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hyperabsorption during iron overload.

Introduction

More than 1 billion people worldwide are affected by iron overload,
iron deficiency, and states of malnutrition that perturb iron homeo-
stasis (1). Diseases of iron overload are among the most common
genetic disorders in humans (2). The morbidity and mortality of
patients with genetic iron overload are a result of the pathological
hyperabsorption of dietary iron, which leads to systemic iron accu-
mulation and iron-induced oxidant damage (3). The master regu-
lator of systemic iron metabolism in mammals is hepcidin, a highly
conserved peptide hormone that is predominately synthesized and
secreted by the liver. The function of hepcidin is to bind to the only
mammalian iron exporter, ferroportin (FPN), resulting in FPN occlu-
sion, internalization from the plasma membrane, and intracellular
degradation (4). In states of normal systemic iron and oxygen levels,
hepcidin is abundantly produced, FPN is degraded, and iron mobi-
lization into the plasma is limited. Conversely, during iron demand
or systemic hypoxia, hepcidin production is repressed to enable FPN
stabilization and iron mobilization into the circulation (5). FPN is
predominately expressed and regulated in tissues that maintain sys-
temic iron homeostasis, namely, intestine, liver, and macrophages
of the reticuloendothelial system (6). Hepcidin-FPN interaction is
the essential mechanism by which physiological iron homeostasis is
maintained. Genetic mutations that disrupt the hepcidin/FPN axis
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Iron-related disorders are among the most prevalent diseases worldwide. Systemic iron homeostasis requires hepcidin,

a liver-derived hormone that controls iron mobilization through its molecular target ferroportin (FPN), the only known
mammalian iron exporter. This pathway is perturbed in diseases that cause iron overload. Additionally, intestinal HIF-2a.

is essential for the local absorptive response to systemic iron deficiency and iron overload. Our data demonstrate a hetero-
tissue crosstalk mechanism, whereby hepatic hepcidin regulated intestinal HIF-2a in iron deficiency, anemia, and iron
overload. We show that FPN controlled cell-autonomous iron efflux to stabilize and activate HIF-2a by regulating the activity
of iron-dependent intestinal prolyl hydroxylase domain enzymes. Pharmacological blockade of HIF-2a using a clinically
relevant and highly specific inhibitor successfully treated iron overload in a mouse model. These findings demonstrate

a molecular link between hepatic hepcidin and intestinal HIF-2a that controls physiological iron uptake and drives iron

give rise to all known forms of iron overload in mammals, referred
to as hereditary hemochromatosis (2, 3, 5, 6). These data have fueled
much research over the past decade on the molecular mechanisms
that regulate hepatic hepcidin production in order to gain insight into
how systemic iron homeostasis is maintained.

In addition to hepcidin, local intestinal regulation of iron
handling plays an essential role in the maintenance of systemic
iron homeostasis. HIF-2a is also sensitive to cellular iron and
oxygen levels as the master intestinal transcriptional regulator of
apical and basolateral iron transporters and is essential for main-
taining postnatal systemic iron levels (7, 8). HIF-2a is necessary
and sufficient to mediate the adaptive increase in iron absorption
during both systemic iron deficiency and erythropoietic demand
under systemic hypoxia through direct transcriptional activation
of the iron absorptive machinery (9-11). HIF-20 also controls
the hyperabsorption of dietary iron that leads to systemic iron
accumulation in diseases of iron overload, such as B-thalassemia
and sickle cell disease (12-14). However, the precise molecular
cues that initiate and maintain intestinal HIF-2a during normal
physiology and in disease are poorly understood. Moreover, it is
unclear whether there is a concerted molecular integration of the
systemic hepcidin pathway to local intestinal HIF-2a signaling in
the regulation of iron homeostasis.

This study establishes that intestinal HIF-2a signaling is reg-
ulated by hepatic hepcidin dynamics. Through temporal in vivo
and in vitro models of hepcidin and FPN modulation, this work
demonstrates that the hepatic hepcidin and intestinal HIF-20,
crosstalk is essential during iron overload, systemic iron defi-
ciency, and anemia. Through unbiased whole-genome RNA-Seq
analysis, we demonstrated that the canonical HIF-2a transcrip-
tional response in the intestine is mediated by hepatic hepcidin.
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Mechanistically, the hepcidin/FPN axis controls HIF-2a in a
cell-autonomous fashion by limiting the activity of iron-depen-
dent prolyl hydroxylase domain (PHD) enzymes. A pharmaco-
logical inhibitor of HIF-2a that is in clinical phase II trials for
clear-cell renal cell carcinoma (NCT03108066; ClinicalTrials.
gov) demonstrated reversal of iron overload in a mouse model.

