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Abstract
Hepcidin, the principal regulator of the iron metabolism, is up-regulated in response to inflammatory
stimuli, bone morphogenic proteins (BMPs), and iron excess. There are two murine hepcidin genes:
hepcidin-1 (Hamp1) and hepcidin-2 (Hamp2). Hamp1 gene responds to both IL-6 and BMPs while
Hamp2 responds to neither. We replaced the putative functional regulatory motifs of the Hamp1
promoter with the corresponding putative “non-functional” Hamp2 motifs and vice versa in reporter
constructs. Conversion of the Hamp1 STAT site into the Hamp2 site reduced the basal level of
reporter expression but did not affect IL-6 and BMP responsiveness; replacing Hamp2 site with the
Hamp1 site only resulted in partial responsiveness. These data are in contrast to the role of the STAT
site in the human hepcidin promoter which is important in both basal level and IL-6 inducible
promoter activity. The murine AP1, E-box and TIEG motifs were found to neither influence the basal
level of expression of Hamp1 and HAMP promoters nor play a critical role in the IL-6 and BMP-9
induced response. Our data suggest that the STAT site (nt −148 to −130) is important for the
regulation of basal level expression of Hamp1 but there are additional regions that are responsible
for the IL-6 and BMP-9 responsiveness within the Hamp1 promoter.
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Introduction
Hepcidin is a principal regulator of iron metabolism affecting iron uptake from intestine and
release of iron from body stores in liver and macrophages [1]. Its transcription is increased by
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diverse stimuli such as the cytokines IL-6, IL-1α and IL-1β, the bone morphogenetic proteins
-2, -4 and -9 (BMP-2, BMP-4 and BMP-9) and is decreased by hypoxia and anemia [1–6].

There is one hepcidin gene in humans (HAMP) while there are two murine genes, Hamp1 and
Hamp2. The Hamp1 and HAMP are functionally equivalent since both gene products bind
ferroportin and modulate iron metabolism [7,8]. In contrast, the product of Hamp2, although
up-regulated by iron excess, does not seem to affect iron metabolism in transgenic mice over-
expressing Hamp2 [9]. Moreover, in contrast to Hamp1, which is responsive to IL-6 and BMPs,
Hamp2 is responsive to neither [10,11].

The transcriptional regulation of hepcidin appears to be complex. Courselaud et al. [12] found
that CCAAT/enhancer-binding protein alpha (C/EBP-α) and C/EBP-β were very potent and
weak activators, respectively. Bayele et al. [13] concluded that members of the basic helix-
loop-helix leucine zipper (bHLH-ZIP) family of transcriptional regulators control hepcidin
expression through binding to the canonical E-box sequences. The bHLH-ZIP family of
transcription factors include upstream stimulatory factor 1 and 2 (USF1 and USF2). USF2
appeared to exert a polar or cis-acting effect, while USF1 was thought possibly to act in
trans to control hepcidin expression. Interestingly, co-expression of USF1/USF2 with hepcidin
promoter reporter constructs demonstrated significant up-regulation of Hamp1 but not
Hamp2. The SMAD4 transcriptional regulator, which is a part of TGF and BMP signaling
pathway, affects hepcidin expression since lack of SMAD4 reduces basal expression of
Hamp1 by 100 fold and reduces hepcidin response to IL-6, BMP-4 and TGF-β1 [5]. SMAD4
might regulate hepcidin directly via SMAD consensus motifs or possibly through TGFβ-
inducible early gene (TIEG) responsive elements within the hepcidin promoter [5,14–16].
Recently, it has been shown that STAT-3 plays a role in the inflammatory regulation of
HAMP and that a crucial binding site is located at nt −97 to−75 from start of transcription (nt
−148 to −130 from start of translation) and that a change of the STAT core binding residues
TTC into GGA led to a loss of responsiveness of HAMP promoter to IL-6 [17–19].

