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Abstract Hepatitis C virus (HCV) infection is associated
with hepatic iron overload and elevated serum iron that
correlate to poor antiviral responses. Hepcidin (HAMP),
a 25-aa cysteine-rich liver-specific peptide, controls iron
homeostasis. Its expression is up-regulated in inflam-
mation and iron excess. HCV-mediated hepcidin regula-
tion remains controversial. Chronic HCV patients possess
relatively low hepcidin levels; however, elevated HAMP
mRNA has been reported in HCV core transgenic mice
and HCV replicon-expressing cells. We investigated the
effect of HCV core protein on HAMP gene expression and
delineated the complex interplay of molecular mechanisms

P. Foka and A. Dimitriadis contributed equally to this work and
should be regarded as joint first authors.

Electronic supplementary material The online version of this
article (doi:10.1007/s00018-014-1621-4) contains supplementary
material, which is available to authorized users.

P. Foka - A. Dimitriadis - E. Kyratzopoulou - D. A. Giannimaras -
A. Mamalaki (D7)

Laboratory of Molecular Biology and Immunobiotechnology,
Department of Biochemistry, Hellenic Pasteur Institute,

Athens, Greece

e-mail: amamalaki@pasteur.gr

P. Foka - U. Georgopoulou (<)

Laboratory of Molecular Virology, Hellenic Pasteur Institute,
Athens, Greece

e-mail: uraniag @pasteur.gr

S. Sarno
Department of Biomedical Sciences, University of Padova,
Padua, Italy

G. Simos
Laboratory of Biochemistry, Faculty of Medicine,
University of Thessaly, Larissa, Greece

involved. HCV core protein up-regulated HAMP promoter
activity, mRNA, and secreted protein levels. Enhanced
promoter activity was abolished by co-transfections of
core with HAMP promoter constructs containing mutated/
deleted BMP and STAT binding sites. Dominant nega-
tive constructs, pharmacological inhibitors, and silencing
experiments against STAT3 and SMAD4 confirmed the
participation of both pathways in HAMP gene regulation
by core protein. STAT3 and SMAD4 expression levels
were found increased in the presence of HCV core, which
orchestrated SMAD4 translocation into the nucleus and
STAT3 phosphorylation. To further understand the mecha-
nisms governing the core effect, the role of the JAK/STAT-
activating kinase CK2 was investigated. A CK2-dominant
negative construct, a CK2-specific inhibitor, and RNAi
interference abrogated the core-induced increase on HAMP
promoter activity, mRNA, and protein levels, while CK2
acted in synergy with core to significantly enhance HAMP
gene expression. Therefore, HCV core up-regulates HAMP
gene transcription via a complex signaling network that
requires both SMAD/BMP and STAT3 pathways and CK2
involvement.

Keywords Hepatitis C virus - Iron - Hepcidin - SMAD4 -
STAT3 - CK2

Introduction

The antimicrobial peptide hepcidin, encoded by the HAMP
gene, is a 25-amino acid cysteine-rich peptide present in
human serum and urine. It is mainly synthesized by the
liver as an 84-amino acid precursor protein and released in
circulation upon maturation [1]. It regulates iron homeosta-
sis by binding to the only known cell surface iron exporter
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ferroportin and causing its internalization and degradation,
thereby inhibiting iron efflux [2]. Ferroportin is expressed
in duodenal enterocytes, macrophages, and hepatocytes.
Therefore, hepcidin expression inhibits iron absorption by
the duodenum, iron recycling by the macrophages, and iron
mobilization from the hepatic stores [3]. Several studies have
linked abnormalities in hepcidin expression with iron disor-
ders in humans. Thus, mutations in the HAMP gene or its
positive regulators HJ'V, TfR2, or HFE result in diminished
hepcidin expression that leads to severe iron deposition in
tissues and liver failure [4]. Conversely, mutations in the
hepcidin-negative regulator matriptase-2 (TMPRSS6) cause
increased hepcidin concentrations [5, 6]. Hepcidin expres-
sion is up-regulated by iron and inflammation and down-
regulated by low body iron stores, anemia, hypoxia, and
increased erythropoietic activity [7]. In response to elevated
systemic iron, hepcidin expression is increased via the BMP
signaling pathway. BMPs bind BMP receptors type I and
type II, which phosphorylate the SMAD1/5/8 proteins intra-
cellularly. These bind to the common mediator SMAD4 and
translocate to the nucleus in order to initiate hepcidin tran-
scription [8]. Hepcidin is also induced in response to infec-
tion or inflammation, mostly by IL-6, through the STAT3
pathway [9]. Other mechanisms of HAMP gene expression
have been reported and involve a variety of transcription fac-
tors implicated in liver gene transcription, hypoxia, cell dif-
ferentiation, and tumorigenesis, such as C/EBPa, AP1, NF-
kB, HIF-1a, p53, USF1/2, SMAD7, and GATA-4 [10-18].
Hepatitis C virus (HCV) is a single-stranded, positive-
sense RNA virus of the Flaviviridae family. It encodes a
polyprotein precursor of approximately 3,000 amino acids,
which is processed by cellular and viral proteases to yield
at least ten structural and non-structural proteins (C, El,
E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [19].
HCV infection is endemic to most parts of the world, with
approximately 180 million infected individuals, worldwide
[20]. The burden of HCV-related liver disease is substan-
tial due to its high chronicity rate: an estimated 65-80 %
of those infected will develop persistent infection, which is
associated with widespread liver inflammation and fibro-
sis. The hallmark of the disease is the hepatic steatosis
observed in 40-80 % of the patients and is a major determi-
nant of the liver damage progression in chronic hepatitis C
(CHC). As many as 20-50 % of CHC patients will develop
cirrhosis over a three-decade time span and 5 % of patients
with HCV-positive cirrhosis will develop hepatocellular
carcinoma (HCC) every year [21]. CHC infection has been
associated with elevated serum iron and ferritin, as well as
increased intrahepatic iron stores [22]. Both iron overload
and the viral infection itself have detrimental effects on the
liver, including oxidative stress induction, organelle dys-
function, onset of liver fibrosis, hepatocyte injury, and aber-
rant growth [23]. Extensive research in CHC patients has
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shown that iron homeostasis is deregulated and hepcidin
levels are low [24-27]. Remarkably, hepcidin expression
levels in the very early stages of HCV infection have not
yet been clearly established.

