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Abstract
Hypoxia has wide-ranging impact in normal physiology and disease processes. This stimulus
evokes changes in gene expression mediated by transcription factors termed hypoxia-inducible
factors (HIFs) that affect numerous processes: angiogenesis, cell survival, cellular metabolism,
stem cell self- renewal and multipotency, migration, invasiveness and metastatic progression in
tumour cells. Over the past decade increasing numbers of reports have emerged documenting
differential roles of HIF1α and HIF2α in these processes. In cells of the sympathoadrenal lineage
both HIFs differentially mediate influences of hypoxia on catecholamine synthesis and secretion,
but HIF2α signalling has particularly prominent functions in regulating developmental processes
of growth and differentiation. This article discusses the role of HIF2α and HIF1α in the context of
the development, phenotypic features and functions of chromaffin cells. Moreover, current
knowledge about tumour formation in cells of the sympathoadrenal lineage, leading to
catecholamine producing pheochromocytomas and paragangliomas, is analysed in the light of the
HIF2α signalling network.
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I. Introduction
Oxygen tension differs widely across tissues and is much lower than under ambient
conditions (21% O2). The term mild hypoxia, the lack of sufficient oxygen supply, is
generally used for oxygen concentrations of 1–5% ; in contrast, severe hypoxia is defined as
below 1% (Koh & Powis, 2012). Oxygen shortage leads to stabilisation of a class of
transcription factors, termed hypoxia-inducible factors (HIFs). HIFs are comprised of a
stable β subunit and an oxygen-sensitive α subunit. Protein stability of the latter is regulated
by several processes, including modification by prolyl hydroxylases (PHDs) with
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subsequent normoxic proteasomal degradation; the latter is partly mediated by the von
Hippel-Lindau (VHL) tumour suppressor. The molecular mechanisms for these processes
are well described in several reviews (Kaelin & Ratcliffe, 2008; Koh & Powis, 2012).

There are two main HIFα isoforms with partly overlapping, though mostly complementary
functions (Carroll & Ashcroft, 2006; Hu et al., 2003; Rankin et al., 2007). HIF1α is
activated during short periods of severe hypoxia, whereas HIF2α (also referred to as EPAS1,
endothelial PAS protein 1) is active under mild hypoxia for prolonged periods of time
(Holmquist-Mengelbier et al., 2006). This differential effect is mediated by hypoxia-
associated factor, which marks HIF1α for degradation, but transactivates HIF2α by binding
to a different protein site than in HIF1α (Koh et al., 2008; Koh et al., 2011). This differential
regulation leads to distinct cellular functions, reflected in the expression patterns of the two
transcription factors. HIF1α is ubiquitously present in most cell types, whereas HIF2α
displays a more restricted expression pattern. HIF2α was first identified in endothelial cells,
but has since been shown to be expressed in several other cell types, specifically in retina,
lungs, heart, glial and neural crest cells.

Both HIF1α and HIF2α employ at least two mechanisms for regulating gene expression. In
addition to their well-known interaction with HIFβ, followed by C-terminal transactivation
of genes possessing hypoxia responsive elements (HRE), both HIFα subunits also
functionally interact with other signal transduction and transcriptional systems. These non-
HRE-mediated mechanisms include NOTCH, WNT, and MYC pathway interactions (Kaelin
& Ratcliffe, 2008). Some evidence suggests that HIF1α and HIF2α can regulate the
interaction of MYC and MAX, resulting in opposing functional effects on MYC-dependent
cell proliferation, apoptosis, differentiation and stemness (Dang et al., 2008; Gordan et al.,
2007).

The present article focusses on the roles of HIF2α and HIF1α in cells of the
sympathoadrenal lineage, and in particular their influences on catecholamine synthesis and
secretion, developmental processes and tumourigenesis.

II. Regulation of catecholamine synthesis and secretion by hypoxia
Hypoxia is a well-established potent stimulus for secretion of catecholamines both in vivo
and in vitro in isolated cell systems (Cheung, 1989; Donnelly & Doyle, 1994; Kumar et al.,
1998). Direct effects of hypoxia on chromaffin cell catecholamine release are vital for
maintaining physiological homeostasis of foetuses before sympathetic innervation is fully
developed (Phillippe, 1983; Ream et al., 2008). Increased release of catecholamines at birth
facilitates appropriate haemodynamic adjustments and stimulation of surfactant production
by the lungs (Padbury, 1989; Paulick et al., 1985). Thereafter, responses of catecholamine
systems to hypoxic stress, such as associated with high altitude, remain important for
maintenance of cardio-respiratory homeostasis (Gamboa et al., 2006; Kanstrup et al., 1999).
On the other hand, chronic hypoxic stress-associated catecholamine release can also lead to
pathological complications, such as hypertension associated with increased sympathetic
activity in patients with sleep apnea (Dimsdale et al., 1995; Donnelly, 2005; Prabhakar &
Kumar, 2010).

Intermittent hypoxia (5% O2 in the gas phase) increased the efflux of both norepinephrine
and epinephrine from ex vivo adrenal medullae of rats 10 days after beginning of treatment
indicating that catecholamine secretion is upregulated under low oxygen tension (Kumar et
al., 2006). Further studies demonstrated that hypoxia increases cellular calcium influx,
leading to elevated exocytosis (Bournaud et al., 2007; Carpenter et al., 2000; Mojet et al.,
1997; Taylor et al., 1999). More recently, the involvement of NADPH oxidase and reactive
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oxygen species signalling in hypoxia-evoked catecholamine secretion has been established
(Souvannakitti et al., 2010).

