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ABSTRACT

Hepcidin is the main regulator of systemic iron leastasis, acting by inhibiting macrophages iron
release and intestinal iron absorption. During iyy@tepcidin expression is inhibited to allow iron
requirement to bone marrow to sustain erythropoietpansion, but mechanisms of hypoxia-
induced hepcidin down-regulation are partially umkn. Our aim was to improve our knowledge
on hypoxia modulation of hepatic hepcidin, investigg the role of erythroid and iron-related
pathways usingn vitro andin vivo studies. We firstly studied the effect of hypoxia healthy
volunteers living at high altitude for 24h and 72bnfirming that hypoxia is a strong inhibitor of
hepcidin production and that this inhibition folleds EPO induction. Indeed s-hepcidin was strictly
down-regulated at 72h of hypoxia while EPO leveleravalready markedly increased at 24h
slightly decreasing thereafter. We then analyzed dfiect of sera of these subjects on hepcidin
expression in HuH-7 cells using both luciferaseagsand RT-PCRHAMP wild-type promoter
activity decreased after exposure to hypoxic sarggesting that circulating factors present in sera
may modulate hepcidin expression. However, analgkithe transcripts gave less homogenous
results. In fact only a subgroup of hypoxic segngicantly inhibited hepcidin. These sera also
induced a significantD1 down-regulation indicating that inhibitory factsy(seems to act through
the SMADs pathway. Our results also suggest thagllalar model cannot reproduce what really
happensn vivo that might depend to complex events involving bathulating and tissue factors.
Therefore, we took advantages from a mouse moaelhfpoxia challenge, C57BL/6 mice were
housed in a hypoxic chamber at 10% for 6h and 15h. mRNA levels of erythroid genes aver
assessed in liver, spleen and bone marrow by RT-Pl@Rpllevels were slightly increased after
6h of hypoxia and strongly down-regulated after.1B8fer 6h we already observed a marked
activation of transcription of all the erythroidrges analyzedRdgf-b Fam132h Gdf-15andTwsg-

1) in bone marrow (but not in spleen) that returmaseline levels after 15h. To better analyze the
role of PDGF-BB, normoxic and hypoxic mice wereatesl with PDGF-BB neutralizing antibody
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or PDGF-BB receptor inhibitor immediately prior hgpoxic challenge. Inactivation of PDGF-BB
or its receptor suppressed the hypoxia-induced itdigpmhibition confirming the importance of
PDGF-BB in hepcidin regulation. However, no changesCREB/H protein were observed
suggesting that this molecule is not involved ipdidin regulation in this setting. In conclusion,
our studies demonstrated that hypoxia-induced depcegulation is a quick event secondary to
erythropoietic activation. Indeed hepcidin decrelaafter up-regulation of transcription of several
erythroid genes that return to baseline when hapcehched the maximum inhibition. Our studies
indicate that PDGF-BB is a good candidate as ha&p@&dsthroid regulators but also suggest that
hypoxia induced-hepcidin suppression is the resfutboperation of multiple signals that need to be

dissected.



INTRODUCTION



IRON METABOLISM

Iron is a fundamental element for many biologicabgesses as oxidative metabolism, DNA
synthesis and proper erythropoietic function; irjeen deficiency may lead to cell growth arrest
or death (Andrews, 2000). Conversely, becauseadilg accepts or donates electrons, free iron is
highly reactive and toxic. Indeed, excess of iraghticause cellular damage through the formation
of free radicals. Thus iron metabolism must bectyriregulated to prevent adverse effects from
either iron deficiency or iron overload (Yun anch@elette, 2015).

An adult human contains 3-4 g iron (Ganz, 2013).réMthan 80% (2-3 g) is used to sustain
erythropoiesis in the bone marrow and it is incoaped in the heme group of hemoglobin in
erythroid precursors and mature red blood cellsuali0% is present in the myoglobin of muscle
fibers (300 mgq) or in the prosthetic groups of eneg or cytochromes. All cells contain smaller
concentration of iron-containing proteins essent@l energy production and other important
functions. The surplus iron is stored mainly inelivhepatocytes and macrophages (200-1500mg)
(Andrews, 2000)To support erythropoiesis and other metabolic ses an adult human requires
approximately 25 mg iron daily. Iron is releasecirctulation from duodenal enterocytes and from
macrophages. Normally, only 1-2 mg of iron per éagy absorbed from duodenal enterocytes to
compensate for iron losses due to sloughing oftiimal epithelial cells, blood loss or sweat. The
majority of the daily iron needs (20-25 mg/day) abtained through internal recycling of senescent
erythrocytes by reticuloendothelial macrophagegufe 1). Iron absorption can be enhanced when
the needs are higher or suppressed in iron overlbattze, et al., 2010). There are no active
mechanisms for iron excretion, hence intestinabgiion has to be modulated to provide enough,

but not too much, iron to keep stores replete ayitheid demands met.



Figure 1. Systemic iron homeostasis (Hentze, et al., 2004).
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The three key cell types involved in iron homeastase duodenal enterocytes that absorb dietary
iron; macrophages that recycle iron from erythresyand hepatocytes that store iron and can
release it when needed. Extracellular iron (2-4 ongulates in the plasma bound to transferrin (Tf)
which has two binding sites for ferric iron @ in this form iron is nonreactive and in a sajen.
Intestinal cells take up dietary non-Tf bound idirectly. Iron in the diet is found in two differen
forms: heme and non-heme iron. Non-heme food icast® primarily in the bio-unavailable Fe
form. In this form it cannot be absorbed from dumalesnterocytes, because at neutral pH is almost
insoluble in water and is not able to cross mendsafé" must first be reduced into ferrous iron
(FE") by the cytochrome ferrireductase DcytB (CybradipKie, et al., 2001) and then is absorbed
at the brush border of duodenal enterocytes vialveent metal transporter 1 (DMT1) (Gunshin,
et al., 1997). However the majority of food ironasmplex in heme, but the mechanisms of its
absorption are still poorly defined. The Heme GarHrotein 1 (HCP1) has been proposed to be the
heme iron transporter, however it has been denmaiestthat it carries mostly folate than iron itself

(Qiu, et al., 2006) and it remains to be proven tivdeit is a "bi-functional” transporter or not.



Heme iron is then released intracellularly by treambxygenase 1 (HOX1) and then enter the

normal pathway of non-heme iron. (Figure 2)

Figure 2. Intestinal iron uptake (Kumar and Robbins, 2007).
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Once inside the enterocyte, the portion of irorthef Labile Iron Pool (LIP) that is not needed for
immediate use is stored by ferritin, to avoid tbri¢ effects of free iron (Torti and Torti, 2002).
Ferritin is a ubiquitous protein that consists wbtsubunits, the Light chain (L-ferritin) and the
Heavy chain (H-ferritin) that assemble in differgmbportion to form apo-ferritin shells. Ferritin
nanocages are made of 24 subunits of L and H clizasreates a cavity where intracellular iron is
collected. They can bind, oxide and store up toO4&fbms of F&, preventing cell damages
triggered by free iron toxicity (Arosio and LeviQ20). When iron is needed, enterocytes release
iron in the bloodstream via Ferroportin (FPN), tdmdy putative iron exporter identified, located at
the basolateral membrane of cells (Abboud and Ha0@0; Donovan, et al., 2000; McKie, et al.,
2000). FPN mediated iron exporter in concert witphiaestin, a ferroxidase that converts’ Fe®
Fe’* that is then loaded onto Tf for transport in thesma (Vulpe, et al., 1999). Iron export from
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non-intestinal cells requires a ferroxidase homolsgto Hephaestin named Ceruloplasmin (Cp)
(Harris, et al., 1999) (Figure 2).

When non-intestinal cells need iron, they can aeguilasma iron via transferrin-dependent
mechanism. Transferrin has two binding sites fonitherefore in plasma it exists in three forms:
apo-transferrin, monoferric-transferrin and difestiansferrin (Tf-Fg. In physiological conditions,
iron occupies 30-40% of its binding sites. Difetttiansferrin is absorbed via Transferrin Receptor
(TFR) 1-mediated endocytosis (Cheng, et al., 2004ce transferrin and iron complex binds to
TFR1 on the cell surface, the complex THHERL is internalized by clathrin-dependent
endocytosis and form early endosome (Cheng, e2@04). The acidic environment inside the
endosome induces conformational changes of tramsfand TFR1 inducing the dissociation of
iron (Cheng, et al., 2004). ¥en the endosome is reduced td"FHey members of STEAP family
of metalloreductases (Ohgami, et al., 2005) and trensferred in the cytosol via DMT1 (Fleming,

et al., 1998). Apo-transferrin and its receptortaen recycled to the cell surface (Figure 3).

Figure 3. The transferrin (Tf) cycle (Veuthey and WesslingsRiek, 2014).
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Another transferrin receptor, TFR2, homologous ERT was identified (Kawabata, et al., 1999).
TFR2 is a type Il membrane glycoprotein mainly e@gsed in liver hepatocytes and erythroid
precursors (Forejtnikova, et al., 2010; Kawabatta).e 2004). Two different isoform of TFR2 were
identified,a and3. TFR2u is very similar to TFR1 (66% of homology and 45%dentity of the
extracellular portion) (Kawabata, et al., 199@wever its presence is not redundant (Levy, et al.
1999) and its affinity for TF-Feis 25-30 times lower than TFR1 (West, et al., 300be proper
role of TFR2 in iron homeostasis is not fully ellaiied yet; however, it seems that it could have a

role as a sensor of plasma iron content ratherititeaccellular iron transporter.

REGULATION OF IRON HOMEOSTASIS

Since there are no active mechanisms for iron ércreintestinal iron absorption must be strictly
regulated to maintain physiological homeostablamans possess two control mechanisms to
maintain iron homeostasis by regulating iron absomnp iron recycling, and mobilization of stored
iron. Iron absorption is regulated locally by ircegulatory proteins (IRPs) and systematically by

hepcidin, the central iron regulatory hormone.

