not affected by Egr1, or Egr2 knockdown, or by the
combination of Egr1 and Egr2 shRNA knockdown (Figure 2-15C), suggesting the

specificity of Egr1 and Egr2 signaling to epo gene expression.
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reduce endogenous epo
expression in Hep3B cells under hypoxia. (A) Western blot (WB) analysis of
Egr1 and Egr2 nuclear proteins following knock down with short hairpin RNA
(shRNA) compared to control non-silencing shRNA in Hep3B cells treated with
hypoxia TBP is used a loading control. (B) Real time RP-PCR analysis of
endogenous epo expression in Hep3B cells treated with hypoxia after Egr1, Egr2
or Egr1+Egr2 shRNA knockdown. (C) As a control VEGF mRNA expression is
assessed from the same samples. (*p<0.05, **p<0.0001 compared to control
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Egr transcription family members share a homologous zinc-finger carboxy-
terminal DNA-binding domain (Supplemental Figure 2). Egr3 does not interact
with HIF-2a, nor does it augment HIF-2a transcriptional activity. To determine the
molecular mechanism by which Egr2 augments HIF-2a trans-activation of the
BS23-Box1 Epo enhancer reporter, | made Egr2/Egr3 hybrids by swapping the
Egr2 trans-activation domain (TAD) alone, or Egr2 TAD and repressor R1
domain with, respectively, the Egr3 zinc-finger domain or Egr3 R1 and zinc-finger
domain, and vice-versa (Figure 2-16A). The parental as well as the Egr2/Egr3
and Egr3/Egr2 hybrids expression vectors were transfected together with the
P1P2N HIF-2a. and the BS23-Box1 epo enhancer reporter in Hep3B cells. The
reporter assays data show that the TAD domain of Egr2 (aa# 1-99) confers
synergistic activation with HIF-2a;; the TAD domain of Egr3 fused to the Egr2
carboxy terminus R1 and zinc-finger domains failed to augment HIF-2a trans-
activation (Figure 2-16B).

In order to identify the Egr2 domain that confers complex formation with
HIF-2a, | performed a co-immunoprecipitation experiment between P1P2H HIF-
20:HA and vsv-g:Egr2/Egr3 hybrids as well as the Egr parental constructs
(Figure 2-16C). HA (HIF-o) immuno-precipitation (IP) followed by western blot
(WB) against HA and vsv-g epitope tag showed that Egr2 TAD domain is
required for interaction between Egr2 and HIF-2a. These data suggest that
binding of Egr2 to BS2, together with interaction with HIF-2a, are necessary for

Egr2 synergistic activation of the Epo enhancer.
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Figure 2-16. Trans-activation domain of Egr2 confers synergistic activation
with HIF-2a. (A) Schematics of Egr2/Egr3 (Egr2/3) hybrid constructs where the
trans-activation domain (TAD), the R1 repressive domain or the zinc-finger DNA-
binding domains (zf) were swapped between vsv-g:Egr2 and vsvg:Egr3. (B)
Transient transfection reporter assay in Hep3B cells with BS23-Box1 epo
enhancer reporter along with expression plasmids encoding the P1P2N HIF-2a in
the absence or presence of Egr2/Egr3 parental and hybrid proteins. (C) Co
immuno-precipitation of assays (IP) between over-expressed P1P2N HIF-20:HA
and vsv-g:Egr2/Egr3 after HA IP followed by western blots (WB) against

designated tags.
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DISCUSSION

Epo gene expression is dynamically and tightly regulated. The
identification of a novel evolutionarily conserved regulatory element, BS2,
introduces another level of complexity to the regulation of epo gene expression
(Figure 2-3). Deletion and site-directed mutagenesis data indicate that BS2 is an
essential cis-acting element required for optimal induction of the Epo enhancer
reporter with HIF-2a, but not HIF-1a over-expression or under hypoxia (Figure 2-
4B, Figure 2-5B). Deletion or point mutation of the BS2 abrogates HIF-2a
selective activation of Epo enhancer reporter in transient transfection assay.
These observations are suggestive of a frans-acting factor that binds to BS2
involved in preferential activation of the Epo enhancer region by HIF-2a.

Using a candidate approach, we identified Egr1 and Egr2 as factors that
synergistically activate the Epo enhancer with HIF-2a through the BS2 region.
Egr1 activation under hypoxia is HIF-independent. Egr1 expression is induced by
members of the protein kinase C (PKC) family, in particular PKC f (Yan et al.,
2000) and PKCa upstream in the RAF/RAS/ERK1/2 signaling pathway (Lo et al.,
2001). Egr1 or Egr2 synergistically activates HIF-2a, but not HIF-1a, signaling.
However, Egr1 or Egr2 over-expression alone has no effect upon Epo enhancer
activity or endogenous epo expression (Figure 2-14A) indicating a synergistic,
rather than an additive, effect of Egr1 and Egr2 upon HIF-2a activation of the
BS23-Box1 epo enhancer reporter. Endogenous Egr1 and or Egr2 knockdown

significantly reduced epo gene expression, but did not alter Vegf gene expression
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in Hep3 cells treated with hypoxia (Figure 2-15C). These data suggest that the
HIF-2a/Egr signaling might be exclusive to a limited HIF target gene regulation in
Vivo.

The HIF-2a/Egr synergy can be altered by NAB2, a known inhibitor of
Egr1 and Egr2 signaling (Sharp et al., 2004; Srinivasan et al., 2007), and
expectedly the NAB-repression of Egr1 and Egr2 signaling is eliminated by
dnNAB2. Over-expression of dnNAB2 together with P1P2N HIF-2a significantly
augments endogenous epo expression compared to P1P2N HIF-2a alone in
normoxic Hep3B cells (Figure 2-14). NAB2 protein does not alter Egr protein
DNA binding capacity, but rather forms a complex with Egr and inhibits its
transcriptional activity (Svaren, 1996 #12846). NAB2 proteins can homodimerize
and heterodimerize with NAB1 protein. The dnNAB2 protein retain the capacity to
form multimers and can titrate away endogenous NAB proteins. DnNAB2
prevents binding of the endogenous NAB1 and NAB2 to Egr proteins (Venken et
al., 2002), thereby allowing Egr to be constitutively active. We are actively
investigating the molecular mechanism of Egr/NAB repression of the epo
transcription.

Egri/NAB2 and Egr2/NAB2 complexes might prevent Egr1 and Egr2
interaction with HIF-2a, reducing the efficient activation of epo gene expression.
Another mechanism of NAB2 repression of HIF-2a/Egr synergy is that upon
binding to Egr1 or Egr2, NAB2 protein can recruit through its NCD2 domain the

CHD4 (chromodomain helicase DNA-binding protein 4) subunit, an integral
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component of the NuRD (nucleosome remodeling and deacetylase) chromatin
remodeling complex which represses transcription using both histone
deacetylation and nucleosome mobilization (Mager et al., 2008; Srinivasan et al.,
2006). In future studies, we will determine whether over-expressed NAB2 recruits
the transcriptional repressive NURD complex to the Epo enhancer in Hep3B cells.

Egr3 did not activate or complex with HIF-1a or HIF-2a. Egré4 interacts
with and inhibits both HIF-1a. and HIF-2a. Egr4 can repress both HIF-1a and
HIF-20. mediated activation of the Epo enhancer, independently of BS2. /n vivo,
Egr4 expression is predominantly at high levels in the forebrain in areas where
Egr1 and Egr2 are simultaneously expressed (Crosby et al., 1992) and at very
low levels in maturing male germ cells. In Hep3B cells, Egr3 and Egr4 levels are
borderline detectable and remain unchanged during hypoxia (data not shown). It
is quite possible that Egr4 is a relevant inhibitor of HIF signaling in select cell
types and might compete with Egri and Egr2 in the regulation of HIF-2a
regulated Epo expression in the brain.

The mechanism by which Egr2 interacts with HIF-1a or HIF-2o and
synergistically activates of the epo gene is presumably more complex. Egr2
interacts with both HIF-1a and HIF-2a; however, the nature of the interaction is
different. Egr2 interacts with HIF-1a through the HIF-1o NTAD domain (Figure 2-
11) and with HIF-2a through both trans-activation domains NTAD and CTAD.
These data are suggestive of Egr2 anchored to HIF-2a. via the NTAD and CTAD.

In contrast, Egr2 interacts with HIF-1a only through the NTAD. This conclusion is
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similar to other studies indicating that HIF-1o gene activation is dictated by the
HIF-10. NTAD/ODD domain whereas HIF-2a gene selectivity is conferred through
both the NTAD/ODD and CTAD domains (Hu et al., 2007). Whether HIF-1a/Egr2
interaction also regulate HIF-1a specific gene activation in vivo remain unknown.

Over-expressed Egr1 forms a stable complex with HIF-2a after inhibition
of protein degradation using MG132 (Bae et al., 2002). Egr1 can only interact
with HIF-2a, but not HIF-1a. In HIF hybrids transfection assay, Egr1 synergistic
activation of the Epo enhancer requires the HIF-2a. UR-CTAD region. In future
immunoprecipitation experiments, | will determine the nature of the Egri1/HIF-2a
interaction using P1P2N HIF-2a.:HA deletion constructs over-expressed with WT
vsv-g:Egr1 in the presence of MG132. Furthermore, the use of Egri1/Egr3 hybrids
constructs will allow me to determine Egr1 domains that confer not only
posttranslational instability, but also confer interaction with HIF-2a in co-
immunoprecipitation assay.

Egr1 and Egr2 proteins are induced during hypoxia with different kinetics
in Hep3B cells. Egr1 is characterized by an early and transient induction similar
to HIF-1a whereas Egr2 is induced with a late and more sustained induction
similar to HIF-2a. (Figure 2-13A). This induction of Egr2 is not directly a resultant
of mMRNA expression, since Egr2 mRNA was unchanged during hypoxia. Egr1
and Egr2 proteins might display increased nuclear translocation during hypoxia
as described during viral infection (Silva et al., 2006). Alternatively, Egr2 protein

levels may increase passively by interaction with HIF-2a as it is stabilized during
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hypoxia. HIF-2a, together with Egr1 and Egr2, are recruited to the Epo enhancer
during hypoxia (Figure 2-13 E) and synergistically induce endogenous epo
expression (Supplemental Figure 4 model).

The cell culture experiments have laid the groundwork for subsequent in
vivo experiments using mouse models to assess the role of Egr signaling during
in vivo epo production. Matings of Egr2/cre-recombinase knock-in mice with
floxed HIF-2a mice will allow us to determine whether cell co-expressing Egr2
and HIF-2a in mice are important for control of epo gene expression in vivo. Egr1
knockout mice treated with short-term continuous hypoxia will allow us to
determine the biological function of Egr1 in the regulation of Epo expression. The
induction of hepatic epo production can be modulated using adenoviral delivery
systems with combinations of P1P2N HIF-2a, WT Egr1/2, CA Egr1/2 and/or
WT/dnNAB2. We expect that over-expression of P1P2N HIF-20 alone will
modestly increase hepatic Epo production, but expect substantial induction of
hepatic Epo when combined with either CA Egr2 or dnNAB2. We predict the
increased Epo mRNA levels will lead to substantial increase in the hematocrits of

these experimental mice.

60



0Ly

€€s

697

0Ly

9ve

343

1544

8%¢

86

Szt

d 0LV

OIHILYdSALYINASTOLSLSISSSADVSdASSAOLdAVddASYALIVASdSdIDSHYASAAL TLY
. 0zs . 006G . 08%

097 . 0%y . 0Z7 . 00% . 08¢ . 09€
L¥I¥SIOSYIdDDIVSNIOTS=99V0SDIIDSVSSOVSdd¥=SdVS SYITHO THINIHIMYAASIVANYDIXAOVAANIDIHIN THLLTHASYSINIWOTMOOIdNHOIHIN THILTAASYS T
+ S+ S S S d S+ S ¥+d Y H+H+HHOYTHINIHYIASYYINYDD AOVIANIDIHIYIHILTHASYSIANYWOIYOOIdN DIHIYIHYLTIASYSI
S$S9dSSASLIAdSdISLIVdSdASIVAdSdASSTSSYYASYAASHAVNAYOUTH INIHN NI HASHYIMIDOIADVAINADLHINIHLLTHASHSINWO THD0IINODLH TN THILTAASHSAY] 97 €

09% . 0wy . 0zy . 007 . 08¢ . 09¢
07€ . 0Z€ . 00€ . 08¢ . 092 . 0%2

LyE

NADDEVd0d AdEHAdINSAUNA AN JTI AN TATHHANAIIYIAYYSDSOdTIdDTIDISYDIIDLADYOIDDTLANYILS TALTdddANTSATAOdAANUAIDOVYOHAAUOIdSALADIAAAIH 22T
4aD T 4D Xd¥HEH dIMSJIUNdANE T + ¥ + SDS ILSTdLT 4 ++1  ddd+dd +0 d XAdIN
MADSTAIOVAJUIHAIINS YN AMINESANITOSOALINT- VA TAOSOSOLY AV I1STd1TSd00LYNITOO-IdN0AdLOTSTAD000ddT----AAdIN 6¥C

0%¢ . 0z¢e . 00¢ . 08¢ . 09¢
0z¢ . 002 . 08T . 09T . 0¥%T . 0¢1 . 00T
dIT=DdANYdNdSdASdddOAVISSISILSddSTIVSdA0XTADIINSAAddddddSATHATAI=0LOSHIOADTIDIVTANdSYSIASSSYILSYddIADDTIOVSAINIIDIIAISYIAADA 66
d+ 9 vd d Y S sd 4 + Sk d Td0+ S+ d ¥ +8 +S S + 4+ + N 14 d
dADADINIVAAYddd AT IOV -SDdIVOSOdAdIIAINALdALAVYSAIdSSANSIAYISTAdSOSYSSSSSYYdSdVSSS-SIdANINSATOSATSATdIAMTINOSNAYAATSINOLALIAd 92T

(1) 24 . 0z¢ . 002 . 08T . 091 . 0%T
08 . 09 . 0¥ . 0¢

ISIMOWALILONYAYSIAVASSAAdTATAYNIDINAININDADYADNNOAIdDDTIDNIIILASSYYTIATAdATSAdTOHNIDSTIAd INAAYNYL 1
+ I+ + + + ¥ 299 9+ + S+ q + 0 ST + + W
TYLLOSdASIIANYMINNTY IASISALLTHAXA0TSdTDVINIYSSDSNSDDDDDDISSLSSSSNDISDAALOVYDTIOIYONS TITHHAT T ANAHIASHI ASDIIAS IO T SWIOWAYIVYYH T

0¢T . 00T . 08 . 09 . 0¥ . 0¢

zabd

1164

zabd

1Ib"

zabd

1164

zaba

1164

zaba

1Ib"

Supplemental Figure 1. Egr1 and Egr2 protein sequence homology. The black

box represents the conserved C terminus zinc finger DNA-binding domain,

whereas the grey box represents R1 repressor domain. In red letter we have the

conserved isoleucine (1 290 in Egr1, and 1 218 in Egr2) in the R1 domain

essential for NAB2 interaction.
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Supplemental Figure 2. Egr1 and Egr3 protein sequence homology. Arrows

represent the borders (black is Egr1 and red is Egr3) between the trans-

activation domains (TAD), R1 domain and zinc finger DNA binding domain (ZF)

exchanged to make the Egr2/3 hybrid constructs
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Supplemental Figure 3. Egr2 and Egr3 protein sequence homology. Arrows

represent the borders (black is Egr2 and red is Egr3) between the transactivation

domains (TAD), R1 domain and zinc finger DNA binding domain (ZF) exchanged

to make the Egr2/3 hybrid constructs.
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Epo Promoter

Supplemental Figure 4. Model HIF-2a and Egr1/Egr2 trans-activation of the epo
gene during hypoxia. Recruitment of Egr1/Egr2 to the BS2 regions in the epo
enhancer and interaction of HIF-2 bound to the HRE form an optimal transcription
complex and induce transcription of the epo gene during hypoxia. The
transcriptional activity of the HIF-2a/Egr1-2 complex can be inhibited by NAB2
binding to the R1 domain in Egr1 or Egr2.
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CHAPTER THREE:
HIF-2: Standing Guard at the Crossroads

of Hypoxic Stress and Aging

INTRODUCTION

HIFs are obligate heterodimeric transcription factors that regulate genes
involved in hypoxic and other stress responses (Semenza, 2000). The alpha
components of the three HIF transcription factors are unique and dictate
biological specificity. Although the second HIF alpha member, Endothelial PAS
domain protein 1 (EPAST), also known as HIF-2a (Tian et al., 1997), is closely
related to and shares some target genes with HIF-1a(Wang et al., 1995), HIF-1a
and HIF-2a exhibit unique biological roles in part conferred by non-overlapping
target genes.