Besides stimulating catecholamine secretion, hypoxia induces expression of tyrosine
hydroxylase (TH), the rate-limiting enzyme of catecholamine synthesis, in numerous
catecholamine-producing cells both in vivo and in vitro (Czyzyk-Krzeska et al., 1992;
Czyzyk-Krzeska et al., 1994; Schmitt et al., 1992; Schmitt et al., 1993). This induction is
explained by the presence of a functional HRE on the TH promoter; both HIF isoforms are
able to activate this promoter in a reporter construct assay (Schnell et al., 2003). It has also
been shown that levels of both TH and dopamine β hydroxylase (DBH) protein are increased
after intermittent and sustained hypoxia (10% O2 in the gas phase) in the rat carotid body
and to lesser extents in superior cervical ganglia and adrenal glands; in the carotid bodies
this resulted in an increase in contents of dopamine and norepinephrine (Hui et al., 2003). In
this study, increased TH activity was shown to result not only from increased levels of TH
protein, but also from post-translation activation of the enzyme by phosphorylation at
serines 19, 31, and 40. This effect is most likely mediated by AMP-activated kinase
(AMPK), since AMPK inhibition by AICAR (5- aminoimidazole-4-carboxamide 1-β-D-
ribofuranoside) in PC12 cells prevents TH phosphorylation on relevant serine residues
(Fukuda et al., 2007).

Surprisingly, TH mRNA was not downregulated by RNAi knockdown of Hif2α in
immortalised rat chromaffin-cell-derived MAH cells; instead HIF2α was shown to directly
regulate dopa decarboxylase (DDC) by binding to an HRE within its promoter (Brown et al.,
2009). The authors demonstrated that besides DDC also DBH mRNA is decreased by RNAi
knockdown of Hif2α. Although no HRE was found in the Dbh promoter region, the authors
speculated that HIF2α regulation is due to either the presence of an HRE within the gene or
a mediating factor. The same group also showed that HIF2α directly affects adenosine A2A
receptor expression in MAH cells (Brown et al., 2011). Receptor activation induces an
increase in intracellular calcium in a HIF2α-dependent manner, leading to increased
catecholamine release.

The above findings are in tune with an earlier observation that Hif2α−/− mouse embryos at
12.5 days have dramatically reduced norepinephrine levels compared to wildtypes (Tian et
al., 1998). These Hif2α−/− embryos die in midgestation similarly to TH- or DBH-deficient
mice (Kobayashi et al., 1995; Thomas et al., 1995; Zhou et al., 1995), emphasising the
importance of catecholamines during mammalian development. This crucial requirement is
reinforced by findings that maternal oxygen (inspired O2 33 or 63%) prevents mid-
gestational lethality of TH-deficient embryos indicating that catecholamines mediate fetal
survival by maintaining oxygen homeostasis (Ream, et al., 2008).

As reviewed in detail by Wong and coworkers (Wong et al., 2010), HIF1α also appears
important in regulating adrenergic responses to stress by activating phenylethanolamine N-
methyltransferase (PNMT), the enzyme that converts norepinephrine to epinephrine. This
effect appears to be indirectly mediated by HIF1α stimulation of EGR-1 and SP-1
transcription factors and is in agreement with other findings that hypoxia increases
expression of PNMT, HIF1α and EGR-1 in mouse pheochromocytoma cells (Evinger et al.,
2002).

Taking all above findings together, it appears that PNMT is predominantly responsive to
HIF1α, whereas TH is responsive to both HIFs and DDC and DBH are regulated mainly by
HIF2α. This might suggest differential effects on expression of catecholamine biosynthetic
enzymes dependent on the nature of the hypoxic stimulus. In support of this, rat embryos
exposed to long-term hypoxia, a state of predominant HIF2α signalling, develop adrenal
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medullae with decreased epinephrine and increased norepinephrine content, and a decreased
percentage of chromaffin cells expressing PNMT (Mamet et al., 2002). Similar findings of
reduced numbers of PNMT positive adrenal medullary cells were observed after long-term
hypoxia in fetal sheep (Ducsay et al., 2007). In contrast, but still in line with differential
effects on catecholamine biosynthetic machinery, acute short-term hypoxia in fetal sheep
increased expression of PNMT, but decreased that of TH (Adams & McMillen, 2000). Other
studies have characterised differential effects of long-term and intermittent hypoxia on
expression of TH and HIF isoforms in catecholamine-producing cells of the carotid body
and brain (Gozal et al., 2005; Lam et al., 2008; Raghuraman et al., 2012). As outlined
below, at least some of the differential effects of hypoxia on expression of
catecholaminergic biosynthetic enzyme may also partly reflect influences of HIF2α on
chromaffin cell growth and differentiation rather than direct actions on expression of
biosynthetic enzymes.

III. The role of HIF2α in chromaffin cell development
Initial investigations concerning the role of HIF2α in sympathoadrenal development
assessed expression patterns during embryogenesis. A study with chicken embryos
demonstrated strong expression in endothelial and vascular smooth muscle cells, liver,
kidney, and cellular progenitors of the sympathetic nervous system characterised by TH
expression (Favier et al., 1999). HIF2α distribution in the sympathetic lineage was
investigated more closely in mouse embryos where HIF2α-positive cells were observed in
the sympathetic chain at embryonic day E11.5 (Tian, et al., 1998). This expression was lost
soon after, but followed by a strong immunohistochemical staining signal in forming
paraganglia; this signal was maintained until E15.5. Lower levels of expression were also
found in the adrenal. Death of Hif2α-null embryos coincided with the time of expression in
sympathoadrenal cells. Furthermore, HIF2α colocalised with TH protein in paraganglia of a
human fetus at week 8.5 corresponding to E15 in mice (Nilsson et al., 2005).