CELLULAR IRON REGULATION: THE IRE/IRP SYSTEM

Iron Regulatory Protein (IRP) 1 and 2 post-traqgmnally regulates cellular iron homeostasis.
IRP1 and IRP2 (also known as ACO1 and IREB2 respayg} act by binding to regulatory stem-
loop structures known as Iron Responsive ElemdRiSs) in 5’ or 3’ untranslated regions (UTRS)
of target MRNAs (Cazzola and Skoda, 2000). SinBEesl are located in the 5° UTRs of mRNAs
encoding H and L ferritin and ferroportin while raple IREs are present in the 3' UTR of TFR1

MRNA (Donovan, et al., 2000; Hentze and Kuhn, 1996Kie, et al., 2000). A single IRE was
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identified also in the 3" UTR of DMT1, however itsechanism of action is not well understood
(Gunshin, et al., 2001). IRPs’ binding to 5° UTRBER inhibits translation initiation while their

binding to IREs within 3° UTR prevents mRNA degréida. IRPs are capable of sensing cellular
iron status. In iron-deplete cells both IRP1 an&2Rbind IREs with high affinity whereas in iron-

replete cells IRPs dissociate from IREs. In paléicwhen iron concentration is high IRP1 (but not
IRP2) acquires a 4Fe-4S cluster that precludes BRHEing and functions as cytosolic aconitase
(Haile, et al., 1992) whereas IRP2 is targeteddéagradation by the proteasome (lwai, et al., 1998).
In iron-deficient cells, IRP1 loses its Fe/S clusted IRP2 accumulates in the cytosol, allowing the

binding to targets IREs (Figure 4).

Figure 4. Regulation of cellular iron homeostasis by IRE/IBRytem (Tandara and Salamunic,
2012).
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This mechanism allows a rapid response to everynmim change in cellular iron content. When

cells have adequate iron, TFR1 expression decesabéerritin levels augments, to store the excess.
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When cellular iron is low TFR1 levels increase moport more iron from outside and ferritin

expression decreases, to release iron from stores.

SYSTEMIC IRON REGULATION: THE HORMONE HEPCIDIN

Hepcidin was discovered in 2001 by Patkal. as an acute phase protein during liver inflamnmatio
(Park, et al., 2001)Pigeon and his group however were the first thaineoted hepcidin to iron
metabolism (Pigeon, et al., 2001). Hepcidin is elecbbyHAMP gene and synthesized in the liver
as a pre-propeptide of 84 amino-acids containingpénN-terminal a signal sequence of 24 amino-
acids recognized from the endoplasmic reticulumctvhis cleave to yield the intermediate
prohepcidin (Wallace, et al., 2005). In the C-teras there is a sequence recognized by the pro-
protein convertase furin that generates the mapetide of 25 amino-acids by cleaving the
precursor (Figure 5) (Park, et al., 2001).

Figure 5. Amino-acid sequence and a model of 25 amino-acdigsam hepcidin (Modified from
(Ganz, 2003).

DTHFPICIFC CGCCHRSK_GM_ CKT

The protein is mainly secreted by hepatocytes (gaat al., 2000), circulates in the plasma mostly
free except for weak binding t@2-macroglobulin (Peslova, et al., 2009) and is te&oreted
through the kidney (Park, et al., 2001). Hepcidithie main negative regulator of iron homeostasis,

in fact it acts by binding to ferroportin mediatiitg internalization and degradation (Nemeth, gt al
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2004b). Hepcidin binds to the extracellular regidrierroportin via its N-terminal domain, causing
its phosphorylation mediated by JAK2. FPN is imtinternalized, ubiquitinated and then degraded
by lysosomes (Ward and Kaplan, 2012). The lasasiino-acids of hepcidin are highly conserved
and essential for its iron-regulatory function amraction with ferroportin (Nemeth, et al., 2006)
Hepcidin expression increases in case of excessaml decreases during iron-deficiency. The
protein maintains body iron balance by restricinog absorption and macrophages iron release. Its
action prevents excess iron absorption and mamtaormal iron levels within the body.

In particular, in case of iron deficiency, whenlgedlnd tissues need iron, hepcidin expression is
inhibited, allowing iron absorption or release. e other hand, during iron overload condition,

hepcidin expression is stimulated to avoid addélaron accumulation (Figure 6).

Figure 6. Mechanism of action of hepcidin. (Modified from (@amaschi and Villani, 2009)
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HEPCIDIN REGULATION

Hepatocyte hepcidin production under physiologmahditions is modulated by different stimuli
that up or down regulated its transcription (Piperet al., 2009). Body iron content and
inflammation increase hepcidin expression througlo tdifferent pathways, BMPs/SMAD4
(Knutson, 2010) and IL6/STAT3 (Fleming, 2007) redpely. Anemia, erythropoietic activity
(Pak, et al.,, 2006; Vokurka, et al., 2006) and ky@qNicolas, et al., 2002) inhibit hepcidin
transcription, however, how hypoxia regulates h&ipcexpression is still unknown (Figure 7). To

date, the only known mode of hepcidin regulatiotrascriptional.

Figure 7. Signals and pathways controlling hepcidin expressidhe liver (Pietrangelo, 2011).
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POSITIVE REGULATORS

IRON STORE

Hepcidin expression is mainly regulated by plasmd #issue iron (Ganz, 2013). The most
important pathway that controls hepcidin transariptin response to an increased in tissue iron
levels is the BMP/SMADs pathway (Parrow and Flemi@§14). BMPs (Bone Morphogenetic
Proteins) are members of Transforming Growth FagtrGF{3) superfamily. BMP receptors are
dimers with serine/threonine kinase activity fornfdtwo subunits, type | and type Il. Once BMPs
bind to receptor, a signal cascade is activatedrebeptor phosphorylates the proteins SMAD1/5/8.
SMADL1 or 5 interact with and phosphorylated SMAD¥tt translocates into the nucleus and
activates gene transcription (Figure 8) (Wang, let 2005). Phosphorylation of SMAD1/5/8 is
inhibited and modulated by the inhibitory SMAD6 amd(Mleczko-Sanecka, et al., 2010). On
HAMP promoter have been identified three potential Bid§ponsive elements, BMP-RE1
(proximal), BMP-RE2 and BMP-RE3 (distal) (Casanqvas al., 2009) critical for hepcidin
transcription activated by BMPs/SMAD pathway. Iaeli cells are expressed BMP2, BMP4 and
BMP6, but central to the regulation of iron homess& is BMP6. Indeed BMP6 knock out mice
show hepcidin deficiency and tissue iron overloAddtiopoulos, et al., 2009; Meynard, et al.,
2009). BMP&6 is positively regulated by iron butstnot clear yet how the expressionBi¥1P6
MRNA increased in response to the increase of ifoe.membrane form of the GPI-linked protein
hemojuvelin (m-HJV) is a BMP6 co-receptor esseritbahctivate the pathway by enhancing BMP
signaling (Babitt, et al., 2007). HJV, codifies B{FE2 gene, is essential to control hepcidin
expression, indeed mutation HHFE2 gene cause a juvenile and severe form of Hergditar
Hemochromatosis, a recessive inherited diseasadiesazed by progressive iron overload in liver
and parenchymal organs (Hentze, et al., 2010). eXists also in a soluble form (s-HJV) that is
generated by furin-mediated cleavage of HJV in Hfe (Lin, et al., 2008). s-HJV antagonizes
BMP-dependent hepcidin activation competing wittHdV in binding BMP6Furin mRNA levels

are moreover regulated by iron, in particular dgriron-deficiency it is up-regulated, inhibiting
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hepcidin production (Silvestri, et al., 2008a). Tgretein neogenin (NEO) appears to stabilize m-
HJV to enhance BMP signaling and hepcidin expresfliee, et al., 2010). HJV also interact with
Matriptase-2 (MT-2), a type Il transmembrane sepraease encoded GWMPRSS@ene. MT-2 is

a suppressor of hepcidin expression, in fact itioggract with m-HJV when they are both present
on plasma membrane and cleaves it in fragmentdisabbgy HJV function and inhibiting hepcidin
activation (Silvestri, et al., 2008b). MT-2 doest raxt on soluble form of HJV. Mutations in
TMPRSSG&ene cause Iron-Refractory Iron Deficiency AneiiRIDA) by stimulating excessive
hepcidin synthesis that leads to sequestratiomoof in macrophages and decreased dietary iron

absorption (Ganz, 2013).

Key molecules involved in hepcidin regulation inspense to levels of circulating iron are
hereditary hemochromatosis protein (HFE), TFR1 ameR2. HFE is a membrane protein
homologous to MCH class | that can form heterodimigh (3,-microglobulin. Mutations irHFE
cause type 1 Hereditary Hemochromatosis. TFR1les tabsense circulating iron levels by binding
diferric transferrin. HFE can bind TFR1 competinghwTf-Fe,. TFR2 also interact with HFE
protein (Goswami and Andrews, 2006) but differenTER1, the binding of HFE to TFR2 does not
interfere with holo-transferrin binding site (Cheet, al., 2007). Actually, the binding with HFE
augments TFR2 stability and the up-take of holadfarrin (Waheed, et al., 2008). TFR2, TFR1
and HFE form an iron-sensor complex and contribtadsepcidin regulation (Gao, et al., 2009). At
basal conditions TFR1 sequester HFE preventingat®n in activating hepcidin. When levels of
iron-loaded transferrin increase, Tf-H&@nds to TFR1 competing with HFE and HFE can tfueee
interact with TFR2. TFR2-HFE complex, sensing tloa istatus, can activate hepcidin expression
through a pathway that is partially still unknowiigure 8) (Chen and Enns, 2012; Gao, et al.,
2009). TFR2 mutations in human or mice result in iron overloadd Type 3 hereditary
hemochromatosis (Chen and Enns, 2012; Flemind,, &0€2). Some evidences suggest that HFE-

TFR2 complex and BMPs/SMAD pathway act together aiiivate hepcidin transcription

18



(Corradini, et al., 2009; Kautz, et al., 2009) hgarethe molecular mechanisms of this cross-talk

are still poorly elucidated.