Phenotypic analyses of HIF-2a null (Oktay et al., 2007; Scortegagna et al.,
2003a; Scortegagna et al., 2005) and knockdown (Kojima et al., 2007) mice
revealed that HIF-2a regulates expression of a number of pro-survival factors.
HIF-20. target genes include the major antioxidant enzymes (AOE) Cas? and
Sod2 encoding catalase and the mitochondrial-localized manganese superoxide
dismutase. HIF-2a also activates VegfA encoding the pro-angiogenic vascular
endothelial growth factor and Epo encoding erythropoietin, a potent pleiotropic
cytoprotective factor whose downstream effects include augmentation of the

protective cellular response to oxidative stress (Diaz et al., 2005; Lui et al., 2006)
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in addition to its function as the principal regulator of erythropoiesis (Lacombe

and Mayeux, 1999).

Post -translational modifications of HIF as functional switch

The tight regulation of HIF transcriptional activity involves post-
translational modifications of the HIF-a subunit. HIF-a members undergo post-
translational modifications by oxygen-dependent prolyl (Bruick and McKnight,
2001; Epstein et al., 2001) and asparaginyl (Mahon et al., 2001) hydroxylases
that modulate protein stability and transcriptional activity. Despite similarities in
hypoxia-mediated induction and proteasomal-mediated degradation pathways,
HIF-1a and HIF-2a exhibit differences in several aspects of their respective
activation mechanisms. HIF-1a, but not HIF-2a, is transcriptionally regulated
during hypoxia by NFxB signaling, (Rius et al., 2008; Sperandio et al., 2008;
Wang et al., 1995). Additionally, HIF-1a protein levels during hypoxia generally
mirror trans-activation, while increases in HIF-2a. protein levels are more blunted
during hypoxia. Yet, HIF-2a dependent trans-activation markedly increases
(O'Rourke et al., 1999) as a result of co-activator recruitment or redox-dependent
modifications (Bracken et al., 2005; Gradin et al., 2002; Lando et al., 2000). HIF-
2a, but not HIF-1a, DNA binding activity may be affected by a reduced redox
state by recruitment of reducing factor-1 (Ref-1) to the amino terminus of HIF-2a

protein (Lando et al., 2000).
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Phosphorylation is a well-established mechanism for regulation of
transcription factor activity (Holmberg et al., 2002). Direct phosphorylation of the
UR-CTAD region of HIF-1a has been reported under hypoxia. The activation of
p42/44 and p38 mitogen-activated protein kinase (MAPK) results in
phosphorylation of HIF-1a/HIF-2a0 in vitro (Richard et al., 1999; Sodhi et al.,
2000) and increased HIF transcriptional activity without affecting its stability and
DNA-binding activity, seemingly by increasing HIF interaction with ARNT (Suzuki
et al., 2001). Moreover, HIF-1a/HIF-2a trans-activation during hypoxia required
p42/44 MAPKs (Conrad et al., 1999; Hofer et al., 2001; Hur et al., 2001; Minet et
al., 2000) on the threonine 796 in HIF-1a and threonine 844 residues in HIF-2a.

Small ubiquitin-like modifier (SUMO) conjugation regulates diverse cellular
functions including transcription, nuclear localization, and stress response
(Girdwood et al., 2004). HIF-1a SUMOylation has been reported, and decreases
HIF-1a trans-activation without affecting its half-life (Berta et al., 2007; Brahimi-
Horn et al., 2005). HIF-1a possesses three SUMOQylation consensus sequences
containing lysines 391, 477 and 532; two of the consensus sequences, lysines
391 and 532, are conserved in HIF-2a. (Berta et al., 2004). These results contrast
with a previous report that indicated that HIF-1a. SUMOylation, in cells
transfected with SUMO-1, increased its transcription activity (Bae et al., 2004;
Cheng et al., 2007). S-nitrosation of cysteine 800 in the HIF-1a CTAD increases
its trans-activation by favoring interaction with co-activator p300/CBP (Yasinska

and Sumbayev, 2003).
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Post-translational acetylation and deacetylation of the HIF-a subunit by an
acetyltransferase called Arrest-defective-1 (ARD1) and by histone deacetylases
(HDACs) have been suggested as a major mechanism for regulating HIF
transcriptional activity. Lysine residue 532 in the ODD region of HIF-1a was
reported to be acetylated by ARD1 (Jeong et al., 2002) promoting interaction with
pVHL and to destabilization of HIF-1a protein. However, recent studies question
the foundation of the ARD1-mediated mechanisms (Murray-Rust et al., 2006;
Yoo et al., 2006), and the precise role of these proteins in respect to HIF
activation remains unclear.

The histone deacetylases HDAC1 and HDACS interact directly with the
ODD domain of HIF-1a, resulting in an increase in HIF-1a stability and
transcriptional activity under hypoxia (Kim et al., 2007). HDACs are divided into
three classes based on their homology with yeast histone deacetylase: Rpd3
(class ), Hda1 (class Il) and Silencing Information Regulator 2, Sir2 (Class Ill)
(de Ruijter et al., 2003; North and Verdin, 2004). While the class | and || HDACs
are sensitive to trichostatin A (TSA), class Il HDACs are not, and their
deacetylase activity uniquely relies on the cofactor nicotinamide adenine
dinucleotide (NAD").

Sir2 is a redox-sensitive, NAD+ dependent deacetylase initially identified
from aging studies in yeast (Tissenbaum and Guarente, 2001). Sir2 homologues
in higher eukaryotic organisms are known as Sirtuins (Sirt) with Sirt1 being most

closely related to Sir2 (Michishita et al., 2005). Mammalian homologues of Sir2
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comprise a family of seven proteins termed Sirt1 through Sirt7, which have
gained considerable attention for their impact on several important physiological
processes associated with metabolism and stress resistance. Changes in NAD+
levels or NAD+/NADH ratios control the enzymatic activity of Sir2 and its
homologues (Zhao et al., 2008).

In mammalian cell culture models, nuclear-localized Sirt1 modulates
activity of co-activator proteins (Bouras et al., 2005; Fulco et al., 2003), represses
select transcription factors (Langley et al., 2002; Luo et al., 2001; Vaziri et al.,
2001), and activates other transcription factors including FoxO members (Brunet
et al., 2004; Chua et al., 2005; Daitoku et al., 2004; Kobayashi et al., 2005; Liu et
al., 2005; van der Horst et al., 2004). The activating and repressing actions of
Sirt1 in these cases are mediated by its deacetylase activity.

Globally, cell regulatory systems can modify cell stress resistance, DNA
repair, and apoptotic signaling (Hyun et al., 2006; Morris, 2005). It is of interest to
understand how these regulatory systems respond to external or internal signals
and how cells adapt to improve cell survival. Redox changes during
nutrient/oxidative stress activate Sirt1 and thereby influence FoxO-dependent
gene expression. In response to growth factor deprivation and increased
oxidative stress, Sirt1 alters FoxO target gene selection to favor induction of pro-
survival factors (Brunet et al., 2004).

Recent data have supported a pro-survival effect of increased HIF-2a

signaling in response to hypoxic or oxidative stress (Ralph et al., 2004). Hypoxia
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induces a metabolic stress that alters cellular redox state in vivo (Garofalo et al.,
1988; Vannucci and Brucklacher, 1994). We reasoned that redox changes during
hypoxic stress would activate Sirt1, concomitantly with HIF activation. We further
reasoned that activated Sirt1 would influence HIF-2 signaling, similar to that
observed with Sirt1 and FoxO signaling. In this study, we defined the role of Sirt1
in HIF-2a. signaling and in regulation of the HIF-20 target gene epo during

hypoxia.

70



Acetylated protein Deacetylated protein

o]

CHa

Sirt1
Oy NH Oy NH2
5 2 Nicotinamide

Ny

HO\ ,0
O._OH
" ~o 07w o_( O-acetyl-ADP-ribose
Kg / . "'I:\o i
N 0 /=N
o on " N 0N e
NAD+ o on SN
Inhibitors Activator
Os_NH, 0
5 O S e
Ny ' OH O N)\©
H OH
Nicotinamide Sirtinol Resveratrol

Figure 3-1. The Sirt1 enzymatic activity. Sir2 deacetylates an acetylated
protein substrate in the presence of NAD" or increased NAD*/NADH ratio. For
each deacetylation of an acetyl lysine residue, one NAD molecule is decomposed
into 2'-O-acetyl-ADP-ribose and nicotinamide. Nicotinamide, and sirtinol, are
potent inhibitors of the deacetylation reaction, while Resveratrol, a polyphenol
compound found in red wine, activates SIRT1 enzymatic activity. Resveratrol
lowers the K, values for the substrate and NAD by 35- and 5-fold, respectively in
vitro. Adapted from Hisahara et al., 2005 authorization granted by the editor of
the journal of Pharmacological Sciences.
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RESULTS
Sirt1 selectively augment HIF-2a signaling but not HIF-1a

We first asked if HIF-responsive promoter regions respond to Sirt1 over-
expression. In Hep3B cells, wild-type (WT) HIF-2a over-expression activated the
isolated mouse Sod2 promoter, also activated by HIF-2a over-expression in
HEK293 cells (Scortegagna et al., 2003a). Sirt1 over-expression in conjunction
with WT HIF-2a. augments this activation (Figure 3-2A). In contrast, Sirt1 did not
augment WT HIF-1a activation of the isolated mouse Sod2 promoter. Alanine
substitution of the normoxia-hydroxylated proline and asparagine residues results
in constitutively active HIF forms, referred to as P1P2N HIF-1a and P1P2N HIF-
20. Sirt1 augmented P1P2N HIF-2a, but not P1P2N HIF-1a, trans-activation of
the Sod2 promoter (Figure 3-2-A). Sirt1 also augmented WT or P1P2N HIF-2a.
activation of isolated regulatory regions from VegfA, a hypoxia-responsive gene
activated by either HIF-1a or HIF-2a, or epo, a prototypical hypoxic response
gene preferentially regulated by HIF-2a in cells (Warnecke et al., 2004) and adult
mice (Scortegagna et al., 2005) (Figure 3-2-A). Constitutively active (nuclear)
FoxO over-expression modestly activated the Sod2 promoter and had no
significant effect on the VegfA promoter or epo enhancer/promoter reporters with

or without Sirt1 (Figure 3-2-A).
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Figure 3-2: Sirt1 selectively augments HIF-2 signaling.

(A) Sirt1 selectively augments HIF-2a trans-activation independent of oxygen-
regulated HIF modifications. Activation of a mouse Sod2 promoter (Sod2
Prom/luc), VegfA promoter (VegfA Prom/luc), or epo enhancer-promoter (Epo
Enhancer-Prom/luc) reporter in Hep3B cells was highest for wild type (WT) or
constitutively active (P1P2N) HIF-2a compared to HIF-1a (p<0.01 relative to
basal). Sirt1 augmented HIF-2a induction for all reporters (p<0.05 relative to HIF-
20 alone) and had no effect upon HIF-1a trans-activation. Constitutively active
(A3) FoxO1, FoxO3a, or FoxO4 with or without Sirt1 modestly activated (Sod2
Prom/luc) or had minimal effect (VegfA Prom/luc, Epo Enh-Prom/luc). (B)
Exogenous HIF-1a and HIF-2a do not cross-activate FoxO reporters. Reporter
plasmids containing a synthetic HIF-responsive (3xHRE-tk/luc) promoter were
transfected into Hep3B cells along with wild type (WT) HIF-1a, WT HIF-2q,
constitutively active (P1P2N) HIF-1a, or P1P2N HIF-2a expression plasmids.
Sirt1 selectively augmented WT (p=0.0036) or P1P2N (p=0.012) HIF-2a
activation of 3xHRE-tk/luc. (C) Exogenous FoxO1, 3a, or 4 do not cross-activate
HIF reporters. The FoxO-responsive reporter 8xFBE-tk/luc was transfected into
Hep3B cells along with constitutively active (A3) FoxO1, FoxO3a, or FoxO4. Sirt1
augmented activation of 8xFBE-tk/luc by FoxO3a (p=0.003) and FoxO4 (p=0.01).
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The Sod2 promoter, VegfA promoter, and epo enhancer are complex
regulatory regions. We next addressed if Sirt1 could activate a minimal HIF-
responsive synthetic promoter. Activation of 3xHRE-tk/luc, consisting of three
HREs fused upstream of a minimal thymidine kinase (tk) promoter, was
comparable with P1P2N HIF-1a or P1P2N HIF-2a over-expression. Sirt1
augmented induction of 3xHRE-tk/luc with WT or P1P2N HIF-2a, but not with WT
or P1P2N HIF-1a (Figure 3-2B). Sirt1 augmentation of HIF-2a activity was not
due to activation of FoxO signaling; the synthetic FoxO-responsive reporter
8xFBE-tk/luc responded only to constitutively nuclear FoxO, and not to WT or

P1P2N HIF-2a over-expression with or without Sirt1 (Figure 3-2C).
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Figure 3-3: Sirt1/HIF-2aa augmentation is selectively modulated by Sirt1
enzymatic activity. (A) Modulation of Sirt1 activity alters HIF-2a trans-
activation. Treatment with the Sirt1 inhibitor sirtinol, activator Resveratrol, or end
product inhibitor nicotinamide (NAM) affects Sirt1/HIF-2a. synergy of the Sod2
Prom/luc, VegfA Prom/luc, or Epo Enh-Prom/luc reporter. Sirt1 augmented HIF-
20, activation for all three reporters (p<0.05); this augmentation significantly
decreased with the highest concentration of sirtinol (p<0.02) or NAM (p<0.01),
and increased with the highest dose of Resveratrol (p<0.01). (B) Modulation of
Sirt1 activity does not affect HIF-1a trans-activation. P1P2N HIF-1a and/or Sirt1
expression plasmids were transfected along with Sod2 Prom/luc, VegfA
Prom/luc, or Epo Enh-Prom/luc reporter plasmids into Hep3B cells treated with
sirtinol, Resveratrol, or nicotinamide (NAM). The bars for all transfection assays
represent the mean + SEM of three independent transfections with each
transfection performed in triplicate. (C) Sirt1 deacetylase activity is required for
augmentation of HIF-2a signaling. Wild type (WT) or deacetylase mutant (DAC)
Sirt1 was expressed with P1P2N HIF-2a in the absence or presence of
nicotinamide (NAM). WT Sirt1 augmented HIF-2a dependent activation of the
Sod2 Prom/luc, VegfA Prom/luc, or Epo Enh-Prom/luc reporter (p<0.05); DAC
Sirt1 was unable to augment HIF-2a activation with any of the reporters. NAM
prevented WT Sirt1 augmentation of HIF-2a trans-activation for all three
reporters.
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We asked if Sirt1 augmentation of HIF-2 signaling is affected by
pharmacological or genetic modulation of Sirt1 activity. Nicotinamide (NAM), an
end product generated after Sir2/Sirt1-mediated deacetylation, inhibits Sir2/Sirt1
action (Bitterman et al., 2002) as does the synthetic compound sirtinol (Grozinger
et al., 2001), whereas the natural polyphenol Resveratrol selectively stimulates
Sir2/Sirt1 activity (Howitz et al., 2003). NAM or sirtinol reduced, whereas
Resveratrol increased, the ability of Sirt1 to augment HIF-2a trans-activation for
the Sod2 Prom, VegfA Prom, and Epo Enh-Prom reporters (Figure 3-3A). These
compounds had no effect on HIF-1a trans-activation of any of these reporters
(Figure 3-3B). A site-directed mutation that inhibits Sirt1 deacetylase activity
(DAC) eliminated the Sirt1 stimulatory effect for the Sod2 Prom, VegfA Prom, and
Epo Enh-Prom reporters. NAM inhibited the stimulatory effect observed with WT

