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The Hypoxia-Inducible Factor—-C/EBPa Axis Controls Ethanol-
Mediated Hepcidin Repression
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Hepcidin is a liver-derived peptide hormone and the master regulator of systemic iron homeostasis. Decreased hepcidin expres-
sion is a common feature in alcoholic liver disease (ALD) and in mouse models of ethanol loading. Dysregulation of hepcidin
signaling in ALD leads to liver iron deposition, which is a major contributing factor to liver injury. The mechanism by which
hepcidin is regulated following ethanol treatment is unclear. An increase in liver hypoxia was observed in an acute ethanol-in-
duced liver injury model. The hypoxic response is controlled by a family of hypoxia-inducible transcription factors (HIFs),
which are composed of an oxygen-regulated alpha subunit (HIFa) and a constitutively present beta subunit, aryl hydrocarbon
receptor nuclear translocator (HIF3/Arnt). Disruption of liver HIF function reversed the repression of hepcidin following etha-
nol loading. Mouse models of liver HIF overexpression demonstrated that both HIF-1ox and HIF-2a contribute to hepcidin re-
pression in vivo. Ethanol treatment led to a decrease in CCAAT-enhancer-binding protein alpha (C/EBPa) protein expression in
a HIF-dependent manner. Importantly, adenoviral rescue of C/EBPa in vivo ablated the hepcidin repression in response to etha-

nol treatment or HIF overexpression. These data provide novel insight into the regulation of hepcidin by hypoxia and indicate

that targeting HIFs in the liver could be therapeutic in ALD.

Patients with alcoholic liver disease (ALD) accumulate iron in
the liver (23). Free iron enhances reactive oxygen species
(ROS) production in the liver, leading to oxidative stress, which is
a major contributing factor to alcohol-induced liver injury (53).
The development of liver fibrosis positively correlates with liver
iron staining in ALD, and the presence of iron deposits in the liver
of patients with alcoholic cirrhosis is predictive of death (10).
There is compelling evidence that iron-mediated oxidative stress
may be an important pathological mechanism for the increased
incidence of hepatocellular carcinoma in individuals with hepatic
iron overload who consume alcohol (2). Lastly, hepatic iron over-
load increases the risk of insulin resistance and diabetes due to
hepatic inflammation (25).

Hepcidin is a small antimicrobial peptide produced in the liver
and secreted into the bloodstream which regulates systemic iron
homeostasis (24, 33). Hepcidin functions by binding to the only
known mammalian iron exporter, ferroportin (FPN), which leads
to its internalization and degradation (28). FPN is primarily ex-
pressed on macrophages of the reticuloendothelial system and
absorptive enterocytes in the small intestine (6). Thus, hepcidin
acts to restrict intestinal iron absorption and prevent release of
iron from stores. Conversely, hepcidin deficiency leads to in-
creased iron absorption and mobilization of iron stores, which can
cause iron overload (6, 29). Previous publications have shown that
in rodents and humans, hepcidin is downregulated in response to
ethanol treatment (5, 11, 14, 16, 17, 19, 20, 31). Moreover, it has
been shown that the increase in liver iron following alcohol con-
sumption in ALD patients is directly due to low hepcidin expres-
sion (5, 11, 14, 16, 17, 19, 20, 31). However, the mechanism(s) by
which hepcidin is dysregulated following ethanol exposure re-
mains unclear.

The present study demonstrated that alcohol treatment in
mice led to a robust hypoxic response compared to that seen with
vehicle-treated mice and that this hypoxia was associated with a
strong inhibition of hepcidin expression. Changes in gene expres-
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sion during hypoxia are primarily controlled by a family of hypox-
ia-inducible transcription factors (HIFs) (43). HIFs consist of an
oxygen-regulated alpha subunit (HIFa) and a constitutively ex-
pressed beta subunit, aryl hydrocarbon receptor nuclear translo-
cator (HIFP/Arnt). Under conditions of normal oxygen tension,
the HIFa subunit is hydroxylated by prolyl hydroxylase enzymes
(PHDs) at specific proline residues. This modification is recog-
nized by the protein coded by the Von Hippel-Lindau tumor sup-
pressor gene (Vhl), which is part of an E3 ubiquitin ligase com-
plex. VHL facilitates ubiquitination of the HIFa subunit, which
leads to its subsequent degradation by the proteasome. Genetic
disruption of Vhl results in the presence of constitutively active
HIF in vivo and is a well-characterized model to study HIF func-
tion (13, 21). Under conditions of low oxygen, PHD activity is
decreased and the HIFa subunit is stabilized, which allows it to
accumulate in the cytoplasm and then translocate into the nucleus
and heterodimerize with Arnt. The HIF complex binds to pro-
moters of many genes involved in the hypoxic response and acti-
vates their transcription (42).