INFLAMMATION

The second major signaling pathway known to pasitoontrol hepcidin regulation is the
IL6/STAT3 pathway, activated by inflammatory cyto&s. Hepcidin is a type Il acute phase
protein, as it was induced by treatment with Ireekin 6 (IL6) but not with cytokines involved in
type | response (Nemeth, et al., 2004a; Nemethl.,e2003). In mammals hepcidin levels are also
increased after bacterial infections, treatmeniWgopolysaccharide or turpentine (Heinrich, et al
2003). The increased in hepcidin levels in responsefection seems to be a defense mechanism to
protect the host from infections, thus most micgamisms require iron for their growth. STAT3 is
the primary transcription factor that mediates Ib@uction of hepcidin (Pietrangelo, et al., 2007)
by binding a STAT-binding motif on hepcidin promoi@&leming, 2007)When IL6 is released
from Kupffer cells it binds its receptor on the htgrytes’ surface. IL6 receptor is formed by two
subunits: a subunit of 80-kDa (IL6-R) which bind the ligand and a sob of 130-kDa (gp130)
that is able to transduce the signal. The bindiriglld with its receptor induces the
homodimerization of gp130 which in turn recruite ttytoplasmic proteins JAK kinase (Oliveira, et
al., 2009).The phosphorylation of gp130 activates downstreamm distinct pathways. The first
involves the activation of the cascade of MAPK kies The second is the STAT pathway. After
phosphorylation of gp130 by JAK, STAT proteins (SIMAand STAT3) bind to a separate domain
of gp130 and are themselves phosphorylated. Onizeltesd from the receptor, STATs dimerize
and translocate to the nucleus where are ablernd bpecific cis-activating genomic elements
affecting the transcription of those genes thatigipate in the acute phase response, including
HAMP (Figure 8) (Verga Falzacappa, et al., 2007). # been suggested that there is a cross talk

between the BMPs/SMAD pathway and IL6/STAT3 pathwagieed the activation of STAT3 also
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requires the presence of SMAD4 (Wang, et al., 200®reover the BMP-responsive element in
hepcidin promoter is required to control hepcidwpression in response to IL6 (Verga Falzacappa,
et al., 2008). Recently it has been demonstrated Hepcidin expression is regulated by
inflammation also through another member of TgBuperfamily, Activin B INHBB gene). LPS
challenge increased Activin B andHAMP expression with increased of SMAD1/5/8
phosphorylation independently of BMP6 and other BMifblecules present in the liver. Moreover,
induction of Activin B and HAMP by inflammation ogrs independently of IL6 (Besson-Fournier,

et al., 2012).

Figure 8. Intracellular signaling pathways for positive hefiexpression (Poli, et al., 2014).
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Hepcidin expression is also increased by endoptagsticulum (ER) stress. This regulation is

likely driven by CREB/H (transcription factor cycliAMP response element-binding protein H)

20



(Vecchi, et al., 2009) or by the stress-induceddcaption factors CHOP and C/EBROliveira, et

al., 2009).

NEGATIVE REGULATORS

HYPOXIA

Iron metabolism, oxygen homeostasis and erythrgage tightly interconnected. During hypoxia
erythropoiesis is strongly stimulated and iron regaent by the bone marrow increases to allow
erythroid progenitor maturation and proliferatiodu; et al., 2012). Thus, iron absorption and
release from stores must increase to sustain tihrepoietic drive (Finch, 1994). This is
accomplished by a marked suppression of hepaticidieptranscription (Nicolas, et al., 2002). It
was clearly demonstratesh vivo that hypoxia exposure inhibits hepatic hepidin doation
(Piperno, et al., 2011; Ravasi, et al., 2014; Talbbal., 2012), however mechanisms of hypoxia-
induced hepcidin down-regulation are still parfialnknown. Mammals primary sense hypoxia by
the Q-regulated Hypoxia Inducible Factors HIF-1 and RIfSemenza, 2001). They consist of an
Oz-sensitivea subunit (HIF-br and HIF-2x) and a constitutively expressdil subunit, HIF-

B (ARNT) (Liu, et al., 2012). During normoxic conditiores subunits are modified by prolyl
dehydrogenases (PHDs) 1, 2 or 3 and subjectedoteggomal degradation by von Hippel Lindau
(VHL) factor. In oxygen-deprived conditions, PHD® anactivated and subunitsare stabilized.
HIF-a accumulates, translocates into the nucleus andskime3 subunit forming a heterodimer.
The heterodimers then bind to Hypoxia ResponsiwmEhts (HREs) in the DNA and regulate
hypoxia-specific target genes (Greer, et al., 202leed, HIF activate or repress genes involved in
adaptations to hypoxia itself such as erythropoi@EPO) (Semenza, 2001) but also genes involved
in iron metabolism such as TMPRSS6 (Lakhal, et2011) and furin (Silvestri, et al., 2008a).
Studies on hepatocyte-specific HIB-1or VHL knockout mice (Peyssonnaux, et al., 2007 a

patients with Chuvash polycythemia homozygous lier VHL R200W mutation (Gordeuk, et al.,
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2011) demonstrated that VHL/HIFxlaxis has an important role in hypoxia-mediated miow
regulation of hepcidin expression. In fact, if HIB-is knocked out in mice, animals fail to down-
regulate hepcidin in response to dietary iron-deficy (Peyssonnaux, et al., 2007), while if HIF-
la is overexpresse@d’HL knockout mic hepcidin levels are constitutively reduced (PeyssoR,

et al., 2007). It was also demonstrated that HI&lccdind HRE on hepcidin promoter, directly
regulating hepcidin transcription (Peyssonnauxl.et2007). However HIF€ seems to have more
important role than HIF-d in hypoxia-mediated hepcidin regulation. In fatias demonstrated
that HIF-2x regulated EPO expression in the liver (Rankin,|et2807) and iron absorption in the
duodenum (Mastrogiannaki, et al., 2009). Moreovastybgiannaket al. demonstrated that in iron
deficient condition HIF-2 triggered to hepcidin down-regulation through hepBPO-mediated
activation of erythropoiesis (Mastrogiannaki, et a012). However a lot of controversies exists:
indeed some studies demonstrated that HIFs doiretlg decreasén vitro hepcidin expression
(Chaston, et al., 2011; Volke, et al., 2009). Vattel. demonstrated that HepG2 and Huh-7 cells
cultured under hypoxic conditions variable regudateepcidin mRNA levels and concluded that
reductions in hepcidin expression during hypoxia aot mediated by HIF (Volke, et al., 2009).
EPO is the primary signals that trigger erythropwmiein hypoxic conditions. Hence, it was
hypothesized that EPO itself could directly regalabepcidin transcription. It has been
demonstratech vitro that EPO could signal through EPO-R directly opdtecytes downregulating
C/EBRu expression and in turn inhibiting hepcidin tramsoon (Pinto, et al., 2008). However it
has been demonstrated that if erythropoiesis ibitieldl, EPO-mediated hepcidin down-regulation
was blocked (Pak, et al., 2006; Vokurka, et alQ&0suggesting that other erythropoietic factor/s
downstream of EPO is/are implicated in hepcidinibition. Several studies have provided
evidences that hepcidin may be regulated by hyptxieugh the BMP/SMAD pathway. Indeed
hypoxia also increasirin (Silvestri, et al., 2008aand TMPRSSfLakhal, et al., 2011) mRNA

levels, that hence increase s-HJV and decrease\md¥éls, downregulating hepcidin expression
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inhibiting BMP6 action. Moreover it has been sudgeeédhat the transcription factor ATOHS8 could
regulate hepcidin expression during hypoxia by nhtthg phosphorylated SMAD1/5/8 levels

(Patel, et al., 2014). However, these results atdéully confirmed yet.

ERYTHROPOIETIC SIGNALS

During erythropoiesis, a lot of iron is requiredth@ bone marrow to sustain the formation of new
red blood cell. Hence, during erythropoiesis hepcidust be inhibited to allow iron mobilization
from stores and to augment iron absorption. Itleen clearly demonstrated that if erythropoiesis
is inhibited, EPO-mediated hepcidin down-regulatieess blocked (Pak, et al., 2006; Vokurka, et
al., 2006). The most likely hypothesis is that E&fivated bone marrow releases erythroid soluble
factor/s that acts directly on the liver inhibititgepcidin production. Different molecules were

supposed to be the hepcidin “erythroid regulator”.

GDF15 is a component of TGFsuperfamily secreted from erythroblasts during Istages of
human erythropoiesis (Tanno, et al., 2007). Higlelle of GDF15 were found if3-thalassemic
patients and associated with hepcidin down-reguiaffhese results were confirmed also inran
vitro study in which hepatoma cells treated vgtthalassemic sera expressed low levelslAMP
MRNA (Tanno, et al., 2007). However recent worksudthepcidin regulation by hypoxia vivoin
humans and mice demonstrated that GDF15 is notresljfor balancing iron homeostasis in stress

erythropoiesigCasanovas, et al., 2013; Piperno, et al., 201ta8taet al., 2014).