BMP-9 was selected as a molecule representing the BMP signaling pathway because of its high
potency to stimulate hepcidin [4] and its predominantly liver expression [20] and IL-6 was
selected as a molecule representing the inflammatory pathway in order to see whether these
signaling pathways share responsive elements and whether the regulation by STAT-3 is
conserved between human and mice..

In the present report we demonstrate that conversion of the Hamp1 STAT site to the putative
non-functional Hamp2 STAT site does not abolish its responsiveness to IL-6, while replacing
the Hamp2 non-functional STAT site with the Hamp1 STAT site increases responsiveness of
this promoter to IL-6 but not to the extent present in native Hamp1 promoter. Moreover, the
AP1 site, TIEG box as well as E box sequences within 650 bp of the proximal promoter are
not required for the response of hepcidin to BMP-9 and IL-6.

Materials and methods
Materials

Human recombinant BMP-9 and IL-6 were obtained from R&D Systems (Minneapolis, MN).
Minimal Essential Medium, L- glutamine, penicillin/streptomycin solution, fetal bovine serum
and polymyxin B sulfate were from Invitrogen (Carlsbad, CA).

Cell lines
The human hepatoma cell line HepG2 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA) and cultured in Minimal Essential Medium supplemented
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with 5% FBS, 100U/ml penicillin, 100 μg/ml streptomycin, 1 mM sodium pyruvate and 2 mM
L-glutamine.

Cloning of Hamp1, Hamp2 and HAMP promoter fragments into pGL3 basic
All nucleotides are numbered from start of translation, the nucleotide immediately 5′ to the
start ATG begin designated −1. The proximal 1.0 kb, 260 bp, 200 bp and 140 bp fragments of
the Hamp1 promoter, 1.2 Kb fragment of the Hamp2 gene were amplified by PCR and cloned
into the Promega (Madison, WI) pGL3 basic vector containing the firefly luciferase reporter
(luc) gene. Each promoter fragment was amplified by PCR using unique forward primers and
a common reverse primer, that ends 5 nucleotides after the start of transcription (nt −40) and
was inserted into the pGL3 basic vector or appropriately modified pGL3 basic vector using the
primers and restriction enzymes listed in Table 1. All cloned fragments were originally
amplified from genomic C57BL/6J DNA and sequences of all promoter constructs were
verified by direct sequencing using the ABI Prism 3100 Genetic Analyzer (AME Bioscience
A/S, Toroed, Norway). Using the primers listed in Table 1 we also made a human hepcidin
promoter reporter construct by amplifying a 2.0 Kb promoter fragment using the primers
described in Table 1, digesting with HindIII and inserting the resulting 1.3 Kb fragment into
pGL3 basic.

Mutagenesis of STAT/AP-1 sites in murine hepcidin 1, 2 and human hepcidin promoter
All nucleotide changes depicted in Figure 1 were carried out by using the Quikchange
mutagenesis kit (Stratagene, La Jolla, CA) and were verified by sequencing and mutant
sequences are shown in Figure 2.

Mutagenesis of TIEG and E-box site in murine hepcidin 1 promoter
In order to define the role of the TIEG (nt −208 to −194) and E-box (nt −101 to −96) site located
within 260 bp promoter fragment of the Hamp1 gene, we created reporter vectors designated
as mTIEG and mE-box by mutagenizing them with Quikchange mutagenesis kit (Stratagene,
La Jolla, CA). The TIEG 5′-gtgacacaaccctgt-3′ site was changed to 5′-gtggcacaaccctgt-3′ so
that it was identical to the sequence present in the Hamp2 promoter and E-box caggtg site was
changed to aaggta resulting in complete disruption of the canonical sequence (Figure 1).

Transfection and IL-6 treatment
Cells were plated onto 24-well plates (Corning, NY) at a density of 5×104 cells per well. The
next day 200 ng of selected plasmid constructs containing the firefly luciferase and 10 ng of
normalization plasmid pRL-TK (Promega, Madison, WI) containing the renilla luciferase were
co-transfected into the cells using FuGene6 transfection reagent (Roche Applied Science,
Indianapolis, IN) according to manufacturer’s instructions. Four to 6 hours post-transfection,
the cells were treated with 10 ng/ml of human IL-6 or BMP-9 for 12–16 hours in the presence
of 3 μg/ml of polymyxin to inhibit any possible contribution by cytokines generated by
contaminating lipopolysaccharide (LPS).