HCYV core protein is involved in nucleocapsid formation
and plays a crucial role in viral infection, virion assembly,
and trafficking [28]. Standing at the forefront of virus—host
interactions, core directs and participates in numerous patho-
physiological cellular processes, such as insulin and lipid
metabolism, apoptosis, oxidative stress, cytokine production,
cell differentiation and proliferation, and signaling through
the JAK/STAT, MAPKSs, and TGF-/SMAD pathways [29,
30]. It is the first viral protein encountered by the cell and has
been shown to regulate crucial host immune responses, such
as the acute phase response (APR) [31]. The APR collectively
describes cellular and systemic changes that promote healing
in response to injury, infection, and inflammation [32]. APR
is characterized by differential modulation of the expression
of acute phase proteins, which aim to restore homeostasis,
and is mainly orchestrated by IL-6, IL-1, and TNF-a [33].
Since iron is crucial to pathogen invasion and infection [34],
host antimicrobial mechanisms have been in place to limit its
availability. In this respect, hepcidin, an IL-6-regulated type II
acute phase protein [2, 35], causes hypoferremia by blocking
ferroportin from transporting iron out of the cell [36-38].

Despite the link between CHC infection, iron homeostasis,
and hepcidin, so far it is unclear how the virus triggers iron
overload in the liver and whether HCV core protein, the first to
be expressed following infection, interacts with the iron regu-
latory pathway. The severity of liver disease stemming from
the virally induced iron overload dictates that more research is
carried out on the causes and effects of such interactions. With
these questions in mind, we sought to investigate the putative
effect of HCV core on the master iron regulator hepcidin and
delineate the molecular mechanisms involved.

Materials and methods
Materials

The SMAD1/5/8 inhibitor dorsomorphin was purchased
from BioVision (Milpitas, California, USA), the CK2
inhibitor quinalizarin was from EMD Millipore (Billerica,
Massachusetts, USA), and the STAT3 Inhibitor VII from
Calbiochem (Billerica, Massachusetts, USA). All other
chemicals were from Sigma (St. Louis, Missouri, USA).

Plasmids
The DNA plasmids used in this study are: the full-length

HAMP gene promoter 3.1 kb [39], the truncated HAMP
gene promoter —960 [40], the mutant HAMP gene
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promoters —942mBMP and —942 ASTAT [9], the 3x-Ly6e
promoter construct and dominant negative STAT3 [41],
the dominant negative SMAD4 [42], the dominant nega-
tive CK2 [43], and the CK2 expression plasmid [44]. The
expression plasmid pHPI1430 that codes for full-length
core (c191) has been described elsewhere [45].

Mutations on the (—84/—79) BMP cis-acting element
of the —3.1 kb HAMP promoter was carried out using the
QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, California, USA) according to the manufacturer’s
instructions. The BMP site was abolished without altering
local promoter topology, according to transcription factor
prediction analysis with TESS software. The primers used
for mutagenesis are shown herein with the mutated bases in
bold: F:5'-GCT TAT CTC TCC CGC CTT TTC AGA ACC
ACC ACC TTC TTG G-3' and R:5-CCA AGA AGG TGG
TGG TTC TGA AAA GGC GGG AGA GAT AAG C-3'.
The resulting construct was subjected to sequencing analysis.

Cells and transfection assays

The hepatoma Huh7 and HepG2 cell lines were maintained
in low-glucose DMEM supplemented with 2 mM glutamine,
10 % (v/v) heat-inactivated FCS, and 100 U/ml penicillin/
streptomycin. The construction and maintenance of HCV-1a
core-expressing HepG2 Tet-On cell line (C2-3) and empty
vector control cell line (pTRE) has been described elsewhere
[45]. Core expression was induced by adding 10 pg/ml doxy-
cycline for 48 h. HCV core antigen in cell lysates was quanti-
fied by the Architect HCV Ag assay (Abbott, Chicago, Illinois,
USA), according to manufacturer’s instructions and modifica-
tions described previously [48]. Moreover, in all cases, the
control cell line pTRE was subjected to the same treatment
with doxycycline and used for comparison purposes instead
of doxycycline-free C2-3 cells, due to the slight leakiness on
protein expression, often observed with the Tet-On system in
the absence of doxycycline. Upon inhibitor treatment, the cells
were pre-treated with the appropriate dose for 1.5 h, at which
time doxycycline was added for a further 48 h.