Sirt1 over-expression (Figure 3-3C).
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HIF-2a and Sirt1 form stable complex

To assess whether SIRT1/HIF-2a. synergy is conferred by complex
formation, exogenous tagged forms of P1P2N SP:HIF-2a:HA or P1P2N SP:HIF-
20::HA together with WT or DAC vsv-g:Sirt1 were over-expressed in HEK293
cells under normoxia or hypoxia and subjected to S-peptide (SP) pull-down
analyses followed by immuno-blot against HA (HIF) or vsv-g (SIRT1). SIRT1/HIF-
20, but not HIF-1a, complexes remains stable under normoxia, and after hypoxia
exposure with WT, but not DAC, Sirt1 (Figure 3-4A). Sirt1 complexes with
P1P2N HIF-2a, but not with P1P2N HIF-1a, in normoxia-maintained cells
irrespective of whether an Class I/ll (trichostatin A, TSA) or Class I/lI+Ill (TSA +
NAM) HDAC inhibitor are present (Figure 3-4B). To determine the biological
relevance of SIRT1/HIF-2a interaction in vivo, in Hep3B cells treated with
hypoxia, endogenous Sirt1 forms complexes with HIF-2a, but not HIF-1a, during
hypoxia as assessed by in vivo pull-down assays (Figure 3-4C). We assessed
HIF-20. SIRT1 direct interaction by in vitro pull-down studies between bacterially
purified GST-fusion of carboxy-terminal HIF-1a or HIF-2a. (HIF CTERM) and in
vitro translated/transcribed 35S radiolabeled WT or DAC SIRT1. GST-HIF pull-
down revealed stable and direct binding of WT Sirt1, but not DAC Sirt1, with HIF-

2o CTERM (Figure 3-4D).
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Figure 3-4: HIF-2a forms stable complexes with Sirt1.

(A) Exogenous Sirt1/HIF-2a complexes are stable during hypoxia. SP:P1P2N
HIF-10:HA or SP:P1P2N HIF-2a:HA was pulled down from normoxia- or hypoxia-
exposed HEK293 extracts in which WT or DAC vsv-g:Sirt1 proteins were
expressed. Sirt1 or HIF proteins were visualized by immunoblotting. (B)
Exogenous Sirt1/HIF-2a. complex formation does not require HDAC inhibition.
SP:P1P2N HIF-1a:HA or SP:P1P2N HIF-20:HA was pulled down from normoxic
HEK293 extracts in which WT vsv-g:Sirt1 was also expressed. Cells were treated
with no, class I/ll (trichostatin A, TSA), or Class I/ll + Class Ill (TSA + sirtinol)
histone deacetylase (HDAC) inhibitors. Sirt1 and HIF proteins were visualized by
immunoblotting. (C) Endogenous Sirt1/HIF-2a. complexes form during hypoxia.
Pull-down of Sirt1 from Hep3B nuclear extracts brings down HIF-2a, but not HIF-
10, after hypoxia exposure. (D) Sirt1 and the HIF-2a carboxy terminus bind
directly to each other. In vitro translated, **S-labelled WT, but not DAC, Flag:Sirt1
is pulled down with a bacterial-produced GST-HIF-2a carboxy terminus:HA, but
not GST-HIF-1a, carboxy terminus:HA.
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The pull-down studies indicate Sirt1 augmentation of HIF-2a signaling may
be mediated in part by protein-protein interactions. As assessed by NMR studies
(Erbel et al., 2003), the HIF alpha amino terminal region, encompassing the basic
helix-loop-helix (bHLH) and PAS domains, is highly structured whereas the
carboxy terminal region containing the most divergent regions between HIF
isoforms is unstructured. The HIF-2a carboxy terminus suffices for Sirt1
augmentation, as evident by transfection studies with hybrid forms of HIF-1a and
HIF-2a. that exchange the carboxy terminal regions (Figure 3-5A) or by
mammalian Gal4/VP16 two-hybrid transfection studies with Gal4:Sirt1/VP16:HIF-
o carboxy terminus constructs (Figure 3-5B). The HIF-2a carboxy terminus
confers stable interactions with Sirt1 as shown by pull-down studies with

Gal4:Sirt1 and VP16:HIF-a fusion proteins (Figure 3-5C).
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Figure 3-5: The HIF-2a carboxy terminus confers Sirt1 synergy. (A) Sirt1
augmentation is mediated through the HIF-2a carboxy terminus. Hybrid
constructs were generated that exchange the carboxy termini of P1P2N HIF-1a
with P1P2N HIF-2a. and vice-versa. Sirt1 and either P1P2N HIF-1o, P1P2N HIF-
2a, P1P2N HIF-20/HIF-1a, or P1P2N HIF-10/HIF-20 expression plasmids were
transfected into Hep3B cells along with the Sod2/luc, VegfA/luc, or Epo Enh/luc
reporter. Sirt1 only augmented activation with P1P2N HIF-2a or with P1P2N HIF-
1a/HIF-200 for all three reporters (p<0.05). All transfection data represent the
mean = SEM of three independent transfections with each transfection performed
in triplicate. (B) The HIF-2a carboxy terminus interacts with Sirt1 in a mammalian
two-hybrid assay. VP16:P1P2N carboxy terminus (Cterm) HIF-1o:HA or HIF-
20::HA fusion proteins as well as Gal4:WT or DAC Sirt1 fusion proteins were
expressed in Hep3B cells with a Gal4 reporter (4xUAS-tk Prom/luc). VP16:HIF-
20, but not VP16:HIF-1a, activation is augmented by Gal4:WT Sirt1. Gal4:DAC
Sirt1 does not augment activation of VP16:HIF-2a. (C) Sirt1/HIF-20. mammalian
two-hybrid proteins form stable complexes. Pulldown (PD) assays reveal
Gal4:WT Sirt1 interacts stably with VP16:HIF-2a and not with VP16:HIF-1a.
Gal4:DAC Sirt1 does not interact stably with either VP16:HIF-1a or VP16:HIF-2a.
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To determine what domain of HIF-2a is required for Sirt1/HIF-2a. complex
formation, | made and overexpressed in HEK293 cells P1P2N HIF-2a:HA
carboxy terminus (Figure 3-6A) or amino terminus (Figure 3-6B) deletion
constructs together with vsv-g:Sirt1 and performed co-immunoprecipitation with
an anti-HA antibody. Sirt1 binding to HIF-2a requires both the amino terminal
activation domain/oxygen dependent degradation domain (NATD/ODD) as well
as the unique region (also known as the inhibitory region) located in the carboxy
terminus and encompassed by amino acids 350 to 826 (Figure 3-6A B). The

NTAD alone is able to weakly interact with SIRT1.
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Figure 3-6. Sirt1/HIF-2a complex formation requires HIF-2aa NTAD-UR
regions. (A) Over-expressed carboxy-terminal truncations or (B) amino-terminal
of P1P2N HIF-2a:HA together with vsv-g:Sirt1 proteins were immunoprecipitated
with HA antibody and visualized by western blotting (WB) with an anti-HA
antibody. Pull-down (PD) of vsv-g:Sirt1 was assessed by immunoblotting with
anti-vsv-g antibody. The indicated amino acids (aa) for each HIF-2a:HA construct
is indicated.
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Dynamic acetylation/deacetylation by Ard1 and HDACs regulate HIF-1a.
stability under normoxia and hypoxia (Jeong et al., 2002; Kim et al., 2007). To
determine whether Sirt1/HIF-2a. synergy involves alteration of HIF-2a protein
level, we over-expressed P1P2N HIF-1a and HIF-2a together with WT SIRT1 or
deacetylase mutant DAC SIRT1. In whole cell extract P1P2N HIF-1a and P1P2N
HIF-2a protein levels were comparable in Hep3B cells and were not affected by
Sirt1 over-expression (Figure 3-7A). Similar results for all transfection studies
performed in Hep3B cells were observed in HEK293 cells (data not shown).
Endogenous SIRT1 activity can be altered genetically by shRNA knockdown or
pharmacologically by Sirtinol treatment. Neither pharmacological nor genetic
inhibition of Sirt1 affected endogenous HIF-2a protein steady-state levels (Figure
3-7B C). Sirt1 does not affect endogenous HIF-2a half-life, as determined in
hypoxia-treated Hep3B cells after cycloheximide treatment, by Sirt1
pharmacological inhibition with Sirtinol or by HIF-2a. increased acetylation status

with TSA-Sirtinol treatment (Figure 3-7C).
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Figure 3-7. SIRT1 does not affect HIF-2a protein level. (A) Sirt1 over-
expression does not affect exogenous P1P2N HIF-1a or P1P2N HIF-2a protein
levels. Whole cell extracts (WCE) from Hep3B cells expressing P1P2N HIF-
1a.:HA or HIF-2a.:HA along with wild-type (WT) or deacetylase mutant (DAC) vsv-
g:Sirt1 were immunoblotted with antibodies recognizing the HA epitope tag, vsv-g
epitope tag, or a-tubulin. (B) Sirt1 knockdown does not affect endogenous HIF-
2o protein levels. Whole cell extracts (WCE) from normoxia- or hypoxia-exposed
Hep3B cells transfected with control, Sirt1 wild-type shRNA, or Sirt1 mutant
shRBRNA expression plasmids were immunoblotted with antibodies recognizing
human Sirt1, HIF-2a. or p-actin. (C) Pharmacological inhibition of Sirt1 activity
does not affect endogenous HIF-2a protein stability. Whole cell extracts (WCE)
from hypoxia-exposed Hep3B cells treated with DMSO, TSA, or sirtinol plus TSA
followed by cycloheximide-mediated protein inhibition were prepared at the
indicated time-points and immunoblotted with antibodies recognizing human HIF-
20 or TBP.
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Sirt1 gene expression increases under hypoxia

In Hep3B cells, endogenous HIF-2a protein and Sirt1 protein levels rose
with continuous hypoxia (Figure 3-8A). Although Sirt1 protein levels may
increase passively during hypoxia as an indirect consequence of HIF-2a
stabilization, Sirt1 is itself likely subject to hypoxia-induced regulation. Sirt1
MRNA levels modestly increased during hypoxia exposure with a peak at 4 hours
post-hypoxia exposure (Figure 3-8B). Examination of the human and mouse
Sirt1 proximal promoter region reveals multiple conserved HREs (Figure 3-8C).
Transient transfection assays using an isolated human Sirt7 proximal promoter
reporter revealed efficient activation by P1P2N HIF-2a, but not by P1P2N HIF-1a
(Figure 3-9A). Site-directed mutation of an HRE in the isolated human Sirt1
promoter (HRE 5) eliminated preferential activation by P1P2N HIF-2a (Figure 3-

9B).
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Figure 3-8: Sirt1 mRNA levels are regulated by HIF-2a. during hypoxia.

(A) Sirt1 and HIF-2a protein levels increase during hypoxia. Hep3B cells
maintained under normoxia or hypoxia were used to generate whole cell (WCE)
or nuclear extracts (NE). Western blot analyses were performed to identify
endogenous human HIF-2a, SIRT1, and TFIID. (B) Sirt1 steady-state mRNA
levels increase during hypoxia. Real-time RTPCR analyses were performed in
parallel to (A) for epo and cyclophilin B mRNA at the indicated time-points. Sirt1
MRNA levels modestly increased by 4 hr after hypoxia exposure (*p<0.05, one-
tailed Student’s t-Test). The data represent the mean + SEM of three
independent samples harvested from 6-well plates. (C) Mouse and human Sirt1
promoters contain evolutionary conserved hypoxia-responsive elements (HRE).
Sequence comparisons of the mouse and human proximal Sirt7 promoter regions
were performed to identify and localize HREs conforming to the consensus
sequence ACGTG (black box) or GCGTG (white box).
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Consistent with participation of HIF-2a in the regulation of Sirt7 gene
expression during hypoxia, endogenous HIF-2a was recruited to the HRE 5 in the

human Sirt1 promoter during hypoxia (Figure 3-9C).
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Figure 3-9: HIF-2a selectively activates the Sirt1 promoter. (A) The Sirt?
proximal promoter region is preferentially activated by HIF-2a. Transfection
assays reveal that P1P2N HIF-2a, more so than P1P2N HIF-1a, efficiently
activates the isolated human Sirt1 promoter region (p<0.001). (B) A hypoxia-
responsive element (HRE) in the Sirt1 promoter confers preferential HIF-2a
activation. Site-directed mutations of the human Sirt1 proximal promoter indicate
HRE5 is a primary determinant of HIF-2a selective trans-activation. The data
represent the mean + SEM of three independent transfections with each
transfection performed in triplicate. (C) HIF protein binding to HRE5 in the
endogenous Sirt1 promoter increases during hypoxia. Hep3B cells maintained
under normoxia or exposed to hypoxia for the indicated time-points were used in
chromatin immunoprecipitation assays with antibodies recognizing human HIF-
1o or HIF-2a. Quantitative PCR analyses were performed with primers
encompassing HRES5 in the proximal human Sirt7 promoter.
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HIF-2a acetylation status is regulated by Sirt1

Sirt1 synergistic activation of HIF-2 signaling requires Sirt1 deacetylase
function. We asked if HIF-2a exhibits stress-dependent acetylation. Exogenous
P1P2N HIF-2a prepared using TSA plus sirtinol was progressively acetylated
during continuous hypoxia (Figure 3-10A). Exogenous P1P2N HIF-1a was not
acetylated with extracts prepared using TSA plus sirtinol despite comparable
protein expression levels. HIF-2o. acetylation was not observed with extracts
prepared using the class I/ll histone deacetylase inhibitor TSA alone (Figure 3-
10B), an otherwise effective inhibitor of histone H4 acetylation (Figure 3-10C). A
similar pattern of increased acetylation during hypoxia was observed with
endogenous HIF-2a with the exception that a reduced level of acetylation was
evident during normoxia (Figure 3-10D). Similarly, deacetylation of hypoxia-
induced acetylation of endogenous HIF-2a. also requires Sirt1 as evident by Sirt1
knockdown (Figure 3-10E). Acetylated HIF-2a was efficiently deacetylated, as
assessed in vitro, by wild type (WT) Sirt1, but not by deacetylase inactive (DAC)

Sirt1 ((Figure 3-10F).
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Figure 3-10: HIF-2a acetylation is regulated by Sirt1.