Hypoxia is known to repress hepcidin, and several mechanisms
for the hypoxic repression have been proposed (7, 30, 35, 49).
However, the precise mechanism is still unclear. Moreover, the
role of hypoxia in the repression of hepcidin in ALD has not been
examined. The present report clearly demonstrates that alcohol-
induced hepcidin repression can be blocked by a conditional dis-
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ruption of Arnt in the hepatocytes, which leads to total loss of HIF
transcriptional activity. Furthermore, we identified a novel signal-
ing cascade that involved HIF-mediated degradation of CCAAT-
enhancer-binding protein alpha (C/EBPa). C/EBPa overexpres-
sion rescued the repression of hepcidin observed with ethanol
loading and partially reversed the repression caused by HIF over-
expression. These data demonstrate a novel connection between
hypoxia and hepcidin expression in vivo and could lead to devel-
opment of therapies targeting HIFs or C/EBPa in the liver of ALD
patients.

MATERIALS AND METHODS

Animal experiments. VhIFE, VRIF'® Hif—laE/F, VhIFE Hif—ZaHF, and VhI'F
Arnt™F mice were previously described (46) and are in the same genetic back-
ground (129S6/SvEv). Temporal liver-specific knockouts constructed using
serum albumin enhancer-driven tamoxifen-inducible estrogen receptor-
conjugated Cre (SA-Cre-ER™?) were achieved as previously described (38). In
these animals, tamoxifen treatment causes the estrogen receptor Cre fusion
protein to translocate to the nucleus, which leads to Cre-mediated excision of
floxed genes. The hypoxia reporter mouse (oxygen-dependent-degradation
domain—luc [ODD-luc]) animal model was obtained from Jackson Labora-
tories (Bar Harbor, ME) and has been described previously (40). For viral
expression, animals were administered 1 X 10° PFU of purified virus in 200
of normal saline solution by tail vein injection. Blood was collected by sub-
mandibular bleeding. For ex vivo imaging experiments, animals were admin-
istered D-luciferin (Promega Corp., Madison, WI) (50 mg/kg of body weight)
by intraperitoneal injection, and tissues were imaged after 15 min using an
IVIS 200 imaging system (Caliper Life Sciences, Hopkinton, MA). For tamox-
ifen experiments, tamoxifen (Sigma-Aldrich, St. Louis, MO) (2 mg in corn
oil) was injected intraperitoneally once daily for two consecutive days and
mice were sacrificed 5 days or 2 weeks later. For ethanol experiments, mice
were gavaged every 12 h with increasing doses of 25% ethanol starting at 5
mg/kg and increasing by 0.5-mg/kg increments each treatment. Animals were
euthanized 12 h after the last gavage of 7.5 mg/kg. The mice were housed in a
light- and temperature-controlled room and were given water and chow ad
libitum. Tissues were harvested and used fresh or were flash-frozen in liquid
nitrogen and stored at —80°C for future use. All animal studies were carried
out in accordance with Institute of Laboratory Animal Resources guidelines
and approved by the University Committee on the Use and Care of Animals
at the University of Michigan.

Cell culture. Huh7 and HEK293A cells were maintained at 37°C in 5%
CO, and 21% O,. Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
antibiotics-antimycotics. Cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer, and Western blot analysis was performed. For trans-
fection experiments, HEK293A cells were transfected using FuGENE 6
transfection reagent (Promega Corporation, Madison, WI) 24 h before
hypoxia treatment. For adenoviral infection experiments, cells were
treated at a multiplicity of infection (MOI) of virus of 100 24 h before
sample collection. Viruses were purified by the University of Michigan
Vector Core. MG132 (Cayman Chemical, Ann Arbor, MI) was used at a
concentration of 10 wM for 24 h. For hypoxia experiments, cells were
incubated in 1% O, and 5% CO, with balance N, at 37°C for 24 h.