TWSG1 is mainly produced from immature erythroiceqursors during the early stages of
erythropoiesis. This protein appears to supprepsiti@ production via inhibition of BMPs/SMAD
(Tanno, et al., 2009) im vitro models of hepatoma cells; its expression is alsceased in animal
models of thalassemia. However correlations betwegmession of TWSG1 and hepcidin levels

have to be studied in humans yet.
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Very recently, a new TNi#like molecule named erythroferrone (ERFE) has h@meposed as the
erythroid regulator of hepatic hepcidin transcopti ERFE, produced by bone marrow
erythroblasts, seems to be activated by EPO thrtugld AK2/STAT-5 pathway, directly acting on
hepatic hepcidin expression through a still undefimechanism that seems not to involve the
BMP/SMAD pathway (Kautz, et al., 2014). This eviderwas obtained in animal models whose
erythropoiesis was induced by phlebotomy or EP@ctipns, but not in hypoxia models in which
mechanisms of hepcidin suppression might be moreptex. Indeed, ERFE seems not to be

directly regulated by hypoxia (Kautz, et al., 2014)

GROWTH FACTORS

Platelet-Derived Growth Factors (PDGFs) are fanoifymolecules involved in many metabolic
processes including angiogenesis, cell proliferatind fibrosis. These factors are encoded by four
genesPDGF-A B, C andD that dimerize forming five molecules: PDGF-AA, PBBB, PDGF-
CC, PDGF-DD and PDGF-AB. They act by binding thgiosine-kinase receptors PDGF-&and

B. Recently, serum levels of PDGF-BB were foundéarizreased in volunteers exposed to normo-
baric hypoxia chamber for 6 hours while performpiysical exercises (Sonnweber, et al., 2014).
Although Authors could not define which tissue Wi involved in the hypoxia-induced release of
PDGF-BB, their study strongly suggested that PD@-eBuld be an hypoxia-induced inhibitor of
hepatic hepcidin transcription acting through C/BBEREB and CREB/H signaling pathway
(Sonnweber, et al., 2014). PDGF-BB is indeed aetanf HIF (Schito, et al., 2012) and its possible
involvement in hepcidin inhibition further suppottee hypothesis that hypoxia-induced hepcidin

suppression is mediated by circulating factors.

Moreover also Hepatocyte Growth Factor (HGF) andl&mal Growth Factor (EGF) have been

shown to inhibit BMP6-mediated induction BAMP during chronic liver failure by decreasing
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amount of pSMAD1/5/8 and hence hepcidin promotdivation (Goodnough, et al., 2012). It

seems that these factors are not involved in hgpmediated hepcidin down-regulation.

Figure 9. Proposed mechanisms for hypoxia-mediated regulatitrepcidin (Subramaniam and
Wallace, 2014).
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IRON-RELATED DISEASES

IRON OVERLOAD

Iron-overload is characterized by systemic accutimraof iron mainly caused by inadequate
hepcidin production compared to reserves of body.irTwo types of iron-overload can be

described: primary (or genetic) and secondary (muaed) (Andrews, 2000). Genetic forms of
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iron-overload are caused by reduced hepcidin ledadsto mutations in genes that reguldfeViP
expression or that affeetAMP itself, as in Hereditary Hemochromatosis (HH). Aicgd forms of
iron-overload are caused by increased or ineffeaiythropoiesis, as rthalassemia.

Hereditary Hemochromatosis is an autosomal recestisease that leads to iron overload in liver
and other parenchymal organs. It is a heterogendisaase with a frequency of 1: 350 in northern
Europe and 1: 1.500 in Italy, with low penetranced adifferent clinical manifestation.
Complications include liver cirrhosis, cancer, ditds, hypogonadism, heart failure and arthritis
(Hentze, et al., 2010). Most patients do not mahifeny symptoms until adulthood. Patients
increases levels of transferrin saturation at @& and serum ferritin concentrations greater than
300 pg/L in males and 20Qg/L in premenopausal women (Munoz, et al., 2009)céddiagnosed
with hemochromatosis, the treatment that is $tél most effective is phlebotomy (Andrews, 2000)
or alternatively chelation with specific drugs (Caxd Peters, 1979). In 1996 Fedeal. identified

the gene involved in Hemochromatosis on the short af chromosome 6 and called HIFE
(Hemochromatosis gene) (Feder, et al., 1986)ally it was believed that this single gene was
responsible for the disease and that the diffesenérity of iron overload in different patients was
attributable to mutations located in different aredlowever, family studies implicated in the
disorder different genes, all involved in hepcidagulation or iron transportiFE2 (HJV), TFR2
FPN andHAMP itself. The disease could be classified in 4 déife categories according to the
gene mutated. Mutations HFE gene cause Type 1 HH that is the most commonity@aucasian
population. The more frequent mutation is the pZ2& homozygous state (Feder, et al., 1996);
other HFE mutations are relatively rare. Penetrance of T¥pdH is low and the influence of
modifier genes and/or environment is very imporfantdisease expression (Beutler, et al., 2002).
Clinical manifestations spread from mild to sevare occur most commonly in aged male.
Mutations inHFE2, HAMP and TFR2cause less common but clinically more severe fayfriidH.
Mutations inHFE2 or HAMP cause Type 2 HH, also called Juvenile Hemochrosma{dH) since it

manifests within the third decade of life. The idal symptoms of these mutations are more severe
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thanHFE related HH (Papanikolaou, et al., 2004; Pietramg2010). Patients usually present with
hypogonadism and cardiac symptoms and delay imds&g and treatment may lead to death from
cardiac involvement (Le Gac and Ferec, 2005). T3p¢H is due to mutations ifFR2 genes. It
may presents early, but with less severe phendtyae the juvenile form (Camaschella, 2005;
Chen and Enns, 2012FR2related forms of HH are rare however are quite moom in Italy and
Japan. Mutations of the ferroportin geB&C40A1lmay cause a peculiar form of Hereditary
Hemochromatosis (HH) also known as Type 4 HH orofsortin disease (Pietrangelo, 2011).
Ferroportin disease is a genetically and clinicilgterogeneous syndrome with an autosominal
dominant transmission and incomplete penetrancelLére et al., 2011; Pelucchi, et al., 2008;
Pietrangelo, 2010). Clinical phenotypes are usuatgsified in two groups: the loss of function
phenotype (Type A or classical FPN disease) andy#ne of function phenotype (Type B or non-
classical FPN disease) (Detivaud, et al., 2013YhBwe characterized by hyperferritinemia, but
while the former is characterized by normal or Itevels of transferrin saturation and iron
accumulation within the macrophages (Montosi, et2001), the latter is characterized by high
transferrin saturation and iron accumulation mostighin hepatocytes (Njajou, et al., 2001).
Usually loss of function mutations affected thedlzation of FPN to the cell membrane or its iron
export function (Schimanski, et al., 2005), leadiogron sequestration in the cell. Converselyngai
of function mutations affected the interaction bedw hepcidin and FPN leading to a continuous

efflux of iron from cells to plasma.

Hepcidin levels are inappropriately low also inn#o@ading anemias, such @sthalassemia in
which dysfunctional erythropoiesis inhibit hepcidirpression. Repeated blood transfusions are the
major cause of this form of iron overload. Morequie erythropoiesis demand inhibits hepcidin
production, worsening the iron accumulation. Irbattaccumulates derived from red blood cells
and it primarily deposited in reticuloendotheliahenophages and only after in parenchymal cells.

The clinical manifestation of secondary iron-ovadds similar to that of HH. The most common
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clinical presentation are hepatomegaly, splenonyegakdiac diseases, diabetes and liver cirrhosis

(Gattermann, 2009).

IRON DEFICIENCY

Iron deficiency most commonly manifests as micrmcgnemia. Iron Deficiency Anemia (IDA)
refers to the reduction of iron stores caused Isyfiitient dietary iron intake or chronic blood
losses, usually due to intestinal worm colonizationdeveloping countries. Patients with iron
deficiency normally have low or undetectable lealiepcidin.

Anemia of Chronic Diseases (ACD) is a common aeguform of anemia caused by prolonged or
chronic inflammatory states. Inflammatory cytokineduced hepcidin transcription reducing iron
availability for erythropoietic demand. Excessivephidin production is seen in patients with
infections, malignancies, chronic kidney diseasesany type of inflammation. If prolonged, it
leads to ACD (Hentze, et al., 2010).

Iron-Refractory Iron Deficiency Anemia (IRIDA) is genetic disorder caused by mutations in
TMPRSS&ene (Du, et al., 2008). Mutations in this geneseaa constitutive high expression of
hepcidin and therefore low levels of available ieovd anemia. Since this disease is due to a genetic
defect, IRIDA patients are usually children andasmonsive to oral and partially refractory to

parenteral iron, because of inappropriately higbcign levels.
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Iron metabolism, oxygen homeostasis and erythrgmi@re tightly interconnected. During
hypoxia, erythropoiesis is strongly stimulated &od requirement by the bone marrow increases to
allow erythroid progenitors maturation and prolfieon (Liu, et al., 2012). Thus, iron absorption
and release from stores must increase to sustairerythropoietic drive (Finch, 1994). This is
accomplished by a marked suppression of hepaticidieptranscription.Hepcidin is a small
peptide hormone mainly produced by hepatocytes @tified by HAMP gene. It binds to
ferroportin, the only known cellular iron exportenediating its internalization and degradation
(Nemeth, et al., 2004b). Its action inhibits irdmsarption from the diet and iron release from the
stores (liver and spleen macrophages), preventiecgss iron absorption and maintaining normal
iron levels within the body. Hepcidin expressiorstisctly controlled by different stimuli that up o
down-regulate its production through different silymg pathways (Fleming, 2007; Knutson, 2010;
Piperno, et al., 2009). Although many progresse® leen made in the last years, mechanisms of
hypoxia-induced hepcidin regulation are still pahyi unknown. Mammals primary sense hypoxia
by the Q-regulated Hypoxia Inducible Factors HIF-1 and RIFSemenza, 2001) that activate or
repress genes involved in adaptations to hypoxakding erythropoietin (EPO) and iron proteins
(Semenza, 2001) through the VHL-PHDs pathway (Reyssux, et al., 2008). Studies in
hepatocyte-specific HIFel or VHL (Von Hippel Lindau) knockout mice (Peyssanm, et al.,
2007) and in patients with Chuvash polycythemianboygotes for the VHL R200W mutation
(Gordeuk, et al., 2011), demonstrated that VHL/Hiaxis has an important role in hypoxic
down-regulation of hepcidin expression. Howevemsarecent evidences indicate that hypoxia
might act indirectly stimulating the bone marrowétease soluble factors in response to the EPO-
induced erythropoiesis (Liu, et al., 2012; Mastamgiaki, et al., 2012; Ravasi, et al., 2014; Volke,
et al., 2009). Indeed different studies in animaldels showed that hepcidin down-regulation was
blocked if erythropoiesis is inhibited (Pak, et &006; Vokurka, et al., 2006). Several erythroid
mediators have been proposed, such as the Groufitrdditiation Factor 15 (GDF15) (Tanno, et