For DNA transfections, 100,000 cells/well were seeded in
48-well plates 24 h prior to the experiment. Transient transfec-
tions were carried out using JetPEI (Polyplus, Illkirch, France)
and 0.5 pg promoter-luciferase DNA constructs, the appropri-
ate amount of expression plasmid for co-transfection experi-
ments and 0.05 pg of CMV-B-galactosidase plasmid to pro-
vide an internal control for transfection efficiency. After 6 h,
the cells were washed with phosphate-buffered saline and left
for 48 h in fresh culture medium. Cell lysates were subjected
to luciferase and P-galactosidase activity determination with
commercially available kits (Promega, Fitchburg, Wisconsin,
USA). Luciferase activity was normalized to B-galactosidase
activity in order to yield relative luciferase activity (RLA).
In all figures, the RLA vector control value (mean £ SD:

standard deviation) was set as 100 % or fold-change (black or
white histogram) and all other values were depicted as a ratio
of this (hatched or dotted histograms). Each transfection was
carried out at least three times in triplicate.

mRNA expression analysis

Total RNA was isolated from cells using RNAzol B (Wak-
Chemie Medical, Steinbach, Germany) according to the
manufacturer’s instructions with the following modifica-
tion; 1 pg/nl glycogen was used to encourage RNA pre-
cipitation from isopropanol solutions, before the final wash
step in 75 % (v/v) ethanol. Reverse transcription reactions
were carried out using 1 pg RNA and MMLV reverse tran-
scriptase (Promega). The prepared cDNA was subjected
to qPCR using the Maxima SYBR green qPCR mix (Fer-
mentas, Vilnius, Lithuania) in a Mini Opticon PCR machine
(Bio-Rad, Hercules, California, USA). The gene-specific
primers used were: HAMPF: 5-CCA CAA CAG ACG
GGA CAA CTT-3' and HAMPR: 5 AGT GGG TGT CTC
GCC TCC TT 3’. Primers for 18SrRNA, IL-6, FGB, and
SAAT1 have been described elsewhere [46—49]. Results were
analyzed with the internal standard-curve method and nor-
malized to 18S rRNA to provide the relative mRNA expres-
sion. In all PCR experiments, unless otherwise stated, the
relative mRNA expression control value (mean £+ SD) was
set as 100 % or fold-change (black histogram) and all other
values were depicted as a ratio of this (hatched histograms).
All experiments were performed in triplicate.

Protein analysis

Cells were washed twice with PBS and were either har-
vested in whole-cell extract lysis buffer (10 mM Tris—HCI
pH 7.05, 50 mM NaCl, 1 % (w/v) Triton X-100, 0.5 mM
PMSF and protease/phospho-protease inhibitor cocktail
by Roche) or subjected to subcellular fractionation using
the Proteojet Cytoplasmic and Nuclear Protein Extraction
Kit (Fermentas) according to the manufacturer’s instruc-
tions. Protein concentrations were measured with the
MicroBCA assay (Thermo Scientific, Waltham, Massachu-
setts, USA). Cell lysates (50 pg) were resolved in 10 %
(v/v) SDS-PAGE gels and transferred onto nitrocellulose
membranes. After blocking, membranes were incubated
overnight with primary antibodies. Membranes were then
washed and incubated with the appropriate secondary anti-
body for 90 min at room temperature. Chemiluminescence
was detected using Pierce ECL Western-blotting substrate
(Thermo Scientific). Individual gel photographs presented
in each figure panel depict results from samples that were
derived from the same experiment and processed in paral-
lel. Additionally, loading controls were always run on the
same blot as the primary antibodies.
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The following antibodies were used in this study: STAT3
(sc-483), PARP1/2 (sc-7150), and CK2a (sc-9030) by
Santa Cruz (Dallas, Texas, USA); p>"?’STAT3 (#9136),
p7OSTAT3 (#9131), SMAD4 (#9515) by Cell Signaling
(Danvers, Massachusetts, USA); TMPRSS6 (ab56180),
TfR2 (ab83810) by Abcam (Cambridge, UK); TfR1 (#13-
6800) by Invitrogen (Carlsbad, California, USA); B-actin
(MAB1501) by Millipore (Billerica, Massachusetts, USA);
Ferroportin 1 (MTP11) by Alpha Diagnostics (San Anto-
nio, Texas, USA) and ferritin (A0133) by Dako (Glostrup,
Denmark). The polyclonal HCV-1a core antibody used in
this study has been referenced elsewhere [43].

