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ABSTRACT

Hepcidin, an hormone mainly synthesized by hepatocytes and secreted in plasma, controls
iron bioavailability. Thus, by inducing the internalization of the iron exporter ferroportin, it
regulates iron release from macrophages, enterocytes and hepatocytes towards plasma.
Abnormal levels of hepcidin expression alter plasma iron parameters and lead to iron
metabolism disorders. To understand the mechanisms controlling hepcidin gene expression
is therefore an important goal. We identified a potential GATA binding site within the human
hepcidin promoter. Indeed, in hepatic HepG2 cells, luciferase experiments demonstrated that
mutation of this GATA binding site impaired the hepcidin promoter transcriptional activity in
basal condition. Gel retardation experiment showed that GATA-4 could bind this site.
Cotransfection of GATA-4 expression vector with an hepcidin promoter reporter construct
enhanced hepcidin promoter transcriptional activity. Furthermore, modulation of GATA-4
MRNA expression using specific siRNAs downregulated endogenous  hepcidin gene
expression. Finally, we found that mutation of the GATA binding site impaired the interleukin-
6 induction of hepcidin gene expression, but did not prevent the bone morphogenetic protein-
6 response. In conclusion, our findings: i) indicate that GATA-4 may participate to the control
of hepcidin expression, and ii) suggest that alteration of its expression could contribute to the
development of iron-related disorders.

Key words: Hepcidin, GATA, gene expression, hepatocyte, iron metabolism, promoter.
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INTRODUCTION

Hepcidin is an iron regulated peptide synthesized mainly by hepatocytes in the liver,
secreted in plasma [1-4], and involved in the regulation of iron metabolism [2] by controlling
the expression of the cell iron exporter ferroportin [5]. Studies in mice, humans and cell
cultures demonstrated that hepcidin mRNA levels were regulated by numerous factors
including iron stores, inflammation, anemia, hypoxia, and transcription factors .involved in
hepatocyte differentiation [6]. Studies of patients with iron disorders, during
hemochromatosis, including juvenile hemochromatosis [7] and adult forms of
hemochromatosis as HFE-related hemochromatosis [8, 9], transferrin receptor 2 (TfR2)-
related hemochromatosis [10], and in chronic inflammatory diseases [11], demonsirated the
involvement of hepcidin expression dysregulation.

Hepcidin expression is mainly upregulated by two pathways; the first one is the
interleukin (IL)-6 pathway [12-14], which activates the signal transducer and activator of
transcription 3 (STAT-3), whose binding site is located within the proximal 150 bp from the
start of translation. The second one is the bone morphogenetic protein (BMP) pathway,
stimulated by BMP-6, [15, 16], which activates by phosphorylation the SMAD transcription
factors. Two BMP-responsive elements (BMP-RE) [17, 18, 19] are described, one (BMP-
RE1) is located near the STAT-3 binding site and the second (BMP-REZ2) in the distal part of
the hepcidin promoter. Other transcription factors have been reported to stimulate hepcidin
gene expression, such as CCAAT/enhancer binding protein o (C/EBPa) [20], hepatocyte
nuclear factor 4 o (HNF4a) [19, 20], upstream stimulatory factors 1 and 2 (USF1 and 2) [21],
p53 [22], MRE-binding transcription factor-1 (MTF-1) [23], and cyclic AMP response element
binding protein H (CREBH) [24].