al., 2007) or the Twisted Gastrulation Homolog WM3G1) (Tanno, et al., 2009), released by the
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expanded erythroid marrow that could interfere wite BMP-SMAD pathway (Tanno, et al.,
2009). However, these results were not confirmetl(@asanovas, et al., 2013). Very recently two
others molecules have been identified and propasedrythroid regulators of hepcidin, Platelet-
derived growth factor-BB (PDGF-BB) (Sonnweber, &t 2014) and Erythroferrone (ERFE)
(Kautz, et al., 2014). PDGF-BB is a target of Hifand a significant increase of serum PDGF-BB
levels was reported in humans and mice exposedypobaric hypoxia. ERFE is a recently
discovered TNE-like protein, released by the bone marrow in coodiof enhanced erythropoiesis
and codified byFAM132B gene. It seems to act directly inhibiting hepdtepcidin expression,
through a still not fully clarified mechanism. Hove, ERFE seems not to be directly regulated by
hypoxia (Kautz, et al., 2014). It has been demaitestk that hypoxia-mediated hepcidin inhibition in
humans begins since after 6 hours and within 48shofihypoxia exposure (Piperno, et al., 2011;
Sonnweber, et al., 2014; Talbot, et al., 2012)tHarmore, in mice with enhanced erythropoietic
activity due to phlebotomy or EPO injection, ERF&vdls increased already after 4 hours of
treatment reaching its maximum at 15 hours, theeafecreasing (Kautz, et al., 2014). These
evidences suggest that the hypoxia-induced hepddimn-regulation occurs rapidly following
erythropoiesis activation.

The aim of this thesis was to investigate hepcrdigulation mediated by hypoxia using different

approaches:

1. we first investigated the modifications induceddmyte exposure to hypobaric hypoxia on
iron metabolism in healthy volunteers participattogan expedition on Mount Rosa in the
Alps, evaluating the time course of serum hepcitbrrjtin, EPO, IL-6 and GDF-15 after
exposure to acute hypobaric hypoxia;

2. we then use an already set mpvitro model to evaluate the effect of volunteers’ sera

exposed to normoxia and hypoxia BIAMP expression by using a promoter-luciferase
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based assay and by analyzing endogenous gene &rprés a human hepatoma-derive
cells line (HuH-7);

. finally, we took advantage of a mouse model of @adwypobaric hypoxia to study how
hepatic hepcidin levels are modulated in connectwth changes in erythroid molecules.
For this purpose we first evaluated the time cowkdepcidin inhibition after hypoxic
challenge and then we analyzed the transcriptivaeldeof the candidate erythroid genes
Gdf15 Twsgl Pdgf-bandFam132bin the liver, bone marrow and spleen. We then dedu

our attention on PDGF-BB and its regulatory pathway
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STUDIES WITH HUMAN SUBJECTS

41 healthy volunteers (21 males and 20 femalesg werolled in the “MONTE ROSA” study.
They were in good general health and they live paently at less than 500 m above sea level.
Exclusion criteria were: repeated prolonged expesuo altitudes more than 3000 m above sea
level in the 8 months preceding the expeditionfonys of severe mountain sickness, history of
angioedema, and pregnancy. Professional athletes wet included in the study. Subjects
underwent a general health checkup, including ésertest and echocardiography before the
expedition. All subjects gave their written infordheonsent to the study procedures. The study
protocol was approved by the Ethics Committee tiful® Auxologico Italiano (2010 _04 13 01),

and the study was conducted in agreement with dwabation of Helsinki.

‘“MONTE ROSA” STUDY DESIGN AND PROCEDURES

Figure 10 summarizes the different steps of th©MIE ROSA” study. The participants traveled
from sea level (Milan, 140 m) by car to Alagna (221), by cableway to Indren and then by hiking
to Gnifetti Refuge (3647 m) where they stayed #hdurs. They hiked out to Capanna Margherita
Refuge (4554 m) were they stayed for another 2 ,dédngn they returned to sea level (Milan).
Samples were collected at 3 time points: sea lbaskline (SL) and during exposure to high
altitude (4554 m) after 24 and 72 hours (S1 and&ectively). Blood samples were immediately
centrifuged and sera stored at —80°C at sea ledmreas during the expedition they were stored in
2-mL cryogenic tubes and frozen in nitrogen vapontainers (Cryoshippers MVE Biologic

Systems) for the whole period until the return, whkieey were definitively stored at —80°C.
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Figure 10. Time-course of MONTE ROSA expedition

MONTE ROSA TIME COURSE
Capanna Margherita Refuge

HUMAN IRON AND OTHER INDICES

Humanserum ferritin and EPO were measured by standatdads. Serum IL-6 and GDF-15 were
measured by commercial kits (ELISA assays; R&D &yst Inc. MN, USA). Serum hepcidin was
measured by SELDI-TOF at the University of Verosgpeeviously described (Campostrini, et al.,

2010; Swinkels, et al., 2008).

CELL CULTURE AND SERUM TREATMENT

The human hepatoma cell line HuH-7 was grown in DM@®ulbecco’s Modified Eagle Medium)
supplemented with 10% heat-inactivated fetal boserum (FBS), glutamine and combined
antibiotics, at 37°C and 5% GOro examine the effect of hypoxic sera, cells wegeded in 6-well
plates (300.000 cells/well). After 24 h they wetarged of FBS for 24 h, after which the medium
was changed to medium containing 10% human serymreasously reported (Ravasi, et al., 2012).
After an additional 48 h, cells were harvested RINA isolation and gene expression analysis as

reported below. HuH-7 cells were treated with 2@ s# volunteers collected at sea level and at S2.
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DUAL-LUCIFERASE REPORTER ASSAY

A pGL2-basic reporter vector (Promega Corp., Madis&/l, USA Corp., Madison, WI, USA)
harboring a 2.9Kb fragment of human hepcidin pran@WT) (Pagani, et al., 2008) was used to
analyze hepcidin promoter activity by luciferassags HuH-7 cells were seeded in 48-well plates at
40% of confluency. Cells were transiently co-tratéd with hepcidin promoter-luciferase construct
(250ng) and pRL-TK renilla lulciferase vector (15r{§romega Corp., Madison, WI, USA Corp.,
Madison, WI, USA) to control transfection efficignby Fugene HD transfection reagent (Promega
Corp., Madison, WI, USA Corp., Madison, WI, USA). addition, a 1207 bp fragment of hepcidin
promoter was cloned in pGL4.10 basic reporter we@oomega Corp., Madison, WI, USA Corp.,
Madison, WI, USA) by Polymerase Chain Reaction (P@Rh sequence specific primers (forward
primer: 5'- GGCTCGAGGCTAGAATCTCAGCTCTGCCTCTGGCTG-and reverse primer: 5'-
GG GCTAGCGTGACAGGTCGCTTTTATGGGGCCTGC -3 [modifieifom (Hintze, et al.,
2011)) and human genomic DNA as template. The I#®¢onstruct lacks the distal portion of
hepcidin promoter including the two distal BMP respive elements (BMP-RE2 and -RE3)
(Casanovas, et al., 2009) and the SMADA4/7 resperedement (SMAD-R1) (Mleczko-Sanecka, et
al., 2010). The PCR product was cloned upstreathefirefly luciferase gene by digestion with
Xhol and Nhel-HF (New England BioLabs Inc. IpswiddA, USA). Plasmid construct was
verified by direct sequencing. Plasmid DNA was asetl by Pure Yield™ Plasmid Miniprep
System kit (Promega Corp., Madison, WI, USA) fansfection. The pGL-basic plasmids were
also co-transfected with pRL-TK renilla as a negatontrol. After 24h of transfection cells were
incubated with 10% of human serum. After 48 h ceMse lysed and firefly and renilla luciferase
activities were measured by a Glomax Multi JR lupnireter according to manufacturer's protocols
(Promega Corp., Madison, WI, USA). Relative lucfes activity was calculated as the ratio
between firefly (reporter) and Renilla luciferasdivdty. Experiments were performed in triplicate.

Transfected HuH-7 cells were treated with 24 sérmunteers collected at sea level and at S2.
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ANIMAL CARE AND IN VIVO STUDIES

Wild-type C57BL/6 male mice 1@eeks old were purchased from Charles River Laboest
(Italy). They were housed at the animal facility thfe University of Milano-Bicocca under
pathogen-free conditions with fixed day and nigitles and free access to water and food. All
animal experiments were performed in accordanch thi¢ Italian law and all experiments were

approved by the ltalian ethics committee (N° 00220

HYPOXIA STUDIES IN MICE

Mice were put into a hypoxic chamber under hypabhayipoxic conditions containing a fraction of
10% Q in nitrogen-saturated air for 6 and 15 hours. @uninice were kept under normal
conditions (21% oxygen content of the air). Follogvihypoxic challenge, mice were anesthetized
and blood was taken via intra-cardiac puncture.eMi@re sacrificed via cervical dislocation and
liver and spleen were collected and snap-frozehqund nitrogen. Femur and tibia bones were
collected to immediately perform the bone marrousiing. Tissue samples were used to extract
MRNA as described below; serum was used to quaBtijyhropoietin and PDGF-BB levels by
ELISA Quantikine Immunoassay kit (R&D Systems, Maapolis, MN, U.S.A.). Mice subjected to
hypoxia received either an intraperitoneal injettd 500ug of AG1296 (MMEDICAL), or 10Qug

of anti-PDGF-BB antibody (R&D Systems Inc., Minneap, MN) each in 10QuL of PBS solvent.
AG1296 and anti-PDGF-BB antibody were deliverecd angle dose immediately prior to hypoxic

challenge for 15 hours. Intraperitoneal injectidri@0 ul of PBS is used as “mock” control.

