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In this issue of Blood, Ghosh et al1 describe correction in animal models of 2
distinct types of erythrocytosis and their associated pulmonary hypertension
by an inhibitor of 1 of the hypoxia inducible transcription factors (HIFs; ie, HIF-2).

Both erythrocytosis and polycythemia
have been used to describe conditions
associated with elevation of red cell mass,
which often, but not always, is reflected by
a concomitant elevation of hemoglobin
and hematocrit. Because the latest pub-
lications use the term polycythemia only

for polycythemia vera (PV) but not for
all other forms of erythrocytosis, we will
also use the same terminology here.
Erythrocytoses are congenital or acquired,
appropriate responses to tissue hypoxia
or inappropriate (unrelated to tissue hyp-
oxia), and primary or secondary. Primary

erythrocytoses/polycythemia are exem-
plified by intrinsic hyperproliferation of
erythroid progenitors caused by either
JAK2 somatic mutations of hemopoietic
stem cells in PV or by germline gain-of-
function mutations of the erythropoietin
(EPO) receptor in primary familial eryth-
rocytosis. In contrast, the secondary
erythrocytoses, either acquired or inher-
ited, are caused by circulating factors,
most commonly EPO, and the erythroid
progenitors are intrinsically normal2 (see
figure).

Hypoxia regulates many physiologic
processes, but these responses may also
be misregulated and cause human dis-
eases. Erythropoiesis, iron regulation,
vasculogenesis, energy metabolism, and
cancer may all be impacted by abnormal
responses to hypoxia. Hypoxic responses
are regulated by transcription factors
HIF-1 and HIF-2. HIF-1 was discovered
from studies of the hypoxic transcriptional
regulation of EPO. In hypoxia, HIF-1 binds
to the DNA hypoxia-responsive element
oligomer of EPO, which greatly aug-
ments EPO transcription. A plethora of
other genes are also regulated by HIFs via
hypoxia-responsive elements. The impact
of HIFs in medicine was recognized by the
Nobel Prize awarded in 2019 to Kaelin,
Ratcliffe, and Semenza.

HIF-1 is ubiquitously expressed, whereas
HIF-2 has restricted expression, and
these factors may differ in their specific-
ity. HIF-1a and HIF-2a subunits share the
same b subunit; only the dimers have
transcriptional activity. The a-subunits of
HIFs are rapidly degraded in normoxia.
This is initiated by prolyl hydroxylation of
a-subunits by iron-dependent prolyl hy-
droxylases. These hydroxylated a-subunits
then bind the von Hippel-Lindau protein,
and this complex is ubiquitinated and de-
graded in proteasomes.2

Although it is clear that HIF-2 is the
principal regulator of EPO transcription,
HIF-1 also exerts control of erythropoie-
sis. Thedeletion ofEpas1 (encodingHif-2a)
in the murine embryo results in pancyto-
penia with only a modest decrease in he-
matocrit. In contrast, the deletion of the
Hif-1a gene causes a lethal defect of
erythropoiesis.2

The first congenital disorder of hypoxia
sensing to be described is Chuvash
erythrocytosis (CE), an autosomal re-
cessive disorder caused by the VHLR200W
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Erythrocytosis can be primary, secondary, or mixed. Pathways for each of these types of erythrocytosis are depicted.
BFU-1, burst forming unit erythroid; EGLN1, gene encoding prolyl hydroxylase-PHD2; EPAS1, gene encoding HIF-
2a; EPO, erythropoietin; EPOR, erythropoietin receptor; HIF, hypoxia-inducible transcription factor; IGF1, insulin-
like growth factor-1; IRP1, iron regulatory protein 1; JAK2, Janus kinase 2; STAT 5, signal transducer and activator of
transcription; TEMPI, telangiectasias, elevated erythropoietin and erythrocytosis, monoclonal gammopathy,
perinephric fluid collections, and intrapulmonary shunting; VHL, von Hippel-Lindau protein.
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loss-of-function mutation leading to el-
evated levels of both HIF-1 and HIF-2.3

