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Abstract
Intra-tumoral hypoxia (low oxygen [O2] level) is an independent indicator of unfavorable patient
diagnosis, and increasing evidence demonstrates that hypoxia contributes to a more aggressive
tumor phenotype. Adaptation to hypoxia is predominantly regulated by two structurally related
hypoxia inducible factors, HIF-1α and HIF-2α, which activate the expression of genes involved in
proliferation, metabolism, angiogenesis, and metastasis. While highly homologous, HIF-1α and
HIF-2α have been shown to have different roles in tumorigenesis dependent on specific tumor
microenvironments. Here we summarize recent studies on HIF-2α and discuss the potential
mechanisms whereby it contributes to tumor aggressiveness.

Introduction
Hypoxia is an important factor involved in the progression of solid tumors and has been
associated with various indicators of tumor metabolism, angiogenesis and metastasis [1].
The presence of widespread hypoxia within tumors has been associated with reduced
survival after radiotherapy or chemotherapy. Hypoxia has also been linked to poor outcome
in a number of tumors regardless of the treatment modalities used.

Adaptation to hypoxia at the cellular or organismal level is predominantly regulated by
hypoxia inducible factors, HIF-1α and HIF-2α (also called EPAS1, HLF and MOP2). HIFs
are heterodimeric proteins belonging to the basic helix-loop-helix (bHLH) /Per-ARNT-Sim
(PAS) domain family of transcription factors [2]. HIF-α (HIF-1α or HIF-2α) activates gene
expression via formation of a dimeric complex with HIF-1β (also called aryl hydrocarbon
receptor nuclear translocator, ARNT) and subsequent binding to hypoxia response elements
(HREs) within target genes [1]. Among HIF transcription targets are genes involved in
proliferation, metabolism, angiogenesis, differentiation, and metastasis [1]. Despite the
pronounced sequence homology between HIF-1α and HIF-2α, they have unique tissue
distributions and play critical but non-overlapping roles in tumor progression [1].

Regulation of HIF-2α expression
HIF-2α was discovered independently by several groups in an effort to identify potentially
novel bHLH/PAS family proteins highly homologous to HIF-1α [3,4]. Unlike HIF-1α,
which is globally expressed in organisms, HIF-2α exhibits an obvious tissue-restricted
mRNA expression pattern [5]. HIF-2α mRNA is predominantly expressed in endothelial
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cells, kidney and lung epithelial cells, bone marrow macrophages, and neural crest
derivatives during development [5]. The unique pattern of HIF-2α mRNA expression
indicates that transcription of EPAS1 (encoding HIF-2α) is temporally and spatially
controlled by specific chromatin remodeling factors. However, precisely how HIF-2α is
regulated at the level of transcription remains largely unknown.

Overwhelming evidence demonstrates that HIF-2α, like HIF-1α, is predominantly regulated
through hypoxia-dependent protein stabilization (Figure 1) [6,7]. The oxygen sensing
mechanism controlling HIF-2α protein stability is based on posttranslational modification of
its oxygen-dependent degradation domain. Under normoxia, prolyl hydroxylase domain
proteins (PHD1, 2 and 3) hydroxylate two conserved proline residues (Pro 405 and 531)
within HIF-2α, using oxygen, α-ketoglutarate and iron as cofactors. Hydroxylation leads to
polyubiquitination of HIF-2α by the von-Hippel Lindau (pVHL) tumor suppressor protein
and subsequent degradation by the 26S proteasome. In addition, hydroxylation of asparagine
847 within the C-terminal transactivation domain by factor inhibiting HIF (FIH-1) impairs
HIF-2α interaction with the transcriptional coactivators CBP/p300, suppressing the activity
of remaining HIF-2α proteins [8]. Lack of oxygen abrogates HIF-2α hydroxylation through
PHD inhibition, resulting in increased protein stability and activity. Interestingly, expression
of PHD proteins are reciprocally up-regulated by HIFα (HIF-1α and HIF-2α) under hypoxia,
acting as a negative feedback to finetune HIF activities [9,10]. While previous studies
demonstrated that PHD2 is a primary hydroxylase for both HIF-1α and HIF-2α, genetic
studies suggest that PHD3 is mainly responsible for HIF-2α hydroxylation [9,11]. Moreover,
a recent study showed that all three PHDs have an additive effect on the stability of both
HIF-1α and HIF-2α proteins [12]. It seems that different PHD isoforms may be used to
regulate HIF-2α (also HIF-1α) abundance depending on specific cell types, duration of
hypoxic stress, and relative abundance of PHD proteins.