CK2 activity was measured in cell extracts (2.5 pug) with a
synthetic peptide substrate, RRRADDSDDDDD. Assays were
performed for 10 min at 30 °C in a final reaction mixture vol-
ume of 30 pl containing 50 mM Tris—HCI (pH 7.5), 12 mM
MgCl,, 10 puM ATP (specific activity ~1,500 cpm/pmol) and
0.5 mM substrate peptide. The reactions were terminated by
spotting 25 1 of the reaction mixture onto P81 phosphocel-
lulose filters. Then, filters were washed three times in 0.5 %
(v/v) phosphoric acid and counted in scintillation fluid.

Enzyme-linked immunosorbent assays (ELISA)

Quantification of secreted hepcidin levels was performed
by homemade competitive ELISA, as earlier reported
[50]. The percent change in protein expression of the con-
trol cells was set as 100 % (black histogram) and all other
values were a percentage of the control (hatched histo-
grams). The assay was repeated at least three times in
quadruplicates.

siRNA analysis

siRNA-mediated knock-down analysis was carried out
using DharmaFECT Duo transfection reagent to deliver
50 nM siRNA oligonucleotides against CK2 (#6389)
or STAT3 (#6582) (Cell Signaling) or SMAD4 (s8405)
(Ambion, Austin, Texas, USA) or Allstars Negative control
(Qiagen, Hilden, Germany) non-silencing oligonucleotides
and the core-expression plasmid pHPI1430, according to
the manufacturer’s protocols (Dharmacon RNA Technolo-
gies, Lafayette, Colorado, USA). At 48—65 h post-transfec-
tion, the cell supernatants were collected and subjected to
ELISA for hepcidin protein measurements. Evaluation of
siRNA knock-down efficiency was performed in the har-
vested whole-cell extracts by Western blotting.

Immunofluorescence analysis
HCYV core expression following induction of the C2-3 cell

clone, was examined by immunofluorescence with an HCV
core polyclonal antibody, as previously described [51, 52].
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Statistical analysis

Statistical analysis was performed using Student’s ¢
test with p < 0.05 considered as statistically significant
(*p value <0.05; **p value <0.005). Unless otherwise
shown, statistical analysis was carried out between control
and treated cells.

Results

HCV core up-regulates HAMP gene expression, hepcidin
secretion, and modulates iron homeostasis

In order to investigate the putative regulation of HAMP
gene expression by HCV core, we evaluated HAMP pro-
moter activity by co-transfecting either the full-length
—3.1 kb HAMP promoter or a truncated construct contain-
ing the first 960 bp with c191 in Huh7 and HepG2 cells.
Figure 1a shows that compared to the empty vector control,
HCYV core increased the activity of both HAMP promoters
by 2-3-fold in hepatoma cell lines Huh7 and HepG2. Sub-
sequently, we used the core-expressing HepG2-based Tet-
On cell line C2-3 and the control cell line pTRE to assess
HAMP mRNA levels. Induction of core expression was
confirmed by immunofluorescence and Western blotting
(Suppl. Fig. lal, a2). Quantification of core showed that
core antigen was similarly expressed in C2-3 cell lysates
and HCV-infected hepatoma cells (~65 versus ~58 fmol/l
at 48 h post-induction and post-infection, respectively).
Figure 1b reveals an approximately 3 to 4-fold increase in
endogenous HAMP mRNA levels in the presence of HCV
core. Comparable results in endogenous HAMP mRNA lev-
els were obtained with Huh7 cells, transiently transfected
with c191 (Fig. Ic). The smaller increase in mRNA levels
observed in this case may be attributed to less amounts of
expressed core protein due to limitations in cell transfect-
ability. Moreover, hepcidin peptide levels were determined
by ELISA in the supernatants of pTRE and C2-3 cells.
Figure 1d shows a 2 to 3-fold increase in hepcidin secreted
from C2-3 cells as compared to control cells. The observed
hepcidin concentration was found to be 18.6 &+ 3.2 ng/ml for
PTRE cells, elevated to 48.9 £ 11.5 ng/ml in C2-3 superna-
tants. Experiments carried out in both pTRE and C2-3 cells
in the absence of doxycycline, showed no induction of hep-
cidin expression, while a similar fold-increase was observed
in another clone of the HCV core-expressing cell line (data
not shown). Taken together, these data clearly point towards
an HCV core-mediated transcriptional regulation of HAMP.

Finally, the role of hepcidin in iron homeostasis is of
such importance that one could expect perturbations in
the expression of other proteins involved in the iron regu-
lation network. Therefore, we performed Western-blot
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Fig.1 HCV core up-regulates HAMP gene expression and dif-
ferentially modulates components of the iron regulatory pathway. a
Huh7 and HepG2 cells were transiently co-transfected with the full-
length (—3.1 kb) and a truncated form (—960) of HAMP promoter
and expression plasmids coding for vector pCI or c191. Promoter
activity was measured using a commercially available luciferase
assay. HAMP mRNA levels in b pTRE and C2-3 cells and ¢ Huh7
cells transfected with expression plasmids coding for c191 or empty

analysis in whole-cell extracts from core-expressing C2-3
cells and their controls. Consistently with their role in iron
homeostasis and the increase in hepcidin transcription and
secretion, we observed a dramatic decrease in ferroportin,
TfR1, and the negative HAMP regulator TMPRSS6, while
the increased ferritin reflected the elevated intracellular
iron (Fig. le). TfR2 expression was also tested in the pres-
ence of core and found to be largely unchanged (data not
shown). The robust cellular adaptation reported here, as
a result of HCV core expression, suggests that HCV may
play a critical role in cellular iron metabolism regulation.