The above findings provide strong evidence that HIF2α is important in the regulation of
developmental processes of sympathoadrenal cells. As discussed earlier, HIF2α regulates
catecholamine synthesis and secretion; hence Hif2α-null embryos contain less
norepinephrine than wildtype mice (Tian, et al., 1998). Since PHD3 was shown to
preferentially hydroxylate HIF2α, labelling the latter for degradation (Appelhoff et al.,
2004), Phd3−/− mice should contain higher HIF2α levels than their wildtype littermates.
However, contrary to what one would expect, these mice display a hypofunctional
sympathoadrenal system with reduced tissue innervation, lower plasma levels of epinephrine
and norepinephrine, and decreased systolic and diastolic blood pressures (Bishop et al.,
2008). The authors also demonstrated that nerve growth factor (NGF)-stimulated neuronal
survival was increased in Phd3−/− mice in a HIF2α-dependent manner. Moreover, increased
numbers of TH-positive cells were measured in the adrenal medulla, carotid body, and
superior cervical ganglion. These results suggest that HIF2α renders cells more responsive
to neurite growth- promoting effects, but at the same time has dedifferentiating effects
leading to the occurrence of a hypofunctional sympathoadrenal system in Phd3−/− mice.

During the development of multicellular organisms the balance between cell proliferation,
differentiation and death is constantly changing leading to processes, such as organ
morphogenesis. The balance is maintained by the presence of different factors at certain
developmental stages. One such factor, with extreme importance for the sympathetic
nervous system is NGF (Figure 1). NGF inhibits both basal and hypoxia-induced Hif2α but
not Hif1α expression in PC12 cells (Naranjo-Suarez et al., 2003). Depriving sympathetic
neurons of NGF results in reduced glucose uptake, elevated levels of reactive oxygen
species, and hence increased cell death (Lomb et al., 2009). This process is diminished by
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PHD inhibitors and, in concordance with this, knockdown of Hif2α by shRNA in mouse
neurons decreases survival in the presence of NGF compared to control.

In keeping with the above concepts, PC12 cells overexpressing Phd3 (also referred to as
EGLN3 or SM-20) display increased cytochrome c and caspase-dependent apoptosis (Straub
et al., 2003). Similar observations were made in sympathetic neurons, where the authors also
demonstrated increased expression of Phd3 after NGF withdrawal (Lipscomb et al., 1999;
Lipscomb et al., 2001). It is well established that NGF deprivation causes apoptosis by
activating the transcription factor c-JUN (Estus et al., 1994; Ham et al., 1995;
Schlingensiepen et al., 1994; Xia et al., 1995). More recently, Lee and coworkers showed
that PHD3 but not PHD1 or PHD2 is required for c-JUN dependent apoptosis by a
mechanism in which c-JUN directly binds to the PHD3 promoter (Lee et al., 2005).

Besides regulation of cell death, HIF2α is also involved in differentiation processes; thus
similar to chromaffin progenitors, Hif2α is expressed in pancreatic progenitor cells, but not
in differentiated endocrine or exocrine cells (Chen et al., 2010). In the same study, Hif2α-
null embryos were found to have less HES1 (hairy and enhancer of split-1)-positive cells
than wildtype, indicating a less differentiated state. This effect appears to be independent of
the canonical hypoxia pathway, since Hif1β deletion did not impair normal development.
The authors also demonstrated that HIF2α binds to the NOTCH intracellular domain (ic-
NOTCH) explaining the activation of the classical NOTCH signalling effector HES1.

Knockdown of HIF2α in neuroblastoma tumour-initiating stem cells resulted in decreased
expression of NOTCH target genes and increased expression of neural differentiation
markers (Pietras et al., 2009). A similar effect was seen with rapamycin indicating that
HIF2α translation is dependent on the mammalian target of rapamycin (mTOR) pathway. In
keeping with the above, hypoxia was shown to induce neural crest genes, including
NOTCH-1 and HES1, in neuroblastoma cell lines and the embryonic carcinoma cell line
P19 (Gustafsson et al., 2005; Jogi et al., 2002; Nilsson, et al., 2005). These effects are
however partly dependent on HIF1α, since it was shown that HIF1α is also able to associate
with ic-NOTCH (Gustafsson, et al., 2005; Pietras et al., 2011).

There is some evidence that neural crest stem cells cultured under mild hypoxia undergo
sympathoadrenal differentiation to cells expressing TH and DBH with measurable release of
dopamine and norepinephrine (Morrison et al., 2000). In a similar way PC12 cells treated
with a PHD inhibitor or shRNA against Phd1 or Phd2 show increased TH activity and
dopamine release (Johansen et al., 2010); however it is not clear if these effects are HIF1α
or HIF2α mediated. On the other hand, HIF2α was shown to act directly upstream of OCT4
(octamer-binding transcription factor 4), a transcription factor known to be essential for
maintenance of pluripotency (Covello et al., 2006; Koh, et al., 2011).

The above results strongly indicate that HIF2α is responsible for maintaining a balance
between stemness and differentiation in the sympathoadrenal lineage. Interestingly, HIF2α
was found to be repressed in murine embryonic stem cells (Hu et al., 2006), suggesting this
transcription factor is needed in later developmental stages. This is in agreement with the
observation that Hif2α expression is only induced at E11.5 in chromaffin cell progenitors
(Tian, et al., 1998). On the other hand, HIF1α signalling is fully functional in embryonic
stem cells, where it activates the Wnt/β-catenin pathway, which regulates neural stem cell
proliferation and differentiation e.g. in the subgranular zone of the hippocampus
(Mazumdar, O’Brien, et al., 2010).