GATA-1 transcription factor has been described to enhance murine TfR2
transcriptional activity, implying a potential role of GATA proteins in the regulation of genes
involved in the control of iron metabolism [25]. Therefore, we performed an in silico analysis
of hepcidin promoter that indicates the presence of a putative binding motif for members of
the zinc finger GATA transcription factors. In the liver, GATA proteins have been previously
reported to exert a role especially during hepatic development [26-28]. In the present study,
we demonstrate that, in human HepG2 cells, GATA-4 could activate hepcidin gene
expression by binding to its promoter.
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MATERIALS AND METHODS

Cell culture

Human hepatoma HepG2 cells were grown in Minimum Essential Medium alpha (Invitrogen,
France) supplemented with 10% fetal calf serum (Invitrogen, France), 100Ul/ml penicillin,
100ug/ml streptomycin and 2mM L-glutamine. Cells were maintained at 37°C under 5% CO,,

Plasmid constructions

A fragment of -2762 bp from the translation start site of the human hepcidin promoter from
the pGL3 basic vector (a kind gift of Martina Muckenthaler) was hydrolyzed and inserted into
the pGL4.17 at the Kpn1-Xho1 restriction sites (Promega, France) among the firefly
luciferase reporter gene to generate the -2762Hep/Luc plasmid construct. The internal
mutations in BMP-RE, STAT-3 and GATA binding sites were made according to the Quick
Change method (Stratagene, France) using the -2762 Hep/Luc as template and the internal
primers described in Table 1. The identity of the constructs was confirmed by DNA
sequencing.

Transfection, luciferase assay

Cells (5x 10°) were plated onto 12-well plates. The day after 100 ng of pGL4.17-hepcidin
promoter was transfected into the cells together with the normalization plasmid renilla-SV40
(Promega, France). For cotransfection experiments, the human pcDNA.3.1.A-GATA-4
expression plasmid was added as indicated. In each _experiment, a given construction was
transfected in duplicate, and two different clones of each construction were tested in at least
three distinct experiments. Plasmid transfections were performed using transfectin reagent
(Bio-Rad, France) according to the manufacturer’s instructions. After 48 h, the cells were
lysed and the luciferase activities were measured in cell lysates using the Dual-Luciferase-
Reporter assay system (Promega, France) and a Centro LB 960 luminometer (Berthold
Technologies, France). For cell treatments either 50ng/ml of human BMP-6 (R&D systems,
France) or 50ng/ml of human IL-6 (R&D systems, France) were added to the cells for 48 h.
Luciferase activity values represent firefly/renilla luciferase activity ratios relative to that
obtained with the -2762Hep/Luc consiruct, which was arbitrarily set at 100%.

Quantitative RT- PCR

Two different specific siRNAs against GATA-4 (siRNA1 ref S103246558; siRNA2 ref
S103246894) and one control siRNA (ref 1022081), (Qiagen, France) were transfected in
HepG2 cells as described above. Forty-eight hours later, total RNAs were extracted using
the SV Total RNA Isolation System (Promega® France). Quality-checked RNA (1ug) was
used for reverse transcription following the manufacturer's protocol (M-MLV-RT, Promega®,
France). We performed quantitative PCR in triplicate to evaluate the hepcidin, GATA-4
mRNA levels, using gPCRMasterMixPlus for SYBR®Greenl according to the manufacturer's
instructions (Eurogentec® France). The qRT-PCR was run on ABI PRISM StepOne sequence
detection system (Applied Bioscience, France). Each mRNA sample threshold cycle (Ct)
value was normalized with Hprt (Hypoxanthine-Guanine Phosphoribosyl Transferase ) RNA
Ct values. Primer sequences used for the mRNA amplification are described in Table 1.

Electrophoretic Mobility Shift Assay.

For gel retardation assays, HepG2 nuclear extract (10ug) were pre-incubated with 250 ng of
poly(dl-dC).poly(dl-dC), used as nonspecific competitor, in a binding buffer (10 mM Tris-HCI
pH7.5, 50mM NaCl, 1mM DTT, 1 mM EDTA,5% glycerol) for 10 min on ice. This mixture was
then added to the binding buffer containing **P-end-labeled probes described in Table 1
(100000 cpm/per well) either with or without specific competitor oligonucleotides containing
wild type or mutated GATA site, in a final volume of 10 pl, and the incubation was carried out
for a further 30 min at room temperature. Gel shift assays with purified polyclonal rabbit IgG
anti-GATA-2, GATA-4 or GATA-6 (Santa Cruz, France) were performed under the same
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conditions except that the non-relevant antibody and pre-immune IgG were pre-incubated
with the nuclear extracts for 1 h on ice. Complexes were resolved by electrophoresis on
prerun Tris-Glycine 6% native polyacrylamide gels. After drying, the gels were
autoradiographed overnight.