HCYV core elevates the activity of the HAMP gene
promoter via both BMP/SMAD and STAT cis-acting
elements

Previous studies described the association of STAT3 and
BMP/SMAD signaling with HCV core protein [53-55]

vector (pCI). Total RNA was isolated and subjected to qRT-PCR
with HAMP gene-specific primers. d Secreted HAMP protein levels
from pTRE and C2-3 supernatants measured by a competitive ELISA
assay. e Western-blot analysis of whole-cell extracts from pTRE and
C2-3 cells with antibodies against various components of the iron
regulatory pathway. B-actin was used as an internal control. Polypep-
tide molecular weights are given on the side in kDa

and the IL-6-mediated regulation of HAMP gene pro-
moter [56]. Figure 2a depicts a simplified diagram of the
STAT, BMP, and various other cis-acting elements located
on the human HAMP promoter. In order to examine the
participation of these elements in the HCV core-medi-
ated regulation of HAMP promoter, we co-transfected the
—960 and —3.1 kb HAMP promoter constructs and their
respective mutants that contain a mutated proximal BMP
site (—84/—79, mutBMP), a deleted STAT site (—72/—64,
ASTAT), or the mutated BMP site in the context of the full-
length —3.1 kb HAMP promoter (mutBMP, ), together with
c191 in Huh7 cells. The latter was prepared because it has
been shown that there are two distal BMP sites in HAMP
promoter located in the region between —2.3/—2.5 kb and
at least one of them affects BMP/SMAD-mediated HAMP
responsiveness to extracellular stimuli (iron or/and IL-6),
possibly through co-operation with the proximal BMP site
[39]. Figure 2b demonstrated that loss of either the STAT
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Fig. 2 Delineation of DNA-
binding elements responsible
for the HCV core-mediated
regulation of HAMP promoter
activity. a Schematic diagram
of the HAMP promoter region
with transcription factor binding

STAT

sites. Black arrow: transcription
initiation start. ORF: hepcidin

open reading frame. b Transient
350%

co-transfections of Huh7 cells
with full-length (black histo-
gram) and truncated HAMP
promoters (open histogram)
harboring mutations and dele-
tions in the (—84/—79) BMP
and the (—72/—64) STAT cis-
acting elements, with expres-
sion plasmids encoding either
full-length core (c191) or the
empty vector (pCl). Promoter
activity was measured using a
commercially available lucif-
erase assay
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or the proximal BMP DNA binding sequence was enough
for eradication of the HCV core-mediated up-regulation
of the —960 and —3.1 kb HAMP promoters. Additionally,
mutation of the proximal BMP site in the context of full-
length HAMP promoter not only abolished the HCV core
response, but also down-regulated HAMP promoter slightly
but significantly (p value = 0.0026), suggesting that there
might be some kind of collaboration between the distal and
proximal BMP elements in the context of the full-length
HAMP promoter.

The HCV core-dependent regulation of hepcidin involves
both the BMP/SMAD and STAT3 signaling pathways

Next we examined whether the observed regulation of
HAMP gene expression via both BMP and STAT3 DNA
regulatory elements was followed by activation of the
corresponding cellular signaling pathways. Two differ-
ent approaches were used to test this hypothesis. Firstly,
we carried out pathway-specific pharmacological inhibi-
tion, utilizing the small organic molecule dorsomorphin
(D), a pharmacological inhibitor of the BMP/SMADs [57],
and the STAT inhibitor VII (S), which specifically blocks
STAT3 target gene transcription (Calbiochem). Secondly,
we adopted a genetic approach using SMAD4 and STAT3
dominant-negative constructs in order to confirm HAMP
promoter activity modulation by these pathways.

The involvement of the BMP/SMAD pathway in the
HCV core-mediated effect was investigated by monitoring
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SMAD4 behavior in the presence of HCV core. SMAD4,
otherwise known as the co-SMAD, is responsible for driv-
ing all BMP/SMAD signals to the nucleus through heter-
odimerization with the receptor-regulated SMAD members
(R-SMAD:s) [58]. It has been shown that SMAD4 is consti-
tutively phosphorylated [58]; therefore, translocation of the
SMAD4 protein to the nucleus can be taken as an indication
for pathway activation. Thus, we performed subcellular frac-
tionation with control pTRE cells and HCV core-expressing
C2-3 cells treated or not with dorsomorphin. PARP1/2 and
B-actin were used as markers for the nuclear and cytoplasmic
fractions, respectively, and together with whole-cell extracts
were subjected to Western blotting with an anti-SMAD4
antibody. Figure 3a demonstrates a clear shift in SMAD4
localization from the cytoplasm (Fig. 3al) to the nucleus
(Fig. 3a2), which is blocked by the inhibitor. Additionally,
it is shown for the first time that in our system, HCV core
regulates SMAD4 expression by elevating its steady-state
protein levels (Fig. 3a3). The observed increase of SMAD4
was reduced in the presence of dorsomorphin. Furthermore,
in C2-3 core-expressing cells, the presence of dorsomorphin
was able to abrogate the HCV core-mediated up-regulation
of HAMP steady-state mRNA levels (Fig. 3bl), while the
corresponding cell supernatants showed that hepcidin pep-
tide production was reduced to background levels in cells
treated with dorsomorphin (Fig. 3b2).