In summary, HIF1α and HIF2α have distinct roles in development of cells of the
mammalian sympatho-adrenal lineage; wherein HIF2α is a central player in regulating
chromaffin cell phenotypic features.
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IV. HIF2α signalling in tumourigenesis
HIF2α expression has been linked to malignant progression and poor prognosis in a number
of tumours, including astrocytoma, glioma, neuroblastoma, head and neck cancers,
melanoma and others (Keith et al., 2012). In most cases, both overexpression of HIF1α and
HIF2α have negative effects on outcome; however, in neuroblastoma, HIF1α staining in
tissue sections correlated with favourable prognosis, whereas HIF2α staining indicated poor
outcome (Noguera et al., 2009).

Similar observations have been reported in renal cell carcinoma (RCC), in which VHL
mutations lead to decreased HIFα degradation. It was shown that VHL wildtype cells
expressing a stable HIF1α mutant are not able to reproduce the tumourigenic phenotype
(Maranchie et al., 2002; Raval et al., 2005); in contrast, HIF2α suppression abrogated
tumour formation in mice (Kondo et al., 2003). Raval et al. also demonstrated that in RCC
lines proapoptotic genes, such as BNIP3 are predominantly regulated by HIF1α, whereas
protumorigenic genes, such as VEGF, transforming growth factor alpha and cyclin D are
more dependent on HIF2α.

In a Kras-driven lung tumour mouse model, Hif2α deletion but not Hif1α deletion
contributed to tumour growth and progression by direct downregulation of the tumour
suppressor secretoglobin 3A1, an inhibitor of AKT signalling (Mazumdar, Hickey, et al.,
2010). Interestingly, overexpression of a stable mutant of Hif2α also increased tumour
formation in the same Kras mouse model; this was shown to be dependent on increased
angiogenesis by induction of Vegf and increased invasiveness, demonstrated by increased
markers of epithelial-mesenchymal transition (EMT), such as Snail (Kim et al., 2009). These
results indicate that Hif2α expression has to strike a certain balance and that both
upregulation and downregulation can promote tumourigenesis.

It is well known that HIF2α is a potent inducer of angiogenesis. In 2000, Peng and
coworkers showed that mouse embryos originating from Hif2α-deficient embryonic stem
cells display severe vascular defects in the embryo itself and the yolk sac, where vessels are
formed but fail to connect and establish the correct network (Peng et al., 2000).
Overexpression of Hif2α in rat glioma tumours increases Vegf mRNA and vascular tumour
area, whereas the expression of the dominant negative form of Hif2α resulted in the opposite
(Acker et al., 2005).

HIF2α expression has also been shown to be associated with increased vascular density in
breast tumours (Giatromanolaki et al., 2006), as well as increased VEGF expression and
advanced clinical stage in neuroblastoma (Holmquist-Mengelbier, et al., 2006). In VHL-
deficient mouse livers Vegf expression and the development of hemangiomas was
demonstrated to be dependent on Hif2α and not Hif1α expression (Rankin et al., 2008).
Patients with VHL germline mutations are at higher risk to develop hemangioblastomas.
These highly vascularised, but nonmalignant tumours, mainly originate from stromal cells in
the central nervous system, retina, but can also occur in other organs. Further tumours
associated with the VHL syndrome are clear cell RCC and pheochromocytoma.

Another area related to angiogenesis and where HIF2α plays a critical role is hematopoiesis.
Mice lacking Hif2α have pancytopenia but intact multilineage maturation processes in the
bone marrow, which led the authors to suggest a mechanism related to a disturbed
microenvironment (Scortegagna et al., 2003). Later it was established that HIF2α directly
regulates erythropoietin expression (Rankin, et al., 2007; Scortegagna et al., 2005;
Warnecke et al., 2004), and is a crucial regulator of iron absorption, a process essential for
the normal functionality of erythrocytes (Mastrogiannaki et al., 2009).
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Other processes important for both normal development of the vasculature and tumour
progression are cell migration and matrix vascular remodelling. Epidermal growth factor
receptor activation in hypoxic foci in head and neck squamous cell carcinoma leads to
enhanced cell migration, but not proliferation, a process shown to be dependent on the
expression of HIF2α (Wang & Schneider, 2010). This pathway is proposed to promote a
more aggressive phenotype in this type of cancer. A HIF2α target gene possibly mediating
this effect is plasminogen activator inhibitor-1 (PAI1) (Sato et al., 2004), a serine protease
inhibitor shown to induce cancer invasion and vascularisation by facilitating attachment and
migration of cancer cells (Bajou et al., 1998; Chazaud et al., 2002).

Another HIF2α target identified in RCC cells lacking the VHL gene is type-1 matrix
metalloproteinase, a protein capable of extracellular matrix degradation (Petrella et al.,
2005). In the context of cartilage destruction a number of other matrix metalloproteinases
and matrix catabolic factors were identified to be HIF2α targets (S. Yang et al., 2010). In
RCC cells deficient for VHL, HIF2α was shown to induce genes that drive metastasis,
including chemokine (C-X-C motif) receptor 4 and cytohesin 1 interacting protein; they are
involved in chemotactic cell invasion and protection from death cytokine signalling,
respectively (Vanharanta et al., 2013). These effects were dependent on the induction of
epigenetic changes, such as histone H3 and DNA methylation. HIF2α also activates
expression of the adenosine A2A receptor; activation does not only affect catecholamine
release (Brown, et al., 2011), but also other processes, including cell proliferation, cell
migration, and tube formation in primary cultures of human lung endothelial cells (Ahmad
et al., 2009).