Dual Luciferase Assay (Promega)
BMP-9 or IL-6 induced cells were lysed using 150 μl of the passive lysis buffer (Promega,
Madison, WI). Thirty-five μl of LARII solution (Promega) were added rapidly to ten μl of the
cell lysate and the light output was measured using a LB 96V microplate luminometer (Berthold
Technologies GmbH&Co.KG, Bad Wildbad, Germany). Next, 35 μl of Stop&Glow solution
(Promega) were added and the renilla luciferase luminescence was measured to permit
normalization. Results are expressed as fold induction of firefly (luc)/renilla luminescence ratio
of treated cells over the ratio obtained from non-treated cells expressing the same construct.
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Basal level of expression is expressed as fold induction of firefly/renilla luminescence ratio of
reporter expressing cells over negative control represented by cells transfected with pGL3 only.

Results
In order to examine the role of the STAT (nt −148 to −130 nt), AP-1 (nt −134 to −125), E-box
(nt −101 to −96) and TIEG (nt −208 to −194) binding motifs in responsiveness of the murine
hepcidin promoter to IL-6 and BMP-9, we took advantage of the fact that murine Hamp1
responds to IL-6 and BMP-9 while murine Hamp2 does not. We hypothesized that some of
the nucleotide differences in the proximal promoter region between Hamp1 and Hamp2 might
be responsible for the lack of responsiveness of Hamp2 toward these stimuli. By
interconverting Hamp1 and Hamp2 at these sites, we hoped to delineate which of these motifs
were required for responsiveness to IL-6 and BMP-9.

The Effect of STAT, AP-1, TIEG and E-box mutagenesis on basal level of reporter expression
The murine Hamp1 promoter-containing constructs showed markedly higher basal level of
reporter expression than constructs driven by murine Hamp2 and human HAMP. We found
that changing the STAT site in the Hamp1 promoter into the corresponding supposedly non-
functional STAT site present in Hamp2 [mSTAT(3)] resulted in a significant decrease in basal
level of the luciferase reporter expression. Mutagenesis of the adjacent Hamp1 AP-1 site to
the corresponding Hamp2 AP-1 site resulting in a STAT/AP-1 double mutant [mSTAT/AP-1
(3,5)] did not have an additional effect on the basal level expression (Fig. 3A).

Inversely, changing the Hamp2 STAT site to the corresponding STAT site present in the
Hamp1 promoter [mSTAT(2)] led to a significant increase in the basal reporter levels, however,
not to the extent seen in the native Hamp1 promoter; the mutant promoter basal level was
approximately 3 times while native Hamp1 promoter approximately 12 times higher than the
promoterless negative pGL3 control. Mutagenesis of the adjacent Hamp2 AP-1 site as well as
mutagenesis of two other nucleotides that differ between Hamp1 and Hamp2 into the sequence
present in Hamp1 [mSTAT/AP-1(2,4) and mSTAT/AP-1(1,2,4,6)] did not have an additional
effect on basal level expression of the luciferase reporter (Fig. 3A).

Mutation of the STAT site [mSTAT(7), mSTAT(8)] in the human HAMP promoter also led to
decrease in the basal level of reporter expression although the effect was less dramatic than
that observed with the murine promoter (Fig 3A). Mutation of the murine E-box (mE-box) as
well as the TIEG mutation (mTIEG) did not significantly change the basal level of reporter
expression (Fig. 3B).