Furthermore, an expression plasmid coding for a domi-
nant negative form of SMAD4 (DNSMAD#4) that was able
to down-regulate the —960 HAMP promoter constitutive
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Fig.3 The BMP/SMAD pathway is involved in HCV core-medi-
ated regulation of HAMP gene expression. a HCV core mediates
changes in localization and expression of SMAD4 protein that is
blocked by the BMP/SMAD inhibitor Dorsomorphin. Cytoplasmic
(al) and nuclear (a2) fractions of pTRE and C2-3 cells, as well as
whole-cell extracts (a3), treated with 10 @M Dorsomorphin or vehi-
cle control, were subjected to immunoblotting with an anti-SMAD4
antibody. f-actin and PARP1/2 were used as loading controls. b
HCV core-mediated increase in b/ HAMP mRNA levels is abolished
by the use of BMP/SMAD inhibitors. Following overnight starva-
tion with 0.5 %(v/v) FCS, pTRE, and C2-3 cells were treated with
10 .M Dorsomorphin (D) or vehicle control and cells were harvested

activity in Huh7 cells (Suppl. Fig. 1c) was used. The
—3.1 kb HAMP promoter was co-transfected with c191
and DNSMAD4 at mass ratios 1:1, 1:2, and 1:4. A dose-
dependent effect, possibly due to the existence of the dis-
tal BMP sites, was observed with the —3.1 kb HAMP
promoter, whereby the 1:4 ratio eradicated the HCV
core-mediated up-regulation of HAMP promoter activity
(Fig. 3c). The 1:1 ratio between the dominant negative and
c191 expression plasmids was enough to eliminate HAMP
promoter activity increase for the truncated —960 HAMP
promoter.

In order to assess STAT3 pathway involvement in
HCV core-mediated modulation of hepcidin, a similar

for RNA isolation and qRT-PCR with HAMP-specific primers. b2
HAMP protein levels return to normal following incubation with the
BMP/SMAD inhibitor dorsomorphin. Supernatants from the experi-
ment described in al were used for HAMP protein determination
with a competitive ELISA. ¢ SMAD4 is involved in the HCV core-
mediated modulation of the HAMP gene promoter. Huh7 cells were
co-transfected with the full-length and truncated HAMP promoter
reporter constructs, expression plasmid for core or empty vector and
a dominant negative construct for SMAD4 at various ratios. Promoter
activity was measured using a commercially available luciferase
assay

methodology as the one described above for SMAD4 was
used. STAT3 phosphorylation status and expression in the
presence of core was investigated by Western-blot analysis
with whole-cell extracts from C2-3 and control pTRE cells
in the presence of STAT inhibitor VII. As shown in Fig. 4a,
STAT3 was found to be phosphorylated at both Tyr705 and
Ser727 residues and also up-regulated in core-expressing
cells, while STAT3 inhibitor managed to block the core-
induced regulation of STAT3 activation and expression.
The use of the STAT-specific inhibitor abolished the HCV
core-mediated increase in HAMP mRNA levels (Fig. 4b1).
Hepcidin protein levels also dropped to the background
(Fig. 4b2) in the corresponding cell supernatants.
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Fig.4 STAT3 is involved in HCV core-mediated regulation of
HAMP gene expression. a HCV core mediates changes in activation
and expression of STAT3 protein that is blocked by STAT3 Inhibitor
VII. Whole-cell extracts, as well as nuclear and cytoplasmic fractions
of pTRE and C2-3 cells treated with 4 wM STAT3 inhibitor VII or
vehicle control, were subjected to immunoblotting with anti-total (t)
and anti-phospho (p) STAT3 antibodies. -actin was used as a loading
control. b HCV core-mediated increase in b6/ HAMP mRNA levels
is abolished by the use of STAT and BMP/SMAD inhibitors. Fol-
lowing overnight starvation with 0.5 % (v/v) FCS, pTRE and C2-3
cells were treated with 4 wM STAT3 inhibitor VII (S) or vehicle con-

The use of a dominant negative STAT3 (STAT3DN)
expression plasmid coding for a form of the protein that
cannot be phosphorylated in Tyr705 was used in co-trans-
fection experiments with c191 and the full-length or trun-
cated HAMP promoter constructs in Huh7 cells. In both
cases, failure to activate the STAT3 pathway eradicated
HAMP modulation by core (Fig. 4c). Functionality of the
plasmid used can be seen in Supplementary Figure Ic,
where it succeeded in abolishing IL-6-mediated enhance-
ment of activity in a STAT1/STAT3-driven promoter. Given
that STAT3-mediated regulation of hepcidin has been
attributed to IL-6, the main effector of the APR, we carried
out mRNA expression analysis in Huh7 cells transfected
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trol and cells were harvested for RNA isolation and qRT-PCR with
HAMP-specific primers. b2 HCV core-mediated elevation in HAMP
protein levels was abolished following incubation with STAT3 and/or
BMP/SMAD inhibitors. Supernatants from the experiment described
in al were used for HAMP protein determination with a competitive
ELISA. ¢ STAT3 is involved in the HCV core-mediated modulation
of the HAMP gene promoter. Huh7 cells were co-transfected with
the full-length and truncated HAMP promoter reporter constructs,
expression plasmid for core or empty vector and a dominant negative
construct for STAT3 in a 1:2:2 ratio. Promoter activity was measured
using a commercially available luciferase assay

