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Life in an aerobic environment is far more
complex than life in an anaerobic environ-
ment, a circumstance that has probably
spurred the evolution of complex life forms
(1). Oxygen dependence necessitated the
development of new biochemical pathways
and signaling mechanisms, not only to
counter toxic oxygen radicals but also to
adapt to transient hypoxic conditions.
Multicellular organisms ranging from the
nematode Caenorhabditis elegans to Homo
sapiens have evolved a highly conserved
family of basic-helix-loop-helix transcrip-
tion factors—the hypoxia-inducible tran-
scription factors (HIFs)—to cope with the
latter circumstance (2). These transcription
factors consist of heterodimers containing
a constitutively expressed β subunit (HIF-1β)
and a regulated α subunit (HIF-1α, -2α, or
-3α). The HIFα subunits are stabilized un-
der conditions of acute hypoxia and
translocate to the nucleus to dimerize with
the β subunit, enabling interaction of the
heterodimer with consensus HRE (hypoxia
response element) sequences. This brings
about alterations directly or indirectly in
the expression of more than 200 genes that
participate in the cellular adaptation to hy-
poxia, which encompasses changes in cell
metabolism, cell growth, and apoptosis,
and the stimulation of erythropoiesis and
angiogenesis, among other responses (3).

The discovery of HIF was made in rela-
tion to its ability to effect a severalfold
increase in the transcription of the gene
encoding erythropoietin (Epo), a peptide
hormone secreted chiefly from adult renal
tissue and fetal liver parenchyma under
hypoxic conditions in mammalian organ-
isms (4). Erythropoietin stimulates an

increase in red blood cell production and
also indirectly increases the absorption of
iron from the intestine by acting as a nega-
tive regulator of the transcription of the
gene encoding hepcidin, a peptide that lim-
its the entry of iron from the duodenal mu-
cosa into blood plasma (5). The mechanis-
tic basis of the down-regulation of hepcidin
gene (HAMP) transcription by Epo is not
clear. A recent publication by Pinto and
colleagues (6) described the importance of
down-regulating transcription of  the gene
encoding C/EBPα, a basic leucine zipper
transcription factor, to Epo-mediated
hepcidin suppression. C/EBPα, which was
discovered in the mid 1980s, is widely
thought to act as a
key regulator of en-
ergy homeostasis as
evidenced by the
fact that C/EBPα
null mice show ab-
normalities in syn-
thesis and storage
of glycogen and
lipids (7). Pinto et
al. found a dose-
dependent decrease
in the transcription
of hepcidin in re-
sponse to stimula-
tion of mouse hepa-
tocytes and HepG2
human hepatoma
cell lines by recom-
binant Epo (rEpo).
The concentrations
of rEpo used in the
experiments were
supraphysiological
and are comparable
to those seen in se-
vere hypoxic states.
They further showed

that blocking Epo receptors (EPOR) using
an antibody directed against the Epo receptor
abrogated the effects of Epo on the tran-
scription of HAMP and C/EBPα. More-
over, consistent with the earlier demon-
strated role of C/EBPα acting as a positive
regulator of hepcidin gene transcription
(8), Pinto et al. found that there was sub-
stantially decreased binding of C/EBPα to the
hepcidin gene promoter, and this may have
been the reason for the down-regulation of
hepcidin seen here. Although this work
suggests a possible route through which
Epo could suppress hepcidin, the mecha-
nistic basis for the reduction in C/EBPα
remains to be determined.

In this context, it is interesting to em-
phasize that Epo secretion, as stated earlier,
is substantially increased over basal secre-
tion (through the stabilization of HIF) under
conditions of hypoxia. Moreover, HIF-1
suppresses the transcription of HAMP (9)
and C/EBPα (10) by directly binding to
HREs in their respective promoters.

Pinto et al. investigated the response of
mouse hepatocytes and HepG2 cells to Epo
under normoxic conditions. Their results
suggested that C/EBPα down-regulation
brought on by Epo-EPOR signaling may
suppress hepcidin independent of HIF-1.
Given that Epo secretion is increased only
under hypoxic conditions, it seems possible
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Fig. 1. Mechanisms by which HIF-1 modulates hepcidin gene
(HAMP) transcription. Under hypoxic conditions, HIF-1α is stabi-
lized and translocates to the nucleus, where upon binding to HIF-1β
it effects the transcription of various genes. HIF-1 represses tran-
scription of C/EBPα and HAMP and stimulates Epo transcription.
Epo independently via EPOR represses the transcription of
C/EBPα. The consequent decrease in C/EBPα further represses
the transcription of HAMP.
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that, during hypoxia, Epo and HIF may act
synergistically to mediate the down-regula-
tion of C/EBPα and consequently hepcidin.
In this scenario, when extrapolated to in vi-
vo conditions, HIF-1 stabilized by low oxy-
gen tension would bind to HREs and in the
process suppress the transcription of
HAMP and C/EBPα and also increase the
concentration of circulating Epo. Epo fur-
ther binds to its receptor EPOR and effects
a decrease in C/EBPα transcription. The
loss of stimulatory input from C/EBPα
leads to a further drop in the transcription
of the gene encoding hepcidin (Fig. 1). As
described, this scenario involves indirect
cooperation between HIF-1α and C/EBPα
at the transcriptional level, through HIF-1
suppressing the transcription of C/EBPα,
but it is also possible that hepcidin regula-
tion by these two factors could involve a
direct protein-protein interaction.