Western blotting. Tissues were homogenized and lysed in RIPA buf-
fer for whole-cell extracts, and nuclear proteins were isolated using an
NE-PER nuclear extraction kit (Pierce, Rockford, IL). Proteins were sep-
arated by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to nitrocellulose membranes using standard
methods. Membranes were incubated with antibodies against C/EBPa
(sc-61), histone H1 (sc-8030), HIF-1a (sc-10790), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (sc-25778; Santa Cruz Biotech,
Santa Cruz, CA). Histone H3 (catalog no. 4499) and pSmadl, -5, and -8
(pSmad1/5/8; catalog no. 9511) antibodies were from Cell Signaling Tech-
nology (Danvers, MA). HIF-2a (NB100-122) antibody was from Novus
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(Novus Biologicals, Littleton, CO). All antibodies were used at a 1:1,000
dilution.

Real-time quantitative PCR. RNA from fresh or frozen tissue and
cells was isolated using Isol-RNA lysis reagent (Prime, Gaithersburg, MD)
and subjected to reverse transcription using Moloney murine leukemia
virus (MMLV) reverse transcriptase (RT; Fisher Scientific, Waltham,
MA). cDNA was quantified using SYBR green dye and run on a 7900HT
Fast real-time RT-PCR system (primers are listed in Table S1 in the sup-
plemental material). Threshold cycle (C;) values were normalized to
B-actin and expressed as fold differences from control values.

Site-directed mutagenesis. Site-directed mutagenesis was performed
using a QuikChange IT XL site-directed mutagenesis kit (Agilent Technol-
ogies, Santa Clara, CA) (primers are listed in Table S1 in the supplemental
material).

Measurement of serum EPO. Serum erythropoietin (EPO) was mea-
sured using a mouse enzyme-linked immunosorbent assay (ELISA) kit
per the manufacturer’s reccommendation (Abcam, Cambridge, MA).

RESULTS

Repression of hepcidin during ethanol loading is independent
of the Bmp/Smad signaling pathway. Mice were treated with in-
creasing concentrations of ethanol by oral gavage every 12 h for a
total of 5 doses. This model parallels the binge drinking observed
in a significant proportion of ALD patients. Livers collected from
control and ethanol-loaded mice were examined for gene expres-
sion. Hepcidin expression was strongly repressed in response to
ethanol treatment (Fig. 1A), whereas EPO expression in the kid-
ney was not statistically significant (P = 0.23) (Fig. 1A). In order
to determine the mechanism by which hepcidin is repressed, a
number of known hepcidin regulatory genes were examined by
real-time quantitative PCR (qQPCR). No changes in bone morpho-
genetic protein (Bmp) ligands or their respective receptors were
observed following ethanol treatment (Fig. 1B). There was an in-
crease in transferrin receptor 1 (Tfr1) expression (Fig. 1C). More-
over, ethanol treatment significantly decreased expression of
Tmprss6, which is a critical regulator of hepcidin expression (Fig.
1C) (45). However, these changes could not account for the re-
pression of hepcidin expression seen following ethanol treatment,
as Tmprss6 is a negative regulator of hepcidin expression and an
increase in Tfr1 expression should increase liver iron uptake and
thus increase hepcidin expression. There was a significant repres-
sion of mothers against decapentaplegic homolog 9 (Smad8) (Fig.
1D). The Smad family of transcription factors is well characterized
in their regulation of hepcidin expression (22). However, when
phosphorylated proteins Smadl, -5, and -8 were examined by
Western blot analysis, no significant changes were found (Fig. 1E),
demonstrating that an alternate mechanism is responsible for the
repression of hepcidin.

Hypoxic signaling is critical in ethanol-mediated hepcidin
repression. In order to test the possibility that hypoxia is involved
in the repression of hepcidin during ethanol loading, the hypoxia
reporter mouse (ODD-luc) was utilized. This mouse model ex-
presses a fusion protein consisting of the oxygen-dependent-deg-
radation domain (ODD) from HIF-1a fused to luciferase. This
protein is constitutively expressed in all tissues but is stable only
under conditions where endogenous HIF would also be stabilized.
Thus, this model allows detection of hypoxia in live mice or spe-
cific detection of hypoxia in a tissue ex vivo (40). ODD-luc mice
treated with ethanol showed a strong induction of hypoxia in the
liver, as seen by ex vivo imaging (Fig. 2A). In addition, Western
blot analysis was performed on liver nuclear extracts from control

mcb.asm.org 4069


http://mcb.asm.org

Anderson et al.