with the full-length HCV core, in order to assess IL-6
expression. Indeed, IL-6 mRNA levels were found up-regu-
lated 3.5-fold in the presence of HCV core (Suppl. Fig. 1b),
thereby suggesting that even ectopic expression of HCV
core may be enough to initiate the APR via IL-6 production
in Huh7 cells and the concomitant changes in APP regula-
tion, as suggested by simultaneous up-regulation of mRNA
of IL-6-regulated APPs serum amyloid A1 [59] and fibrino-
gen [33] (Suppl. Fig 1b).

Taken together, the above results indicate that HCV core
up-regulates HAMP gene expression through BMP/SMAD
signaling and activation of the STAT3 pathway appears to
be part of this mechanism.
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abolishes HCV core-mediated increase in HAMP endogenous mRNA
levels, compared to transfection with an empty vector control (pCI).
c2 Huh7 cells were co-transfected with the full-length HAMP pro-
moter in combination with expression plasmids for core (c191) and/or
CK2 and/or empty vector (pCI) and/or a dominant negative CK2 con-
struct. Promoter activity was measured using a commercially available
luciferase assay. d siRNA knock-down analysis using CK2, SMAD4,
and STAT3 or scrambled (NC) oligonucleotides in Huh7 cells trans-
fected with empty vector (Un) or full-length core (c191). The super-
natants were collected for secreted hepcidin protein measurements by
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lated in the presence of core. CK2 activity assay in pTRE and C2-3
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porated [mean values (+SD) of three determinations]

@ Springer



4252

P. Foka et al.

HCV core-mediated regulation of HAMP gene expression
occurs through activation of both STAT3 and BMP/SMAD
pathways by CK2 kinase

CK2 is pleiotropic kinase that interacts with and modu-
lates several pathways, such as the JAK/STAT and the
BMP/SMAD [60, 61]. In the light of this and in order to
comprehend the mechanisms governing the HCV core
effect, we examined the involvement of CK2 in the HCV
core-mediated regulation of HAMP and investigated a pos-
sible interaction with both STAT3 and SMAD4 proteins.
A potent and selective CK2 inhibitor, quinalizarin (Q)
[62], was used in a series of experiments with HCV core-
expressing C2-3 and their control pTRE cells, in order to
assess a putative inhibitory effect on STAT3 and SMAD4
activation and the up-regulation of HAMP gene expres-
sion itself, in the presence of core. Figure 5a shows that in
cytoplasmic (Fig. 5al) and nuclear (Fig. 5a2) fractions, as
well as whole-cell extracts (Fig. 5a3) from cells incubated
with quinalizarin for 48 h, the inhibitor blocked marginally
the translocation of SMAD4 to the nucleus and the core-
mediated increase in SMAD4 expression. Most interest-
ingly, it inhibited phosphorylation of both STAT3 Tyr and
Ser residues and repressed STAT3 expression moderately
(Fig. 5a4). Collectively, the use of quinalizarin was enough
to repress HAMP mRNA up-regulation (Fig. 5b1) and con-
sequently secreted hepcidin peptide levels (Fig. 5b2).
Furthermore, we tested the effect of CK2 on HAMP pro-
moter activity modulated by HCV core. A dominant nega-
tive CK2 (CK2-DN) expression plasmid that codes for a
kinase-inactive mutant was transfected in core-expressing
C2-3 and control pTRE cells and HAMP mRNA levels
were evaluated by qRT-PCR. As seen in Fig. 5c1, CK2-DN
reduced the core-mediated up-regulation of HAMP mRNA
by half. When Huh7 cells were used in transient transfec-
tion assays with both the CK2-DN and a constitutively
active CK2 expression plasmid (CK2), we observed that the
core-mediated increase of HAMP full-length promoter was
completely abolished with the former plasmid, while at the
same time HCV core and CK2 acted in synergy and pro-
duced a dramatic 9 to 10-fold elevation in HAMP promoter
activity levels. The synergistic effect of HCV core and CK2
was evident, since CK2 effect on HAMP gene promoter
constitutive levels was similar to the up-regulation noticed
by core alone (Fig. 5c2). Functionality of the dominant
negative plasmid used can be seen in Supplementary Fig-
ure lc, where it succeeded in abolishing IFN-y-mediated
enhancement of activity in a STAT1/STAT3-driven pro-
moter. Finally, the use of RNA interference assays for CK2,
SMAD4, and STAT3 followed by ELISA measurements of
hepcidin protein levels in Huh7 cells transfected with full-
length core (Fig. 5d), as well as in pTRE/C2-3 cells (data
not shown), demonstrated that the interplay of all three
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pathways is crucial for the HCV core-mediated regulation
of HAMP gene expression. Knock-down of the correspond-
ing proteins was confirmed by Western-blot analysis (Supp.
Fig. lel, e2, e3).