(A) Exogenous HIF-2a acetylation increases during hypoxia. SP:P1P2N HIF-
1a:HA or SP: P1P2N HIF-20:HA were expressed in Hep3B cells treated with
trichostatin A (TSA) plus sirtinol and harvested at the indicated time-points
following hypoxia exposure. After pull-down (PD), acetylated and total HIF-2a
was assessed. (B) Exogenous P1P2N HIF-2o acetylation during hypoxia is not
observed with HDAC l/ll inhibition alone. SP:P1P2N HIF-2a:HA expressed in
hypoxia-maintained Hep3B cells in the presence of TSA alone was purified and
acetylated as well as total HIF-2a assessed. (C) Histone H4 acetylation during
hypoxia is observed with HDAC I/l inhibition. Acid-extracted protein extracts
prepared from control (DMSQO) or TSA-treated Hep3B cells were assessed for
acetylated or total Histone H4 protein. (D) Endogenous HIF-2a protein was
immunoprecipitated from normoxia or hypoxia maintained Hep3B cells.
Acetylation and total HIF-2a levels were determined. The hypoxia sample was
loaded at one-eighth or an equivalent amount of the normoxia sample. (E)
Endogenous HIF-2a deacetylation requires Sirt1. Acetylation of endogenous HIF-
2o from hypoxia-exposed Hep3B cells treated with TSA was evident with wild
type, but not with control or mutant, Sirt1 shRNA treatments. (F) Acetylated HIF-
20 is a substrate for Sirt1. Acetylated P1P2N HIF-2a:HA was incubated with wild-
type (WT) or deacetylase mutant (DAC) Flag:Sirt1. After one hour, acetylated and
total HIF-2a was assessed by immunoblotting.
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The capacity of HIF-2a to be dynamically acetylated during hypoxia
suggests a potential regulatory role by this epigenetic modification. We first
sought to identify the lysine residues acetylated during hypoxia. Mass
spectrometry revealed significant acetylation of exogenous P1P2N HIF-20 at
multiple sites including three lysine residues within the HIF-2a carboxy terminus
(Figure 3-11A). Substitution of the three lysines that are acetylated during
hypoxia (K3) with alanine (A3) or arginine (R3) residues results in a HIF-2a form
that retained the ability to bind Sirt1 (Figure 3-11B) in co-immunoprecipitation
assays and synergistically activated HIF-2a signaling (Figure 3-11D) in epo
reporter assays. The carboxy terminus A3 and R3 lysine substitutions steady-
state level of acetylation was determined in transfected HEK293 cells treated with
TSA and Sirtinol. Acetylation of C terminal lysine mutants (A3. R3) is
substantially lower compared to the parental wild type P1P2N HIF-2a (R3)
(Figure 3-11C). However, the mutant HIF-2a forms (A3 or R3), unlike the
parental construct (K3), were not subject to pharmacological regulation by

Sirtinol, inhibitors of Sirt1 deacetylase activity (Figure 3-11D).
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Figure 3-11: The HIF-2a carboxy terminus is acetylated during hypoxia.

(A) Specific lysine residues in the HIF-2a carboxy terminus are acetylated during
hypoxia. Mass spectrometry performed on SP:HIF-2a:HA purified from hypoxia-
exposed Hep3B cells treated with TSA plus sirtinol identifies three acetylated
residues in the carboxy terminus. (B) Schematic of the acetylated lysines in the
HIF-20. C terminus. Mutant HIF-2a forms with substitutions in carboxy terminal
acetylated lysine residues retain Sirt1 binding capacity. Alanine (A3) or arginine
(R3) substitutions of the three acetylated lysine residues (K3) in P1P2N HIF-2a
results in HIF-2a forms that retain the ability to complex with Sirt1. (C) Reduced
acetylation status of WT P1P2N HIF-2a:HA (K3) or alanine (A3), arginine (R)
substitution of the three highly acetylated lysine residues in the HIF-2a carboxy
terminus under hypoxia (D) HIF-2a carboxy terminal acetylated lysine residues
confer regulated Sirt1 activation. A3 or R3 unlike K3 results in a sirtinol-
insensitive P1P2N HIF-2a form as assessed by trans-activation of the Epo
Enh/luc reporter by wild-type Sirt1. The data represent the mean + SEM of three
independent transfections with each transfection performed in triplicate.
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Sirt1 modulates HIF-2a dependent epo gene expression in vivo

Since Sirt1 augments HIF-2a dependent trans-activation of isolated
promoter reporters, we next determined if Sirt1 participates in regulation of
endogenous HIF-2a target genes. We focused on evaluation of epo as this gene
is preferentially regulated by HIF-2a in both Hep3B cells as well as in mice.
Knockdown of Sirt1 levels by short hairpin RNA (shRNA) resulted in reduced
induction of epo mMRNA in Hep3B cells treated with hypoxia compared to control
non silencing shRNA or a mutant shRNA (Figure 3-12A). Pharmacological
manipulations of Sirt1 activity resulted in increased epo mRNA levels with agents
that stimulate Sirt1 activity (resveratrol), and reduced epo mRNA levels with
agents that inhibit Sirt1 activity (Sirtinol) (Figure 3-12B). Chromatin
immunoprecipitation (ChlP) experiments revealed increased recruitment of Sirt1
and HIF-2a to the endogenous epo enhancer region in Hep3B cells during

hypoxia (Figure 3-12C).
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Figure 3-12: Sirt1 modulates epo gene expression in cell culture. (A) Sirt1
knockdown blunts endogenous epo expression during hypoxia. Epo gene
expression was assessed by RT-PCR in Hep3B cells transfected with control,
wild-type Sirt1 shRNA, or mutant Sirt1 shRNA expression vectors. After hypoxia
exposure, control and mutant Sirt1 shRNA, but not wild-type Sirt1 shRNA, treated
cells exhibited significant epo induction. (B) Pharmacological manipulations of
Sirt1 activity alter endogenous epo expression during hypoxia. After hypoxia
exposure, epo expression increased in vehicle (DMSO+PBS) and Resveratrol-
treated cells, but not in sirtinol-treated cells. Resveratrol further augmented epo
expression after hypoxia exposure relative to control cells. The data represent
the mean = SEM of triplicate wells treated as indicated. (C) Endogenous Sirt1
and HIF-20 are recruited to the epo enhancer during hypoxia. Chromatin
immunoprecipitation (ChlP) assays were performed at the indicated time-points
following hypoxia exposure after IP with anti-Sirt1, or anti-HIF-2a antibodies and
using primers encompassing the human epo enhancer.(*p<0.05,**p<0.01)
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If Sirt1 signaling is physiologically relevant to HIF-2a signaling, reduced
Sirt1 gene dosage should affect in vivo regulation of the HIF-2a target gene epo.
Sirt17”~ mice exhibit significant pre-/perinatal lethality and postnatal pathology
(Cheng et al., 2003). Sirt1*" mice, in comparison, lack gross abnormalities or
gestational lethality. To assess if Sir1 deficiency affects in vivo regulation of HIF-
2a target genes in adult mice during hypoxia, renal epo gene expression was
determined in Sirt7”~ and Sirt1*”* mice subjected to systemic short-term
continuous hypoxia (STCH). Sirt7*~mice had blunted induction of renal epo gene
expression after STCH exposure (Figure 3-13A). This was not due to a general
reduction in renal epo gene expression as both groups of mice had similar levels
of epo gene expression under ambient room air (RA) oxygen conditions. During
mouse development, the liver is a major source of epo at the mid- to late-
gestational stages (Koury et al., 1988). At embryonic day 14.5 (E14.5), when
HIF-20. deficiency results in lower epo gene expression in the fetal liver, Sirt1”"
embryos had significantly lower levels of epo gene expression compared to
Sirt1** mice (Figure 3-13B). In contrast, at E12.5 when HIF-2a deficiency has no
effect upon epo gene expression in the fetal liver, Sirt7”~ embryos had similar

levels of epo gene expression as Sirt1** mice (Figure 3-13C).
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Figure 3-13 Sirt1 modulates epo gene expression in mice.

(A) Sirt1 haploinsufficiency results in blunted renal epo expression with hypoxia.
Renal Epo mRNA levels were blunted in Sirt1*~ compared to Sirt7** adult mice
after short-term hypoxia exposure (p<0.05). The bars represent the mean = SD of
six mice of each genotype. (B) Sirt1 deficiency results in reduced hepatic epo
expression during development (E14.5). Epo levels in Sirt1™", but not in Sirt1**,
embryonic day 14.5 livers were reduced (p<0.05). In a similar manner, Epo levels
in HIF-2a7", but not in HIF-2a**, embryonic day 14.5 livers were reduced
(p<0.05). The bars represent the mean + SD of five embryos of each genotype.
(C) Sirt1 and HIF-2a. deficiency do not affect hepatic epo gene expression during
early development (E12.5). Epo levels were similar in HIF-2a** and HIF-207" as
well as Sirt1** and Sirt17”~ embryonic day 12.5 livers. The bars represent the
mean + SD of seven mice per treatment group.
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The adult liver is normally an ancillary site of epo expression. However,
under conditions of sever chronic hypoxia, epo liver production rises to more than
a third of total epo production (Eckardt and Kurtz, 2005). This indicates the liver
is permissive for epo induction. We next asked if acute elevations in HIF-2a. and
Sirt1 levels modulated epo gene expression in adult mice liver. Adenoviruses
encoding P1P2N HIF-1a, P1P2N HIF-2a, and/or WT or DAC Sirt1 were injected
into adult mice; hepatic epo levels and hematocrits were measured one week
later. Ectopic P1P2N HIF-2a, but not P1P2N HIF-1a, expression markedly
increased hepatic epo levels (Figure 3-14A) and resulted in increased spleen
weights, indicative of a dramatic increase in circulating red blood cell mass
(Figure 3-15C). Combined over-expression of P1P2N HIF-2a. and WT, but not
DAC, Sirt1 further augmented epo levels (Figure 3-14A). These changes in epo
gene expression resulted in increased hematocrits values that were highest with

combined P1P2N HIF-2a and WT Sirt1 over-expression (Figure 3-15A).
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Figure 3-14: Sirt1 affects HIF-2a dependent regulation of hepatic epo
expression in mice. (A) Ectopic Sirt1 and HIF-2a augment endogenous hepatic
epo expression. Adenovirus encoding mock, P1P2N HIF-1a, P1P2N HIF-2q,
P1P2N HIF-1a + WT Sirt1, P1P2N HIF-1a + DAC Sirt1, P1P2N HIF-1a + WT
Sirt1, or P1P2N HIF-2a + DAC Sirt1 were delivered into mice. Hepatic epo
mRNA levels at day 7 following injection increased for Ad/P1P2N HIF-2a
(p<0.01) and were further augmented with Ad/WT Sirt1 (p<0.05). The bars
represent the mean + SD of five mice per treatment group. (B) Sirt1 knockdown
decreases ectopic HIF-2a mediated induction of endogenous hepatic epo
expression. Adenovirus encoding mock, Sirt1 wild-type shRNA, Sirt1 mutant
shRBRNA, P1P2N HIF-2a, P1P2N HIF-2a + Sirt1 wild-type shRNA, or P1P2N HIF-
20 + Sirt1 mutant shRNA were delivered into mice. The increased hepatic epo
MRNA levels at day 7 for Ad/P1P2N HIF-2a (p<0.01) was blunted with Sirt1 wild-
type shRNA relative to Sirt1 mutant shRNA (p<0.05). The bars represent the
mean + SD of five mice per treatment group. (C) Ectopic Sirt1 over-expression
does not affect HIF-1a target gene PDK1. Adenovirus encoding mock, P1P2N
HIF-1a, P1P2N HIF-2a, P1P2N HIF-1a. + WT Sirt1, P1P2N HIF-1a. + DAC Sirt1,
P1P2N HIF-1a + WT Sirt1, or P1P2N HIF-2a + DAC Sirt1 were delivered into
mice. Hepatic Pdk1 mRNA level at day 7 following injection increased for
Ad/P1P2N HIF-1a (p<0.005) and was not further augmented with Ad/WT Sirt1
co-expression. The bars represent the mean + SD of five mice per treatment

group.
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To assess if an acute reduction in Sirt1 levels affects hepatic epo gene
expression induced by ectopic P1P2N HIF-2a expression, adenovirus encoding
shRNA against Sirt1 were used to generate Sirt1 knockdown (Sirt7*) mice. In
Sirt1* mice expressing ectopic P1P2N HIF-20. in the liver, hepatic epo gene
expression was reduced (Figure 3-14B) and the rise in hematocrits (Figure 3-
14B) was blunted for mice receiving wild-type (WT) Sirt1 shRNA relative to
mutant (MUT) Sirt1 shRNA treated mice. To determine the specificity of the Sirt1
effect on HIF-2o. activation, we measured levels of Pdk1, a HIF-1a selective
target gene. PDK1 expression was not affected by over-expression of HIF-2a
and was increased with concomitant over-expression with P1P2N HIF-1a.
Concomitant Sirt1 over-expression did not affect induction of Pdk1 by P1P2N

HIF-1a(Figure 3-4C).
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Figure 3-15: Ectopic alteration of Sirt1 affects HIF-2a dependent
increase of hematocrits in mice. (A) The rise in hematocrits of mice expressing
ectopic P1P2N HIF-2a in adult mouse livers is augmented by Sirt1. Hematocrits
were significantly increased for all mice receiving HIF-2a. Hematocrits were
further increased in mice receiving WT, but not DAC, Sirt1 adenovirus. (B)
Knockdown of Sirt1 in adult mouse livers blunts ectopic P1P2N HIF-2a. induced
increases in hematocrits. Mice receiving P1P2N HIF-2a:HA adenovirus along
with Sirt1 wild-type (WT) shRNA expressing adenovirus had significantly blunted
rises in hematocrits relative to mice receiving P1P2N HIF-2a:HA adenovirus
along with Sirt1 mutant (MUT) adenovirus (p<0.05). The bars represent the mean
+ SD of five mice per treatment group. (C) Spleen weights of mice expressing
ectopic HIF-2a in adult mouse livers are increased. Two month old wild-type mice
were injected via the tail vein with adenovirus encoding mock, P1P2N HIF-
1a:HA, P1P2N HIF-2a:HA, vsv-g:WT Sirt1 or vsv-g:DAC Sirt1 as indicated.
Spleen weights were increased significantly for all mice receiving HIF-2a
indicating marked increases in erythropoiesis.
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Acetylation of HIF-2a by p300

HIF-1a has been described as being acetylated by Ard1 under normoxia
(Jeong et al., 2002). To determine whether the mouse-specific ARD1 isoforms
225 (ARD1%%°) implicated in the acetylation processes with HIF-1a. or the more
widely expressed mammalian ARD1 235 isoform (ARD1'?®) (Kim et al., 2006) is
implicated in the acetylation of HIF-2a, | over-expressed P1P2N HIF-1a or
P1P2N HIF-2a together with ARD1 isoforms in HEK293 (data not shown) or
Hep3B cells with epo enhancer-epo promoter or Sod2 reporter constructs.
ARD1%* or ARD1** over-expression has no affect on HIF-1a or HIF-2a. trans-
activation of Sod2 or epo enhancer-epo promoter reporters (Figure 3-16 A) In
acetylation experiments in HEK293 cells, ARD1 failed to acetylate HIF-2a
(Figure 3-16C).