Control . Ethanol

A B
12 - 45 - 45
o | e 41 4
g1y L 235 1 S 35
n 17,) S
08 O 3 @ 3
£ $25 225
W o6 W e
[0 () 2 nj 2
2 * >
T 04 1 £1.5 1 Q15
o) - | =
=02y &)o; 1 S 0113
'0 nd. nd. = '0
Liv Hepc Kid EPO Liv EPO Bmp2 Bmp4 Bmp6 Bmp1ira Bmp1rb
C D
3 =
o x c 2
25 4 &
gé 2 é 1.5 1
X | oS
Lqu) 15 Lﬁ 1
= 17 )
© * 2 05 - *k
E 0.5 [ S
0 r
HFE HJV Furin Stat3 Tfr1 Tmprss6 Smad1 Smad4 Smad5 Smad7 Smad8
E Control Ethanol
PSMad1/5/8 | s s e s - -
GAPDH [ mw s s o e s s e

FIG 1 Repression of hepcidin during ethanol treatment is independent of Bmp/Smad and EPO signaling. Following ethanol treatment, gene expression was
determined by qPCR analysis of (A) kidney (Kid) EPO and liver (Liv) EPO and hepcidin (Hepc) expression, (B) liver expression of Bmp ligands and receptors,
(C) hepcidin regulatory genes, and (D) Smads. mRNA expression was normalized to -actin. (E) Western blot analysis of pSmad1/5/8 protein from whole-cell
extracts of liver following ethanol treatment. Loading was normalized to GAPDH. n.d., not detected. n = 6 to 8 animals per group. Each bar represents the
mean * standard error (SE). *, P < 0.05 as determined by Student’s f test; **, P < 0.01.

and ethanol-treated mice. HIF-2a expression was strongly in-
creased in response to ethanol treatment (Fig. 2B). HIF-1aw was
not detected, although it is possible that HIF-1a is stabilized
acutely following ethanol treatment and is degraded more rapidly
than HIF-2a. To assess if liver hypoxia is critical for hepcidin
repression following ethanol treatment, intravenous adminis-
tration of adenoviral Cre, which traffics specifically to the liver
(44), was used to induce recombination in mice containing
loxP recombination sites flanking exon 6 of Arnt, referred to as
Arnt™F mice (47). Arnt is the obligate heterodimer partner for
HIFla, HIF2a, and HIF3«; thus, disruption results in com-
plete inactivation of HIF signaling. This model of Arnt knock-
down is preferable to an albumin-Cre-mediated recombina-
tion, as it eliminates the possibility of developmental effects on
hepcidin expression (51). Arnt knockdown was validated by
qPCR (Fig. 2C). Control mice with intact Arnt expression in
the liver had decreased hepcidin expression following ethanol
treatment. Disruption of Arnt in the liver completely blocked
repression of hepcidin in response to ethanol loading (Fig. 2C).
These data suggest that HIF signaling is essential in hepcidin
repression by ethanol treatment.
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Repression of hepcidin expression by HIFs does not require
erythropoiesis. Hypoxia is a well-known but poorly understood
repressor of hepcidin expression. An initial connection between
hypoxia and hepcidin expression was made in which direct HIF
binding to the hepcidin promoter led to repression (35). How-
ever, this finding was not uniformly observed (49), thereby leaving
the relationship between HIF and hepcidin unclear. A recent study
demonstrated that overexpression of HIFs in the liver caused a
decrease in hepcidin expression that required erythropoiesis (26).
However, reports of studies that examined erythropoietic hepci-
din repression make no mention of the repression of hepcidin in
alcohol loading (3, 9, 48). In addition, a study of VhIR200W ho-
mozygote humans, who have activated HIF signaling, demon-
strated reduced hepcidin levels that did not correlate with an in-
crease in serum EPO, suggesting that HIFs could repress hepcidin
independently of erythropoiesis (12).