Results

Inducible deletion of hepatic hepcidin leads to the activation of intesti-
nal HIF-20 and rapid iron accumulation. To understand the molec-
ular connection between hepatic hepcidin and intestinal HIF-2aq,
mice that express a tamoxifen-inducible Cre®*™ fusion protein
under the control of the serum albumin promoter (Alb) were
crossed with hepcidin 1-floxed (Hamp-floxed) mice (AIbCrERT?
Hamp"#), giving rise upon tamoxifen administration to mice null
for hepatic hepcidin (Hamp*t") (Figure 1A). This inducible model
allows for temporal, in vivo study of hepcidin action on HIF-2a,
without the confounding effects that arise in later stages of hep-
cidin deficiency iron overload, namely, the accumulation of ROS
(15). Moreover, hepatocyte-specific deletion of hepcidin leaves
intact the sources of hepcidin that exist outside of the liver, such
as in the heart, where cell-autonomous regulation of cardiac iron
homeostasis has recently been shown to exist (16). In this model,
the hepcidin transcript Hamp was significantly decreased in livers
as early as 2 weeks after tamoxifen treatment (Figure 1B). Inter-
estingly, liver expression of the serum iron uptake receptor trans-
ferrin receptor (Tfic) was significantly decreased at 4 weeks, while
the FPN transcript (Fpn) was increased at 2 weeks (Supplemental
Figure 1A; supplemental material available online with this article;
https://doi.org/10.1172/JCI122359DS1). Prussian blue staining
revealed progressive liver iron overload. Liver iron accumula-
tion at 2 weeks was minimal, but we detected a time-dependent
increase at 4 and 12 weeks. Histological analysis revealed minimal
morphological differences across all time points (Figure 1C). An
iron assay revealed a significant increase in serum iron as soon
as within 2 weeks, with no further increase at 4 or 12 weeks, sug-
gesting that serum iron is rapidly saturated following disruption
to hepcidin (Figure 1D). A major complication for patients with
hemochromatosis is cardiac dysfunction (17). We found that Prus-
sian blue staining did not detect heart iron accumulation at 2 or
4 weeks following hepcidin deletion but observed significant iron
accumulation and disruptions in cellularity and tissue architecture
by 12 weeks (Supplemental Figure 1B). We observed similar tissue
iron loading in the heart and pancreas (Figure 1, E and F, and Sup-
plemental Figure 1B). In order to assess the regulation of intestinal
HIF-2a by hepatic hepcidin prior to confounding effects that are
associated with iron overload, we performed immunohistochem-
ical analysis on duodenal sections 2 weeks after tamoxifen treat-
ment. We detected a robust increase in HIF-20 protein expression
(Figure 1G). Consistent with these data, we also observed activa-
tion of iron-absorptive, HIF-2a-specific target genes and proteins
duodenal cytochrome b (Dcytb, also known as Cybrdl), divalent
metal transporter 1 (Dmtl, also known as Slc11a2), Fpn, and Ank-
rd37,as well as the expression of duodenal Tfic, an indicator of low
cellular iron status (Figure 1, H and I) (10). We detected no change
in the expression of HIF-1o target genes (Supplemental Figure 1C)
or HIF-2u inflammatory target genes (Supplemental Figure 1D)
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(18, 19). Furthermore, we observed no change in HIF-2o-regulat-
ed transcripts in the kidneys or spleen, while Tfrc expression was
decreased in both organs, suggesting that the hepcidin/HIF-2a
axis was specific to the intestine (Supplemental Figure 2, A and B).
These data indicate that changes to hepcidin regulate HIF-2a sta-
bility and activity in physiology and disease.

FPN is necessary for the activation of intestinal HIF-20. during sys-
temic iron deficiency. To address the molecular mechanism by which
hepatic hepcidin regulates intestinal HIF-20, we investigated the
intestinal iron exporter and only target of hepcidin, FPN, in a con-
text of systemic iron demand. Fpn-floxed mice were bred with mice
that express a tamoxifen-inducible Cre®™ ™ fusion protein under the
control of the villin (Vil) promoter (Vil®*ERT2 Fpuf/f), giving rise upon
tamoxifen administration to mice null for FPN in the intestinal epi-
thelium (FpnE). Fpn# and Vil®ER12 Fppf mice were placed on a 350-
ppm (iron-replete) diet or on a diet of less than 5-ppm iron (low-iron)
for 1 week, injected with tamoxifen on 3 consecutive days, and sacri-
ficed after an additional week on the respective diets (Figure 2A). This
model mimics hepcidin excess at the intestinal level and leads to iron
retention in intestinal epithelial cells, despite a state of systemic iron
demand (Figure 2B). Duodenal Fpn was significantly decreased fol-
lowing tamoxifen treatment (Figure 2C), and duodenal iron retention
was detected by Western blotting for the intracellular iron storage
protein ferritin (FTH1) (Figure 2D). We found that hepcidin (Hamp)
transcript levels were significantly decreased in mice on the low-iron
diet and in Fpr'£ mice (Figure 2E). This time point did not induce ane-
mia, as RBC numbers, hemoglobin (HB) counts, hematocrit (HCT)
levels, mean corpuscular hemoglobin (MCH) levels, and mean cor-
puscular volume (MCV) were all unchanged across the cohorts (Fig-
ure 2F and Supplemental Figure 3A). As complete blood count param-
eters were unaffected, this model dissociated the enterocyte cellular
response to iron deficiency from hypoxia. As expected, we found
that duodenal HIF-20 was stabilized and that HIF-2a-specific iron-
absorptive genes were increased in Fpn//! mice on a low-iron diet.
These responses were abrogated in Fprf mice (Figure 2, G and H).
We also observed no changes in the expression of HIF-1a target genes
or HIF-20 inflammatory target genes (Supplemental Figure 3, B and
C). These data demonstrate that the intestinal HIF-2a response to
systemic iron demand occurs downstream of the hepcidin/FPN axis.

FPN is essential for the intestinal HIF-2o. response to erythropoietic
demand. Intestinal HIF-20 is critical for the adaptive increase in iron
absorption that enables efficient erythropoiesis (9, 10). Thisincrease
in erythropoiesus has been postulated to be regulated by changes in
intestinal epithelial oxygen levels. We used a phenylhydrazine (Phz)
hemolytic anemia model, which stimulates massive erythropoi-
esis. Fpn and ViloERT2 Fpp®/f mice were injected with tamoxifen
and allowed to recover for 1 week. Two consecutive injections of
either vehicle or Phz were administered, and the mice were sacri-
ficed 48 hours later (Figure 3A). We found that the erythropoietin
(Epo) transcript levels were significantly elevated in the kidneys of
Phz-treated mice, indicating a state of erythropoietic drive and sys-
temic hypoxia (Figure 3B). Hepcidin (Hamp) transcript levels were
significantly decreased in the Phz-treated mice and vehicle-treated
Fpn#'t mice (Figure 3C). We found that duodenal ferritin abundance
was decreased following Phz treatment in Fpn/# mice, indicating
the mobilization of intestinal iron, while this response was blunted
in Fpn® mice (Figure 3D). Interestingly, and consistent with the
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Figure 1. Temporal disruption of hepatic hepcidin activates intestinal HIF-2a and leads to rapid iron accumulation. (A) Schematic representation of
mice with temporal disruption of hepatocyte hepcidin. (B) gPCR analysis of hepatic hepcidin (Hamp) transcript expression levels (n = 3-8 per group). (C)
Representative Prussian blue iron staining and H&E staining of liver tissue from Hamp“*" mice. Original magnification, x20 (n = 3 per group). (D-F) Serum
(D), heart (E), and pancreatic iron content (F) (7 = 3-14 per group). (G) Representative HIF-2a staining of duodenal sections 2 weeks after tamoxifen injec-
tion into Hamp™" and Hamp“t" mice. Original magnification, x20 (n = 3 per group). (H) Western blot analysis of FPN, DMT1, DCYTB, and TFR1 expression