Recently, Sanchez and colleagues identified a previously unrecognized mechanism for
HIF-2α regulation (Figure 1) [13]. They discovered a conserved, functional iron responsive
element (IRE) in the 5′-untranslated region (UTR) of HIF-2α mRNA. Via this IRE, iron
regulatory protein (IRP) binding controls EPAS1 mRNA translation in response to cellular
iron availability. Increasing evidence underscores the critical roles HIF-2α plays in
stimulating erythropoiesis, the major iron-utilization pathway. Short interfering RNA
(siRNA) knockdown experiments in cell lines have shown that the erythropoitin (EPO) gene
is selectively activated by HIF-2α, but not HIF-1α, under hypoxia [14]. Mice carrying
EPAS1 hypomorphic alleles suffer from retinal degeneration associated with decreased Epo
mRNA levels [15]. Notably, data from our lab demonstrate that HIF-2α plays a critical role
in adult erythropoiesis, with acute deletion leading to anemia [16]. Although HIF-1α was
first purified and cloned based on its affinity to the human EPO 3′ enhancer hypoxia
response element (HRE) and regulates EPO expression during mouse embryogenesis,
HIF-2α is the critical α-isoform regulating EPO under physiologic and stress conditions in
adults. On the basis of the above reports, Sanchez’s findings uncover a regulatory link that
permits feedback control between iron availability and the expression of a key transcription
factor promoting iron utilization. Conceivably, iron regulation of EPAS1 modulates EPO
levels, thereby adjusting the ratio of red blood cell production to iron availability.

HIF-2α in cancer
Numerous immunochemical analyses have demonstrated that both HIF-1α and HIF-2α are
over-expressed in a number of primary and metastatic human cancers, and that the level of
expression, either as a result of tumor hypoxia or genetic alterations, is correlated with
tumor angiogenesis and patient mortality. High HIF-2α expression has been linked to poor
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patient outcome in several tumor types, including clear cell renal carcinoma (ccRCC), non-
small cell lung cancer (NSCLC), and neuroblastoma [17–21].

(1) HIF-2α in clear cell renal carcinoma
The role of HIF-2α in tumorigenesis has been most extensively studied in ccRCC. VHL is
also bi-allelically inactivated via point mutation, deletion or methylation in 70% of sporadic
ccRCC [18,22]. In the absence of pVHL, HIF-α (both HIF-α and HIF-2α) is stabilized in all
tumor cells independent of oxygen concentration, which in turn constitutively activates
expression of genes with a hypoxia signature. While pVHL has been shown to regulate HIF-
independent processes such as fibronectin assembly and microtubule stability [23],
xenograft analyses indicate that its tumor suppressor function requires HIF-α degradation,
and that HIF-2α, but not HIF-1α, is a primary mediator promoting tumor progression
[18,19]. Consistent with this notion, HIF-2α has been linked to ccRCC development in
patients with VHL disease, in which HIF-1α expression gradually decreases in more
advanced lesions as HIF-2α expression increases [24]. Although HIF-2α plays undisputedly
critical roles in ccRCC tumor progression based on data obtained from cell lines and animal
models, few studies have employed clinical patient ccRCC samples. Therefore, our lab has
categorized ccRCC into three groups based on both VHL and HIF-α status: 1) VHL wild-
type/HIF-α negative; 2) VHL deficient/HIF-α positive; 3) VHL deficient/HIF-2α only [25].
Sub-classification of ccRCC based on HIF-α expression reflects underlying differences of
HIF-α activities in regulation of oncogenic signaling pathway and should help to stratify
patients for targeted therapy.