To understand the role of HIFs in hepcidin repression and
to avoid the confounding developmental defects of Vhl dele-
tion, a model of inducible liver gene knockout was used (38).
Tissues that lack Vhl are unable to degrade the HIFa subunit
under normal oxygen conditions, leading to constitutive HIF
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FIG 2 HIF signaling in the liver is required for repression of hepcidin expression by ethanol treatment. ODD-luc mice were treated with ethanol and imaged
using an IVIS 200 imaging system. (A) Representative livers from two control and two ethanol-treated ODD-luc mice. (B and C) Western blot analysis of HIF-1a,
HIF-2a, and histone 3 in liver nuclear extracts from control (Con) and ethanol-treated (EtOH) mice. Liver-specific Arnt disruption was induced by tail vein
injection of adenovirus expressing Cre recombinase (Ad-Cre) 3 days before ethanol treatment, and (B) hepcidin and (C) Arnt gene expression was analyzed in
control mice (Arnt™F) and Arnt knockout mice (Arnt™F*44-Cr¢) Gene expression was normalized to B-actin. n = 6 to 8 animals per group. Each bar represents
the mean =+ SE. Asterisks denote statistical significance versus control results at P < 0.05 as determined by Student’s ¢ test.

stability and activity. VAI"'" mice were crossed with SA-Cre-

ER™ transgenic mice to generate a temporal and conditional
disruption of Vil (VAIY®©) using the tamoxifen-inducible cre
fusion protein (41). In these mice, Cre-mediated recombina-
tion specifically in the liver is induced by tamoxifen treatment,
allowing temporal control over gene expression. Moreover, to
assess the influence of HIF-dependent pathways on iron-regu-
latory gene expression in the liver, mice with a double disrup-
tion of VAl and Hif-1a or Hif-2a (VhI/Hif-1a™"*° and VhI/Hif-
20M%9) were also assessed. These compound knockouts
remove the possibility that the effects of Vhl ablation on hep-
cidin expression are the result of a HIF-independent mecha-
nism. By the use of compound conditional liver knockouts,
mice with loss of Vhl alone or in conjunction with HIF-1a
demonstrated a robust decrease in hepcidin levels, high EPO
expression, and a large increase in circulating EPO 2 weeks
after induction of Cre by tamoxifen treatment (Table 1). Dou-
ble disruption of Arnt and Vhl (VAl/Arnt“"¥©) completely in-
hibits all HIFa function, since it is an obligate heterodimer
partner for both HIF-1a and HIF-2a. The livers of the Vhi/
Arnt“"®© mice showed a loss of hepcidin repression, demon-
strating a HIF-dependent mechanism. Surprisingly, com-
pound deletion of Vhl and HIF-2a still led to strong hepcidin
repression despite the absence of any increase in circulating
EPO levels (Table 1). These data suggest that there is a HIF-
dependent mechanism of hepcidin repression that does not
require enhanced erythropoiesis.

Examination of gene expression in the liver Vhl knockout mice
after 5 days demonstrated no change in Bmp ligand or receptor
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expression (Fig. 3A). Consistent with ethanol treatment, Tfr1 ex-
pression was increased and Smad8 mRNA expression was signif-
icantly decreased following liver Vhl knockout (Fig. 3B and C).
However, there was no detectable decrease in the levels of phos-

TABLE 1 HIF represses hepcidin through EPO-dependent and
-independent mechanisms

Parameter and genotype ~ Value SD n
Liver hepcidin
VhIF'" 1.000 C;-fold difference” 0.568 5
Vh[HVKO 0.004 C; fold difference” 0.004 5
VhIMYKO Hif-1oMVKO 0.024 C; fold difference® 0.047 4
VhIMVEO Hif- 2o VKO 0.092 C;fold difference® 0.034 4
VhIHYKO Ay iviO 0.872 C fold difference 0.326 4
Liver EPO
VhIF'® 1.000 C; fold difference 0.797 5
VhIHVKO 1,237.208 C fold difference’ ~ 201.080 5
VhIHYKO Hif- 1oMVKO 1,629.958 C,fold difference®  617.123 4
VhIHYKO Hif-20MVKO 38.632 C; fold difference” 15.223 4
VhIHVEO Appftivko 8.997 C, fold difference® 3.594 4
Circulating EPO
VhIF® 145 ng/ml 113 5
Vh[HVKO 940 ng/ml” 336 5
VhIYEO Hif- 1oMVRO 985 ng/ml” 277 4
VhIMVEO Hif- 2o VKO 206 ng/ml 59 4