Interestingly, in murine endothelial cells HIF2α appears to have an inhibitory effect on
tumour cell migration and metastasis mediated by reduction of nitric oxide (NO) synthesis;
in contrast, HIF1α has an opposing effect (Branco-Price et al., 2012; Takeda et al., 2010).
This is consistent with the finding of Skuli et al., where Hif2α deletion resulted in increased
migration and invasion, but dysfunctional arteriogenesis (Skuli et al., 2012), which was
associated with decreased expression of delta-like ligand 4 (DLL4, NOTCH ligand), Hes1
and other NOTCH target genes and the proangiogenic factor angiopoietin-2 (ANG2). Hif2α
expression in host endothelial cells was also shown to be crucial for tumour
neovascularisation in a xenograft model of melanoma, where this process was identified to
be dependent on the HIF2α-driven expression of ephrin A1 (Yamashita et al., 2008).

These above examples emphasise that not only tumour cells need to be considered in the
process of tumourigenesis but also cells of the stromal microenvironment. High HIF2α
levels are found in tumour-associated macrophages (TAMs) (Talks et al., 2000), and their
number has been associated with poor clinical outcome in different cancers (Tang et al.,
2013). HIF2α is crucial for TAM infiltration into tumour lesions, and through this
mechanism promotes tumour progression in mouse models (Imtiyaz et al., 2010). On the
other hand, in a melanoma mouse model it was shown that HIF2α stabilisation by a PHD3
inhibitor decreases tumour growth; this was attributed to TAMs secreting an increased
amount of soluble VEGFR that inhibits VEGF function (Roda et al., 2012).

TAMs appear to reside close to a HIF2α expressing immature neural crest-like cell
population in the perivascular niche of neuroblastomas (Pietras et al., 2008). These cells
resemble a population termed neural crest-like neuroblastoma tumour-initiating stem cells,
which have been isolated from patient bone marrows (Pietras, et al., 2009). Similarly,
tumour associated stem cells with high HIF2α expression have been identified in
glioblastomas (Li et al., 2009).
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In summary, the role of HIF2α in tumourigenesis appears to be complex and context
dependent in that both increased and decreased expression can result in tumour
development. Hence targeting hypoxic signalling pathways as cancer therapy requires
careful evaluation of tumour type and phenotypic features.

V. Genotype-phenotype relationships of chromaffin cell tumours
Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are catecholamine producing
tumours derived respectively from chromaffin cells of the adrenal medulla and extraadrenal
paraganglia. Most catecholamine-producing PGLs occur in abdominal and thoracic regions.
Other PGLs are found in the head and neck region, but these usually produce negligible or
low amounts of catecholamines. Occurrence of PHEOs/PGLs in the general population is
rare, but a substantial portion of these tumours have a hereditary basis, where about one
third are caused by germline mutations in one of the following genes: neurofibromatosis
type 1 (NF1); rearranged during transfection (RET) protooncogene, transmembrane protein
127 (TMEM127); myc-associated factor (MAX); VHL or one of the genes for succinate
dehydrogenase subunits (SDHA, B, C, D).

The above diverse genotypic backgrounds of PHEOs/PGLs are associated with distinct
differences in clinical presentation (Eisenhofer, Pacak, et al., 2011). This includes tumour
location, propensity to malignancy, tumour tissue catecholamine contents, the dominant type
of catecholamine (dopamine, norepinephrine, or epinephrine) produced and catecholamine
secretory characteristics (Figure 2). Tumours due to mutations of succinate dehydrogenase
subunit genes predominantly occur at extraadrenal locations, whereas those due to RET,
NF1, TMEM127 and MAX mutations predominantly occur at adrenal locations. Tumours
due to VHL mutations can occur at both locations, but predominate at adrenal locations.
PGLs due to SDHB mutations are particularly prone to metastasis (Blank et al., 2010; King
et al., 2011).

Hereditary tumours associated with RET mutations in multiple endocrine neoplasia type 2
(MEN 2) produce epinephrine, whereas VHL tumours lack expression of PNMT leading to
termination of catecholamine synthesis at the level of norepinephrine (Eisenhofer et al.,
2001). Similarly, tumours due to NF1 mutations express PNMT and thus produce
epinephrine, whereas those due to mutations of SDH subunit genes do not and tend towards
immature phenotypic features of low tissue catecholamine contents with significant
production of dopamine and its O-methylated metabolite methoxytyramine (Eisenhofer et
al., 2012; Eisenhofer, Pacak, et al., 2011).

Interestingly, while total tissue catecholamine contents are highest in epinephrine-producing
hereditary and sporadic tumours and lowest in those that do not produce epinephrine, rates
of catecholamine secretion and excretion into urine are highest in dopamine- and
norepinephrine- producing tumours (Eisenhofer, Pacak, et al., 2011). This difference in
catecholamine secretory characteristics has been linked to a more fully developed regulatory
secretory pathway in tumours that produce epinephrine than in those that do not (Eisenhofer
et al., 2008). Lack of regulatory controls in the more immature norepinephrine- and
dopamine-producing tumours leads to more continuous or constitutive catecholamine-
secretory activity than in the more fully differentiated tumours that produce epinephrine.

VI. What role does HIF2α play in the development of chromaffin cell
tumours?

The differences in genetic backgrounds of PHEOs/PGLs are reflected by distinct differences
in gene expression profiles, with consistent differences among hereditary groups observed in
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several studies (Burnichon et al., 2011; Dahia et al., 2005; Eisenhofer et al., 2004; Lopez-
Jimenez et al., 2010). In particular, these various gene expression profiling studies have all
described two cluster groups with epinephrine-producing tumours due to RET, NF1 and
TMEM127 mutations in one cluster group (cluster 2) and norepinephrine- or dopamine-
producing tumours due to VHL and SDHx mutations in the other (cluster 1).