Statistical analysis.

Data represent means of at least three independent experiments (+/- SD). Statistical
analyses were determined by using the Student's t test. p<0.05 was considered as
significant.
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RESULTS AND DISCUSSION

Mutations of the putative GATA binding site located near the BMP, IL-6 responsive
elements down regulate the human hepcidin gene expression in basal condition.

The Matinspector algorithm (Genomatix, software GmbH, http://.genomatix.de) was
used to search for GATA binding motifs in the hepcidin promoter. GATA proteins, a family
composed of 6 members (1 to 6) in vertebrates, contain a highly conserved DNA binding
domain consisting of two zing finger motifs. A putative GATA binding site (A/T)GATA(A/G)
[29] was located on the DNA minus strand, near the BMP-RE1 [17] and the STAT-3 binding
site [12-14] (Figure 1A). To investigate the impact of this putative GATA binding site on
hepcidin gene expression in basal condition, we performed transfection experiments in
HepG2 cells using the wild type promoter inserted among the luciferase gene (-2762Hep/Luc
construct), compared to a construct with mutations in the putative GATA binding site (-
2762Hep/Luc GATA mutant). We observed a decrease of luciferase activity equivalent to that
observed with mutations in the BMP or IL-6 responsive elements (Figure 1B), suggesting that
this potential binding site plays a role in the control of hepcidin gene expression.

GATA-4 binds to the human hepcidin promoter.

We investigated GATA proteins expressed in HepG2 ‘cells. Quantitative PCR
experiments showed that GATA-4 was mainly expressed, GATA-2 and -6 in a lesser extent,
whereas GATA-1, GATA-3 and GATA-5 were expressed at very low levels, if any (data not
shown). Thus, to determine which GATA could bind to the hepcidin promoter, an EMSA
(figure 2A) was performed using HepG2 nuclear extracts, a probe containing the GATA
binding site and antibodies against either GATA-2, -4 or -6. We observed the formation of
three nucleoprotein complexes super-shifted using the anti-GATA-4 antibody whereas no
super-shift was found with the anti-GATA-2 or anti-GATA-6 antibodies.

The specificity of formation of the nucleoprotein complexes containing GATA-4 was
demonstrated by EMSA using a probe with the wild type GATA motif and unlabelled
oligonucleotides containing wild-type or mutated GATA site in 25, 50 or 100 fold molar
excess. A competition for the binding of the nucleoprotein complexes was observed with the
use of a cold competitor containing the wild-type GATA motif in excess, whereas a
competitor containing the mutated GATA site had no effect (Figure 2B).

These results suggest that GATA-4 protein could specifically binds to the GATA
binding site present within the human hepcidin promoter. GATA-4 plays a role in embryonic
development. Thus, mice null for GATA-4 die between embryonic day 8 and 9 in part
because of defects in heart morphogenesis. In addition, it has been reported that patients
with GATA-4 haploinsufficiency due to an interstitial deletion of chromosome region 8p23.1
[30] or with mutations in GATA-4 gene [31] may present with congenital heart defect and
physical anomalies. Beside a role of GATA-4 during embryogenesis, it is also expressed in
the adult mouse in the heart, ovary, testis, lung, liver and small intestine and can regulate
expression of genes [29]. Thus, in human hepatic cell lines, expressions of other hepatic
genes, such as the cytochrome P450 2C9 gene in Huh-7 cells [32], and ABCG5/ABCG8
genes, that are implied in the hepatic excretion of cholesterol, in HepG2 cells [33], were
reported to be significantly increased by GATA-4. In HepG2 cells GATA-4 and -6 were
demonstrated to colocalize in the nuclei [33]. Therefore we investigated whether GATA-4
controls hepcidin gene expression.