in duodenal membrane fractions (n = 2-3 per group). (1) gPCR antalysis of duodenal HIF-2a-specific and iron-handling transcripts 2 weeks after tamoxifen
injection into Hamp™ and Hamp““" mice (n = 5-8 per group). Data represent the mean + SEM. Male samples are designated as squares, and female sam-
ples are designated as circles. Significance was determined by 1-way ANOVA with Tukey's post hoc test (B and D-F) or 2-tailed, unpaired t test ().

*P < 0.05, ***P < 0.001, and ****P < 0.0001 versus the Hamp™/ group.
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low-iron response, the activation of intestinal HIF-2a0 and HIF-20~
specific iron-absorptive genes during stress erythropoiesis was
completely dependent on intact intestinal FPN (Figure 3, E and F).
We also detected no change in the expression of HIF-1a target genes
or HIF-20 inflammatory target genes (Supplemental Figure 4, A and
B). These data demonstrate that the hepcidin/FPN axis is essential
for the response of intestinal HIF-2a to low systemic oxygen levels.
Intestinal epithelial iron regulates the HIF-2o, response to changes
in systemic iron and oxygen. To clearly demonstrate that entero-
cyte iron flux was the major mechanism by which the hepcidin/
FPN axis regulated HIF-2a, we sought to modulate luminal ver-
sus enterocyte iron levels. To modulate luminal enterocyte levels,
Dmtl-floxed mice were bred with mice that express a tamoxifen-
inducible Cre®" fusion protein under the control of the villin (Vil)

promoter (Vil¢ERT2 Dmt1%F), giving rise upon tamoxifen adminis-
tration to mice null for DMT1in the intestinal epithelium (Dm#14).
Enterocyte iron levels were modulated using Fpn/® animals, as
explained above. Long-term disruption of DMT1 or FPN gave rise
to a state of systemic iron deficiency anemia, with differences seen
only in the compartment of iron trapping (i.e., luminal vs. entero-
cytic iron retention) (Figure 4A). Vil ER12 Fpp /) VilcreER12 DM T,
and their littermate controls were assessed 3 months after tamoxi-
fen treatment. We found that Fpn and Dmt1 transcripts levels were
significantly decreased in Fpn®* and DmtI** mice, respectively
(Figure 4B). Fpn transcript levels were significantly elevated in
DmtI“E mice, while we detected no change in DmtI transcript lev-
els in Fpn® mice. As expected, the hepcidin (Hamp) transcript was
potently repressed in the Fpn'F and DMTI cohorts as compared
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Figure 3. Deletion of intestinal epithe-
lial FPN blocks the intestinal HIF-2a.
response to erythropoietic demand.
(A) Experimental design for Phz-
induced hemolytic anemia model. (B
and C) gPCR analysis of kidney Epo

(B) and liver Hamp (C) transcript levels
(n = 5-9 per group). (D) Western blot
analysis of duodenal FTH1 (n = 3 per
group). (E) Representative HIF-2a
staining of duodenal sections. Original
magnification, x20 (n = 3 per group).
(F) gPCR analysis of HIF-2a-specific
and iron-handling transcripts in duode-
nal samples (n = 5-7 per group). Male
samples are designated as squares,
and female samples are designated

as circles. Data represent the mean

+ SEM. Statistical significance was
determined by 2-way ANOVA with
Tukey’s post hoc test. *P < 0.05,
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with the Fpn®" and Dmt1%/ mice, respectively (Figure 4C). Fur-
thermore, we detected decreased RBC numbers, HB counts, HCT
levels, MCH, and MCV in the Fpn?E and DmtI“E mice compared
with their littermate controls, which indicated a state of systemic
iron deficiency anemia (Figure 4D and Supplemental Figure 5A).
Duodenal ferritin abundance was decreased in Dm¢1* mice, with
the opposite response observed in Fprf mice (Supplemental Fig-
ure 5B). Immunohistochemical analysis revealed significant stabi-
lization of the HIF-2a protein in Dm¢1*F mice, with no change in
these protein levels in Fpn?E mice (Figure 4E). Moreover, expres-
sion levels of the HIF-2o-specific iron genes Dcyth and Ankrd37
were significantly elevated in Dmt1 mice, but not in Fpn/F mice
(Figure 4F). We found that Tfic expression was unchanged in
Fpn?® mice and significantly increased in Dm¢1 mice compared
with expression levels in their littermate controls (Figure 4F).
These data convincingly show that intestinal epithelial iron levels
regulate HIF-2a during systemic iron and oxygen deficiency and
during iron deficiency anemia.

The intestinal transcriptome during systemic iron demand match-
es the intestinal response to hepcidin deficiency. The data thus far sug-
gested that the entire intestinal HIF-2a response to systemic iron
and erythropoietic demand was controlled by hepatic hepcidin.
However, the outputs for these experiments relied on the mea-