The effect of STAT mutagenesis on IL-6 and BMP-9 responsiveness of the hepcidin reporter
Conversion of either the STAT site [mSTAT (3)] or STAT and AP-1 site [mSTAT/AP-1 (3,5)]
of Hamp1 to the corresponding Hamp2 sites, did not affect the responsiveness of the promoter
reporter constructs to IL-6 and BMP-9 (Fig. 4A,B). In contrast, conversion of the supposedly
non-functional Hamp2 promoter STAT site [mSTAT(2)], STAT+AP-1 sites [mSTAT/AP-1
(2,4)] and conversion of two other nucleotides different between the two murine promoters
[mSTAT/AP-1(1,2,4,6)] to the corresponding functional Hamp1 STAT and AP1 sites
increased the responsiveness to IL-6 although not to the extent seen in the native Hamp1
promoter (mutant promoters are induced ~5 fold while native Hamp1 promoter ~15 fold) and
had a negligible effect on responsiveness to BMP-9 (Fig. 4C,D). Importantly, the stimulating
effect was observed with the STAT site mutation [mSTAT(2)] alone and none of the other
mutations [ mSTAT/AP-1(2,4) and mSTAT/AP-1(1,2,4,6)] had a significant additional effect
(Fig. 4C,D).
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Since these data were not consistent with the observations made with the human hepcidin
promoter by Wrighting et al. and Verga Falzacappa et al. [18,19] which clearly demonstrated
the importance of the STAT site in IL-6 responsiveness, we compared the human HAMP mutant
described by Writing et al (19) changing the core STAT binding nucleotides TTC to GGA
[mSTAT(7)], with the HAMP mutant changing the STAT site to the murine Hamp2 STAT site
(−134A>T). Our data clearly demonstrate that mutagenesis of the human STAT site by either
mutation resulted in significantly decreased responsiveness to IL-6 (Fig. 4E,F), confirming the
published results and demonstrating a difference in importance of the STAT site between
human and mouse hepcidin promoters.

The effect of TIEG and E-box sites mutagenesis on IL-6 and BMP-9 responsiveness of
hepcidin reporter

The response to BMP-9 and IL-6 was identical between the reporter constructs driven by the
1.0 Kb Hamp1 promoter fragment and the 260 bp Hamp1 promoter fragment (Fig. 5A,C). This
suggests that the minimal promoter required for IL-6 and BMP responsiveness lies within the
proximal 260 bp region and that there were no additional elements for IL-6 and BMP
responsiveness between the −260 bp and −1.0 kb of the Hamp1 promoter region.

MatInspector software (Genomatix Software GmbH, München, Germany) identified two TIEG
sites within the 260 bp proximal promoter of Hamp1. The distal TIEG site (nt −208 to −194)
is conserved between murine Hepc1 and human hepcidin but the proximal TIEG site is not
conserved. In addition, there is a single nucleotide difference between Hamp1 and Hamp2 in
the distal TIEG site. Since IL-6 and BMP-9 stimulates Hamp1 and not Hamp2 expression, we
mutated this TIEG site in the WT Hamp1 construct (260 bp Hamp1 promoter) to the
corresponding sequence present in Hamp2. HepG2 cells transfected with the mTIEG construct
did not show any loss in responsiveness to BMP-9 or IL-6 as compared to the WT Hamp1
promoter construct (Fig. 5B,D).

Although there are four E-box motifs within 650 bp of the proximal promoter of Hamp1, the
most distal three E-box motifs (nt −250 to −650) are not likely to contribute to responsiveness
to IL-6 and BMP-9 since there is no difference in responsiveness between the 1.0 kb and 260
bp Hamp1 promoter constructs (Fig. 5A,C). There is one E-box motif (nt −101 to −96) within
the 260 bp proximal promoter of Hamp1 that is also conserved in Hamp2. This Hamp1 E-box
motif was mutated so that the canonical sequence was disrupted. We found that the mutant E-
box (mE-box) construct was as responsive to IL-6 and BMP-9 as the non-mutated WT hepcidin
promoter construct containing 260 bp of the Hamp1 promoter (Fig. 5B,D).