GATA-4 activates the human hepcidin gene expression.

Thus, we evaluated the impact of GATA-4 transcription factor on hepcidin gene
expression by cotransfection experiments combining the -2762Hep/Luc or -2762Hep/Luc
GATA mutant constructs along with a human GATA-4 expression vector, which enhanced its
expression by approximately 7 fold (Figure 3A). We observed an activation of hepcidin
promoter transcriptional activity with the -2762Hep/Luc wild-type construct but not with the -
2762Hep/Luc GATA mutant construct, suggesting that GATA-4 binds this DNA GATA motif
and could activate hepcidin promoter transcriptional activity (Figure 3B).
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The impact of GATA-4 on endogenous hepcidin gene expression in HepG2 cells was
investigated by experiments using siRNAs directed against GATA-4 (Figure 3C). We
observed that a decrease of GATA-4 mRNA expression induced a significant decrease of
hepcidin mRNA level (Figure 3D). This result confirmed a potential role of GATA-4 protein as
activator of hepcidin mRNA expression.

Mutations of the GATA binding site impair IL-6 response and prevent total
responsiveness to BMP-6.

We investigated the impact of mutations within the GATA binding site on BMP-6 or IL-
6 hepcidin gene induction. Thus, we transfected the -2762Hep/Luc or -2762Hep/Luc GATA
mutant constructs and exposed cells to 50 ng/ml of BMP-6 or IL-6. In the presence of BMP-6,
as expected, the -1024 Hep/Luc construct that contains only one BMP-RE was less inducible
than the -2762Hep/Luc construct, which contains the two BMP responsive elements [18, 33].
BMP-6 induced the -2762Hep/Luc GATA mutant transcriptional activity. Therefore, the
impairment of GATA binding did not prevent a response to this cytokine, but we did not
observe total hepcidin promoter transcriptional activity as obtained with the wild-type
promoter (Figure 4). When cells were exposed to IL-6, we did not observe an induction of the
-2762Hep/Luc GATA mutant transcriptional activity (Figure 4). Thus, the hepcidin promoter
IL-6 response was markedly impaired by the absence of GATA binding. It has been reported
previously that mutation of the BMP-RE1 also severely impaired hepcidin activation in
response to IL-6 [17, 34]. It might be due to the fact that IL-6 signaling requires the presence
of associated transcription factors to STAT-3 phosphorylated protein in order to recruit and/or
stabilize co-factors that bring RNA polymerase Il complex. Therefore, GATA-4 could be one
of these transcriptional factors, and the observation of three nucleoprotein complexes in
EMSA experiment could be related to interactions between GATA-4 and co-factors. For
BMP/SMAD pathway, despite GATA binding site mutations, we observed a response to
BMP-6 treatment suggesting that activated SMAD proteins could bring the co-factors
required to hepcidin gene activation.

In conclusion, our findings indicate that GATA-4 transcription factor may participate to
the control of hepcidin expression. Therefore, patho-physiological situations which could
impact the expression of GATA-4 could also, in turn, modulate hepcidin expression and
contribute to iron metabolism alterations.
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FIGURE LEGENDS

Figure 1 : Mutations of the putative GATA binding site located near the BMP, IL-6
responsive elements down regulate the human hepcidin gene expression in basal
condition.

A) Nucleotide sequence of the human hepcidin promoter and putative GATA binding site
location. The TATA sequence and the translational start site are underlined. The GATA,
STAT-3 binding sites and the BMP-RE are underlined and enclosed by grey boxes.

B) Effect of mutations within the GATA binding site on hepcidin promoter transcriptional
activity under basal condition. HepG2 cells were transfected with Hep/Luc constructs as
indicated in the figure for 48h. Luciferase activity values represent Firefly/Renilla Luciferase
activities ratios relative to the ratio obtained with the -2762Hep/Luc plasmid ccnstruct, which
was arbitrarily set at 100%. ***P<0.001.