jci.org  Volume129  Number1 January 2019

surement of canonical HIF-2a target genes involved in intestinal
iron handling. We used an unbiased, high-throughput RNA-Seq
approach to compare the duodenal transcriptome during sys-
temic iron demand with that of hepcidin deficiency iron overload
(Supplemental Table 2). Hamp™# and Alb®*E8"2 Hamp™# mice were
placed on iron-replete and low-iron diets and sacrificed 2 weeks
after tamoxifen treatment (Figure 5A). Hepcidin transcript levels
were significantly decreased in Hamp”" mice on a low-iron diet
and in both Hampt cohorts (Figure 5B). To assess the most sig-
nificantly changed transcripts when comparing genotype and diet
interactions, samples were clustered hierarchically in an unsuper-
vised manner on the basis of the expression of genes that were
differentially expressed between conditions at a high-stringency
FDR of less than 0.01. We found that the iron-replete Hamp"/ sam-
ples clustered separately from the iron-replete Hamp*'®, low-iron
Hamp™, and low-iron Hamp*” samples (Figure 5C). This demon-
strated in an unbiased fashion that the intestinal transcriptomes
during systemic iron demand and iron overload were statistically
similar to one another, because the 9 treatment samples did not
segregate into discrete experimental clusters. We then generated
a heatmap, plotting scaled gene expression of the same differen-
tially expressed genes to assess the identity of the genes used for
unsupervised hierarchical clustering (Figure 5D). Importantly, we
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identified the canonical HIF-2a iron-regulated genes (i.e., Slc11a2,
Cybrdl, and Ankrd37). In order to identify novel transcripts in the
RNA-Seq data set, we performed a lower-stringency differential
expression analysis (FDR < 0.1). Using this approach, we identi-
fied genes that were exclusively regulated by iron deficiency (e.g.,
Nos2, Ccl20, and Serpinel) and hepcidin deficiency (e.g., Wdr72,
Ad4gn7, and Gkn3), as well as novel target genes regulated in both
contexts (e.g., Mir7082, Sic34a2, and Itprl) (Figure 5E). Collec-
tively, these data demonstrate that the most robustly changed
intestinal transcripts during systemic iron demand resemble those
in primary hepcidin deficiency iron overload.

FPN activates HIF-20.in a cell-autonomous manner that is depen-
dent on intracellular iron efflux. To interrogate the molecular mech-
anism of HIF-2a stabilization downstream of the hepcidin/FPN
axis, we used an in vitro system that models the cellular response
to low levels of systemic hepcidin. Most cell lines express very low
levels of the FPN protein, and some cell lines appear to be resistant
to hepcidin-mediated FPN degradation (10). We assessed hepci-
din-sensitive, doxycycline-inducible human FPN®* HEK293 cells,
as described previously (20). Upon doxycycline treatment, we
detected robust FPNC!* expression by Western blot analysis (Figure

6A). This mimicked a cellular environment of low systemic hepci-
din, comparable to that in the intestine, as the fold induction of FPN
protein in the FPNS* HEK293 cells was similar to that observed in
duodenums of Hamp** mice (Supplemental Figure 6, A and B). To
determine whether the regulation of HIF-2a by hepcidin-FPN is cell
autonomous, we treated FPNC cells with doxycycline for 24 hours
and generated cytosolic and nuclear fractions. For a positive con-
trol, we also treated cells with FG4592, a 2-oxoglutarate analog and
chemical inhibitor of the PHD-containing enzymes that regulate
HIF. We found that HIF-2a was robustly stabilized in the nucleus of
FPNC™ cells (Figure 6B). Importantly, HIF-2u protein was stabilized
to the same extent as that seen with FG4592 treatment, suggesting
maximal activation. The HIF-2o response was blunted by iron load-
ing with ferric ammonium citrate (FAC) and recombinant hepcidin
treatment, indicating that the activity of HIF-20 in FPNC cells was
dependent on intracellular iron concentration, downstream of hep-
cidin-mediated FPN degradation (Figure 6C). Together, these data
demonstrate cell-autonomous activation of HIF-20 by iron efflux.
This mechanism shows some differences as compared with HIF
activation by intracellular iron chelation using compounds such as
deferoxamine (DFO), which disrupts mitochondrial function and
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Figure 5. The intestinal transcriptome during systemic iron deficiency resembles that of hepcidin deficiency-mediated iron overload. (A) Experimen-
tal design for the samples used in whole-genome RNA-Seg. (B) gPCR analysis of liver Hamp transcript levels in mice on an iron-replete (IR) or low-iron

(L1) diet (n = 8-9 per group). (C) Dendrogram comparing genotype-diet interactions following unsupervised hierarchical clustering of genes differentially
expressed at a high-stringency FDR of less than 0.01 (n = 3 per group). (D) Heatmap of genes used for unsupervised hierarchical clustering (n = 3 per group).
(E) Lower-stringency differential expression analysis at a FDR of less than 0.1 to uncover transcripts in the RNA-Seq data set unique to iron deficiency

and hepcidin deficiency. Genes highlighted in red are novel intestinal transcripts regulated by both low iron and hepcidin deficiency (n = 3 per group). Male
samples are designated as squares, and female samples are designated as circles. FC, fold change. Data represent the mean + SEM. Statistical significance
was determined by 2-way ANOVA with Tukey's post hoc test. ****P < 0.0001 versus iron-replete Hamp//f.