@ Cfold difference data represent mRNA normalized to B-actin.
b Data denote significance at P < 0.01 versus control results by Student’s ¢ test.
¢ Data denote significance at P < 0.05 versus control results by Student’s t test.
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FIG 3 Hepcidin repression by HIFs is independent of Bmp/Smad signaling. (A, B, and C) VhI*/F and VhI¥/BAPER™ mjce were administered tamoxifen (TM), and
then mRNAs from livers of the mice were examined 5 days later by qPCR analysis of (A) Bmp ligand and receptor expression, (B) hepcidin regulatory genes, and
(C) Smads. mRNA expression was normalized to 3-actin. (D) Western blot analysis was performed on whole-cell extracts of livers from VhI*/F and VhIF/FAIbERere
mice treated with tamoxifen (TM) for 5 days and examined for pSmad1/5/8 expression. Loading was normalized to GAPDH. n = 6 to 8 animals per group. Each
bar represents the mean = SE. Asterisks denote statistical significance versus control results at P < 0.05 as determined by Student’s ¢ test.

phorylated Smad proteins (Fig. 3D). These data establish that
there is a HIF-dependent but Bmp/Smad- and erythropoietin-
independent pathway for hepcidin repression.

A decrease in liver C/EBPa protein expression is responsible
for hepcidin repression by HIFs. C/EBPa is a transcription factor
thatis also critical in maintaining basal hepcidin expression (8). In
order to determine whether C/EBPa is involved in the repression
of hepcidin expression by HIFs, conditional deletion of Vhl was
performed for different amounts of time. Five days following in-
duction of Cre recombination by tamoxifen treatment, hepcidin
expression was strongly repressed without a decrease in C/EBPa
mRNA levels (Fig. 4A). Two weeks after recombination, hepcidin
mRNA and C/EBPo mRNA levels were both decreased (Fig. 4A).
Examination of C/EBPa protein expression by Western blot anal-
ysis showed that liver Vhl knockout alone or in conjunction with
HIF-1a led to a significant decrease in the protein expression (Fig.
4B). EPO has been shown to decrease C/EBPa expression (36). To
completely rule out the role of EPO, C/EBPa protein was exam-
ined in the mice with the compound Vhl and HIF-2a knockout.
These mice had no increase in EPO or erythropoiesis. The Vhl and
HIF-2a double-knockout mice demonstrated lower C/EBPa pro-
tein expression (Fig. 4B), whereas the Vhl and Arnt double-
knockout mice showed no change in C/EBPa protein expression
(Fig. 4B). C/EBPa protein expression was decreased as early as 1

4072 mcb.asm.org

day after induction of Cre by tamoxifen, demonstrating that the
decrease in C/EBPa expression is an early event (Fig. 4C). To test
whether C/EBPa could rescue hepcidin expression in liver Vhl
knockout mice, animals were infected with an adenoviral con-
struct expressing C/EBPa. Successful adenoviral overexpression
was confirmed by Western blot analysis (Fig. 4D). Infection of Vhl
knockout animals with C/EBPa led to a substantial derepression
of hepcidin expression (Fig. 4E). To confirm that the green fluo-
rescent protein (GFP)-expressing adenovirus infection did not
affect hepcidin levels, mice infected with adenovirus expressing
GFP demonstrated levels of expression of hepcidin similar to
those seen with uninfected mice (see Fig. S1 in the supplemental
material). These data demonstrate that the repression of hepcidin
expression by HIFs is mediated by a decrease in C/EBPa protein
expression.

Hypoxia promotes proteasomal degradation of C/EBPa.
Since the decrease in C/EBPa protein expression was observed
independently of a change in mRNA, the possibility that hypoxia
affects C/EBPa protein stability was tested. Huh7 cells, represent-
inga human hepatoma cell line, have been used in multiple studies
to examine regulatory mechanisms of hepcidin expression (4, 7,
27,39). Treatment of Huh7 cells with hypoxia caused no change in
endogenous hepcidin expression (Fig. 5A). However, adenoviral
overexpression of C/EBPa increased hepcidin expression, and this
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Student’s ¢ test. **, P < 0.01.