Figure 2 : GATA-4 binds to the human hepcidin promoter.

(A) To investigate the GATA factors that could bind to the putative GATA binding site we
performed EMSA, using HepG2 nuclear extracts incubated with radiolabeled probes
containing the wild-type GATA motif and either a non-relevant antibody or antibodies against
GATA-2, -4 or -6.

(B) Binding specificity of GATA-4 complexes was ascertained by EMSA using HepG2
nuclear extracts incubated with radiolabeled probes containing the mutated GATA site or the
wild-type GATA motif and 25, 50, 100 fold excess of cold competitor oligonucleotides
containing the wild-type or mutated GATA binding site.

Figure 3: GATA-4 activates the human hepcidin gene expression.

A) Effect of GATA-4 on hepcidin promoter transcriptional activity was determined by
transfection experiments with the -2762Hep/Luc or -2762Hep/Luc GATA mutant along with a
GATA-4 expression plasmid. GATA-4 mRNA expression was enhanced by approximately 7
fold in this experiment. Results are expressed in percentage compared to the value obtained
with the control well transfected with the -2762Hep/Luc and the empty vector set at 100%. In
B) Luciferase activity values represent Firefly/Renilla Luciferase activities ratios relative to
the ratio obtained with the -2762Hep/Luc plasmid construct, which was arbitrarily set at
100%.

Effect of two specific siRNAs directed against GATA-4 (C) transfected in HepG2 cells on
hepcidin mRNA expression (D). Resulis are expressed in percentage compared to the value
obtained with the control well transfected with a control siRNA set at 100%.

*P<0.05, ***P<0.001, ns : non significant.

Figure 4 : Mutations of the GATA binding site impair the IL-6 response and prevent the
total responsiveness to BMP-6.

HepG2 cells were transfected with Hep/Luc constructs as indicated in the figure and treated
or not with 50 ng/mi of B(MP-6 or IL-6 cytokines for 48h. Luciferase activity values represent
Firefly/Renilla Luciferase activities ratios relative to the ratio obtained with the -2762Hep/Luc
plasmid construct, which was arbitrarily set at 100%. ***P<0.001, ns : non significant.
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Primers used in Quick Change experiments (mutations are underlined)

BMP-RE1 mutant F

cccgccttttcggtgccaccaccttcttgg

BMP-RE1 mutant R

ccaagaaggtggtggcaccgaaaaggcggg

BMP-RE2 mutant F

ccttgcaccaaggctctggtgcctgtgctgtgacce

BMP-RE2 mutant R

gggtcacagcacaggcaccagagccttggtgcaagg

STAT3 mutant F

cgccaccaccttcttggccgtgagacagagcaaaggg

STAT3 mutant R

ccctttgctctgtctcacggccaagaaggtggtggceg

GATA mutant F

cctgtcgctctgttcccgcettaagtctcececgecttttcggegec

GATA mutant R

ggcgccgaaaaggcgggagacttaagcgggaacagagcgacagg

Primers used in gPCR

GATA-4 F agaaaacggaagcccaagaac
GATA-4R ctggagttgctggaagcac
Hepcidin F cacttccccatctgcattttc
Hepcidin R gtcttgcagcacatcccaca
HPRT F gctttccttggtcaggcagta
HPRT R aagcttgcgaccttgaccat

Primers used in EMSA (mutations are underlined)

GATA wild type F

tgttcccgcttatctctcccgect

GATA wild type R

aggcgggagagataagcgggaaca

GATA mutant F

tgttccegcitaagtctcccgect

GATA mutant R

aggcgggagacttaagcgggaaca

Table 1. Sequences of primers used in the study.
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BMP-RE STAT3
>tctce cgccttttcccac cttcttggaa
-0134 atgagacaga gcaaagggga gggggctcag accaccgcct cccctggcag gccccataaa