This disorder is endemic in Chuvashia
(Republic of Russia) and in the Italian island
of Ischia; it is sporadic worldwide. Patients
with CE not only have elevated EPO (a
feature of secondary erythrocytosis) but
also increased sensitivity of erythroid
progenitors to EPO (a feature of pri-
mary erythrocytosis). Thromboses are the
principal cause of morbidity and mortality
in CE. However, thromboses are not re-
lated to increased hematocrit and are in-
creased in phlebotomized patients.4

Elevated pulmonary artery pressures may
also occur in CE.4

Hypoxic regulation of iron availability and
erythropoiesis are closely related as ex-
emplified by the interaction of iron me-
tabolism with erythropoiesis by hepcidin
and erythroferrone.5 Iron regulatory pro-
tein (IRP-1) binds to the iron-responsive
element in the 59 untranslated region of
HIF-2a and represses the translation of
HIF-2a protein.6 Ghosh et al previously
reported that deletion of Irp1 in mice re-
sults in erythrocytosis, pulmonary hyper-
tension, and cardiac fibrosis attributable
to translational derepression of Hif-2a.
The resultant high expression of Hif-2a
targets EPO, endothelin-1, and a che-
mokine Cxcl12.7 This year, 4 families from
Iceland and the United Kingdom with
erythrocytosis and mutations in IRP1 were
described.8 They represent a novel type
of congenital erythrocytosis.

Ghosh et al now convincingly demon-
strate the crucial role of HIF-2 in murine
models of 2 congenital types of eryth-
rocytosis: (1) CE and (2) erythrocytosis
caused by mutation of IRP1. Specific in-
hibitors of HIF-2 have been developed
based on a unique cavity in the structure
of HIF-2a and have already been used in
clinical trials of renal carcinoma. The authors
of this paper used a second-generation
inhibitor of HIF-2a (ie, MK-6482), and its
oral administration corrected erythrocytosis
and pulmonary hypertension in both

VhlR200W and Irp1 knockout mice and also
normalized the expression of HIF-2–
regulated genes.

Whether the use of the HIF-2a inhibitors
will be clinically beneficial to correct
hematocrit in patients with these and
other types of erythrocytosis remains to
be shown. HIF-2a inhibitors would likely
correct the appropriate types of eryth-
rocytosis, such as in pulmonary disease,
Eisenmenger complex, and erythrocytosis
because of high-affinity hemoglobins.
However, this might not be clinically
beneficial, as the resultant decrease of
blood oxygen–carrying capacity would
make tissue hypoxia worse. Similarly,
HIF-2a inhibitors may not correct eryth-
rocytosis of PV, a disease characterized by
low EPO levels. Although correction of
elevated hematocrit is a common prac-
tice, it is not universally accepted that
reduction of hematocrit in PV reduces the
predisposition to thromboses, PV’s major
morbidity and mortality risk.9

It is enticing to hypothesize that these
results can be extended to other more
common acquired disorders. Pulmonary
hypertension is a devastating disorder
that is generally acquired, but some pa-
tients have a congenital predisposition.
The possible corrective use of HIF-2a in-
hibitors in pulmonary hypertension would
be of immense value.

Elevated signaling by HIFs is present in
the platelets and granulocytes of both
CE and PV, augmenting transcription of
prothrombotic genes such as tissue fac-
tor, which is a HIF-1–regulated gene.10

Although it is likely that HIF-2a inhibitors
will correct erythrocytosis in patients with
CE, it is not clear that they will ameliorate
thrombotic risk in either CE or PV if
thrombosis is predominantly mediated
by HIF-1–regulated genes. Furthermore,
the increased erythroid sensitivity to EPO
in CE may not be caused by HIF-2 but
rather HIF-1; in our ongoing experiments,
we can correct this by use of the specific

HIF-1 inhibitor, digoxin,1,10 but more
work needs to be done in this area.
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