The protein p300, a histone acetyl transferase (HAT) enzyme is a classical
HIF co-activator (Ema et al., 1999). In transient transfection assays, p300 over-
expression can effectively increase both HIF-1a and HIF-2a trans-activation of
the epo enhancer-epo promoter or Sod2 promoter reporters (Figure 3-16B).
However, Sirt1 selectively augments p300 induced increase of P1P2N HIF-2a
activation, but not of P1P2N HIF-1a activation. In acetylation experiments, p300
over-expression under normoxia can effectively induce acetylation of HIF-2a in
HEK293 cells treated with TSA and Sirtinol (Figure 3-16C). In follow-up
experiments, we will determine the nature of the modified lysines compared to

those acetylated during hypoxia.
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Figure 3-16. p300 Acetylates HIF-2a, and trans-activation by p300 is further
increased by Sirt1. (A) ARD1 isoforms do not affect HIF transactivation. Hep3B
transfected with expression plasmid encoding P1P2N HIF-1a or P1P2N HIF-1a
with epo enhancer or Sod2 promoter reporters together with ARD1 isoforms 225
(ARD1225) or 235 (ARD1235), or (B) with expression plasmid encoding p300
and/or Sirt1. (C) In vivo acetylation of P1P2N HIF-2a:HA. HEK293 cells over-
expressing ARD1 or p300 together with P1P2N HIF-2a were treated with TSA +
Sirtinol. HA pull-down (PD) of P1P2N HIF-2a. was followed by SDS-PAGE and
western blotting (WB) against total protein (HA) or acetylated P1P2N HIF-2a
(Acetyl lysine).
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DISCUSSION
HIF members have important and unique biological roles in stress

=

response. Adult HIF-2o™" mice exhibit mitochondrial dysfunction and associated
metabolic abnormalities (Oktay et al., 2007; Scortegagna et al., 2003a). HIF-2a
target genes identified from in vivo studies with HIF-2a null and knockdown mice
(Ding et al., 2005; Kojima et al., 2007; Scortegagna et al., 2003a; Scortegagna et
al., 2005) include Cas1, Sod2, and Fxn. In other studies of HIF-2a™~ mice, we
also found that HIF-2a. is an essential regulator of epo in the kidney (Scortegagna
et al., 2005) and eye (Ding et al., 2005). Selective ablation of HIF-2a. in the liver
of VHL™" mice, which have constitutively activated HIF-10. and HIF-20. signaling,
largely eliminates hepatic epo gene expression (Rankin et al., 2007). These
studies led us to propose that HIF-2a. is an essential sensor and responder to in
vivo stresses with epo and Sod2 being HIF-2a target genes induced during
hypoxia and/or oxidative stress states (Scortegagna et al., 2003a; Scortegagna
et al., 2005). These genes will in turn allow cells to survive the inciting stresses.
Sirt1 involvement in the aging process in mammals is still being debated.
Presently, it is widely accepted that Sirt1 is involved in the maintenance of
cellular homeostasis in response to a variety of stresses including genotoxic,
metabolic, and oxidative stresses, by facilitating biological process that promote
cytoprotection, cell survival and inhibit apoptosis (Anastasiou and Krek, 2006).
Here we describe for the first time the implication of Sirt1 in the regulation of gene

expression in response to hypoxic stress.
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Sirt1 is activated by altered redox states. Since hypoxia affects cellular
redox state, we reasoned that Sirt1 might also participate in HIF signaling during
hypoxia. Several molecular and biochemical findings herein support this
hypothesis. HIF-2a, but not HIF-1a, trans-activation is synergistically activated by
Sirt1. Endogenous HIF-2a selectively complexes with Sirt1, and the endogenous
Sirt1/HIF-2a. complex increases with hypoxia exposure. Stable Sirt1/HIF-2a
complex formation requires the HIF-2a carboxy terminal NTAD/ODD and the UR
regions (Figure 3-11). During hypoxia, several lysine residues are acetylated in
the presence of Sirt1 inhibitors, as determined by mass spectrometry
(Supplemental Figure 5), or when Sirt1 is genetically depleted by shRNA knock-
down. Furthermore, the carboxy terminus of HIF-2a is sufficient for Sirt1
interaction and synergistic activation using the Gal4/VP16 system (Figure 3-9 B,
C). The acetylated lysine residues in the HIF-2a carboxy terminal, distinct from
sites of poly-ubiquitination or ARD1 acetylation (Paltoglou and Roberts, 2007),
are relevant for the observed HIF20/Sirt1 synergy. The data confirm that the
acetylated lysines in the HIF-2a carboxy terminus are required for repression of
Sirt1 by the small molecule inhibitor sirtinol (Figure 3-11). Finally, acetylated HIF-
2o is a direct substrate for the class Ill HDAC Sirt1 deacetylase (Figure 3-10 E,
F).

Our cell culture (Figure 3-12) and mouse model experiments (Figure 3-
13, Figure 3-14) support a functional role for Sirt1 in HIF-2o. dependent

regulation of Epo gene expression. In HepG2 cells exposed to hypoxia, Sirt1 and
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HIF-2a. are recruited to the Epo enhancer. Pharmacological as well as genetic
modulation of Sirt1 activity affects epo gene expression accordingly. Our data
support a major role for Sirt1 in control of epo gene expression in Hep3B cells, a
model cell line for HIF and epo biologists. Epo, generally considered an
erythrogenic growth factor, is also a potent prosurvival factor that protects
developing stem cell and progenitor cells in a variety of organs (Fliser et al.,
2006; Noguchi et al., 2007). The participation of Sirt1 in Epo regulation may
facilitate epo production in cellular niches characterized by nutrient, hypoxic, and
possibly other environmental stresses.

In developing mice, hepatic Epo gene expression is normally induced by
physiological hypoxia induced by growth. Sirt1 deficiency affects embryonic
hepatic Epo gene expression at the same developmental time-point when HIF-2a
deficiency has its consequence. Reflecting a need for exquisite and coordinate of
Epo regulation by both Sirt1 and HIF-2a, renal epo gene expression is reduced
with either Sirt1 or HIF-2a. haploinsufficiency in adult mice treated with hypoxia
(Figure 3-13). As further evidence of Sirt1 regulating HIF-2 signaling and epo
gene expression in vivo, acute Sirt1 knockdown in adult liver blunts ectopic HIF-
20 induced increases in hepatic Epo gene expression, whereas concomitant
Sirt1 and P1P2N HIF-2a over-expression further augments hepatic epo gene
expression in normoxic mice compared to P1P2N HIF-2a over-expression alone.

Our data reveal Sirt1/HIF-2 signaling may be regulated by at least two

mechanisms. The first involves Sirt1 recruitment by the HIF-2a carboxy terminus
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where it can serve as a conventional co-activator. Amino acid substitutions of the
hypoxia-induced acetylated lysine residues in the HIF-2o carboxy terminus do
not affect Sirt1/HIF-2a complex formation. Also, Sirt1 still retains the ability to
stimulate these HIF-2a lysine mutants signaling indicating that acetylation is not
required for Sirt1 recruitment and binding.

A second mechanism regulating Sirt1/HIF-2 signaling involves HIF-2a
regulation by post-translational modification. Transcriptional activation of HIF-2a
lysine substitution mutants by Sirt1 is not repressed by sirtinol. These findings
are similar to those observed with the loss of NAM-induced repression for lysine
substitution mutants of PGC-1a, also a target for Sirt1-mediated deacetylation
and augmentation (Rodgers et al., 2005).

Mitochondrial complexes | and Il oxidize the energy rich molecules NADH
and FADH, and with the electron transport chain, they generate ROS (Klimova
and Chandel, 2008; Turrens, 2003). ROS and the increased NAD* levels during
hypoxia positively regulate Sirt1 activity, suggesting that hypoxia increases Sirt1
enzymatic activity. Hypoxia increases Sirt1 enzymatic activity and HIF-2a protein
stability, and leads to synergistic activation of the epo gene. This synergy may be
a result of direct interaction and dynamic deacetylation of HIF-2a. by Sirt1. Thus,
Sirt1/HIF-2a signaling may be controlled through regulation of Sirt1 deacetylation
activity by NAD" levels or NAD*/NADH ratios, changing during hypoxia and other
environmental stresses. Linking Sirt1/ HIF-2a signaling with pyridine nucleotide

homeostasis raises additional scenarios in which Sirt1 may alter HIF-2 signal
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transduction, including settings in which HIF-2a is activated through hypoxia-
independent mechanisms. Future studies will be needed to address these
possibilities as well as to identify the precise molecular mechanism by which HIF-
20 acetylation/deacetylation regulates HIF-2 signaling.

Our model (Supplemental Figure 6) suggests that HIF-2a can be
acetylated both under normoxia and hypoxia by an unknown acetylase. TSA
treatment alone is not sufficient to observe HIF-2a acetylation. However, TSA
favors p300 interaction with and acetylation of Sp1 (Huang et al., 2005) or p53
(Stiehl et al., 2007) proteins. p300 is a HIF co-activator; it is also a candidate
acetyl transferase in our model. Under normoxia, the asparaginyl hydroxylase
FIH cannot efficiently hydroxylate the HIF-2a. CTAD to a degree similar to HIF-1a
(Bracken et al., 2006; Koivunen et al., 2004) and p300 can still interact with HIF-
20 under normoxia. Thus, p3800 may play a dual role, as an acetylase and as a
HIF co-activator.

Under normoxia, HIF-2a is acetylated and can interact with Sirt1. We
assume that Sirt1 enzymatic activity is not optimal. HIF-2a, but not HIF-1qa,
steady-state acetylation under normoxia, as well as during hypoxia, occurs in
HEK293 as well as Hep2B cells only when Sirt1 enzymatic activity is inhibited
pharmacologically with Sirtinol treatment or is inhibited genetically by shRNA
knockdown (Figure 3-10 E). A point mutation that inhibits Sirt1 deacetylation

activity (H363Y Sirt1, DAC Sirt1) leads to disruption of the Sirt1/HIF-2a. complex.
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These data suggest that HIF-2a is a direct substrate for Sirt1 deacetylation. A
direct demonstration of Sirt1 deacetylating HIF-2a is seen with our in vitro data.

In adult mice, concomitant Sirt1 and P1P2N HIF-2a. over-expression in
livers of normoxic mice augments hepatic epo gene expression compared to
P1P2N HIF-2a. over-expression alone. In developing mice, hepatic epo gene
expression is normally induced by physiological hypoxia experienced with
growth. As further evidence of Sirt1 regulating HIF-2a signaling in vivo, Sirt1
knockdown in adult liver also affects HIF-2a dependent epo gene expression.

Sirt1/HIF-2a signaling during hypoxia involves dynamic changes in HIF-2a
acetylation and Sirt1-mediated deacetylation rates (Figure 3-10). HIF-2a is only
present in vertebrates and Sirt1 has no effect upon HIF-1a signaling, suggesting
that Sirt1/HIF-2a signaling serves a more specialized role in higher metazoans.
Integrating Sirt1/HIF-2a. signaling, likely operant in pathophysiological conditions
associated with chronic or repetitive environmental stresses, with input from other
stress-responsive signal transducers may invoke crucial protective mechanisms.
FoxO (Bakker et al., 2007) and HIF-2a (Tian et al., 1997) are both activated
under hypoxic conditions. | propose signaling by Sirt1/HIF-2a, like that of
Sirt1/FoxO, regulates expression of pro-survival factors under hypoxia and other
adverse environmental conditions. Future studies will be needed to determine
whether Sirt1/HIF-2a signaling has broader implications for stress signaling

mechanisms as well as for aging in mammals.
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Supplemental Figure 5. HIF-1a and HIF-2a protein sequence homology. In red
are hydroxylated prolines and asparagine residues (P1P2N) implicated in the

oxygen-dependent regulation of HIF-a. Residues in green are acetylated lysines

in HIF-2a identified by mass-spec and conservation in HIF-1a.
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Supplemental Figure 6. Model of Sirt1 activation of HIF-2a. (A) In normoxia,
HIF-2a. interacts with Sirt1 (Figure 3-4) and induce basal HIF-2 target genes such
as Epo. During hypoxia (B) increased stabilization of HIF-2a and transcription of
Sirt1 (Figure 3-8) lead to increased Sirt1/HIF-2a complex (Figure 3-4D) and HIF-
20 target genes transactivation. Here Sirt1 acts as a transcriptional co-activator
(Figure 3-12). Oxidative stress (Brunet at al 2004) and NAD* (Imai et al., 2000)
increase Sir1 activity. (C) During hypoxia, increases ROS levels and NADH
oxidation (Klimova and Chandel, 2008; Turrens, 2003) stimulate Sirt1 enzymatic
activity and deacetylation of HIF-2a (Figure 3-10). Deacetylated HIF-20/Sirt1
complex (D) induce optimal HIF-2a target genes transcription during hypoxia.

SIRT1
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CHAPTER FOUR

Materials And Methods

Materials and methods for chapter two

Bioinformatics Analyses.

Genomic sequences of various vertebrate erythropoietin enhancer regions
were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/) and UCSC
(http://genome.ucsc.edu) genome browsers. Sequence analysis was performed
using the default setting of the rVISTA algorithm program from the University of
California in Santa Cruz (UCSC) genome browser. | also performed sequence
manually using the ClustalW multiple sequence alignment program
(http://www.ebi.ac.uk/cgi-bin/clustalw). Putative transcription factor binding sites
(BS) in the conserved sequences were predicted using the Tfsitescan/dynamic

Plus server (Ghosh, 2000)

Mammalian reporter and expression plasmids

The epo enhancer-promoter reporter constructs were amplified by PCR
from mouse genomic DNA. The epo promoter was cloned as —410 to +1 relative
to the start of transcription of the epo gene. The 176 bp parental epo enhancer
regions, representing the conserved regions evaluated from Blast search, rVISTA

and manual alignment using ClustalW, located 627 bp downstream of exon 5
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from NCBI reference sequence M11319.1 were amplified by PCR from mouse
genomic DNA. The epo enhancer Nhel-Xhol fragment fused to the epo promoter
Sall-Hindlll fragment were cloned upstream of the luciferase reporter plasmid
pGL3-Basic (Promega, Madison, WI) as BS123-Box1+ Epo enhancer. Several 5’
and 3’ deletions were generated (boundaries are represented by solid arrows and
open arrows respectively) by PCR (Figure 2-3), each representing delimited
conserved regions. Point mutations of the binding sites BS2 or HRE were
generated with QuickChange site directed mutagenesis (Stratagene).

Wildtype human HIF-1a and HIF-2a expression plasmids were
constructed from carrier EST plasmids. The oxygen-independent HIF mutant
forms, P1P2N HIF-1a and P1P2N HIF-2a, were previously described (Dioum et
al., 2008). The hybrid HIF proteins P1P2N-HIF-1o/HIF-20. and P1P2N-HIF-
20/HIF-1a exchange the carboxy termini (CTERM) downstream of the PAS
domain. The hybrid as well as amino or carboxy deletion HIF constructs were
generated by zipper or deletion PCR techniques. All HIF expression constructs
have a carboxy terminal HA epitope tag P1P2N HIF-1a:HA and P1P2N HIF-
20:HA deletion constructs were generated by PCR and cloned into pcDNAS.1
expression vector (Invitrogen, Carlsbad, CA).

Full length human Sp1, Sp1, WT1, Egr family members Egr1, Egr2, Egr3
and Egr4) and NAB2 expression vectors were made by PCR cloning from cDNA
library purchased from Openbiosystems Technology. The Egr family members

and NAB2 were engineered with a VSV-G and FLAG epitope tag respectively.
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The constitutively active forms of Egr1 (I1292F Egr1) (Lee et al., 2005) and Egr2
(I268E) and the dominant negative form of NAB2 (E51K NAB2) (Svaren et al.,
1996) were generated by QuickChange site directed mutagenesis. Egr2/Egr3-
hybrids expression vectors were constructed by exchange of the Egr2
transactivation domain (TAD, residues 1-99), or Egr2 TAD and R1 domain
(residues 1-269) with respectively the Egr3 R1 and zinc-finger domains
(residues121-387) or zinc-finger domain alone (residues 254-387) and vice-
versa. The hybrid constructs were generated by zipper pcr techniques with
amino terminus VSV-G tag. All expression plasmids, unless otherwise indicated,
are in pIRES-hr GFP (Stratagene, La Jolla, CA). Mutations were introduced using
PCR-based site-directed mutagenesis (QuikChange IlI; Stratagene) and

sequence-verified prior to cloning.

Cell culture and transfections

Reporter plasmids (30 ng per well), and expression plasmids (100 ng per
well) were used in transient transfection analyses. HEK293 (Cat. No. CRL-1573,
ATCC, Manassas, VA) and Hep3B cells (Cat. No. HB-8064, ATCC) were
maintained in complete media [DMEM, 4.5 g/l glucose, 4 mM glutamate (Cat. No.
SH30022, HyClone, Logan, UT), 10% fetal bovine serum (FBS; Cat. No.
S10650H, Atlanta Biologicals, Lawrenceville, GA) supplemented with penicillin
(100U/mL)/streptomycin (100 pg/mL) (Cat. No. 15140-148, Gibco BRL, Carlsbad,

CA)] in a 5% C0, 95% air incubator. Cells at 50-60% confluency were
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transfected in 48-well plates (Cat. No. 3548, CoStar, Corning Inc., Lowell, MA)
with a maximum of 500 ng total DNA per well using Lipofectamine 2000 (Cat.
No.11668-019, Invitrogen). Within each transfection set, DNA amount was kept
constant with addition of empty expression vector. At 24 hr post-transfection,
cells were harvested for luciferase and p-galactosidase assays. For hypoxia
treatments, | transferred cells to a humidified environmental chamber (Coy
Laboratory Products, Inc., Grass Lake, MI), replaced culture media with
deoxygenated media, and maintained the cells under hypoxic (1% O,, 5% CO,,
94% N,) conditions for the specified periods. Cells were harvested within the

chamber to prevent any oxygen-induced, post-translational modifications.