(2) HIF-2α in non-small cell lung cancer
About 85% to 90% of all lung cancers are of the non-small cell type. Increased tumor cell
expression of HIF-α protein is associated with a worse prognosis in patients with NSCLC
undergoing tumor resection [20,26]. Both HIF-1α and HIF-2α exhibit a mixed cytoplasmic/
nuclear pattern of expression in cancer cells, tumor vessels, and tumor-infiltrating
macrophages [20]. Interestingly, analysis of overall survival showed that HIF-2α expression
was related to poor outcome, while HIF-1α expression was marginally associated with poor
prognosis [20]. Thus, HIF-2α could be a useful marker in assessing risk of malignancy and a
potential target for cancer prevention in NSCLC patients. However, how HIF-2α selectively
promotes poor survival remains enigmatic, given that high expression of both HIF-1α and
HIF-2α is related to up-regulation of multiple angiogenic factors and receptors by NSCLC
cancer cells and endothelium [20]. In addition, more than 50% of tumors obtained from
NSCLC patients exhibit over-expression of epidermal growth factor receptor (EGFR), a cell
surface receptor involved in regulation of tumor cell proliferation, angiogenesis, and
apoptosis. Immunohistochemical studies on a series of resected NSCLC tumors demonstrate
a close association between expression of EGFR and HIF-1α, suggesting that EGFR might
enhance the cellular response to hypoxia by increasing HIF-1α expression [26]. In support of
this notion, targeting HIF-1α has been proposed as one of the emerging treatment strategies
for NSCLC [26]. Further extensive studies are therefore required to identify the unique role
of both HIF-α proteins, and that of HIF-2α in particular, whose expression has been linked
to poor diagnosis in patients with NSCLC.

(3) HIF-2α in neuroblastoma
Human neuroblastoma is a common embryonic malignancy with a wide range of clinical
outcomes, ranging from spontaneous regression to rapid tumor progression and metastasis
[27]. Rapidly growing neuroblastomas invariably contain hypoxic regions and metastasize to
hypoxic areas like bone and bone marrow. Accumulation of HIF-1α and/or HIF-2α proteins
has been observed in vitro in various advanced-stage, metastatic human neuroblastoma cell
lines exposed to hypoxia [28]. Hypoxia has a profound impact on aggressive neuroblastoma
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behavior: increased production of the vascular endothelial growth factor (VEGF), inhibitor
of differentiation (ID), and Notch family proteins was observed in hypoxic neuroblastoma
cells both in vitro and in vivo [29,30]. Interestingly, high levels of HIF-2α expression have
been proposed to promote an aggressive neuroblastoma phenotype [21]. However,
mechanisms whereby HIF-2α contributes to this aggressive phenotype remain largely
unknown, although it has been shown that HIF-2α can be preferentially stabilized under
conditions of both chronic hypoxia and physiological levels of O2 (5% O2). It seems that
selective stabilization of HIF-2α in neuroblastoma is not a global phenomenon in other
contexts, as obvious stabilization of HIF-1α has been shown in both macrophages and neural
progenitor cells cultured under 5% O2 [31,32]. In addition, Ginouves and colleagues
demonstrated in mice and in a number of cell lines from different tumor types that chronic
hypoxia destabilizes both HIF-1α and HIF-2α with similar kinetics [12]. Thus, to clearly
dissect the functional significance of individual HIF-α subunits in neuroblastoma
tumorigenesis, it is necessary to conditionally knockout either HIF-α gene in an appropriate
neuroblastoma mouse model, e.g the MYCN transgenic mouse model. Moreover,
investigation of how selective stabilization of HIF-2α is achieved will shed a new light on
neuroblastoma treatment, given that high HIF-2α protein levels correlate with poor
prognosis in this tumor.

Mechanisms whereby HIF-2α promotes an aggressive tumor phenotype
Acquisition of aggressive tumor phenotypes is not simply the result of genetic mutations,
but instead is achieved through a step-wise selection process driven in part by hypoxia [33].
While multiple mechanisms contribute to hypoxia-mediated tumor progression, activation of
HIF-α signaling pathways is still among the most important for tumor cell evolution and
adaptation. Here, we will focus on discussing how HIF-2α contributes to an aggressive
tumor phenotype (Figure 2).