The first of the above studies compared gene expression profiles in VHL and MEN2
tumours in relationship to sporadic epinephrine- and norepinephrine-producing tumours
(Eisenhofer, et al., 2004). This study noted distinct differences in gene expression between
both hereditary and sporadic norepinephrine- versus epinephrine-producing tumours with
over-expression of genes involved in hypoxia-angiogenic pathways in the former tumours.
The most important upregulated gene in both hereditary and sporadic norepinephrine-
producing tumours was HIF2α. Taking into account the role of HIF2α in maintaining stem
cell-like traits in chromaffin cells, these findings were interpreted to suggest a key role of
HIF2α in development of PHEOs/PGLs with an immature catecholamine phenotype.
Expression of HIF2α in developing chromaffin progenitors was considered to confer
susceptibility of these cells to mutations of genes, such as VHL and SDHx, that impact
hypoxia pathways. Hypoxia effects of high altitude have also been associated with the
occurrence of tumours in the carotid bodies (Astrom et al., 2003; Cerecer-Gil et al., 2010;
Rodriguez-Cuevas et al., 1998).

The second gene profiling study also clustered PHEOs/PGLs in two groups, one containing
tumours with VHL, SDHB and SDHD mutations and another with RET and NF1 mutations
(Dahia, et al., 2005). Notably, almost all extraadrenal PGLs analysed in this cohort were
confined to cluster group 1, which was comprised of both adrenal and extra-adrenal tumours
in equal proportions. In agreement with the earlier study, cluster 1 displayed a gene
signature of activated hypoxia pathways and enhanced angiogenesis and extracellular matrix
processes. Furthermore, the cluster 1 gene profile showed a suppressed mitochondrial
function, an observation confirmed by decreased SDHB protein in the majority of all cluster
1 tumours, including VHL and sporadic cases. These features, according to gain- of-function
and loss-of-function experiments in cell line models, were described as dependent on HIF1α
signalling.

Subsequent gene expression profiling studies confirmed the strong HIF2α expression in
VHL and SDHx tumours compared to cluster 2 tumours (Burnichon, et al., 2011; Lopez-
Jimenez, et al., 2010). This was also further confirmed by immunohistochemical analyses of
HIF2α in tumour sections (Favier et al., 2009). HIF1α expression on the other hand was not
different between clusters.

In 2005 Lee et al. proposed that the PHEO/PGL gene mutations NF1, c-RET, VHL, and
SDHx, all act on the same HIF2α signalling network (Figure 1) resulting in decreased
apoptosis during chromaffin cell development, and hence tumour formation (Lee, et al.,
2005). NF1 is a negative regulator of RAS signalling induced by stimulation of the NGF
receptor TrkA. c-RET is the receptor for GDNF (glial cell line-derived neurotrophic factor)
that crosstalks with TrkA (Dechant, 2002; Peterson & Bogenmann, 2004; Tsui-Pierchala et
al., 2002) and induces JUNB, an antagonist of c-JUN, leading to decreased apoptosis (Lee,
et al., 2005). In the same study, it was demonstrated that loss of VHL, similar to c-RET
activation, results in JUNB induction. The authors went on to show that succinate inhibits
PHD3. The former accumulates in the cell when SDH is inhibited (Selak et al., 2005; Smith
et al., 2007). NF1 mutations as well as the more recently identified TMEM127 mutations
were shown to hyperphosphorylate mTOR (Dasgupta et al., 2005; Qin et al., 2010),
potentially inducing HIF2α translation. The fundamental differences observed between
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clusters could potentially be due to a more severe activation of HIF2α in cluster 1 due to the
impairment of the degradation machinery.

Given the highly divergent phenotypic features and gene expression profiles observed
between different groups of hereditary PHEOs/PGLs it seems counterintuitive that all these
tumours might develop through a single signalling network as proposed by Lee et al. (Lee, et
al., 2005). Nevertheless, this remains plausible should components of this network be
differentially susceptible to the mutations of the various tumour-susceptibility genes in
chromaffin progenitors or mature cells at different locations and stages of development. In
this way expression of HIF2α in specific chromaffin cell types at specific locations or in
sympathoadrenal progenitors at a particular stage in chromaffin cell development might
make only these cells vulnerable to mutations impacting hypoxia-pathways. As originally
proposed (Eisenhofer, et al., 2004), the expected result is development of tumours with the
same immature catecholamine phenotypic features characteristic of the sympatho-adrenal
progenitor cells from which the tumours derive.

Support for the above concept has been derived from analysis of a large clinical dataset
documenting highly significant differences in age of diagnosis of sporadic and hereditary
PHEOs/PGLs according to catecholamine phenotypic features (Eisenhofer, Timmers, et al.,
2011). Specifically, patients with epinephrine-producing cluster 2 type tumours are
diagnosed on average a decade later than patients with norepinephrine- or dopamine-
producing cluster 1 tumours. While hereditary PHEOs/PGLs also present on average 10 to
15 years earlier than sporadic tumours, the differences in ages of presentation of tumours
with different catecholamine phenotypes occur independently of this additional influence
(Table 1). Thus, patients with dopamine- or norepinephrine-producing hereditary tumours
showed the youngest ages of disease presentation. Importantly, among this group,
presentation of disease was much earlier in patients with multifocal extraadrenal tumours
than in those with solitary PHEOs/PGLs.