BONE MARROW FLUSHING

For bone marrow cell suspension preparation, éelle mice’s femur and tibia were flushed with
PBS-2% FBS. The cell suspension was gently passedgh a 21 G needle and then through a 40

MM cell strainer (BD Bioscience, San Jose, CA, U.B.Ahe suspension was then transferred to a
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50-mL conical tube and centrifuged at 2000 rpmSfoninutes. After centrifugation, the cell pellet

was used for RNA extraction as described below.

RNA EXTRACTION AND cDNA SYNTHESIS

RNA from cell cultures and from bone marrow celkgension was extracted using ZR RNA
miniprep (Zymo Research Corporation, Irvine, CASIA.) according to the manufacturer’s
protocol. RNA from frozen organs was extracted gisiiRlzol reagent (Lifetechnologies, Foster
City, CA, U.S.A.) according to the manufacturer'sotpcol. RNA was quantified by
spectrophotometry and its integrity assessed bydeoaturing agarose gel. Two pg of total RNA
was used as a template for reverse transcriptenfioqmed using the High Capacity cDNA Archive

kit (Lifetechnologies, Foster City, CA, USA), acdorg to the manufacturer’s protocol.

REAL-TIME QUANTITATIVE-PCR

MRNA expression levels of human and mice genes eeakiated by quantitative real time PCR
(QRT-PCR);HPRT1was chosen as housekeeping gene. The analysispgdogmed on an ABI
7900HT (Lifetechnologies) using the Assays-on-DetharGene Expression Products
(Lifetechnologies) according to the manufacturefst@col. Instrument was set up with default
thermal cycler protocol provided by the produc&’G for 2 min, 95°C for 10 min, 95°C for 15 sec
and 60°C for 1 min for 40 cycles. For each PCRtreac25 ng of cDNA were used as a template.
All analyses were carried out in triplicate; resuthowing a discrepancy greater than 0.3 cycles
between the samples were excluded. Relative gieanfitesent in each sample were assessed using
the Z“Y method (Livak and Schmittgen, 2001). Non-retrascaibed RNAs were included in each
amplification plate, and the analysis regarded al&dvif the fluorescence intensity in the no-

template control was zero.
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PROTEIN ISOLATION AND WESTERN BLOT ANALYSIS.

For western blot analysis, proteins were isolatedNBT buffer. Samples were solubilized in NET
buffer [150 mM NaCl, 5 mM EDTA, 10 mM Tris-Hcl pH4, 1% Triton X-100, and 1X Protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO,2A) (pH 7.4)] on a roller mixer for 10 min 4°C
and cleared by centrifugation at 13500 rpm for 16 A7C. Protein concentrations were measured
using Bradford Assay (Sigma-Aldrich, St. Louis, MOSA). Lysates were then analyzed by
Western blotting for CREB/H. 40 ug of protein extsawere diluted in reducing LDS sample
buffer and boiled for 5 min at 97 °C. Proteins weeparated electrophoretically on an pre-cast SDS
12% polyacrylamide gel transferred to nitrocell@lo€GE Healthcare, Amersham Biosciences
Europe GmbH, Freiburg, Germany), and incubatedLfar 30 min in blocking buffer [5% nonfat
dry milk in Tris-buffered saline with 0.1% Tweenf0DBST)]. Blots were incubated in blocking
buffer containing rabbit anti-CREB/H (1:1000; Keasf, Inc., Boston, MA, USA). After wash with
TBST, blots were incubated in TBST containing a0D@ donkey anti-rabbit secondary antibody
conjugated to horseradish peroxidase (Jackson IroResearch Laboratories, Inc., West Grove,
PA, USA ).To confirm equivalent loading blots were re-probeith rabbit anti-actin (1:5000;
Sigma-Aldrich, St. Louis, MO, USA) followed by HRfdnjugated donkey anti-rabbit secondary
antibody (1:10000, Jackson ImmunoResearch Labdeatoinc., West Grove, PA, USAAfter
washes with TBST bands were visualized by usingaeoéd chemiluminescence (GE Healthcare,

Amersham Biosciences Europe GmbH, Freiburg, Gerjnamy X-ray film.

LIVER IRON CONTENT (LIC) AND SPLEEN IRON CONTENT (S IC)

EVALUATION

Briefly, liver and spleen samples were stored 8fC8until analysis. Specimens were dried for 18
hours (O/N) at 65°C, weighed, transferred to a imal-free vessel and acid-digested with 0.3 mL
of a 1/1 (v/v) mixture of concentrated sulphuridantric acids in 3 mL total volume. A blank was
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treated similarly. LIC and SIC were measured bymatoabsorption spectrophotometry and

expressed in mg Fe/g dry weight (Barry and Sherl@®K1).

STATISTICAL ANALYSIS

Data were expressed as median or geometric meanaagd. Paired t test was used to compare
values at baseline and after hypoxia exposure. WzxyeAnova and Tukey or Dunn test post-hoc
analysis were used to compare values among monetwa groups. All tests were two sided and
with a significance level ofi equal to 0.05. Analyzes were carried out by theABRPAD PRISM

statistical analysis software (version 3.02) (GRaguth Software, Inc., La Jolla, CA, USA).
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PESULTS



STUDIES WITH HUMAN SUBJECTS

BIOCHEMICAL DATA

Table 1 shows the characteristics of volunteersbageline according to sex. As expected,

hematocrit, hemoglobin, serum hepcidin and serumitife were lower in women than men. 15

volunteers (3 males and 12 females) were excludaxhuse of pre-latent iron-deficiency (low

serum ferritin) due to menstrual blood loss or bldnations. They showed undetectable hepcidin

levels at baseline and throughout the entire stlitlys, the subsequent analyses were performed in

the remaining 26 volunteers (18 males and 8 ferpales

Table 1.Characteristics of 41 subjects of Monte Rosa gidugasal level (SL).

Females (N=20) Males (N=21)
1st_3rd st_3rd
Mean Median ) Mean Median i P value
quartile quartile
Age (yrs) 35.7 32 20.2-41.2 375 37 31-41.3 ns
Hematocrit (%) 38.6 38.4 37.1-40.3 42.9 42.5 40.7-44.8 < 0.0001
enegg 132 1305 12.7-13.6 14.6 144  13.8-15.3 <0.0001
(g/dL)
Serum Hepcidin - o, 153 153-5.83  10.7 75 3.7-16.9 0.008
(ng/mL)
Serum Ferritin
345 31.5 11.7-51 146 114 74-172 0.001
(ng/mL)
Erythropoietin 10.2 9.96 6.3-13.4 12.4 8.2 5.8-12.9 ns
(mU/mL)
IL-6 (pg/mL) 1.07 0.03 0.00-0.30 0.24 0.00 0.00-0.30 ns
HYPOXIA CHALLENGE

Figure 11 reports data at baseline (SL) and a#e(S2) and 72 (S2) hours of hypoxia exposure.

Hypoxia induced significant hepcidin reduction theats mild at S1 and marked at S2, when 25 out
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of 26 subjects (96.15%) showed undetectable leyedsexpected, EPO markedly increased at S1,
slightly decreasing thereafter, while serum faerrdecrease reaches the statistical significan8e at
IL-6 significantly increased after 72 hours of hy@ while GDF-15 levels did not change.

Figure 11.Serum parameters at basal level (SL) and aftem2472 hours exposure to high altitude

(S1 and S2) in 26 healthy volunteers; A: Serum tgpcB: Serum ferritin, C: Erythropoietin, D:
GDF-15 and E: IL-6. Data are expressed as mean + ds
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DUAL-REPORTER LUCIFERASE ASSAY

To evaluate whether hypoxia regulates hepcidinutdinothe release of circulating factors by the
activated erythroid bone marrow, we transfected Huttlls with WT or 1207bp-HAMP-promoter
luciferase constructs and we stimulated them waluivteers’ normoxic and hypoxic sera (at S2).
The 1207 bp construct lacks the distal portion epdidin promoter including the two distal BMP
responsive elements (BMP-RE2 and -RE3) (Casanetasd,, 2009) and the SMAD4/7 responsive
element (SMAD-R1) (Mleczko-Sanecka, et al., 201Rgsults of luciferase experiments are
reported in Figure 12. Treatment with hypoxic skyd to a significant decrease of luciferase

activity of WT-HAMP-promoter, compared to normoxsiera (p=0.038). After transfection with the
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1207bp-HAMP-promoter we observed a reduced actimatf luciferase gene, both with normoxic

and hypoxic sera.

Figure 12. Luciferase assay in HuH-7 cell line transfectedhwihe WT-HAMP promoter or
1207bp-HAMP-promoter and stimulated with 24 norneof8L) and hypoxic sera (at S2). Data are
expressed as geometric mean + sd. (RLU=Relativédrase Unit).