increase was abolished by hypoxia treatment (Fig. 5A). In addi-
tion, hypoxia treatment did not decrease endogenous or exoge-
nous C/EBPa mRNA expression (Fig. 5B). Western blot analysis
of Huh7 protein extracts showed that hypoxia led to a decrease in
exogenous levels of C/EBPa (Fig. 5C). There was no substantial
decrease in the presence of endogenous C/EBPa, which is ex-
pressed at very low levels in this cell line. This could explain why
hypoxia did not decrease endogenous hepcidin expression. Stud-
ies have shown that C/EBPa is degraded through the ubiquitin-
proteasome pathway (50). To determine if this process is respon-
sible for hypoxia-dependent C/EBPa destabilization, cultured
Huh7 cells were treated with the proteasome inhibitor MG132
under hypoxia conditions. Proteasome inhibition drastically in-
creased C/EBPa protein stability under hypoxia conditions (Fig.
5D). A previous publication showed that phosphorylation at ser-
ine 193 was critical for proteasomal degradation of C/EBPa (50).
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To determine if phosphorylation at this site was important for
HIF-mediated C/EBPa degradation, we transfected HEK293A
cells with either a wild-type or an S193A-mutated C/EBPo expres-
sion construct and subjected the cells to normoxia and hypoxia.
HEK293A cells were used, since these cells are easily transfected
with plasmid DNA. Similar to Huh7 cells, wild-type C/EBPa is
degraded under hypoxia conditions in HEK293A cells (Fig. 5E).
However, the S193A mutation abolished the protein degradation,
indicating that phosphorylation at this site is essential for HIF-
mediated C/EBPa degradation. Cyclin-dependent kinase 4 has
been shown to phosphorylate C/EBPa at S193 and is regulated by
cyclin D. To determine whether HIFs could cause an increase in
CDK activity, Western blot analysis was performed on liver
whole-cell extracts from liver Vhl knockout mice. These animals
have an increase in liver cyclin D1 protein (Fig. 5F). Moreover, an
increase in cyclin D1 protein was also detected in the livers of
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FIG 5 Proteasomal degradation of C/EBPa is necessary for HIF-dependent hepcidin repression. (A, B, and C) Huh?7 cells were infected with Ad-C/EBPa at an
MOI of 100 1 day before exposure to hypoxia (1% O,) for 24 h. Gene expression was examined by qPCR for (A) hepcidin and (B) C/EBPa, and (C) Western blot
analysis was performed on whole-cell extracts to detect C/EBPa. (D) Western blot analysis for C/EBPa in Huh?7 cells infected with Ad-C/EBPa at an MOI of 100
1 day before exposure to hypoxia (Hyp) (1% O,) and 10 M MG132 for 24 h. (E) HEK293A cells were transfected with wild-type or S193A mutant C/EBP«a
expression constructs and exposed to normoxia (Norm) or hypoxia (Hyp) for 24 h, and C/EBPa expression was examined by Western blot analysis. (F) Liver Vhl
knockout mice were analyzed for liver cyclin D1 expression by Western blot analysis in whole-cell extracts 2 weeks after Cre recombination. (G) Control and
ethanol-treated animals were examined for liver cyclin D1 expression by Western blot analysis in whole-cell extracts. Loading was normalized to GAPDH. n =
3 samples per group; the experiments were repeated at lest three times. Each bar represents the mean = SE. Single asterisks denote statistical significance versus

control results at P < 0.05 as determined by Student’s ¢ test. **, P < 0.01.

ethanol-treated mice (Fig. 5G). In conjunction with the in vivo
data, these experiments demonstrate that HIF-dependent hepci-
din repression is mediated by destabilization of C/EBPa protein.

A HIF-dependent decrease in C/EBPa protein stability is re-
sponsible for hepcidin repression in ethanol loading. To deter-
mine whether the HIF-mediated C/EBPa protein decrease was
relevant to hepcidin repression following ethanol treatment,
Western blot analysis for C/EBPa was performed on livers from
control and ethanol-treated mice. Ethanol treatment caused a de-
crease in C/EBPa protein expression in the liver (Fig. 6A). How-
ever, mice deficient for Arnt expression in the liver showed no
decrease in C/EBPa protein expression following ethanol treat-
ment (Fig. 6A). To test if C/EBPa overexpression could rescue the
ethanol-induced repression of hepcidin, mice were infected with
an adenoviral vector expressing C/EBPa and then treated with
ethanol. C/EBPa overexpression prevented the decrease in hepci-
din expression following ethanol treatment (Fig. 6B).