The above observations not only support origins of PHEOs/PGLs from different chromaffin
progenitor cells with variable developmental susceptibility to disease causing mutations, but
also suggest development of multifocal disease from HIF2α-overexpressing tumour stem
cells that have suffered a second hit to inactivate gene function before migration to different
sites. Later age of presentation of tumours that produce epinephrine than norepinephrine is
expected, since in those patients any genetic abnormalities leading to tumourigenesis can
only be expected to have impact after chromaffin progenitors have migrated and
differentiated into adrenaline-producing chromaffin cells within the adrenals.

VII. HIF2α and metastatic pheochromocytoma/paraganglioma
In addition to phenotypic differences between tumours of the two main gene-expression
cluster groups, there are also differences between tumours of the same cluster; SDHB-
related tumours are often extraadrenal and have an enhanced tendency to metastatic
progression, whereas VHL tumours are mostly adrenal and have a low risk of malignancy
(Brouwers, Eisenhofer, et al., 2006; Burnichon, et al., 2011; Gimenez-Roqueplo et al.,
2003). Gene expression profiling also clearly distinguishes between those two hereditary
groups of tumours (Favier, et al., 2009; Lopez-Jimenez, et al., 2010). VHL tumours have a
more HIF1α-driven signature than SDHx-related tumours, which manifests in upregulation
of glycolytic and suppression of mitochondrial genes, the so called Warburg effect. These
differences were additionally associated with increased expression of apoptotic target genes
such as BNIP3.

In line with the above observations, overexpression of HIF2α in a VHL-deficient RCC line
increased mitochondrial and decreased glycolytic metabolism compared to controls,
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suggesting that SDHx- related tumours are more dependent on HIF2α (Biswas et al., 2010).
Pollard and colleagues not only confirmed higher levels of BNIP3 in VHL tumours by
immunohistochemistry, but also found somewhat increased VEGF, cyclin D1 and HIF2α
levels (Pollard et al., 2006). The authors, however, concluded that VHL tumours are more
HIF2α-driven than those with SDHx mutations; nevertheless, based on their observations
that both target genes of HIF1α (BNIP3) and a HIF2 α (cyclin D1) are increased and that
VEGF expression is known to be induced by both transcription factors (Keith, et al., 2012),
the question of whether one signalling pathway is more prominent than the other may not
have such a simple answer. Interestingly, PHD3 is more highly expressed in VHL tumours,
which is however not reflected in the protein level analysed by immunohistochemistry
indicating some form of posttranscriptional mechanism (Eisenhofer, et al., 2004; Lopez-
Jimenez, et al., 2010).

More than 50% of childhood PHEO/PGL cases have metastatic disease, and about 70 of
these carry SDHB mutations (King, et al., 2011). This again is in line with concepts that that
phenotypically immature tumors develop earlier in life than more fully differentiated
tumors, but also indicates an additional link to aggressiveness of tumours. Nevertheless,
SDHB mutations carry a poor prognosis in both children and adults (Blank, et al., 2010;
King, et al., 2011). Gene profiling studies attempting to shed light on the distinctive biology
between SDHx-mutated and VHL tumours have so far failed to show a definitive lead
(Brouwers, Elkahloun, et al., 2006; Waldmann et al., 2010). Both studies however
established downregulation of JUNB in malignant PHEOs/PGLs, pointing towards a
potential involvement of the HIF2α signalling network (Lee, et al., 2005).

Recently, Favier and colleagues established increased vascularisation coupled with
increased VEGF and ANG2 expression in cluster 1 tumours (Favier, Igaz, et al., 2012).
Interestingly, malignant tumours of both clusters showed strongly reduced ANG1
expression. Generally ANG2 is a weaker agonist for the TIE2 receptor, and in the presence
of ANG1 it actually inhibits its actions; but if ANG1 is absent ANG2 activates the TIE2
receptor and downstream signalling of PI3K and AKT (Yuan et al., 2009)(Figure 1). This
evidence points to a possible activation of the mTOR pathway in malignant PHEOs/PGLs;
however the sample size of this study was too low for any definite conclusions (Favier, Igaz,
et al., 2012). Preliminary investigations concerning mTOR inhibition in the mouse PHEO
cell lines indicate a concentration-dependent decrease in cell survival (Nolting & Grossman,
012).

The question remains, why are SDHB-related tumours so much more malignant than VHL
tumours? They are more immature, have dramatically decreased total catecholamine
contents with high proportions of dopamine, and they are larger at diagnosis compared to
other PHEOs/PGLs (Eisenhofer, et al., 2012). Is this solely mediated by HIF2α signalling?
Or more likely, are there another factors involved? SDHB mutations alter the balance of
energy metabolites in these cells dramatically by strongly elevating succinate concentrations
(Selak, et al., 2005; Smith, et al., 2007). Succinate not only broadly inhibits α-ketoglutarate-
dependent enzymes, such as PHDs, but also affects the TET family of DNA hydroxylases
and inhibits other enzymes, such as histone demethylases leading to increased histone H3
methylation (Cervera et al., 2009; Smith, et al., 2007; Xiao et al., 2012). The same effects
have been demonstrated for fumarate accumulation caused by fumarate hydratase
knockdown (Xiao, et al., 2012). These studies demonstrate that changes in metabolite levels
can lead to profound epigenetic alterations and hence changes in gene expression that will
no doubt differ from those observed in VHL mutated tumours.
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VIII. Mutations of HIF2α as a cause of chromaffin cell tumours
A central role of HIF2α signalling in PHEO/PGL development has been substantiated by
findings of somatic HIF2α gain-of-function mutations in two patients with multiple PGLs
and somatostatinomas (Zhuang et al., 2012). Shortly after this initial report, there followed
several further publications from different groups describing either somatic or germline
HIF2α mutations in patients characterised with mostly multiple PGLs and polycythemia
(Comino-Mendez et al., 2013; Favier, Buffet, et al., 2012; Lorenzo et al., 2012; Pacak, 2013;
C. Yang et al., 2013). These gain-of-function mutations protect HIF2α from degradation
processes mediated by PHDs, but whether they predispose or rather are a direct cause of
tumourigenesis is currently unclear.