P=0.038
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GENE EXPRESSION ANALYSIS

To confirm the results obtained using the hepcphiomoter luciferase assay, we then evaluated
whether exposure of HuH-7 cells to medium contgnimormoxic or hypoxic sera modified
endogenousdAMP transcription, as well as the mRNA levels WAMP regulators BMP6 and
TMPRSSPH and markers of the BMPs-SMADs pathwadR®X) (Meynard, et al., 2011) and of the
inflammatory pathwaylNHBB) (Besson-Fournier, et al., 2012). Different to bepcidin-promoter
luciferase data, results were not uniform regardiagcidin expression. In fact, compared to basal
sera, the hypoxic sera of 14 volunteers (Group éWrdregulated endogenok$AMP mRNA
levels. In the same group of subjects, da3b MRNA was significantly down-regulated by hypoxic
sera (Table 2). Hypoxic sera of the remaining 1Riveers (Group B) either up-regulated or did
not change bottHAMP and ID1 mRNA levels. mRNA levels oBMP6 (HAMP activator),
TMPRSS6 (HAMP repressor) antNHBB (marker of inflammatory pathway) did not change in

both group A and B after treatment with hypoxicaser
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Table 2.HAMP, ID1, BMPG§ TMPRSS@&ndINHBB mRNA expression in HuH-7 cells treated with
normoxic and hypoxic (S2) sera of 26 volunteerdu¥a are expressed as median and range.

Group A (N=14) Group B (N=12)
Sea Level High Altitude Sea Level High Altitude
(SL) (S2) P value (SL) (52) P value
(141m) (4554m) (141m) (4554m)
HAMP mRNA 0.15 0.08 0.0008 0.07 0.12 0.018
(27-ACt) (0.02-0.57)  (0.02-0.33) (0.04-0.21) (0.04-0.22)
ID1 mRNA 17.9 13.1 0.005 8.7 12.5 ns
(27-ACH) (1.8-34.5) (2.1-26.1) (5.6-28.8) (3.8-30.7)
BMP6 mRNA 0.004 0.003 ns 0.003 0.002 ns
(27-ACH) (0.0006-0.006 (0.0009-0.007 (0.00-0.007) (0.0005-0.005
TP 0.035 0.027 s 0.014 0.012 s
(0.005-0.13) (0.007-0.11) (0.004-0.04) (0.003-0.03)
(27-ACH)
INHBB mRNA 0.146 0.151 ns 0.215 0.184 ns
(27-ACH) (0.005-0.843) (0.006-0.558) (0.086-0.547 (0.073-0.510)

Trying to find explanations for the differenceshiepcidin expression between the two groups, we
evaluated serum levels of IL-6, EPO, s-FERR and @BFbut no significant differences were
observed either at sea level or high altitude (@&l In each group GDF15 did not change, s-
Hepcidin and s-FERR decreased, while IL-6 and ER§dnifcantly increased after hypoxia

exposure and the magnitude of changes were simitzoth groups.
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Table 3. Biochemical parameters differences between grédupsd B of 26 volunteers. Values are
expressed as median and range

Group A (N=14) Group B (N=12)
Sea Level High Altitude Sea Level High Altitude
(SL) (S2) P value (SL) (S2) P value
(141m) (4554m) (141m) (4554m)
fler“r.‘:j. 7.30 1.53 13.10 1.53
epcidin (26-356)  (153-7.7) <001 (18200 (153535 <0:0001
(ng/mL)
Serum Ferritin 69.5 47.5 110.5 72.0
(ng/mL) (17-338) 10-252) <001 (34 445) (14-393) <0-0001
Erythropoietin 7.35 38.45 9.0 34.4
(mU/mL) (35-13.2)  (15.4-123) 0001 533731  (7.8271) <O
GDF-15 429.2 580.4 492.6 496.3
(pg/mL) (210.6-1265.3) (357.1-1147.6) S (75.6-2278.2) (231.0-1350.0) S
IL-6 0.0 0.71 0.1 1.26
(pg/ml) (0.0-7.4) 0.09.6) <001 (90.0.74) (0.0-47)  <0.01
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STUDIES WITH MICE MODELS

To assess the erythropoietic activity of the hypaxice we first examined serum erythropoietin
levels. EPO levels doubled at 6 hours of hypoxi@osure, reaching their highest values after 15

hours of treatment, as compared to control mic®Il€ra).

Table 4. Erythropoietin levels of normoxic (CTRL, N=7) ahgpoxic (6h, N=6 and 15h, N=8).

HYPOXIA HYPOXIA
CTRL EXPOSURE EXPOSURE
(N=7) 6h 15h P VALUE
(N=6) (N=8)
S-EPO 627 1202 1351 s
(pg/ml) (131-1675) (742-2433) (244-8584)

GENE EXPRESSION ANALYSIS IN THE LIVER

We evaluated the modulation of hepatic hepcidirdpotion in response to increased erythropoietic
activity measuringHampl mRNA levels. As reported in Figure 1Blampl mRNA expression
increased after 6 hours of hypoxic challenge coegbdp controls, possibly due to temporary

inflammatory activation (Hartmann, et al., 2000y dinen significantly decreased after 15 hours.
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Figure 13. HamplmRNA expression in the liver of normoxic (CTRL, NA and hypoxic mice
(HYP) after 6h (N=8) and 15h (N=11). Boxes denatedr quartile, mean and upper quartile, and
whiskers show maximum and minimum ranges.
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Hepatic mMRNA levels of5df15did not significantly change whil@wsglsignificantly decreased
after 15 hours of treatment (Table 5). We also yaeal Hepatocyte Growth Factoddf) and
Epithelial Growth FactorEgf) mRNA levels to assess whether they could haw@ein hepcidin
inhibition during hypoxia, because previous studggested they could both inhibit hepcidin
expression in chronic liver failure (Goodnoughakt 2012). However, we did not observe changes
between hypoxic and control mice at 6 hours. Howesae 15 hourdHgf mRNA was lower in

hypoxic mice than in controls, altyf MRNA decreased significantly compared to 6-hoyysoRic

mice. (Table 5)
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Table 5.Gdf15 Twsgl Hgf andEgf mRNA expression in the liver of normoxic (CTRL, N3land
hypoxic mice (HYP) after 6h (N=6) and 15h (N=11gdRIts were expressed as median (range).

HYPOXIC

oL HYPOXICCHALLENGE  YPOXIC

_ 6 hours P value
(N—12) (N_6) 15 hours
= (N=11)

LIVER Gdfi5mRNA  0.195 0.067 0.043 s
(27-ACH) (0.023-0.737) (0.014-0.161) (0.012-0.103)
LIVER Twsyl mRNA  0.469 0.428 0.182
(27-ACH) (0.240-0.776 (0.087-1.111) (0.044-0519) ~0-05CTRLvs 15h
LIVER Hgf mRNA 0.06 0.03 0.019
(27-ACH) (0.02-0.18) (0.01-0.08) (0.007-0.60) ~0-05 CTRLvs 15h
LIVER Egf mRNA 0.01 0.03 0.008
(27-ACH) (0.002-0.68) (0.01-0.06) (0.001-0.023)  ~0-016hvs15h

GENE EXPRESSION ANALYSIS IN BONE MARROW AND SPLEEN

We analyzed mRNA expression of candidate geépad5, Twsgl, Pdgf-BndFam132b(ERFE),

in bone marrow and spleen. In bone marrow, all gevere significantly up-regulated after 6 hours
of hypoxia exposure and then returned to basal kfer 15 hours of treatment with the exception
of Fam132bwhose mRNA levels decreased at 15 hours, but motgh to reach the statistical

significance (Figure 14).

On the contrary, when we analyzed the same gendbeinspleen, we did not observe any

differences in their mRNA levels after hypoxic deabe, as compared to controls (Figure 15).
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Figure 14. A) Gdfl5,B) Twsgl,C) Pdgf-b and D) Fam132bmRNA expression in the bone
marrow of normoxic (CTRL, N=12) and hypoxic miceYP) after 6h (N=6) and 15h (N=11).
Boxes denote lower quartile, mean and upper gaagitd whiskers show maximum and minimum

ranges.
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Figure 15. A)Gdfl5,B) Twsgl,C) Pdgf-bandD) Fam132bmRNA expression in the spleen of
normoxic (CTRL, N=12) and hypoxic mice (HYP) af (N=6) and 15h (N=11).Boxes denote
lower quartile, mean and upper quartile, and whiskbow maximum and minimum ranges.
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TREATMENT WITH a-PDGF-BB AND AG1296
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We explored the hypothesis that PDGF-BB is respbasior hypoxia-mediated inhibition of

hepcidin expression. We injected mice with the gmeanti-PDGF-BB antibody or with the

specific PDGF receptor (PDGF-R) kinase antagoniStL206 (tyrphostin) and exposed them to

hypoxia for 15h. Analysis of levels of serum PDBB-confirmed that treatment with-PDGF-

BB completely reset PDGF-BB levels while treatmeith AG1296 did not change serum PDGF-

BB levels respect to untreated mice, as expectaid (@t shown). Hypoxic mice receiving the anti-

PDGF-BB antibody or AG1296 showed a hepatic hepcidiRNA expression which was

comparable with normoxic mice, and higher thanypdxic mice untreated or treated with solvent
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(figure 16 A and B). As expected, treatments ohmaxic mice witha-PDGF-BB or AG1296 (data

not shown) did not lead to significant changeseapdidin expression.

Figure 16.Hamp1mRNA expression of liver of normoxic untreated en{€TRL); hormoxic mice
treated with PBS (CTRL+PBS), hypoxic mice after Dhlhypoxia challenge untreated (HYP) and
treated with PBS (HYP+PBSk-PDGF-BB (HYP+PDGF) (Figure 16A) or AG1296 (HYP+AG)
(Figure 16B). Results are expressed as mean andasthdeviation. Values of normoxic mice
untreated and treated with PBS were consideredsakearoup in statistical analysis.
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CREB/H WESTERN BLOT

To figure out the molecular pathway involved in tieln inhibition PDGF-BB-mediated, based on
previous work (Sonnweber, et al., 2014), we perfontestern Blot analysis on CREB/H
transcription factors. However, differently to Seraberet al. who reported a down-regulation of
this molecule at 48 hours of hypoxic challengepum experiments CREB/H levels did not change
after 6 and 15 hours of hypoxia exposure suggeshiagit is not involved in early response of

hypoxia-mediated hepcidin down-regulation (Figurg. 1
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Figure 17. Western blot analysis of total lysate protein \retiof normoxic mice (CTRL) and mice
subjected to hypoxia challenge for 6 and 15 hoAiter protein extraction, western blot analysis of
CREB/H was performed. Results were then normahwitidl actin expression.
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LIVER AND SPLEEN IRON CONTENT MEASUREMENT

We analyzed iron content in liver and spleen oftcrand hypoxic mice. As reported in Figure 18

A and B, no differences were observed between nxigramd hypoxic mice.