results in significant cell death (Supplemental Figure 6C) (21-23).
The protein stability of HIF-2a is regulated by PHD enzymes. We
found that PHD enzymes were downstream of hepcidin-FPN in
the regulation of HIF-20, as FG4592 restored the HIF-2a response
in FPNCP cells following FAC or recombinant hepcidin treatment
(Figure 6D). PHD enzymes require both iron and oxygen for their
function. In order to address whether PHD enzyme activity was
decreased following FPN stabilization, an adenovirus-based
reporter construct to measure PHD enzyme activity was generat-
ed by fusing luciferase to a canonical PHD hydroxylation domain
(PHD reporter) (Figure 6E). We detected a significant increase in
luciferase activity in FPNC™ cells following doxycycline treatment,
and this increase was similar to that seen with chemical inhibition
of PHD enzymes by FG4592 treatment (Figure 6F). This response
was rescued by loading with FAC and by treatment with recombi-
nant hepcidin. These data demonstrated that stabilization of FPN
in the context of low hepatic hepcidin leads to cellular iron efflux,
decreased PHD enzyme activity, and, ultimately, cell-autono-
mous stabilization of HIF-2a. PHD enzymes regulate both HIF-2a
and HIF-1a. However, HIF-1a protein was stabilized submaximal-
ly following FPN overexpression compared with treatment with
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FG4592, suggesting selectivity of the hepcidin/FPN axis for HIF-2a.
over HIF-1a (Supplemental Figure 6D). HIF-2u contains a 5'-UTR
iron-responsive element (IRE) that is responsible for translational
inhibition during decreases in intracellular iron (24). Using a HIF-
2a IRE luciferase construct, we demonstrated HIF-2o inhibition
following FPN overexpression via doxycycline, with DFO and FAC
as controls, suggesting a negative feedback mechanism on FPN-
mediated activation of HIF-2a (Supplemental Figure 6E). There are
2 major pools of intracellular iron: (a) labile “free” iron, and (b) iron
bound by the intracellular iron storage protein ferritin. The mobili-
zation of ferritin-bound iron requires the lysosomal degradation of
ferritin via the rate-limiting cargo protein nuclear receptor coacti-
vator 4 (NCOA4) (25, 26). To address which pool of iron is limited
for PHD enzymes by FPN, 2 unique NCOA4-KO cell lines were gen-
erated and sequence verified in FPNC'™ cells. FPN overexpression
led to ferritin degradation in an NCOA4-dependent manner (Fig-
ure 6G). However, NCOA4 deletion did not prevent the decreased
PHD enzyme activity following FPN overexpression (Supplemental
Figure 6F). While doxycycline-inducible FPNC*™* HEK293 cells have
been widely used to study hepcidin-FPN dynamics (20, 27, 28), we
sought to interrogate the hepcidin/FPN/HIF-2a axis in an intesti-
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Figure 6. FPN activates HIF-2a in a cell-autonomous manner that is dependent on efflux of the cellular labile iron pool. (A) Western blot analysis of
FPNCS HEK293 cells following a 24-hour doxycycline treatment. (B) Western blot analysis of cytosolic and nuclear fractions of FPN® HEK293 cells treated
with vehicle (V), 250 ng/ml doxycycline (D), or 100 pM FG4592 (FG) for 24 hours. (C and D) Western blot analysis of cytosolic and nuclear fractions of FPNC™
HEK293 cells treated with vehicle (V), doxycycline (D), doxycycline and 200 uM FAC (D+F), or doxycycline and 1 mg/ml hepcidin (D+H) for 24 hours (C).
Separate doxycycline plus FAC and doxycycline plus hepcidin conditions were also cotreated with FG4592 for 24 hours, as indicated (D). (E) Schematic of
the luciferase-based PHD enzyme activity reporter. (F) Fold change of luciferase activity in FPN® HEK293 cells infected with the PHD reporter and treated
with vehicle, doxycycline, FG4592, FAC and doxycycline, or doxycycline and hepcidin for 24 hours. (G) Western blot analysis of FPN®® HEK293 cells stable
for empty lentiCRISPRv2 (Empty) or unique NCOA4 short guide RNAs (NCOA4 sg1 and NCOA4 sg2). Cells were treated with FAC for 24 hours and then with
doxycycline for 24 hours. (H) Western blot analysis of FPN |[EC-6 cells treated with vehicle, doxycycline, or doxycycline and hepcidin for 24 hours. (1) ELISA
of lysates from FPNCF? IEC-6 cells treated with vehicle, doxycycline, doxycycline and hepcidin, or DFO for 24 hours. (J) Fold change of luciferase activity in
FPNC |EC-6 cells infected with the PHD reporter and treated with vehicle, doxycycline, FAC and doxycycline, or doxycycline and hepcidin for 24 hours. All
cell culture experiments were repeated at least 3 times. Data represent the mean + SEM. Statistical significance was determined by 1-way ANOVA with
Tukey'’s post hoc test. **P < 0.01and ****P < 0.0001 versus vehicle; *P < 0.05, #**P < 0.01, and #**##P < 0.0001 versus doxycycline.
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nal epithelial cell line. IEC-6 cells are a normal rat small intestinal
cell line, and a doxycycline-inducible human FPNS™ [EC-6 cell
line was generated. FPNC™ [EC-6 cells showed FPN stabilization
after doxycycline treatment to a degree similar to that observed in
duodenums of Hampt* mice (Supplemental Figure 6B). Moreover,
we found that FPN™ IEC-6 cells were highly sensitive to hepcidin
(Figure 6H). Several HIF-20 antibodies that were tested did not
detect a specific HIF-20 band by Western blot analysis of rat lysates
(data not shown). We used an ELISA approach with a HIF-2¢ anti-
body that could detect native recombinant HIF-2a. We observed
robust HIF-2a stabilization following FPN overexpression via dox-
yeycline treatment and found that cotreatment with doxycycline
and hepcidin completely rescued this response, with DFO serving
as a positive control (Figure 61). Similar to what was observed in
vivo, we detected no increase in HIF-1a following FPN overexpres-
sion in the IEC-6 FPN®™ cells, while DFO treatment significantly
increased HIF-1a expression, further indicating a difference in the
mechanism of action of iron efflux through FPN and iron chela-
tion by DFO (Supplemental Figure 6G). The mechanism of HIF-2
activation by FPN overexpression in IEC-6 cells was the same as
in HEK293 cells, as PHD enzyme activity was decreased by FPN
overexpression in an iron- and hepcidin-dependent manner (Fig-
ure 6]). Collectively, these data demonstrate that in the absence
of hepcidin, stabilization of membrane FPN regulates HIF-2a in a
cell-autonomous manner by depleting the cellular labile iron pool
and limiting the activity of PHD enzymes.