HIF2α mutated tumours have increased levels of HIF2α mRNA, similar to cases with VHL
and SDHx mutations (Comino-Mendez, et al., 2013). However, Favier et al. noted that the
activation of hypoxia- inducible genes is rather mild compared to other cluster 1 tumours
(Favier, Buffet, et al., 2012). Interestingly, all subjects described in these studies who
presented with multiple PGLs and increased red blood cell mass were first diagnosed at the
age 35 or younger, with most being younger than 20 years; In contrast, patients without
polycythemia presented later with PHEO/PGL and were less often characterised by
multifocal disease. This may point to different degrees of HIF2α activation in these patients.
Hence it would be of considerable interest to establish whether mice overexpressing Hif2α
(e.g. by introduction of a nondegradable gene variant) have a higher tumour incidence. Phd3
knockout mice exhibit mild hyperplasia in the adrenal, carotid body and superior cervical
ganglia (Bishop, et al., 2008). However, no PHEOs or PGLs have been found in Sdhd or
Sdhd/H19 knockout mice (Bayley et al., 2009).

IX. Conclusion
HIF2α signalling appears to be a central pathway in chromaffin cell development and
differentiation, with cells highly expressing HIF2α exhibiting a less differentiated and more
stem cell-like phenotype. Recent evidence suggests that HIF2α signalling in PHEO/PGL
patients leads to tumours with less mature catecholamine phenotypes that occur earlier in
life and are more often multifocal and potentially more aggressive than tumours that do not
display features of upregulated HIF2α signalling. This may indicate a mutational second hit
during fetal development activating HIF2α (by gene mutation or inhibition of degradation
through VHL or SDHx inactivation), which results in maintenance of a more
undifferentiated phenotype. Hence HIF2α may be a useful biomarker for more aggressive
disease. Moreover, targeting HIF2α by small molecule inhibitors could be a valid
therapeutic strategy for PHEOs/PGLs of the cluster 1 type, especially since inhibition of
HIF2α in a cell line model of VHL-deficient RCC increased cell death and sensitivity to
radiation (Bertout et al., 2009).

Abbreviations

AMPK AMP-activated kinase

ANG Angiopoietin

DDC Dopa decarboxylase

DBH Dopamine β hydroxylase

DLL4 Delta-like ligand 4

HES1 Hairy and enhancer of split-1
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HIF Hypoxia-inducible factors

HRE Hypoxia responsive element

MEN2 Multiple endocrine neoplasia type 2

mTOR Mammalian target of rapamycin

NADPH Nicotinamidadenindinukleotidphosphat

NGF Nerve growth factor

OCT4 Octamer-binding transcription factor 4

PGL Paraganglioma

PHD Prolyl hydroxylase

PHEO Pheochromocytoma

PI3K Phosphoinositide 3-kinase

PNMT Phenylethanolamine N-methyltransferase

RCC Renal cell carcinoma

SDH Succinate dehydrogenase

TAMs Tumour-associated macrophages

TH Tyrosine hydroxylase

VEGF(R) Vascular endothelial growth factor (receptor)

VHL Von Hippel-Lindau
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Figure 1. HIF2α signalling network in chromaffin cells
Nerve growth factor (NGF) binding to its receptor tyrosine kinase TRKA induces PI3K/
AKT signalling, which in turn activates the global translational regulator mTOR. One of its
targets is hypoxia inducible factor 2α (HIF2α), a transcription factor able to induce a
number of different genes, such as the NOTCH ligand delta-like ligand 4 (DLL4). HIF2α
and intracellular NOTCH (ic-NOTCH) jointly activate genes, such as stem cell marker
HES1. The HIF2α protein is labelled for degradation by prolyl hydroxylase 3 (PHD3) and
processed by the proteasome complex, part of which is the Von Hippel- Lindau (VHL)
protein. PHD3 is inhibited by high concentrations of succinate, which can be achieved by
inactivation of the enzyme succinate dehydrogenase. When TRKA is not activated by NGF
the RAS/MAPK pathway is activated instead leading to induction of the transcription factor
c-JUN, which stimulates increased transcription of PHD3. An alternative way of PI3K
activation is signalling via the TIE2 receptor, which is normally activated by its ligand
angiopoietin-1 (ANG1). When angiopoietin-2 (ANG2) is present ANG1 effects can be
inhibited, but when ANG1 is absent ANG2 is also able to induce TIE2 signalling.
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Figure 2. Unsupervised hierarchical clustering based on measured values for epinephrine-
related analytes in plasma and urine
Increasing analyte levels are illustrated in grey scale by progression from lighter to darker
heat map areas. Patients with VHL or SDHx mutations shown in red are confined to cluster
1, whereas patients with RET and NF1 mutations are depicted in blue and are confined to
cluster 2. Patients without evidence of hereditary syndrome are illustrated in green for those
with adrenaline-producing tumours, and in yellow for noradrenergic or dopaminergic
tumours. Image modified from (Eisenhofer, Pacak, et al., 2011)
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