(1) Activation of hypoxia inducible genes involved in tumor cell proliferation,
angiogenesis, metastasis and differentiation

Proliferation—HIF-2α plays a pivotal role in promoting tumor cell growth. It is both
necessary and sufficient to maintain tumor growth in VHL deficient RCC cells [18,19].
HIF-2α specifically activates the expression of TGFα and cyclin D1 in ccRCC cells [17,34].
Both TGFα and cyclin D1 are well-characterized, cell-growth regulatory proteins whose
expression is frequently up-regulated in a number of tumors. Whether HIF-2α can activate
TGFα and cyclin D1 in other tumor types and whether both are direct HIF-2α targets
remained to be determined. Another mechanism by which HIF-2α regulates cell
proliferation is through modulation of c-Myc activity [35]. This will be discussed later.

Angiogenesis—Angiogenesis is critical for tumor progression as tumor cell growth
frequently outstrips the supply of O2 and nutrients. HIF-2α can directly activate the
expression of genes encoding a number of pro-angiogenic factors, including VEGF, EPO,
angiopoietin and TIE-2 receptors [36]. VEGF may represent one of the most important
targets preferentially regulated by HIF-2α. In support of this, our lab showed that teratomas
derived from ES cells with HIF-2α knocked into the HIF-1α locus were larger and exhibited
increased vascularity and VEGF expression [37]. However, HIF-1α could also be a major
HIF-α subunit controlling VEGF expression in other contexts [38,39]. Thus, individual
contributions of HIF-α to angiogenesis are tumor-type dependent.

Metastasis—Metastasis is a complex multi-step process involving a series of tumor/host
interactions. HIF activation correlates with metastasis in numerous tumors. HIF-2α promotes
metastasis through regulation of critical factors controlling tumor cell metastatic potential,
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including E-cadherin, LOX, CXCR4, and TWIST [40–45]. E-cadherin is involved in
epithelial-mesenchymal transition and HIF-2α is known to repress its expression under
hypoxia [41]. CXCR4 is the most common chemokine expressed in tumors, while its ligand,
SDF1, is highly expressed at sites of metastasis [40]. Expression of CXCR4 and SDF1 are
significantly increased under hypoxia in a number of cell types [40]. LOX is a direct HIF
target in hypoxic tumor cells, and inhibition of LOX function is sufficient to prevent
hypoxia-mediated metastasis both in vitro and in vivo [42]. TWIST, a bHLH transcription
factor involved in metastasis, appears to be a unique HIF-2α target [44]. However, a recent
study showed direct regulation of TWIST by HIF-1α promotes metastasis [45]. In support of
this notion, co-expression of HIF-1α and TWIST in primary tumors obtained from patients
with head and neck cancers correlated with metastasis and the worst prognosis [45].
Examination of co-expression of HIF-2α and TWIST in human primary tumors is therefore
essential to define the roles HIF-2α plays in TWIST-mediated tumor progression.

Differentiation—The cancer stem cell hypothesis proposes that tumors are originated from
a small population of cells with extensive potential for self-renewal and differentiation [46].
Hypoxia and HIF-α have been shown to promote the dedifferentiation of numerous cell
types including cancer cells [47,48]. However, few studies aimed at defining the
mechanisms whereby HIF-α promotes an undifferentiated state have been performed.
Studies from our lab have determined that HIF-2α activates the expression of Oct4, one of
the most important transcription factors regulating stem cell maintenance [37]. Interestingly,
Oct4 is a direct and selective target of HIF-2α. Tumors derived from ES cells with HIF-2α
over-expression exhibit an abundance of undifferentiated tissue, indicating that Oct4
expression contributes to the maintenance of stem cell identity. Conceivably, hypoxia-
mediated HIF-2α activation could promote the formation and/or maintenance of cancer stem
cells.