Discussion
We tested the role of the STAT site (nt −148 to −130) as a critical regulator of murine hepcidin
expression and responsiveness to IL-6 and BMP, by taking advantage of highly homologous
murine Hamp1 and Hamp2 promoter sequences which differ in their responsiveness to IL-6
and BMP [10,11]. We show that murine Hamp1 promoter-containing constructs showed
markedly higher basal levels of reporter expression compared to constructs driven by murine
Hamp2 and human HAMP. The differences in the basal level of expression between the
different promoter constructs might reflect differences in transcriptional elements between the
constructs and/or species-specific transcription factors, since the studies were performed in the
human HepG2 hepatoma cell line. Nevertheless, all reporter constructs respond to IL-6 and
BMP in a manner consistent with their counterpart endogenous hepcidins.

Our data support the critical role of the STAT site (nt −148 to −130) in the regulation of basal
level expression of hepcidin since mutagenesis of the STAT site in both murine Hamp1 as well
as human HAMP to the “inactive” Hamp2 STAT site led to a decrease in basal level of reporter
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expression. In agreement, “correction” of the STAT site in the weak murine Hamp2 promoter
resulted in significant up-regulation of basal level of a luciferase reporter, although not to the
level observed with the native murine Hamp1 promoter. Our data complement the work by
Wrighting et al [19] which demonstrated that mutagenesis of three nucleotides (nt −143 to
−141) in the STAT reduced the basal level of hepcidin expression and its responsiveness to
IL-6.

Our data demonstrated that mutagenesis of the murine Hamp1 STAT had no effect on IL-6
responsiveness. This appeared to be specific for the murine Hamp1 promoter, since
mutagenesis of human STAT site in the human HAMP resulted in a significant reduction in
IL-6 responsiveness. This suggests that the murine Hamp1 promoter might have additional
elements that support IL-6 responsiveness. Mutagenesis of murine Hamp2 to “restore” an
active STAT site was ineffective in restoring complete responsiveness to IL-6.

The STAT site in both human HAMP and murine Hamp1 did not play an important role in
BMP responsiveness since mutagenesis of the STAT site had no significant effect on BMP
responsiveness. This suggests that the IL-6 responsive region is distinct from the BMP
responsive region.

Additionally, mutagenesis of the region surrounding the STAT site including the adjacent AP-1
site did not affect the responsiveness of such constructs to IL-6 and BMP-9; showing that the
sequence surrounding the STAT site neither affects the basal level of expression nor the
responsiveness of murine Hamp1 to IL-6/BMP-9.

We also demonstrated that the proximal 260 bp promoter of murine Hamp1 was as responsive
to BMP-9 as the 1.0 kb promoter of Hamp1 and we speculated that BMP-9 might bind/activate
the TGFβ-inducible early gene (TIEG) responsive element (nt −208 to −194) conserved
between murine Hamp1 and human HAMP. Nevertheless, we found that mutagenizing this
Hamp1 TIEG site into the corresponding supposedly “non-functional” sequence found in the
Hamp2 site had no effect on BMP-9 responsiveness, thus showing that the BMP-9 response is
probably not mediated through this TIEG site.

Studies by Bayele et al. [13] suggested that the canonical E-box sequences could regulate
transcription of hepcidin by binding the USF1 and USF2 bHLH transcription factors. There
are four E-box sites located in the proximal 650 pb of murine Hamp1, similar to the four human
HAMP E-box motifs. Only one of these E-box sequences is located within the 260 bp proximal
promoter of Hamp1, the region that permits a maximal response to IL-6 as well as a response
to BMP-9. We found that disruption of the canonical sequence of the potentially critical E-box
in the 260 bp segment did not alter the responsiveness to IL-6 or BMP-9. This finding suggest
that the 4 E-box sequences within 650 bp of the Hamp1 promoter region are probably not key
regulatory elements involved in BMP-9 and IL-6 responsiveness, however, it does not exclude
the role of such sites located further upstream.