Inhibition of HIF-20. with PT2385 decreases systemic iron accu-
mulation in hepcidin-deficient iron overload. Current therapeutic
approaches for patients with iron overload rely on iron chelators
and phlebotomy, which lead to significant off-target effects and
cause fatigue. We sought to determine whether the hepatic hep-
cidin/intestinal HIF-2 axis can be therapeutically targeted to treat
iron overload. The HIF-2o-specific inhibitor PT2385 was recently
developed (29). PT2385 binds to HIF-2a and prevents its heterod-
imerization with aryl hydrocarbon receptor nuclear translocator
(ARNT), thus preventing the transcriptional activity of HIF-2a (29).
PT2385 is currently in a phase II clinical trial for the treatment of
clear-cell renal cell carcinoma (NCTO03108066; ClinicalTrials.
gov). Hamp"" and Alb®**"? Hamp"" mice were injected with tamox-
ifen, and 2 weeks later, the Hamp*"” mice were orally gavaged with
vehicle or PT2385 daily for 2 weeks (Figure 7A). We observed no
change in BW during the treatment period (Supplemental Figure
7A). The hepcidin transcript levels were decreased in both Hampt
cohorts (Figure 7B). Decreased intestinal iron absorption in mice
with a genetic disruption of intestinal HIF-2q leads to anemia (10).
Thus, we sought to determine whether prolonged treatment with
PT2385 would lead to systemic anemia. We found that kidney Epo
transcript levels were decreased in vehicle-treated Hamp“:” mice,
while this decrease was abrogated in PT2385-treated Hamp' mice
(Figure 7B). We noted a significant expansion of RBC numbers and
increased HB and HCT in vehicle-treated Hamp*"” mice, and these
increases were rescued in the PT2385 cohort (Figure 7C). MCV and
MCH levels were unchanged among all groups (Supplemental Fig-
ure 7B). Membrane stabilization of the HIF-2a iron-absorptive tar-
gets FPN, DMT1, and DCYTB was elevated in the Hamp*!” mice but
was completely absent in the PT2385-treated Hamp*'" mice (Fig-
ure 7D). Prussian blue staining for iron in the liver was decreased
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in the PT2385-treated Hamp*'" mice compared with that seen in
the vehicle-treated mice (Figure 7E). Additionally, quantitative iron
assays revealed significant decreases in serum, liver, and pancreat-
ic iron content, with a trend toward a decrease of iron in the heart
in PT2385-treated Hamp’* mice (Figure 7F). These data show that
HIF-2a is a potential pharmacological target downstream of the
hepcidin/FPN axis in patients with iron overload (Figure 7G).

Discussion

Systemic iron homeostasis requires multiple organs working in
concert to maintain cellular iron concentrations for metabolism
and RBC levels for systemic oxygen transport. Research over the
past decade has shown that this system is centrally regulated by
the liver-derived hormone hepcidin and requires intestinal iron
absorption for the maintenance of postnatal systemic iron levels.
However, a complete biological link between the liver and intes-
tine during iron deficiency and in diseases of iron overload has
remained unclear. The present work demonstrates that the liver
controls the intestine through a hepatic hepcidin/intestinal HIF-
2a axis that regulates physiological iron uptake during systemic
iron deficiency and drives pathological iron absorption during
iron overload caused by hepcidin deficiency. Paradoxically, using
unbiased, high-throughput RNA-Seq, we show that the intestinal
response to systemic iron deficiency and hepcidin deficiency-
mediated iron overload is largely the same. The physiological
repression of hepcidin during iron demand and the perturbation
of hepcidin during genetic iron overload directly trigger iron efflux
through intestinal FPN to limit the activity of iron-dependent PHD
enzymes. This stabilizes intestinal HIF-2a to activate genes that
are necessary and sufficient for intestinal iron absorption. Inter-
estingly, HIF-2a activation downstream of hepcidin was intestine
specific, as HIF-2o-dependent transcript levels were unchanged
in the kidney and the spleen following hepatic hepcidin deletion.
Potential explanations include the presence of intestine-specific
coactivators and/or genetic suppressors and enhancers. Consis-
tent with data showing that HIF-20 is necessary for the adaptive
increase in intestinal FPN during iron deficiency (10), the present
data suggest a feed-forward loop, whereby intestinal FPN stabili-
zation following a decrease in hepcidin activates HIF-20 to main-
tain FPN transcript levels during systemic iron demand and in iron
overload. Although the hepcidin/FPN/HIF-2a axis is the major
trigger for the intestinal transcriptional response following iron
demand, the discovery of smaller subsets of genes that are either
regulated by systemic iron deficiency or hepcidin deficiency indi-
cates differences in the intestinal response to a decrease in dietary
iron compared with iron hyperabsorption during iron overload. A
recent report indicated that the HIF response can be modulated
by microbiota-derived short-chain fatty acids, which could partly
explain the difference between luminal and systemic cues to the
intestine (30). More work needs to be done to understand the reg-
ulation of this small subset of genes.

Previous studies showed a critical role for HIF-2a in the hyper-
absorption of iron in primary and secondary hemochromatosis
(12-14). However, the field has relied largely on germline knock-
out strategies to study hepcidin disruption, which gives rise to iron
loading that begins during embryonic development and can cause
ROS that are known inducers of HIF. Furthermore, full-body hep-
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group). (G) Schematic representation of hepatic hepcidin/intestinal HIF-2 axis. Male samples are designated as squares, and female samples are designated
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***P < 0.001, and ****P < 0.0001 versus vehicle Hamp/f; #*P < 0.05, **P < 0.01, and ###P < 0.001 versus vehicle Hamp-". PT, PT2385; Veh, vehicle.

cidin deficiency disrupts sources of hepcidin outside of the liver
that have recently been shown to establish a cell-autonomous
mechanism of local iron regulation, particularly in the heart, an
organ critical for systemic oxygen transport (31). The use of our
inducible model of hepatic hepcidin deletion has characterized,
for the first time to our knowledge, the kinetics by which iron
overload progresses. There are data to show that iron overload

is toxic to RBC survival at later stages of hemoglobinopathies
(12, 32), while our data demonstrate that there is a significant
expansion of the RBC pool in early stages of iron overload, which
occurs in a HIF-2a-dependent manner as PT2385 treatment res-
cues this response. Recent work has revealed erythroid-derived
factors that regulate hepcidin to facilitate erythropoiesis (33-35).
The present data conversely suggest that hepcidin restricts the
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RBC pool, potentially by limiting intestinal iron absorption or
through the direct regulation of signaling downstream of FPN-
mediated cellular iron efflux in other organs and cell types. Future
studies will need to determine the mechanism by which this RBC
expansion occurs and whether it is a physiologically relevant pro-
cess of iron storage during early iron overload.