Nuclear extract preparations

Hep3B cells (80% confluent) in 6 cm cell culture d dish were treated with
hypoxia for the indicated time period (0, 1 2, 4, 8 and 16 hrs) using a Coy hypoxia
chamber. After hypoxic treatment, the medium was discarded, and the Hep3B
cells were lysed with 200ul of nuclear extract (NE) lysis buffer (20mM Hepes
pH7.4, 10mM NaCl, 1.5mM MgClI2, 20% Glycerol, 0.1% Triton X-100, 1 mM DTT,
1x protease inhibitor cocktail (Cat. No. P8340, Sigma) and 1mM PMSF) before
incubation on ice outside of the bag for 5 minutes. The cells lysate was
transferred into a clean 1.5mL centrifuge tube and vortex for 10 sec to re-
suspend cells and incubate for another 5 min. After centrifugation of the cell

lysate 2600g at 4°C for 10 min, the supernatant representing the cytosolic
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fraction was discarded and the nuclear pellet was resuspended in 175ul of lysis
buffer NE by gentle vortex for 10 seconds. To nuclear membrane was lysed by
adding 25ul of 5M NaCl and incubated with a gentle rotation at 4°C for 1 hr
followed by vigorous vortex three times for 5 sec. The nuclear extract was
centrifuges at 16000g at 4°C for 10 min to separate nuclear protein from cell
debris and the nuclear protein concentration was estimated by Bradford assay.
The nuclear protein was mixed with 50 ul of 4X SDS-PAGE loading buffer and
heated at 95°C for 5 min followed by vigorous vortex for 10 sec.

For endogenous protein expression analysis, 40 ug of total nuclear protein
was loaded on an 8% SDS-PAGE mini gel with 1.5 mm thickness and analyzed
by western blot against HIF-1a. (BD bioscience 610959 1:500 in 5% milk-TBS-T),
HIF-20. (Novus Biological NB100-132 1:1000 in 5% milk-TBS-T), Egr1 (Santa
Cruz sc-110 1:500 in 5% milk-TBS-T), or Egr2 (Covance PRB-236P 1:500 in 5%
milk-TBS-T). As loading controls, | used antibodies to TBP (Santa Cruz sc-204
1:1000 in 5% milk-TBS-T), Sp1 from Santa Cruz sc-59 (1:500 in 5% milk-TBS-T),

or ARNT from BD bioscience 611078 (1:500 in 5% milk-TBS-T).

Exogenous protein pulldown experiments

Co-immunoprecipotation (Co-IP) assays of the full length or deletion
constructs of HIF-1a or HIF-2a together with the Egr isoforms were performed in
HEk293 cells. HEK293 cells seeded at 1.5 x10° cells/60 mm dish were

transfected with 4.5 ug of the indicated P1P2N HIF-a:HA expression constructs
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with WT vsv-g:Egr1, vsv-g:Egr2, vsv-g:Egr3, or vsv-g:Egr4. The Egr1 protein is
very unstable under normoxia and is barely detectable. To circumvent this
problem, 8hrs after transfection, Egr1 transfected cells were treated with 10 yM
MG132 (Cat. No. 474790 Calbiochem, Gibbstown, NJ stock 10 mM in DMSO) for
16 hrs. Twenty four hours after transfection, cells were harvested according
uMACS™ HA Tag Protein Isolation Kit (Cat. No. 130-091-122, Miltenyi Biotec,
Auburn, CA) recommendations and HIF-a HA tagged protein-complexes bound
to the anti-HA magnetic beads were thoroughly washed and eluted in 50 ul SDS-
PAGE sample buffer heated at 95°C. Immune complexes were analyzed by
immunoblotting with anti-vsv-g antibodies (1:1000 dilution; Cat. No. ab18612,
Abcam, Cambridge, MA) or with anti-HA antibodies (1:1000 Dilution; Cat. No.
H9658, Sigma). P1P2N HIF-1a:HA and P1P2N HIF-1a:HA deletion constructs
were co transfected with vsv-g:Egr2 in HEK293 cells and immunoprecipitation is

performed as described above.

shRNA knockdown studies

The Egr1 short hair RNA microRNA (shRNAmir)
5-CGCTTCGGTTCTCCAGAATGTAtagtgaagccacagatgtaTACATTCT
GGAGAACCGAAGCT-3’ used to knockdown human Egri in Hep3B cells was
purchased from OpenBiosystems technology. The Egr2 shRNA expression
plasmid (5-GATC AACATTGACATGACTGGAGAGAAGA-3’) was purchased

from Origen technologies (Cat no. TR313276). For cell culture studies, Hep3B
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cells in 6-well plates were transfected at 60% confluency in triplicate with 2.5 ug
of Egr1, Egr2 or Egr1 and Egr2 shRNA or control expression plasmids using 7ul
of Lipofectamine LTX (Cat. No. 15338-100, Invitrogen, Carlsbad, CA) in DMEM
plus 10% fetal bovine serum following the manufacturer’s instructions. Forty-eight
hours following transfection, the transfected cells were subjected to hypoxia for
16 hours and then total RNA was purified using the GenElute Total RNA Kit (Cat.
No. RTN70-1KT, Sigma). Erythropoietin and cyclophilin gene expression were
determined by real-time RTPCR analyses from cDNA generated by reverse

transcription.

Real-time RT-PCR analyses

The expression of endogenous epo and cyclophilin were determined by
reverse transcription of total RNA followed by real time PCR analysis. Total RNA
from Hep3B cells was extracted using GenElute™ mammalian Total RNA kit
(Cat. No. RTN70-1KT, Sigma). 1ug of total RNA was reverse transcribed by
extension of oligo-dT primers using M-MLV reverse transcriptase (Cat. No.
28025-013,Invitrogen) according to the manufacturer’s recommendations. Total
RNA was isolated from 1/3 of the total mouse livers (right lobule) and extracted
using the FastRNA Pro Green Kit (Cat. No. 6045, MP Biomedicals, Solon, OH).
1 ug of total RNA was then reverse transcribed using a M-MLV reverse
transcriptase Kit (Cat. No0.28025-013, Invitrogen). Mouse epo levels were

normalized to a mouse loading control. Values were normalized to cyclophilin as
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previously described (Dioum et al., 2008). Real time quantitative PCR was

performed on an Applied Biosystems ABI Prism 7000 Thermocycler using Power

SYBR Green Master Mix following the manufacturer’s protocol and one-tenth of

total cDNA with the following pairs of human primers:

Epo (forward)

Epo (reverse)
cyclophilin (forward)
cyclophilin (reverse)
VEGF (forward)
VEGF (reverse)
Egr1 (forward)

Egr1 (reverse)
Egr2 (forward)

Egr2 (reverse)

Statistical analyses

5’-GAGGCCGAGAATATCACGACGGG-3/,
5’-TGCCCGACCTCCATCCTCTTCCAG-3’,
5-ATGTGGTTTTCGGCAAAGTTCTA-3,
5-GGCTTGTCCCGGCTGTCT-3,,
5-CGCTGGTAGACGTCCATGA -3’,
5’-CACGACAGAAGGAGAGCAGAA 3’,
5’-GGGAGCCGAGCGAACA-3’

5’- TCAGAGCGATGTCAGAAAAGGA-3’,
5-CCCTTTGACCAGATGAACG-3’

5-TAGGTGCAGAGATGGGAGC-3,

Comparisons between experimental groups were made by Student’s t-

Test for groups with equal sample size or by z-Test for comparisons between

groups of unequal sample size. Two-tailed analyses were performed unless

otherwise indicated. The statistical analyses were performed in Microsoft Excel

(Microsoft Corporation, Redmond, WA).
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Materials and methods for chapter three

Mammalian reporter and expression plasmids

The mouse Sod2 (-1452/+40) (Scortegagna et al., 2003a), VegfA (-
1106/+123) (Dioum et al., 2008), and Epo enhancer-promoter (Dioum et al.,
2008), reporters were previously described. By PCR, | amplified from mouse
genomic DNA the mouse Epo promoter representing —410 to +1 relative to the
start of transcription of the epo gene and epo enhancer regions. The PCR
products representing the mEpo enhancer Nhe I-Xho | and the mEpo promoter
Sal I-Hind Il were cloned into the luciferase reporter plasmid pGL3-Basic
(Promega) as BS123-Box1+ Epo enhancer. Several 5’ and 3’ deletions were
generated (boundaries are represented by solid arrows and open arrows
respectively) by PCR (Figure 1a) each one representing delimited conserved
regions. Point mutations of the binding sites BS23 were generated with Quick-
Change site directed mutagenesis (Stratagene).

The human SIRT1 promoters (-354/+54 and 128/+54) were isolated by
PCR amplification of human genomic DNA and inserted into the firefly luciferase
reporter plasmid pGL3-Basic (Promega, Madison, WI). The 8xFBE-tk reporter
was generated by PCR isolation of the 8xFBE element from a previously
described FoxO reporter (Biggs et al., 1999) (generously provided by Dr. William

Biggs) and replacement of the 3xHRE element upstream of the minimal tk region
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in 3xHRE-tk/luc (Tian et al., 1997). Full length human Sp1, Sp1, WT1, Egr family
members Egr1, Egr2, Egr3 and Egr4) and NAB2 expression vectors were made
by PCR cloning from cDNA library purchased from OpenBiosystems Technology
and subcloned into pIRES-hrGFP expression vector. The deacetylase (DAC)
Sirt1 mutant (H363Y) was generated by site-directed mutagenesis (Vaziri et al.,
2001). Constitutively active (nuclear) FoxO expression plasmids contained triple
alanine substitutions (A3) for serine/threonine phosphorylation sites that regulate
nuclear export (Furuyama et al., 2000) (generously provided by Dr. Tatsuo
Furuyama). Wild type human HIF-1a and HIF-2a. expression plasmids were
constructed from carrier EST plasmids.

The oxygen-independent HIF mutant forms, P1P2N HIF-1a and P1P2N
HIF-2a, were previously described (Dioum et al., 2008). The hybrid HIF proteins
P1P2N-HIF-10/HIF-2a. and P1P2N-HIF-2a/HIF-10 exchange the carboxy termini
(CTERM) downstream of the PAS domain. The hybrid as well as amino or
carboxy deletion HIF constructs were generated by zipper or deletion PCR
techniques. All HIF expression constructs have a carboxy terminal HA epitope
tag. The HIF expression constructs used in the co-immunoprecipitation and pull-
down experiments have an S protein (SP) tag at the amino terminus and/or a
hemagglutinin A (HA) tag at the carboxy terminus. The SP:P1P2N HIF-a:HA and
P1P2N HIF-a:HA forms have intact transactivation properties compared to the

untagged parental forms as judged by transient transfection assays (data not
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shown). SP:P1P2N HIF-2a:HA was used for mass spectroscopy determinations
of hypoxia-induced acetylated lysine residues.

For mammalian two-hybrid experiments, Gal4:Sirt1 (aa 194-557),
VP16:HIF-1o:HA (aa 351-826), or VP16:HIF-2a:HA (aa 353-870) fusion
constructs were generated by pcr, cloned into CMX/Gal4DBD (Sirt1) and
CMX/VP16 (HIFs) (CMX/Gal4 DBD and CMX/VP16 generously provided by Dr.
Ron Evans), and confirmed by sequencing. The wild-type (WT) Sirt1 insert for the
Gal4 fusion contains the core region of Sirt1 with homology to yeast Sir2. The
mutant (MUT) Sirt1 insert also contains mutations that inactivate the deacetylase
(H363Y) and ADP-ribosyl transferase (G261A) activities in Sirt1 (positions
relative to full-length Sirt1). The Gal4-responsive reporter was generated by
replacement of the 3xHRE element in 3xHRE-tk/luc with a synthetic linker
consisting of four Gal4 upstream activating sequences (4xUAS). All expression
plasmids, unless otherwise indicated, are in pIRES. Mutations were introduced
using PCR-based site-directed mutagenesis (QuikChange IlI; Stratagene) and

sequence-verified prior to cloning.

Cell culture and transfections

Reporter plasmids (30 ng per well), and expression plasmids (100 ng per
well) were used in transient transfection analyses. HEK293 (Cat. No. CRL-1573,
ATCC, Manassas, VA) and Hep3B cells (Cat. No. HB-8064, ATCC) were

maintained in complete media [DMEM, 4.5 g/l glucose, 4 mM glutamate (Cat. No.
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SH30022, HyClone, Logan, UT), 10% fetal bovine serum (FBS; Cat. No.
S10650H, Atlanta Biologicals, Lawrenceville, GA) supplemented with penicillin
(100U/mL)/streptomycin (100 pg/mL) (Cat. No. 15140-148, Gibco BRL, Carlsbad,
CA)] in a 5% C0, 95% air incubator. Cells at 50-60% confluency were
transfected in 48-well plates (Cat. No. 3548, CoStar, Corning Inc., Lowell, MA)
with a maximum of 500 ng total DNA per well using Lipofectamine 2000 (Cat.
No.11668-019, Invitrogen). Within each transfection set, DNA amount was kept
constant with addition of empty expression vector (Novak et al.). At 24 hr post-
transfection, cells were harvested for luciferase and f-galactosidase assays. For
pharmacological treatments, cells were transfected and media replaced 4 hr later
with drug-containing media. Resveratrol (1 mM stock in DMSO; Cat. No. R5010,
Sigma, Saint Louis, MO) sirtinol (1 mM stock in DMSO; Cat. No. 510 8474,
Chembridge Corporation, San Diego, CA), or nicotinamide (1 M stock in 1x PBS;
Cat. No. N0636, Sigma) were diluted at the indicated concentrations in DMEM
immediately prior to use. For pharmacological treatments, DMSO (Cat. No. D-
8779, Sigma) and 1x PBS were added to a final concentration 0.5% for all
samples including controls. Cells were harvested 20 hr after drug treatment was
initiated. For hypoxia treatments, | transferred cells to a humidified environmental
chamber (Coy Laboratory Products, Inc., Grass Lake, MI), replaced culture
media with deoxygenated media, and maintained the cells under hypoxic (1% O,,
5% CO,, 94% N,) conditions for the specified periods. Cells were harvested in

the chamber to prevent any oxygen-induced, post-translational modifications.
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Mammalian two-hybrid studies were performed in Hep3B cells using 48-well

plates with Lipofectamine 2000 as described earlier.

Cycloheximide assays (half-life determinations)

Hep3B cells were seeded at 0.5 x 10° cells onto 6 cm diameter plates and
transfected with the indicated expression constructs. The next day, the
transfected cells were treated for an additional 24 hours with 5 yM sirtinol plus
0.2 uM trichostatin A (TSA) or 0.2 uM TSA alone. The treated cells were exposed
to hypoxia for the last 0 or 16 hours of drug treatment. The following day, cells
were treated with 50 ug/ml cycloheximide (50 mg/ml stock in DMSO; Cat. No.
C4859, Sigma) for 0, 30, 60, or 90 min before lysis. Western blotting analyses

were performed as indicated.