DISCUSSION

Iron overload in ALD contributes to oxidative stress and tissue
damage (23). Investigating the mechanisms behind ethanol-me-
diated hepcidin repression could lead to new therapies to combat
iron overload in ALD. This report provides novel insight not only
into the mechanisms of hepcidin repression following ethanol
loading but also into the role of HIFs in controlling hypoxic hep-
cidin repression. Mechanisms of hepcidin repression that involve
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hypoxia, such as high-altitude exposure, hemolytic anemia, and
phlebotomy, are all complicated by increased erythropoiesis (1, 3,
37). This study took advantage of a temporal liver-specific double
disruption of Vhl and HIF-2a, which strongly represses hepcidin
expression without an increase in the presence of circulating
erythropoietin. This model allowed delineation of hypoxic and
erythropoietic pathways for hepcidin expression. Also, the etha-
nol-loading model described in this report represents the first
demonstration of the physiological consequence of liver hypoxia
in the absence of increased erythropoiesis.

The present report demonstrates that ethanol-mediated re-
pression of hepcidin is accomplished through a HIF-dependent
decrease in C/EBPa protein stabilization. The proposed mecha-
nism is that ethanol treatment stabilizes HIF in hepatocytes, lead-
ing to C/EBPa degradation by the proteasome and thus prevent-
ing it from activating hepcidin (Fig. 6C). The HIF-dependent
changes that lead to this destabilization remain unclear. Previous
studies have shown that C/EBPa can be phosphorylated by cyclin-
dependent kinases (Cdk) at serine 193, subsequently leading to its
ubiquitination and degradation through the ubiquitin-protea-
some pathway (50). Mutation of serine 193 to alanine blocks hy-
poxia-induced degradation, suggesting that the HIF and Cdk
pathways may interact to control C/EBPa stability. Notably, cy-
clin D1, an important cofactor for Cdk activity, is upregulated in a
HIF-dependent manner (18, 54).

Prior studies have shown that ethanol treatment can lead to a
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represents the mean = SE. **, P < 0.01 (Student’s f test).

decrease in C/EBPac mRNA and DNA-binding activity (5, 15, 17).
Moreover, EPO has been shown to decrease levels of C/EBPa mRNA.
In the present study, 5 days after induction of HIF overexpression, in
experiments utilizing the conditionally and temporally disrupted Vhl
mice, hepcidin expression was potently repressed and C/EBPa
mRNA expression was unchanged (Fig. 4A). Two weeks after HIF
overexpression, both C/EBPa expression and hepcidin mRNA ex-
pression were strongly repressed (Fig. 4A). At that later time point,
the decrease in C/EBPa mRNA expression was likely mediated by
EPO signaling through its receptor, as a previous publication dem-
onstrated that an EPO receptor antibody blocked erythropoietic
C/EBPa mRNA repression (36). The rapid destabilization of C/EBPa
protein by HIFs represents a novel mechanism for HIF-C/EBPa in-
teractions. The data presented herein demonstrate that HIF-medi-
ated C/EBPa destabilization plays an important role in the liver hy-
poxic response in vivo. This raises the question of whether the
mechanism for C/EBPa degradation during hypoxia is intact in other
tissues as well. For example, mutations in C/EBPa have been identi-
fied in multiple cases of acute myeloid leukemia (AML) (32) and
C/EBPa is dysregulated in more than half of patients with the disease
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(34).Inaddition, it has been shown that HIF inhibition can selectively
kill human AML cancer stem cells (52). Further exploration of this
pathway in additional cell types could lead to a better understanding
of the pathogenesis of C/EBPa-related diseases, which could improve
therapy.

HIF repression of hepcidin is a well-documented observation,
and several putative mechanisms have been proposed (7, 30, 35,
49). Through an in vivo mechanistic assessment, the data in the
present paper identify a novel erythropoietin-independent mech-
anism by which HIF represses hepcidin expression. It is possible
that low levels of hepcidin allow increased activity of iron-depen-
dent enzymes and processes, which could be beneficial, but the
physiological role of this repression is completely unclear. No
publications to date have shown the importance of HIF repression
of hepcidin in maintaining systemic iron homeostasis. Although
its normal physiological role is not apparent, the present report
definitively demonstrates that alcohol induces pathological hyp-
oxia and that HIF activity is essential in alcohol-mediated hepci-
din repression. This finding may be critical in identifying therapies
to limit iron-induced injury in ALD patients.
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