The dioxygenase superfamily of PHD enzymes regulate the
protein stability of both HIF-20 and HIF-lo. However, our labora-
tory, among others, has demonstrated that intestinal HIF-2q, but
not HIF-lo, is stabilized, transcriptionally active, and necessary
and sufficient for iron absorption during systemic iron demand (7,
8). Recent reports have demonstrated that certain PHD isoforms,
namely PHD3, show selectivity for HIF-2a over HIF-1a (36). Fur-
thermore, small intestinal HIF-2o is more sensitive to pharma-
cological inhibition of all PHD isoforms than is HIF-1a (37). This
selectivity could explain the differential activation of small intes-
tinal HIF-20 over HIF-lo downstream of hepcidin/FPN/PHDs.
Future work will need to establish the Km value of intestinal PHD
enzymes for iron to determine whether iron efflux through FPN
limits the activity of a HIF-2a-specific PHD.

In addition to hepcidin and HIF-2a, another mammalian
iron-sensing axis exists via iron-regulatory protein (IRP) and IRE
machinery. This system modulates translation via the binding of
IRPs with IREs that exist in the 5'- or 3'-UTR of target transcripts
involved in cellular iron handling. Duodenal enterocytes produce
a FPN transcript that evades IRP-mediated repression in settings
of low intracellular iron by lacking an IRE (38). This variant might
function alongside HIF-2a-mediated transcriptional upregulation
of Fpn to maintain FPN protein levels following intestinal iron
efflux. Interestingly, IRP1is activated following decreases in intra-
cellular iron to negatively regulate HIF-2a translation via action
on an IRE in the 5-UTR of the HIF-2a mRNA, which was shown
both in vitro (24) and in vivo (39-41). Recently, this pathway was
shown to be pharmacologically targeted to treat HIF-20-induced
polycythemia (42). We also observed repression of the HIF-2a IRE
in our in vitro model following FPNC'* stabilization. Taken togeth-
er, these data show that the hepcidin/FPN/PHD axis may control
HIF-20 during systemic iron deficiency and that IRP1-mediated
repression of HIF-2a translation may limit the level of activation.
More work will need to be done to fully understand the interaction
between the IRP and IRE systems and the hepcidin/FPN/PHD/
HIF-20 axis during systemic iron demand.

Iron chelators have been shown for decades to regulate HIF,
although these molecules dramatically disrupt mitochondrial
function and can strip iron from iron-containing proteins. To our
knowledge, these data are the first to show that cell-autonomous,
biologically relevant iron efflux regulates intestinal HIF-2o-medi-
ated iron absorption in vivo, in contexts of both systemic iron defi-
ciency and low systemic oxygen. The present work shows that the
FPN-mediated efflux of iron is a cell-autonomous trigger to stabilize
HIF-20. Moreover, this finding demonstrates in vivo that a liver-
derived endocrine signal plays an essential role in the activity of
intestinal enzymes that regulate HIF-20. Numerous reports have
recently begun to characterize the function of FPN in organs
that do not play a role in maintaining systemic iron homeostasis
(16, 43, 44). It will therefore be vital to determine whether FPN-
mediated iron efflux directly regulates iron-dependent proteins
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and downstream signaling pathways in other cell types, either trig-
gered by changes to hepatic hepcidin or other factors.

Patients with iron overload currently rely on iron chelators
and/or phlebotomy to decrease systemic iron levels. However,
these therapies often result in suboptimal patient adherence,
because iron chelators have off-target effects and chronic phlebot-
omy can cause fatigue. A selective inhibitor of HIF-2a, PT2385, has
recently been developed and is currently in phase II clinical trials
for patients with clear-cell renal cell carcinoma (NCT03108066;
ClinicalTrials.gov). Here, we sought to address whether oral
administration of PT2385 could be used to blunt intestinal iron
absorption for the treatment of iron overload. Our data demon-
strated that within as little as 2 weeks of PT2385 treatment, sys-
temic iron levels were decreased in mice with established iron
overload. This finding provides an exciting impetus for the use
of PT2385 in the treatment of human diseases of iron overload,
many of which are characterized by dysfunction of the hepcidin/
FPN axis and intestinal iron hyperabsorption.

In conclusion, our work demonstrates that systemic iron defi-
ciency and hepcidin deficiency-mediated iron overload activate
the same hepatic hepcidin/intestinal HIF-2a axis. Moreover, we
show that cellular iron efflux through the hepcidin target FPN reg-
ulates the activity of iron-dependent enzymes and directly acti-
vates HIF-2a. Finally, these data suggest that a therapeutic agent
currently in development for humans should be repurposed for
the treatment of patients with iron overload.

Methods

Animals and treatments. For temporal, hepatocyte-specific disruption
of hepcidin, mice floxed for Hampl (Hamp"") on a C57BL/6] back-
ground were crossed with C57BL/6] mice harboring Cre®*? recombi-
nase under the control of the serum albumin promoter (AIb°FR™?) to
generate AIbERT2 Hamp"! mice. Vil kT2 Fpp//! and Vil**RT2 Dmt1"#
mice are on a 129S4/SvJae background. WT littermates were used as
controls for all animal studies (Hamp™', Fpn”', and Dm¢1%/), and anal-
ysis began on mice that were between 2 and 2.5 months of age for each
of the respective experiments. Mice were injected i.p. with tamoxifen
(Sigma-Aldrich) at a dose of 100 mg/kg BW for 3 consecutive days to
ensure Cre-mediated recombination. Phz (Sigma-Aldrich) was admin-
istered via i.p. injection at a dose of 60 mg/kg BW, as described previ-
ously (9). PT2385 (MedChemExpress) was prepared and administered
daily via oral gavage at a dose of 20 mg/kg BW, as described previous-
ly (45). All mice were fed ad libitum and maintained under a 12-hour
light/12-hour dark cycle. All mice were fed either a standard chow diet
(Research Diets) or a purified AIN-93G iron-replete (350 ppm) or low-
iron (<5 ppm) diet (Dyets). All mice were housed in the Unit for Labora-
tory Animal Management (ULAM) at the University of Michigan.