Figure 18. A) LIC (Liver Iron Content) and SI®) (Spleen Iron Content) measured in normoxic
mice (CTRL, N=6) and hypoxic mice (HYP) after 6h=%y and 15h (N=6) of hypoxia challenge.
Boxes denote lower quartile, mean and upper gaagitd whiskers show maximum and minimum

ranges. p values (not significant) were determingdg One-way Anova and Tukey test post hoc
analysis
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DISCUSSION



Hepcidin is the master regulator of iron homeostdss hepatic expression is regulated by different
stimuli that up- or down-regulated its levels (Ripe et al., 2009). Anemia, hypoxia and
erythropoietic drive (Nicolas, et al., 2002; Pakak, 2006; Vokurka, et al., 2006) inhibit hepaidi
expression to meet iron demand of bone marrow $tasu erythroid expansion. Although much
progress have been made in the last years, meomanishypoxia-induced hepcidin regulation are
still partially unknown. It has been recently dersipated that hypoxia inhibits hepcidin expression
indirectly, stimulating the bone marrow to releasduble factors in response to EPO-induced
erythropoiesis (Liu, et al., 2012; Mastrogiannaii,al., 2012; Pak, et al., 2006; Vokurka, et al.,
2006; Volke, et al., 2009). To shed more light bis ttopic we used different approaches to
investigate molecular mechanisms of hepcidin reguianediated by hypoxia. Our work on human
volunteers exposed to acute hypobaric hypoxia ooefi that hypoxia is a strong negative
regulator of hepcidin expressidn vivo. Serum hepcidin already decreased after 24 hours of
hypoxia exposure (S1) and was almost fully supgeksdter 72 hours (S2). These results confirm
those described by Talbet al. who showed almost complete hepcidin inhibitionhwit48 hours of
exposure to high altitude in volunteers living aadevel (Talbot, et al., 2012). The time course of
hepcidin inhibition indicates that it occurs rapidbut follows EPO activation, that markedly
increased after 24h slightly decreasing thereafseiggesting that factor(s) released by the
expanding erythroid bone marrow might regulate pcproduction (Piperno, et al.,, 2011).
Although GDF-15 has been previously reported adidate erythroid regulators of hepcidin
(Tanno, et al., 2007; Tanno, et al., 2009), inghesent study GDF-15 did not significantly changed
in volunteers after acute exposure to hypoxia. Téssilt confirms that GDF-15 is not required for
balancing iron homeostasis in stress erythropgiesisalso obtained by Casanoedsal. in mice
models with genetic inactivation &fdfl15(Casanovas, et al., 2013).

The in vitro study performed using hypoxic sera of volunteeuppsrt the hypothesis that
circulating factors are involved in hepcidin sumsien induced by hypoxia. Indeed, a significant

decrease oHAMP promoter activity was observed in HuH-7 exposedhypoxic sera, a finding
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that disappeared when transfecting HuH-7 cells witi207 bp fragment that lacks the distal
portion of HAMP promoter containing the BMP respoaselements. This suggests that factor(s)
present in hypoxic sera modulate a signaling casaatHuH-7 cells leading to down-regulation of
HAMP transcription and operating through one or maadcription factors binding sites related to
the BMP-SMAD pathway located in the distal promategion. This is also confirmed by gene
expression studies. Although only a number of gbkal4) inhibitedHAMP mRNA levels, this
down-regulation occurred together witb1 mRNA inhibition in HuH-7 cells, suggesting that
hypoxia regulates hepcidin transcription through 8MAD pathway. It is not easy to explain the
different results observed between luciferase arok ggxpression assays and between subgroups of
sera. We excluded that the two subgroups diffepmicg to IL-6, EPO, s-FERR and GDF-15
levels. One possible explanation is the higheribéitg of luciferase assay to detect even small
differences compared to qRT-PCIRR.summary, in 53% of participants (14 out of 2bgre is a
concordance betweeén vivo andin vitro analyses both by luciferase and gene expressgayss
These findings allow us to conclude that: i. cietulg factors are present in hypoxic sera; ii. they
can modulate hepcidin expression; iii. the cellulawdel we used cannot fully reproduce what
happensin vivo. It is also possible that hypoxia-induced hepcidown-regulation depends to
complex events involving both erythroid-derived disdue (liver-related) factors.

To overcome the limits of the cellular model, we& gp anin vivo model of acute hypobaric
hypoxia to investigate erythroid hepcidin regulati@nalyzing the expression of different bone
marrow-derived molecules in the liver, bone marramd spleen of mice subjected to hypoxic
challenge. Different molecules have been proposduktthe hepcidin erythroid regulator, such as
GDF15 (Tanno, et al.,, 2007), TWSG1 (Tanno, et a009) and very recently PDGF-BB
(Sonnweber, et al., 2014) and Erythroferrone (ERf&utz, et al., 2014). However, these results
need to be confirmed. The recent study of Sonnwebat. investigated the effects of hypoxia on
iron metabolism in mice suggesting PDGF-BB as a fiesn-molecule” able to inhibit hepcidin

during hypoxia acting through the CREB/H pathwagr(@~eber, et al., 2014). In this study mice
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kept under normobaric hypoxia for 48 hours presem&h a significant reduction in hepatic
hepcidin mRNA and with a significant augment ofuserPDGF-BB levels as compared with
control mice (Sonnweber, et al., 2014). Kasetzal. demonstrated that ERFE, a new TdNkKke
molecule produced by bone marrow erythroblastsmsew® be activated by EPO through the
JAK2/STAT-5 pathway, directly acting on hepatic bigln expression through a still undefined
mechanismHowever the evidences that ERFE could be the arigthinepcidin regulator were
obtained in animal models whose erythropoiesisingisced by phlebotomy or EPO injections, but
not in hypoxia models in which mechanisms of hejpcsglppression might be more complex
(Kautz, et al., 2014).

In our study, EPO levels already increased afteo@érs of hypoxic treatment, suggesting a rapid
activation of the erythropoietic drive, accordimmgprevious studies that demonstrated that hypoxia
generates a detectable increase in serum EPO v@thminutes, which peaks within 2 days and
thereafter declines over a period of 1 to 2 weaksoiunteers exposed to high altitude (Eckardt, et
al., 1989; Richalet, et al., 1994).

Hampl mRNA levels were slightly increased after 6 hoafshypobaric hypoxia exposure and
strongly down-regulated since after 15 hours oéttreent, confirming a rapid hepcidin down-
regulation, as occurs in humans (Ravasi, et al420albot, et al., 2012). After 6 hours of hypoxi
challenge we already observed a marked activatidranscription of all the erythropoietic genes
analyzed in the bone marrow, which then return @asebne levels after 15 hours. These data
demonstrate that hypoxia-induced hepcidin regutaticcurs indirectly. Indeed, hepcidin decreases
only after the up-regulation of the erythroid maies, which return to baseline levels when
hepcidin has reached the maximum inhibition. PD@-d8d ERFE but also GDF15 and TWSGL1
were up-regulated after hypoxia exposure only @libne marrow and not in the spleen or in the
liver. This indicates that hypoxia-induced trangton of these genes is tissue specific and
highlights the role of EPO as the promoter of {hiscess. Moreover, when we analyzed other

hepatic growth factors such as HGF and EGF, werebdea slightly reduction of these molecules
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after 15 hours of hypoxia exposure as comparedmdirals or 6-hours hypoxic mice. These results
suggested that these factors, that inhibit hepcieipression during chronic liver failure

(Goodnough, et al., 2012), were not involved indigdip down-regulation hypoxia-mediated.

Neutralization experiments confirm the importanerof PDGF-BB in hepcidin inhibition in this
setting, indeed when PDGF-BB or its receptor aractimated, hepcidin down-regulation is
suppressed and CREB/H seems not to be involvegpoxma-mediated hepcidin regulation. Indeed,
different of that observed by Sonneweléral. (Sonnweber, et al., 2014) who reported a down-
regulation of CREB/H at 48 hours of hypoxia expesim our experiments CREB/H levels did not
change during hypoxic challenge. This could be tudlifferent time point we analyzed and
suggests that this molecule is not involved inyeegsponse of hypoxia-mediated hepcidin down-
regulation.

It was previously demonstrated that ferritin levatsrelate with modulation of hepcidin expression
during exposure to hypobaric hypoxia, suggestira tton itself or its use in response to hypoxia
can induce hepcidin down-regulation (Piperno, et 2011). However, our results obtained by
measuring the total iron content of liver (LIC) aspleen (SIC) suggest that hepcidin inhibition
after 15h of hypoxia exposure was not influencedifiron stores.

In conclusion, our results demonstrate that hypoxéaliated hepcidin regulation follows the
release of circulating factors from the erythromhb marrow activated by EPO. This study also
confirmed that the bone marrow plays a key rol¢hm inhibition of hepcidin during hypoxia and
that PDGF-BB could be a good candidate as hepeigithroid regulators. However, this study also
suggest that multiple signals likely cooperateepdidin suppression during hypoxia. The results of
these studies are expected to have implicationdypoxia-related acute and chronic disorders,
contributing to explain the role of hepcidin in tpathophysiology of hypoxia adaptation and

possibly providing markers of clinical utility f@everal common disorders.
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