Nuclear extract preparations

Nuclear protein was isolated from mouse livers and extracted using a
commercially available nuclear extract kit (Cat. No. 40010, Active Motif,
Carlsbad, CA). In brief, fresh mouse liver (300 mg) was diced using a clean razor
blade, placed in a pre-chilled dounce homogenizer, and homogenized in 1ml of
ice cold 1x hypotonic buffer supplemented with 1mM DTT and 0.1% detergent
mixture (Active motif cat. No. 40010). After 15 minutes incubation on ice, the
homogenate was centrifuged for 10 minutes, 850g 4°C, and the supernatant was

discarded. The pellet was gently resuspended in 500 pl of 1x hypotonic buffer by
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up-an-down pipetting several times. After 15 minutes incubation on ice, 25 ul of
detergent solution was added and then vortexed vigorously for 10 seconds. The
suspension was centrifuged for 30 seconds, 14,0009, 4°C. The nuclear pellet
was resuspended in 50 yl complete lysis buffer and then vigorously vortexed for
10 seconds. The protein suspension was centrifuged was incubated for 30
minutes on ice on a rocking plate-form set at 150 rpm, and then vortexed for 30
seconds. After centrifugation, the supernatant containing the nuclear protein
suspension was transferred into a pre-chilled microfuge and the protein

concentration was measured by using Bradford assay.

Exogenous protein pull-down experiments

For pull-down assays with full-length HIF proteins, HEK293 cells were
seeded at 1.5 x10° cells/60 mm dish and were transfected with 4.5 ug of the
indicated expression plasmid (pIRES, P1P2N SP:HIF-1a:HA, P1P2N SP:HIF-
20:HA, WT vsv-g:Sirt1, DAC vsv-g:Sirt1). One day after transfection, cells were
maintained under normoxia or exposed to 4 hr, 8 hr, or 16 hr of hypoxia. Cell
extracts were prepared with lysis buffer (Cyto Buster™ Protein Extraction
Reagent, Cat. No. 71009, Novagen, Gibbstown, NJ) containing 1x phosphatase
inhibitor Cocktail 1 (Cat. No. P2850, Sigma), 1x phosphatase inhibitor Cocktail 2
(Cat. No. P5726, Sigma), 1x protease inhibitor cocktail (Cat. No. P8340, Sigma),
5 uM trichostatin A (1 mM stock in DMSO; Cat. No. T8552, Sigma), and 10 mM

nicotinamide (1 M stock in 1x PBS; Cat. No. N0636, Sigma). SP-tagged proteins
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were purified as described with the following modifications (Hackbarth et al.,
2004). Extracts were incubated with S-protein agarose (Cat. No. 69704,
Novagen, Madison, WI, USA) for 2 hr at 4°C with end-over-end mixing. Following
binding, samples were three times with 1 x IP buffer (Cat. No. 54001, Active
Motif, Carlsbad, CA) containing 1x phosphatase inhibitor Cocktail 1, 1x
phosphatase inhibitor Cocktail 2, 1x protease inhibitor cocktail, 5uM TSA, 10 mM
nicotinamide. Bound complexes were released by heating in 50 ul SDS-PAGE
sample buffer at 95°C for 5 minutes. For pull-down assays with HIF-2o deletion
constructs, HEK293 cells were seeded at 1.5 x10° cells/60 mm dish and were
transfected with 4.5 ug of the indicated P1P2N HIF-2a:HA deletion expression
constructs and/or with WT vsv-g:Sirt1. One day after transfection, cells were
harvested with uMACS™ HA Tag Protein Isolation Kit (Cat. No. 130-091-122,
Miltenyi Biotec, Auburn, CA). Bound complexes were released by heating in 50 ul
SDS-PAGE sample buffer at 95°C for 5 minutes. Immune complexes were
analyzed by immunoblotting with anti-vsv-g antibodies (1:1000 dilution; Cat. No.
ab18612, Abcam, Cambridge, MA) or with anti-HA antibodies (1:1000 Dilution;
Cat. No. H9658, Sigma). For mammalian two-hybrid proteins, Gal4:WT Sirt1,
Gal4:MUT  Sirt1, VP16:HIF-1a:HA and/or VP16:HIF-20:HA  pull-down
experiments were performed in HEK293 cells. Expression plasmids (5 pg each)
were co-transfected using Lipofectamine 2000 in 10 cm plates seeded at 2 x 10°
cells/10 cm plate. Twenty-four hours after transfection, cell extracts were

prepared with lysis buffer (Cyto Buster™ Protein Extraction Reagent; Cat. No.
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71009, Novagen, Gibbstown, NJ) containing 1x phosphatase inhibitor Cocktail 1
(Cat. No. P2850, Sigma), 1x phosphatase inhibitor Cocktail 2 (Cat. No. P5726,
Sigma), 1x protease inhibitor cocktail (Cat. No. P8340, Sigma), and 1 mM PMSF
(Cat. No. P762, Sigma). The HA complex was immunoprecipitated using the
uMACS™ HA Tag Protein Isolation Kit (Cat. No. 130-091-122, Miltenyi Biotec,
Auburn, CA). Bound complexes were released by heating in 50 ul SDS-PAGE
sample buffer at 95°C for 5 minutes. Immune complexes were analyzed by
immunoblotting with anti-vsv-g (1:1000 dilution; Cat. No. ab18612, Abcam,
Cambridge, MA) or anti-VP16 (1:1000 Dilution; Cat. No. ab4808 Abcam,

Cambridge, MA) antibodies.

Endogenous protein pull-down experiments

Immunoprecipitation of endogenous proteins was accomplished with a
Nuclear Complex Co-IP kit (Cat. No. 53009, Active Motif) according to the
manufacturer’s protocol. Hep3B nuclear extract (500 ug) were first incubated with
20 ul protein A agarose beads (Cat. No. 07-131, Upstate Biotechnology, Inc.,
Lake Placid, NY) for 2 hours with gentle rotation at 4°C. The cleared
supernatants were incubated with 5 ug Sirt1 specific antibody (Cat. No. 07131,
Upstate Biotechnology, Inc., Temecula, CA) or normal rabbit IgG (Cat. No. 2027,
Santa Cruz Biotechnology, Santa Cruz, CA) overnight before addition of 20 ul of
protein A agarose beads for 4 hours. After three washes with 1x low IP buffer

plus 1mg/mL BSA followed by three washes with 1x low IP buffer without BSA,
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the immunoprecipitated materials were eluted with addition of 20 ul 2x SDS
sample buffer followed by boiling, resolved by SDS-PAGE, and detected with
human anti-Sirt1 (1:1000 Dilution; Cat. No. 07131, Upstate Biotechnology, Inc.),
anti-HIF-1a  (1:1000 Dilution; Cat. No. 610959, BD Biosciences, Franklin
Lakes, NJ), or anti-HIF-2a (1:1000 Dilution; Cat. No. NB100-132, Novus

Biologicals, Littleton, CO) antibodies.

In vitro *S-Methionine SIRT1/GST-HIF pull-down experiments
Full-length wild-type Flag-SIRT1 (WT SIRT1) or H363Y Flag-SIRT1 (DAC
SIRT1) subcloned in pcDNA 3.1 (Invitrogen) were in vitro transcribed and

kTM

translated using the TNT-Quic rabbit reticulocyte lysate system reaction
following the manufacturer’s recommendations (Cat. No. L4610, Promega). The
SIRT1 proteins were labeled by incorporation of *°S-Methionine (Cat. No.
NEG709A500UC, Perkin Elmer, Boston, MA). For pull-down assays, 25 uL of
either WT or DAC *S-Labeled SIRT1 protein extract was incubated overnight at
4°C with 0.5 ml of purified GST-HIF1a. CTERM:HA or GST-HIF-2a. CTERM:HA.
The proteins were pulled down using anti-HA agarose beads and the beads were
washed three times with 500 ul IP low buffer (Cat. No. 54001, Active Motif)
before elution with 30 ul 2x SDS-PAGE sample buffer. The eluted proteins were

resolved by SDS-PAGE, the HIF-a proteins were detected by coomassie

staining, and **S-labeled SIRT1 was detected by autoradiography.
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Bacterial expression of HIF-a carboxy terminus (CTERM) GST fusions

The carboxy terminal portion (CTERM) of human HIF-1a (amino acids
352-826) or HIF-2a (amino acids 350-870) was cloned as a GST fusion protein in
the bacterial expression plasmid pGEX-4T3 (Pharmacia, Peapack, NJ). The E.
coli strain Origami B (DE3) (Cat. No. 71136-3, Novagen, Madison, WI) and
Rosetta-gami B (DE3) (Cat. No. 71137-3, Novagen) were transformed
respectively with parental pGEX-4T3 or with pGEX-4T3 encoding GST-HIF-1a
CTERM:HA and GST-HIF-2o. CTERM:HA. Bacteria were grown in a 37°C shaker
incubator in the presence of 34 ug/mL chloramphenicol, 15 ug/mL kanamycin,
12.5 ug/mL tetracycline and 100 ug/mL ampicillin in 25 mL Luria-Bertani medium
(LB broth) overnight. The cultures were then transferred to a 500 mL LB broth
with 34 ug/mL chloramphenicol, 15 ug/mL kanamycin, 12.5 ug/mL tetracycline
and 100 ug/mL ampicillin at 37°C and grown to an absorbance of 0.7 at 600 nm
before induction with 0.5 mM isopropyl-p-D-thiogalactopyranoside (IPTG; Cat.
No. BP.1755-1, Fisher Scientific, Pittsburgh, PA). Before induction, a 1 ml aliquot
was withdrawn and saved for a non-induced control. Cells were grown for 16 hrs
at 25°C after IPTG induction. The IPTG-induced bacteria were pelleted by
centrifugation (4000 rpm, 30 minute), washed 1x with ice cold PBS, and
resuspended in 25 ml of B-PER Il bacterial protein extraction reagent (Cat. No.
78260, Pierce, Rockford, IL) supplemented with 5 ml bacterial protease inhibitor
cocktail (Cat. No. P8465, Sigma) and 1 mM phenylmethylsulfonyl fluoride (PMSF;

Cat. No. P762, Sigma) at room temperature for 15 minutes with gentle shaking.
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The lysate were further sonicated 3x using a cell sonicator on ice for 10 sec each
time using the microtip probe set at amplitude 5 with continuous burst (Cat. No.
F550, Fisher Scientific). The bacterial cell lysate was cleared by centrifugation at
15000 rpm for 30 minute at 4°C. The purification of GST-HIFs by glutathione-
sepharose affinity chromatography was performed according to the
manufacturer’s suggestions. Briefly, the bacterial lysate was incubated with 0.4
ml of a 1:1 (vol/vol) slurry of 1x PBS:glutathione-sepharose beads (Cat. No. 17-
0756-01, GE Healthcare, Piscataway, NJ) at 4°C overnight on a rotator. The
resin was spun down and the supernatant discarded, and the pelleted resin was
washed 5x with 1 ml 1x PBS containing 1:10 dilution of B-PER II binding solution
(Cat. No. 78260, Pierce). GST fusion proteins were eluted by incubation with 1 ml
wash buffer containing 1 mM reduced glutathione (Cat. No. G4251-10G, Sigma)

for 4 hr at 4°C.

Exogenous HIF-2a acetylation experiments

| transfected HEK293 cells seeded in 10 cm culture dishes with
expression vectors encoding SP:P1P2N HIF-1a:HA or SP:P1P2N HIF-2a.:HA
using Lipofectamine 2000 (Cat. No. 11668-019, Invitrogen). Eight hours after
transfection, | treated cells with 5 yM sirtinol plus 0.2 uM trichostatin A (TSA) or
0.2 uM TSA alone for an additional 24 hours. To assess the contribution of
hypoxia on HIF acetylation, the transfected cells were exposed to hypoxia for the

last 0, 2, 4, 8 or 16 hours following drug treatment. SP:P1P2N HIF-1a:HA or
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SP:P1P2N HIF-2a:HA were purified from the cell lysates using pull-down with
SP-agarose and subjected to immunoblot analyses using antibodies recognizing
acetylated lysine residues (Cat. No. KAP-TF120, Stressgen, Ann Arbor, MI). The
same membranes were re-probed with antibodies recognizing the HA epitope to
assess SP:P1P2N HIF-10:HA or SP:P1P2N HIF-2a.:HA loading levels.

To verify that TSA treatment inhibited class I/ll HDACs activities, acid-
extracted histone preparations were prepared from Hep3B cells grown in a 60
mm dish treated with either DMSO or .2 yM TSA for 16 hrs. Cells were harvested
in 500 L of 1x hypotonic buffer (cat no. 100505 Active motif) supplemented with
1x protease inhibitor cocktail (Cat. No. P8340, Sigma), 0.2 uM TSA, 25ul of
detergent solution (cat 100512 Active motif) and 1 mM DTT (cat no. D9779-5G
Sigma) vortex for 10 seconds. The cell lysate was centrifuged at 10,000 g for 5
minutes and the supernatant (cytoplasmic fraction) discarded. The nuclear
fraction pellet was re-suspended very well in 200 1 of 0.4N HCI and incubated on
rotator for 1 hour. Nuclear debris were cleared by centrifugation at 4°C, 16,000 g
for 10 minutes and the supernatant containing histones was transferred into a
clean 1.5 ml eppendorf tube. Total histones were precipitated by adding trichloro-
acetic acid (TCA 100% w/v solution cat. no. 9169) with gentle mixing to a final
concentration of 10%. The solution (appear milky) was incubated on ice for 30
minutes and proteins were centrifuged at 4°C, 16,000 g for 10 minutes. Pelleted
proteins were gently washed with 500 ul of ice-cold acetone and air dried for 20

minutes at room temperature. Histones were dissolved in 100 pl of PBS by
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vigorous mixing and quantitated by Bradford protein assay. Twenty five ug of
protein was loaded on 15% SDS-PAGE gel and immunoblotting was performed
using antibodies recognizing acetyl-histone H4 (1:2000 cat. no. 06-866 Millipore)

or total histone H4 (dilution 1:3000 cat. no. 05-858 Millipore).

Endogenous HIF-2q acetylation experiments

Hep3B cells were grown in 15 cm plates in complete medium (DMEM,
10% FBS, 100 pg/ml Penicillin, 100 U/ml Streptomycin) to 90% confluency. Cells
were treated with either normoxia (3 plates) or 12 hrs of hypoxia (3 plates) in
complete medium supplemented with 2 yM TSA and 5 uM sirtinol. Cells were
fractionated and the nuclear protein extracted using a high-salt fractionation
protocol (Miltenyi Biotech, Auburn, CA) supplemented with 1x protease inhibitor
cocktail (Cat. No. P8340, Sigma), 0.2 uM TSA, and 5 uM sirtinol. The nuclear
protein concentration was diluted to 10 pg/ul and endogenous HIF-2a was
immunoprecipitated overnight at 4°C with 30 pg of a monoclonal human HIF-2a
antibody (Cat. No. NB100-132, Novus Biologicals, Littleton, CO) using gentle
rotation. The bound HIF-2a antibody was precipitated with 40 ul of Protein A/G
agarose beads (Cat. No. sc-2003, Santa Cruz Biotechnology, Santa Cruz, CA)
for 4 hrs. The bound protein was washed three times using high stringency wash
buffer (Cat. No. 130-091-122, Miltenyi Biotec), and then eluted with 30 ul of
preheated (95°C) 2x SDS-PAGE sample buffer. Aliquots of the normoxia (80%)

and hypoxia (20%) samples were separated on an 8% SDS-PAGE gel and
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immunoblotted overnight for endogenous HIF-2a (1:500 dilution; Cat. No. NB100-
132, Novus Biologicals) or for acetyl lysine (Cat. No. KAP-TF120, Stressgen, Ann
Arbor, MI). Normalization was performed using antibodies recognizing TATA-
binding protein (TBP; 1:1000, cat no. sc-204 Santa Cruz Biotech), a-tubulin

(1:3000 cat. no. T 5168 Sigma), or p-actin (1:1000 cat. no. A 5316, Sigma).