Cell culture. Stable doxycycline-inducible human FPN¢" HEK293
cells were generated previously (20). To generate stable doxycycline-
inducible human FPNC™ IEC-6 cells, IEC-6 cells were purchased
from the American Type Culture Collection (ATCC). pLenti rtTA3
(Addgene) and pLVX-Tight-Puro hFpnGFP plasmids (20) were pre-
pared into lentivirus by the University of Michigan Vector Core, coin-
fected into IEC-6 cells, and selected with 10 pg/ml blasticidin and 1
ug/ml puromycin. Cells were maintained at 37°C in 5% CO, and 21%
O,. Cells were cultured in DMEM supplemented with 10% FBS and
1% antibiotic/antimycotic. NCOA4-knockout cells were generated
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with the lentiCRISPR v2 construct (Addgene) using 2 unique sgRNAs
against NCOA4 (NCOA4 sgl and NCOA4 sg2, respectively) (Sup-
plemental Table 1). Briefly, oligonucleotides were subcloned into the
lentiCRISPRv2 backbone. Empty vector, NCOA4 sgl, and NCOA4
sg2 constructs were prepared into lentivirus by the University of
Michigan Vector Core. FPNC cells were infected at a MOI of 10 and
selected with 1 pug/ml puromycin. Knockout cells were verified by
sequencing. The PHD enzyme activity luciferase reporter was pre-
viously described (46). Briefly, FPNS™ cells were infected at 10 MOI
overnight and treated the next day with 250 ng/ml doxycycline, 100
uM FG4592 (Selleckchem), 200 uM ferric ammonium citrate (FAC)
(Sigma-Aldrich), and/or 1 mg/ml human recombinant hepcidin
(Bachem) or 200 pM DFO (Sigma-Aldrich). The HIF-20 IRE lucifer-
ase construct was generated previously (24).

Hematological and iron analysis. The Unit for Laboratory Animal
Medicine Pathology Core at The University of Michigan performed
the complete blood count analysis. Nonheme iron was quantified as
described previously (12).

Quantitative reverse transcription PCR. mRNA was measured by
quantitative reverse transcription PCR (qQPCR) (Life Technologies,
Thermo Fisher Scientific). The primers used are listed in Supplemen-
tal Table 1. Quantification cycle (Cq) values were normalized to B-actin
and expressed as the fold change.

Whole-genome RNA-Seq and analysis. RNA-Seq libraries were pre-
pared using the TruSeq RNA Library Prep Kit v2 (Illumina) accord-
ing to the manufacturer’s recommended protocol. The libraries were
sequenced using single-end, 50-cycle reads on a HiSeq 2500 sequencer
(Illumina) at the University of Michigan’s DNA Sequencing Core Facility.
RNA-Seq analysis was performed as described previously (18). Briefly,
quality control of raw FastQ files was performed using FastQC, version
0.11.5. FastQ files were mapped to the mouse genome (mm10) using
STAR-2.5.3.a with the options “outFilterMultimapNmax 10” and “sjdb-
Score 2.” Gene expression levels were quantified using the Subread fea-
tureCounts (version 1.5.2) package. Differential expression testing was
conducted with the Bioconductor package edgeR, version 3.16.5, using
glmLRT. To reduce the dispersion of the data set due to lowly expressed
genes, genes with amean aligned read count of less than 5 across all sam-
ples were excluded from the analysis. Genes with an FDR of less than
0.01 or 0.1 were considered differentially expressed, to yield high- and
low-stringency approaches. The sequencing data are publicly available
through ArrayExpress (accession number E-MTAB-7329).

Western blot analysis. Whole-cell, nuclear, and membrane lysates
were prepared as described previously (10, 47). In brief, lysates were
separated by SDS-PAGE, transferred onto nitrocellulose membranes,
and probed overnight at 4°C with antibodies against FPN (MTP11-A,
Alpha Diagnostic International [ADI]), DMT1 (NRAMP21-A, ADI),
DCYTB (DCYTB-11A, ADI), and TFR1 (13-6800, Invitrogen, Thermo
Fisher Scientific) for mouse tissue lysates; FPN (NBP1-21502, Novus),
FTH1 (39988, Cell Signaling Technology), GAPDH (sc-47724, Santa
Cruz Biotechnology), GFP (sc-996, Santa Cruz Biotechnology), lamin
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A/C (3A6-4C11, Active Motif), HIF-2a (BL-95-1A2, Bethyl), and HIF-
1o (179483, Abcam) for human lysates; and actin (60008-1, Protein-
tech) for mouse tissue and rat cell lysates.

ELISA. High-binding polystyrene microtiter plates were coated
with the protein lysates overnight. The plates were then washed in 1x
PBS with 0.1% Tween-20 (PBST), blocked with 5% BSA, and incubat-
ed with primary antibodies against HIF-20 (AF2997, Novus) and HIF-
1o (179483, Abcam). Next, the plates were washed in PBST, incubated
with the appropriate HRP-conjugated secondary antibodies, devel-
oped, and read at 450 nm in a plate reader.

Histology, tissue iron staining, and immunohistochemistry. Histo-
logic analysis was performed on H& E-stained, formalin-fixed, paraf-
fin-embedded sections. Tissue iron detection was performed in for-
malin-fixed, paraffin-embedded sections stained with Prussian blue.
For immunohistochemical analysis, frozen sections were probed
with polyclonal rabbit anti-HIF-2a antibody (100-122, Novus), as
previously described (47).

Luciferase assay. Cells were lysed in reporter lysis buffer (Promega),
and firefly luciferase activity was measured as described previously (48).

Statistics. Results are expressed as the mean + SEM. Significance
between 2 groups was tested using a 2-tailed, unpaired ¢ test. Sig-
nificance among multiple groups was tested using a 1-way or 2-way
ANOVA followed by Tukey’s post hoc test for multiple comparisons.
A P value of less than 0.05 was considered statistically significant.
GraphPad Prism 7.0 was used to conduct the statistical analyses.

Study approval. All animal procedures were approved by the
IACUC of the University of Michigan.
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