The possibility of a direct protein inter-
action between HIF-1α and C/EBPα is
suggested by studies done in myeloid
leukemic cell lines. Chen and colleagues,
who were investigating the mechanism of
hypoxia-mediated differentiation of U937
myeloid leukemia cells, used experiments
employing shRNA against HIF-1β to show
that myeloid differentiation is brought
about by the stable expression of HIF-1α
and does not require its heterodimeric part-
ner HIF-1β (11). They further established
that this effect instead depends on a physi-
cal interaction between C/EBPα and HIF-
1α. The interaction, which was mapped, in-
volved the bHLH domain of HIF-1α and
the transactivation domain of C/EBPα
(12). This interaction prevented the binding
of the HIF-1α subunit to the β subunit in a
competitive manner; however, the effects of
the interaction on the activity of C/EBPα
were not investigated (Fig. 2). These stud-
ies (11, 12) also did not address the effect
of hypoxia on the transcription of C/EBPα,
although C/EBPα protein levels were de-
creased in whole-cell protein extracts ob-
tained from U937 cells that stably overex-
pressed HIF-1α (11). However, endoge-
nous expression of C/EBPα protein was
not altered in U937 cells that were exposed
to hypoxia-mimetic CoCl2 (12).

An earlier study by Jiang et al. showed,
using the luciferase reporter construct as-
say, that the transcriptional activity of
C/EBPα was increased when both HIF-1α
and C/EBPα were coexpressed after trans-
fection in nonhematopoietic COS7 cells
and 293T cells compared to when C/EBPα
was expressed alone (13). Physical inter-
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Fig. 2. Interaction between HIF-1α and C/EBPα. (A) This panel describes the canonical
pathway for HIF whereby under conditions of hypoxia, HIF-1α is stabilized in the cytosol
and translocates to the nucleus to bind to HIF-1β. (B) New evidence suggests that the
interaction of HIF-1α with its heterodimeric partner HIF-1β is competitively inhibited by the
interaction between HIF-1α and C/EBPα (12). The activity of C/EBPα may, however, be in-
creased (13) as a result of direct protein interaction with HIF-1α or transcriptionally re-
pressed by the action of HIF-1 on the promoter of C/EBPα (10). Whether the interaction
between HIF- 1α and C/EBPα also occurs in the cytosol is unclear.
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action between HIF-1α and C/EBPα was
demonstrated using coimmunoprecipitation
assay in nuclear protein extracts of CoCl2-
treated U937 cells (12) and whole-cell pro-
tein extracts from the above-mentioned
nonhematopoietic cell lines coexpressed
with HIF-1α and C/EBPα (13).Whether
the interaction between HIF-1α and
C/EBPα takes place only in the nucleus or
in both cytoplasm and nucleus remains to
be determined.

HIF has also been shown to down-regu-
late the transcription of C/EBPα in T-47D
breast cancer cell lines and, more interest-
ingly, C/EBPα was found to relocalize
from the nucleus to the cytoplasm when T-
47D cells were subjected to hypoxia (1%
O2) compared to normoxia (21% O2) (10).
Furthermore, hypoxia decreased the stabili-
ty of C/EBPα mRNA in these cells. Al-
though the results of Chen et al. and Seiffe-
dine et al. may sound contradictory, it may
just be a reflection of differences in the tis-
sues used for the studies. Neither study has
sufficiently probed the interaction between
HIF-1α and C/EBPα in its entirety. Future
studies addressing the effects of hypoxia on
the endogenous expression of C/EBPα, the
subcellular localization of both HIF and
C/EBPα in hypoxia, and quantification of
the changes in the activities of both the
transcription factors simultaneously may be
more informative.

Further studies are needed to under-
stand this interaction better and to charac-
terize the interactions between HIF-1α and
C/EBPα spatiotemporally in different tis-
sues in both normoxic and hypoxic states.
Using Western blot analysis of different

subcellular fractions to study the relative
amounts of both these factors within cells
subjected to hypoxia may help us under-
stand better the reciprocal regulation
brought about by the HIF-1α and C/EBPα
interaction. Furthermore, the intrinsic rela-
tion between oxygen availability and ener-
gy homeostasis makes the interaction be-
tween these two transcription factors all the
more interesting. Understanding the nature
of this interaction may hold potential thera-
peutic strategies in disease conditions char-
acterized by hypoxia, including myocardial
ischemia, stroke, and cancers as, for exam-
ple, the overexpression of C/EBPα may in-
hibit the growth of tumors by inhibiting
cell proliferation mediated by HIF in hy-
poxic tumor tissue (12).
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