The regulation of hepcidin seems to be a complex signaling network and our findings indicate
that although the STAT site definitely regulates the basal level of hepcidin expression it seems
that the responsiveness to IL-6 and BMP-9 might require other, not yet identified element(s)
and also suggest that regulation of murine Hamp1 and human HAMP promoters may not be
identical.
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Fig. 1. Scheme of mutagenesis of the STAT (A), TIEG (B) and E-box sites (C)
Black rectangles mark the binding sites. The critical binding residues are double underlined.
The mutagenized residues are underlined and arrows show to what nucleotides they have been
changed. The number accompanying the arrows is used to refer to this particular mutation
throughout the text. Numbering is from start of translation and according to the murine
Hamp1 promoter.
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Fig. 2. Scheme of the mutagenized constructs
The mutagenized residues are underlined and the names which are derived from Figure 1 are
used to refer to the particular mutation throughout the text.
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Fig. 3. Effect of mutagenesis of the STAT (A) and TIEG and E-box sites (B) on basal level of
luciferase reporter expression
HepG2 cells were transfected with a pGL3 promoterless firefly luciferase reporter vector
(pGL3) or wild type (WT) hepcidin promoter construct containing murine Hamp1 260 bp,
murine Hamp2 1.2 Kb or human HAMP 1.3 Kb promoter fragment with native sequence as
well as with promoter fragments containing the desired mutation in STAT (mSTAT), STAT
+AP-1 (mSTAT/AP-1), TIEG (mTIEG) and E-box (mE-box) sites with a number that
corresponds to each mutation shown in Figure 1 and 2. The basal level of reporter luminescence
is expressed as fold increase of firefly/renilla luminescence ratio of reporter expressing cells
over the ratio of the negative control represented by cells transfected with promoterless pGL3
only. All values represent the mean ± SEM from at least two independent experiments. Results
were analysed by the Graphpad software using t-test analysis. The p value of 0.05-0.01 is
marked as *(significant), 0.01-0.001 as ** (very significant) and <0.001 as *** (extremely
significant).
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Fig. 4. Effect of STAT mutagenesis on IL-6 and BMP-9 responsiveness of the luciferase reporter
driven by murine Hamp1 (A,B), murine Hamp2 (C,D) and human HAMP (E,F)
HepG2 cells were transfected with a pGL3 promoterless firefly luciferase reporter vector
(pGL3) or wild type (WT) hepcidin promoter construct containing murine Hamp1 1.0 Kb,
murine Hamp2 1.2 Kb or human HAMP 1.3 Kb promoter fragment with native sequence as
well as with promoter fragments containing the desired mutation in STAT (mSTAT) or STAT
+AP-1 (mSTAT/AP-1) sites with a number that corresponds to each mutation shown in Figure
1 and 2. The results are expressed as fold induction of firefly/renilla luminescence ratio of
treated cells over the ratio of non-treated cells expressing the same construct. All values
represent the mean ± SEM from at least three independent experiments. Results were analysed
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by the Graphpad software using t-test analysis. The p value of 0.05-0.01 is marked as *
(significant), 0.01-0.001 as ** (very significant) and <0.001 as *** (extremely significant).
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Fig. 5. Effect of murine Hamp1 promoter length (A,C) and TIEG and E-box mutagenesis (B,D) on
IL-6 and BMP-9 responsiveness of the luciferase reporter
HepG2 cells were transfected with a pGL3 promoterless firefly luciferase reporter vector
(pGL3), 140 bp, 200 bp, 260 bp and 1.0 Kb promoter fragment of murine Hamp1 promoter
construct or wild type (WT) construct (Hamp1 260 bp) with native sequence as well as with
promoter containing the desired mutation in TIEG (mTIEG) and E-box sites (mE-box). The
results are expressed as fold induction of firefly/renilla luminescence ratio of treated cells over
the ratio of non-treated cells expressing the same construct. All values represent the mean ±
SEM from at least two independent experiments. Results were analysed by the Graphpad
software using t-test analysis. The p value of 0.05-0.01 is marked as *(significant), 0.01-0.001
as ** (very significant) and <0.001 as *** (extremely significant).
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