In vitro deacetylation experiments

To prepare acetylated HIF-2a. substrate, HEK293 cells (1.5 x 10° cells,
one 15 cm plate) were transfected with an expression plasmid encoding
SP:P1P2N HIF-2a:HA (25 ug) in 60 ul of Lipofectamine 2000 in Opti-MEM 1
reduced serum medium (Cat. No. 31985, Invitrogen). Four hours after
transfection, Opti-MEM 1 was replaced with complete media (1x DMEM, 10%
FBS, Penicillin/Streptomycin) and allowed to recover for four hours. Next, the
transfected cells were treated with sirtinol (5 uM) plus TSA (0.2 uM) for 24 hrs
with hypoxia exposure for the last 16 hrs. Acetylated HIF-2a. was purified using
SP-agarose chromatography. For Sirt1 protein, WT Flag-SIRT1 or DAC Flag-
SIRT1 expression plasmid DNA (15 ug) was transfected in HEK293 cells (10 cm
plates) and purified twenty four hours later using anti-Flag antibody agarose (Cat.
No. F-2426, Sigma). Cells were lysed in 1mL Cyto Buster™ Protein Extraction
Reagent (Cat. No. 71009, Novagen) as described earlier. The whole cell lysate
was spun down (14000 rpm, Eppendorf 5415 micro-centrifuge) at 4°C for 30

minute and the supernatant incubated with 40 ul of EZ view Flag affinity gel (50%
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slurry) previously equilibrated 2x with the lysis buffer (500 ul) of Cyto Buster™
buffer. Binding was performed by gently agitation of the mixture in the rotator
kept at 4°C in the cold room for two hours to overnight. The Flag beads were
pelleted down by centrifugation (8000 rpm, Eppendorf 5415 micro-centrifuge) for
1 minute at 4°C and washed 3x with ice-cold Tris-buffered saline (TBS; 20 mM
Tris-pH 8.0, 150 mM NaCl) at 4°C. After the last wash, the flag beads were
resuspended in 100 ul of TBS plus 1 mM PMSF. To verify purification of Sirt1, an
aliquot of the resuspended beads (10 ul) was separated by electrophoresis on an
8% SDS-PAGE and immunoblotted with anti-Flag antibody. Before the
deacetylation reaction, the SP-agarose bound P1P2N HIF-2a:HA and the Flag-
bead bound SIRT1 were each spun down, equilibrated with 500 ul of
deacetylation reaction buffer (50 mM Tris pH 9.0, 150 mM NaCl, 5 mM MgCl,, 5
mM DTT, and 10 mM NAD), and resuspended in a final volume of 250 ul of
deacetylase reaction buffer for SP:P1P2N HIF-2a:HA and 100 ul for Flag:SIRT1.
| performed the in vitro deacetylation reaction for zero or one hour at 30°C by
mixing 25 ul of acetylated SP:P1P2N HIF-20:HA (25% of over-expressed
SP:P1P2N HIF-20:HA from one 15 cm plate) with 20 ul of either WT or DAC
SIRT1 in a total volume of 50 ul deacetylase reaction buffer. The reaction was
stopped with addition of 14 ul of 4x SDS-PAGE sample buffer and heat-
inactivation at 95°C for 5 minutes. The reaction (30 ul) was separated using SDS-
PAGE chromatography and immunoblotted using antibody recognizing

acetylated-lysine or the HA epitope.
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Large-scale acetylated HIF-2a preparation

HEK293 cells at 80% confluency plated in twenty-two 15 cm dishes were
transfected with 20 pyg of pSP:P1P2N HIF-2a.:HA expression plasmid using 50 ul
of Lipofectamine 2000 (Cat. No. 11668-019, Invitrogen) according to the
manufacturer’s recommendation. The next morning, the media was changed with
fresh complete DMEM medium supplemented with 2 yM TSA, 2 mM sodium
butyrate and 10 pyM sirtinol for an additional 24 hrs with the last 16 hrs including
hypoxia treatment. Before harvest, cells in each dish were washed with 2 mL of
cold PBS supplemented with phosphatase inhibitor (Cat. No. 53009-102146,
Active Motif) and lysed with 1 mL of Cyto Buster™ Protein Extraction Reagent
(Cat. No. 71009, Novagen) supplemented with 1x protease inhibitor (Cat. No.
P3840, Sigma), 2 uM TSA, 2 mM sodium butyrate, and 5 yM sirtinol at room
temperature for 15 minute or until the solution become clear. The cell lysate was
centrifuged at 14,000 rpm for 15 minutes at 4°C. The recombinant SP:P1P2N
HIF-2a.:HA protein was purified from cell lysate by overnight pulldown with 1.5 ml
S-protein agarose (Cat. No. 69704, Novagen, Madison, WI, USA) at 4°C with
gentle rotation. The S-protein agarose bound proteins were washed 3x for 5
minutes each at 4°C with gentle rotation with 10 ml wash buffer (Cat. No. 130-
091-122, Miltenyi Biotec) supplemented with 1x protease inhibitor cocktail (Cat.
No. P3840, Sigma), 1 mM PMSF, 0.2 uM TSA, and 5 yM sirtinol. The purified
HIF-20. protein was eluted in 150 ul of heated (95°C) 1x SDS-PAGE sample

buffer, separated on an 8% SDS-PAGE gel, stained with colloidal coomassie blue
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(LCB025, Invitrogen), isolated from the gel, and subjected to liquid
chromatography followed by liquid chromatography-tandem mass spectrometry

(LC/MS/MS) as described below.

Mass spectrometry acetylation analyses

To detect unbiased acetylated lysines on HIF-2a, the gel slice of human
HIF-2a. protein from the one-dimensional SDS-PAGE gel was digested with
trypsin (Cat. No. V5113, Promega, Madison, WI). The tryptic digests were
analyzed by nano-LC/MS/MS using a Dionex LC-Packings HPLC (Dionex,
Sunnyvale, CA) coupled with a Q Star XL mass spectrometer (Applied
Biosystems, Framingham, MA). Peptides were first desalted on a 300 ym x 5 mm
PepMap C18 trap column (Dionex, Sunnyvale, CA) with 0.5% formic acid in
HPLC-grade water at a flow rate of 301% I/min. After desalting for 5 min, peptides
were flushed onto a 75 ym x 15 cm C18 LC-Packings nano column (Dionex,
Sunnyvale, CA) (3 micron, 100A) at a flow rate of 250 nl/min. Peptides were
eluted with a 45 min gradient of 3-35% acetonitrile in 0.1% formic acid. Mass
ranges for the MS survey scan and MS/MS were 300-2000 m/z and 50-2000 m/z,
respectively. The scan time for MS and MS/MS were 1.0 s and 3.0 s,
respectively. The top three multiply-charged ions with MS peak intensity greater
than 15 counts/scan were chosen for MS/MS fragmentation with a precursor ion

dynamic exclusion of 45 s.
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Chromatin immunoprecipitation (ChIP) assays

Hep3B cells seeded at 2 x 10° (150 mm plates) 48 hr prior to use were
exposed to normoxia or hypoxia for 4 or 8 hr, and then harvested for whole cell
protein or RNA. Epo induction after hypoxia exposure was confirmed by real-time
RT-PCR. Chromatin immunoprecipitation (ChlP) assays were carried out using
the ChIP-IT™ Express Magnetic assay kit (Cat. # 17-295, Upstate Biotechnology,
Inc.) according to the manufacturer’s instructions. The antisera used were
normal mouse IgG (1-2 ug/ml; Cat. No. 2027, Santa Cruz Biotechnology), normal
rabbit IgG (1-2 mg/ml; Cat. No. NI01, EMD Chemicals, Inc., Gibbstown, NJ), anti-
human HIF-2a antiserum (2 mg/ml; NB 100-132, Novus Biologicals), and rabbit
anti-Sirt1 (0.5 mg/ml; Cat. No. 07131, Upstate Biotechnology, Inc.). After ChiIP,
the precipitated genomic DNA was analyzed by quantitative PCR with an Applied
Biosystems ABI Prism 7000 thermocycler (Applied Biosystems; Foster City, CA)
and Power SYBR Green Master Mix (Cat. No. 4367659, Applied Biosystems)
using the following primers for a human epo enhancer amplicon: 5’-
ACTCCTGGCAGCAGTGCAGC-3 (forward) and 5-
CCCTCTCCTTGATGACAATCTCAGC-3’ (reverse). The captured genomic DNA
was measured by normalizing with that of input material and compared between
the normoxic and hypoxic treatment.
shRNA knockdown studies

A Sirt1 miR shRNA expression plasmid was constructed inserting

oligonucleotides encoding a miR into an adenoviral expression plasmid
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(pPACUBIoxP). The resultant expression vector generates Sirt1 shRNA
recognizing mouse as well as human Sirt1 mRNA as shown previously
(5'tcgacGATGAAGTTGACCTCCTCATTcaagagATGAGGAGGTCAACTTCATCtttt
ttggaaat-3’ and 5’'ctagatttccaaaaaaGATGAAGTTGACCTCCT
CATctcttgAATGAGGAGGTCAACTTCATCg-3’) (Sun et al., 2007) Site-directed
mutations (underlined residues) were introduced into the mouse/human Sirt1
expression vector

(5’'tcgacGATGTTCTTGTGGTCCAGTTTcaagagAACTGGACCACAAGAACATCtttt

ttggaaat-3° and 5’-ctagatttccaaaaaaGATGTTCTTGTGGTCCAGTT  ctcttgA
AACTGGACCACA AGAACATCg-3’) that result in production of an ineffective
shRNA for Sirt1 knockdown. Additional shRNA expression plasmids that encode
shRNA recognizing human Sirt1 mRNA only (Cat. No. RHS1764-9692271, Open
Biosystems (Narala et al., 2008) or non-silencing control miR shRNA expression
plasmid (Cat. No. RHS1707, Open Biosystems) were obtained. For cell culture
studies, Hep3B cells in 6-well plates were transfected at 60% confluency in
triplicate with 2.5 ug of shRNA or control expression plasmids using 7ul of
Lipofectamine LTX (Cat. No. 15338-100, Invitrogen, Carlsbad, CA) in DMEM plus
10% fetal bovine serum following the manufacturer’s instructions. Forty-eight
hours following transfection, the transfected cells were subjected to hypoxia for
16 hours and then total RNA was generated (GenElute Total RNA Kit (Cat. No.
RTN70-1KT, Sigma). Erythropoietin and cyclophilin gene expression were

determined by real-time RTPCR analyses from cDNA generated by reverse
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transcription. For mouse experiments, the miR shRNA regions were isolated and
subcloned into adenoviral expression vectors. Transductions in mice were
performed as described. | confirmed Sirt1 knockdown in Hep3B cells or in mouse
livers using immunoblotting nuclear extract with antibodies recognizing Sirt1
(1:1000 Dilution; Cat. No. 07131, Upstate Biotechnology, Inc.) as well as the
normalization controls a-tubulin (1:3000 cat. no. T 5168 Sigma), or p-actin

(1:1000 cat. no. A 5316, Sigma).

Real-time RT-PCR analyses

The expression of endogenous epo and cyclophilin were determined by
reverse transcription of total RNA followed by real time PCR analysis. Total RNA
from Hep3B cells was extracted using GenElute™ mammalian Total RNA kit
(Cat. No. RTN70-1KT, Sigma). 1ug of total RNA was reverse transcribed by
extension of oligo-dT primers using M-MLV reverse transcriptase (Cat. No.
28025-013, Invitrogen) according to the manufacturer’s protocol. Total RNA was
isolated from 1/3 of the total mouse livers (right lobule) and extracted using the
FastRNA Pro Green Kit (Cat. No. 6045, MP Biomedicals, Solon, OH). 1 ug of
total RNA was then reverse transcribed using a M-MLV reverse transcriptase Kit
(Cat. N0.28025-013, Invitrogen). Mouse epo levels were normalized to a mouse
loading control. Values were normalized to cyclophilin as previously described
(Dioum et al., 2008). Real time quantitative PCR was performed on an Applied

Biosystems ABI Prism 7000 thermocycler using Power SYBR Green Master Mix
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following the manufacturer’s protocol and one-tenth of total cDNA with the
following pairs of human primers:

Epo (forward) 5-GAGGCCGAGAATATCACGACGGG-3/,

Epo (reverse) 5-TGCCCGACCTCCATCCTCTTCCAG-3’,

cyclophilin (forward) 5-ATGTGGTTTTCGGCAAAGTTCTA-3,
cyclophilin (reverse) 5-GGCTTGTCCCGGCTGTCT-3’,

SIRT1 (forward) 5-GCAGGTTGCGGGAATCCAA-3,

SIRT1 (reverse) 5-GGCAAGATGCTGTTGCAAA-3’; or

mouse primers: Epo (forward) 5’-GAGGCAGAAAATGTCACGATG-3’,
Epo (reverse) 5-CTTCCACCTCCATTCTTTTCC-3’,

cyclophilin (forward) 5-ATGTGGTTTTCGGCAAAGTTCTA-3,
cyclophilin (reverse) 5-GGCTTGTCCCGGCTGTCT-3.

The results of triplicate experiments were expressed as 2 ((EPO number of cycles- cyclophilin

number of cycles))

Adult mouse adenoviral experiments

Recombinant adenoviruses encoding human P1P2N HIF-1a:HA, P1P2N
HIF-2a.:HA, vsv-g:Sirt1 (WT or MUT), or GFP under control of the CMV promoter
were generated and titered prior to use. Adult CD1 wildtype female mice (Charles
River Laboratories; Wilmington, MA) approximately 7-9 weeks old (25 g) were
injected through tail veins with a total of 2 x 10" PFU (particle forming units)

adenovirus diluted in 1x PBS and normalized with equivalent amounts of CMV-
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GFP control adenovirus. Hematocrits were measured at day 0 and day 7
following infection using heparinized microhematocrit capillary tubes. Mice were
euthanized at day 7 following injection. Fresh liver samples were obtained and
snapped-frozen in liquid nitrogen for RNA or protein preparations. Hepatic epo
and cyclophilin mRNA levels were determined by real-time RTPCR analyses.

Ectopic Sirt1, P1P2N HIF-10:HA, or P1P2N HIF-20:HA protein were confirmed

by western blot analyses.

Adult mouse hypoxia experiments

Heterozygous Sirt1 knockout mice lacking exons 4 through 7 were housed
under standard 12 hr:12 hr light:dark conditions, fed ad /ib with standard chow,
and established as mating pairs(Cheng, 2003 #103). For hypoxic experiments,
age- and gender-matched Sirt1 heterozygous knockout or wildtype littermate
mice were placed in a hypoxia chamber with flow by air supply and subjected to
room air (RA, 21% oxygen) or short-term continuous hypoxia (STCH, 6% oxygen)
treatment for 2 hours. Mice were then euthanized, the tissues collected, and
snap-frozen in liquid nitrogen. Kidneys were used for extraction of total RNA.
Real-time RTPCR determinations were performed as described above.
Embryonic mouse experiments

Heterozygous Sirt1 knockout (Cheng et al., 2003) lacking exons 4 through
7 or heterozygous HIF-2a knockout (Scortegagna, 2003 #303) (lacking the bHLH

exon) mating pairs were established for timed pregnancy mating. Embryos were
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isolated at embryonic day 12.5 (E12.5) or 14.5 (E14.5) and livers harvested for
total RNA preparation. Real-time RTPCR analyses were performed to measure

hepatic epo and cyclophilin mBRNA levels as described.

Institutional compliance
The animal and adenoviral experiments reported in this study were

approved by the UTSWMC IACUC or Biosafety Committees.

Statistical analyses

Comparisons between experimental groups were made by Student’s t-
Test for groups with equal sample size or by z-Test for comparisons between
groups of unequal sample size. Two-tailed analyses were performed unless
otherwise indicated. The statistical analyses were performed in Microsoft Excel

(Microsoft Corporation, Redmond, WA).
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