(2) Promotes translation efficiency of EGFR
Over-expression of EGFR, a recurrent theme in human cancers, has been thought to cause
aggressive phenotypes and resistance to standard therapy. However, genetic alterations of
EGFR rarely occur in most types of cancer, suggesting the existence of a more general
physiological trigger for aberrant EGFR expression. Franovic et al. showed that,
surprisingly, over-expression of wild-type EGFR is selectively induced at the translational
level by activation of HIF-2α in the core of solid tumors [49]. Their data suggest that HIF-2α
activation may represent a common mechanism for EGFR over-expression by increasing
EGFR mRNA translation. This allows for the accumulation of EGFR, increasing its
availability for the autocrine signaling required for autonomous tumor cell growth.
However, the precise mechanisms by which HIF-2α selectively promotes EGFR translation
remain to be delineated. Presumably, HIF-2α activation leads to expression of a hypoxia-
inducible activator of EGFR synthesis, or, alternatively, inhibits the expression of negative
regulator-controlling receptor translation.

(3) Crosstalk between c-Myc and HIF-2α
MYC is a potent oncogene that drives unrestrained cell growth and proliferation. Over-
expression of MYC occurs in 70% of human tumors, and suppression of its expression can
lead to tumor regression. It is well documented that, under hypoxia, HIF-1α inhibits cell
cycle progression by counteracting c-Myc transcriptional activity [50]. Interestingly, our lab
showed that HIF-2α, in contrast to HIF-1α, promotes cell proliferation through enhancing c-
Myc activities [51]. HIF-2α promotes cell cycle progression by further inhibiting the
expression of genes encoding p21 and p27, at the same time augmenting the expression of
those encoding cyclinD2 and E2F1. One mechanism whereby HIF-2α preferentially
promotes c-Myc activity is through enhanced binding of c-Myc to other transcription
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cofactors, including Sp1, Miz1, and Max [51]. As C-MYC deregulation occurs in most types
of human cancers, promotion of cell proliferation through cooperation between HIF-2α and
c-Myc may represent a common mechanism for HIF-2α-mediated aggressive tumor
phenotypes.

Conclusions
Over-expression of HIF-1α and HIF-2α is a common event in human cancer, and is
frequently associated with poor prognosis. The HIF pathway may therefore be a useful
biomarker for assessing disease states as well as a target for cancer prevention.
Pharmacologic inhibition of VEGF, a well-known HIF target, has proven efficacy as a
potent cancer therapeutic [52]. Hypoxia enhances resistance to radiation therapy, at least
partially due to dramatic increases in HIF-α protein levels. Both HIF-1α and HIF-2α have
been associated with radiation resistance [53,54]. Thus, inhibition of HIF-α expression may
further enhance the benefits of cancer treatment. In fact, the mTOR inhibitor CCI-79, which
inhibits the translation of HIF-1α, has been used for treatment of RCC patients [55].
However, HIF-2α is the primary HIF-α subunit accounting for RCC aggressiveness. It is
likely that mTOR inhibitors may function through HIF-αindependent mechanisms in ccRCC
patients as they are unable to decrease HIF-2α protein abundance [18,19,54]. Identification
of other small molecules selectively inhibiting HIF-2α expression may provide opportunities
for effective treatment of tumors exclusively expressing HIF-2α.
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Figure 1. Regulation of HIF-2α expression
A, Under normoxia, HIF-2α is hydroxylated by PHDs at proline 406 and 531. Hydroxylation
leads to pVHL binding and subsequent degradation of HIF-2α by the 26S proteasome. B,
Under hypoxia, when iron levels are adequate, HIF-2α is stabilized due to inhibition of PHD
activities and forms complexes with ARNT to transactivate expression of hypoxia inducible
genes. C, Under hypoxia, when iron is deficient, IRPs bind to the IRE within 5′UTR of
HIF-2α mRNA, which in turn inhibits the translation of HIF-2α. See text for details. IRE:
iron response element; IRP: IRE binding pritein; PHD: prolyl hydroxylase-domain protein;
FIH: factor inhibiting HIF.
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Figure 2. Mechanisms whereby HIF-2α contributes to an aggressive tumor phenotype
A, HIF-2α activates expression of genes involved in proliferation, angiogenesis, metastasis,
and differentiation. Regulation of TWIST by HIF-2α seems to be controversal. B, HIF-2α
selectively activates expression of unknown gene X, which may enhance binding of
polysomes to EGFR mRNA and subsequently its translation efficiency. C, HIF-2α enhances
c-Myc activities by stabilizing c-Myc-Max complexes, increasing expression of c-Myc
targets involved in cell cycle progression. See text for details.
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