-0194 ccctgtcget ctgttececge |

-0074 agcgactgtc actcggtccc agacaccaga gcaagctcaa gacccagcag tgggacagec

-0014 agacagacgg cacghtggca ctgagctccc agatctgggc cgcttgccte ctgctcctece

-2762 Hep/Luc

Fdkek

|
-2762 Hep/Luc BMP-RE mutant =|—|-_—J_

-2762 Hep/Luc STAT-3 mutant

-2762 Hep/Luc GATA mutant

0 20 4

|
0

60 80 100 120%

FIGURE 1

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2011 The Authors Journal compilation © 2011 Portland Press Limited



B] Biochemical Journal Immediate Publication. Published on 24 May 2011 as manuscript BJ20110225

Q

o A - B

= g ¥ @

g o g g

Q = T ©

I o oo

3 c - Competitor Gatawt Gata mutant
= [} c C

N Antibody = < < Foldexcess - - 25 50 10025 50 100
o

—

o

=1

©

S

)

]

7]

a Super-schift

@

]

O

L

[ad

L

@]

Pz

o

)

[ad

L

>

L

I

'_

'_

e GATA wt probe +| 4| +| + GATA wt probe +| |+ 4|+ 4+ ++
g GATA mutant probe GATA mutant probe +
I

'_

FIGURE 2

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2011 The Authors Journal compilation © 2011 Portland Press Limited



Bl Biochemical Journal Immediate Publication. Published on 24 May 2011 as manuscript BJ20110225

0 A 1200%
N
AN *
S $ 1000 I
‘_| -
S &
N < o 800
o < g
g 23 600
S O«
X P4
S o 400
S
© 200
o
? 0 H
2 [2762 Hep/Luc + +
8 Empty vector +
H:J IGATA-4 expression vector +
LL
O
2
% C 120%
nd
LLl
>
w 100
- s | B
- §
@) (2]
z 58 80 +— :
%) < g
0 <o
T 0L 60 — —
o
£
40 +— -
*kk *kk
20 — T
| - ’l‘ T
0 J [S—1 [ S—
iSiRNA control +
iSiIRNA1 GATA-4 +
iSIRNA2 GATA-4 +

B

125 ng GATA-4

Expression
plasmid
[
-2762 Hep/Luc -
-2762 Hep/Luc GATA mutant e -
-2762 Hep/Luc +
n
|
S
-2762 Hep/Luc GATA mutant s i +
4 |\ o |
0 50 100 150 200 250%
D 120%;
100 -
_—
i)
% g 80 +—
.a g_
S 60—
s FIGURE 3
o
€
40 +—
20 | + o
0 - i e | —
IsiRNA control +
l5iRNA1 GATA-4 +
l5iRNA2 GATA-4 +

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.

© 2011 The Authors Journal compilation © 2011 Portland Press Limited



Biochemical Journal Immediate Publication. Published on 24 May 2011 as manuscript BJ20110225

&

-1024 Hep/Luc

-2762 Hep/Luc

-2762 Hep/Luc BMP-RE mutant
-2762 Hep/Luc STAT-3 mutant
-2762 Hep/Luc GATA mutant
-1024 Hep/Luc

-2762 Hep/Luc [

-2762 Hep/Luc BMP-RE mutant
-2762 Hep/Luc GATA mutant
-1024 Hep/Luc

-2762 Hep/Luc

-2762 Hep/Luc STAT-3 mutant
-2762 Hep/Luc GATA mutant

r>nr>rw

B T

ov=w

ns

0 50 100 150 200 250 300 350 400 450 500%

THIS IS NOT THE VERSION OF RECORD - see do0i:10.1042/BJ20110225

FIGURE 4

Licenced copy. Copying is not permitted, except with prior permission and as allowed by law.
© 2011 The Authors Journal compilation © 2011 Portland Press Limited