In order to probe the relationship between HCV core
and CK2 a bit further, we investigated whether HCV core
activates CK2 directly. Indeed, CK2 kinase activity was
up-regulated in the presence of core in C2-3 cells measured
by CK2 activity assay (Fig. 5e). Additionally, CK2 protein
levels were found elevated in cell extracts from Huh7 cells
transfected with c191 (Supp. Fig. 1d).

Discussion

HCV-mediated hepcidin regulation remains a controversial
issue at best. Chronic HCV infection in humans is char-
acterized by relatively low hepcidin expression [24, 25,
27, 63], although questions about hepcidin levels in acute
infection have not yet been addressed adequately. Trans-
genic mice expressing the HCV polyprotein exhibited
increased serum iron levels and reduced hepcidin expres-
sion, when compared to naive animals [64], while Huh7.5
cells bearing the HCV replicon system or HCV core pro-
tein expressed from an adenoviral vector, were shown to
produce lower hepcidin levels than control cells [65]. In
contrast, other studies reported elevated HAMP mRNA in
HCYV core transgenic mice [66] and replicon cells based on
the parental Huh7 cell line [67]. The above conflicting data
may be due to the different cellular systems used in these
studies and be parts of a multifaceted phenomenon that
governs hepcidin regulation during viral infection.

This study provides clear evidence for HCV core-medi-
ated transcriptional up-regulation of HAMP gene expres-
sion in Huh7 and HepG2 cells. In our system, IL-6 levels
were also found up-regulated by at least 2 to 3-fold in core-
expressing Huh7 cells. This finding agrees with previous
results that implicate HCV core in IL-6 regulation [68,
69] and may be the initial step in the observed HCV core-
mediated up-regulation of hepcidin expression. One could
speculate that hepcidin up-regulation results in modulation
of cellular iron homeostasis, since we demonstrated for the
first time that iron-regulated proteins ferroportin, TfR1,
and matriptase-2 were diminished, while ferritin was ele-
vated in the presence of HCV core, as expected in the case
of increased hepcidin. Given that the increase of hepcidin
by core results in enhanced iron levels intracellularly, one
would expect mobilization of the IRE-IRP regulatory sys-
tem and subsequent post-transcriptional regulation of these
genes, in order to accommodate for the changes in iron sta-
tus [70-73].

Several studies provide evidence that hepcidin is regu-
lated by the BMP/SMAD pathway. BMP2, BMP4, BMP9,
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and more recently BMP6, have been implicated in HAMP
gene modulation and iron regulation [8, 74—77]. Co-trans-
fections of a HAMP promoter construct with a mutant
proximal BMP site with HCV core in Huh7 cells showed
that this pathway is involved in the HCV core-mediated
regulation of hepcidin. The observed promoter activ-
ity increase was matched accordingly by HAMP mRNA
and protein, which returned to background levels fol-
lowing incubation of the core-expressing cells with the
BMP/SMAD-specific inhibitor dorsomorphin. SMAD4
involvement was verified with a SMAD4 dominant nega-
tive construct and introduction of SMAD4 siRNA oligo-
nucleotides, which managed to abrogate HAMP promoter
activity and secreted peptide up-regulation in Huh7 cells
transfected with c191. Fractionation experiments with
pTRE/C2-3 cells demonstrated increased SMAD4 traffick-
ing to the nucleus. Surprisingly, this change in localization
was accompanied by an up-regulation of SMAD4 pro-
tein levels, while both were blocked by dorsomorphin, as
expected. Notably, Wang and colleagues reported the direct
involvement of SMAD4 in HAMP constitutive expression,
which we also noticed when co-transfection of the domi-
nant negative SMAD4 construct with the HAMP promoter
led to a dramatic decrease in promoter activity. Inducible
HAMP gene expression was impaired in SMAD4-deffi-
cient hepatocytes, since it did not respond to extracellu-
lar stimuli known to elevate HAMP expression, such as
IL-6, BMPs or iron [77]. Interestingly, mice bearing liver-
specific knock-down of SMAD4 were found to have dra-
matically reduced HAMP levels and suffer from severe
hepatic iron overload, thereby pointing towards the impor-
tance of SMAD4 in hepcidin regulation and iron homeo-
stasis in vivo [78]. Furthermore, HCV interaction with the
BMP/SMAD pathway has been demonstrated, as HCV rep-
lication is suppressed by TGF-$ and BMP7 in a SMAD-
dependent manner [79, 80]. However, to our knowledge,
with the exception of tumor-derived core isolates [81], nei-
ther the effect of HCV nor a putative involvement of indi-
vidual viral proteins on SMAD4 gene expression have ever
been studied before. The aforementioned existing literature
findings corroborate our results, which stress the important
role of the BMP/SMAD pathway and specifically SMAD4
on HCV core-mediated transcriptional regulation of hepci-
din in the early steps of viral infection.

Next, we demonstrated that HCV core-mediated up-reg-
ulation of HAMP gene promoter activity in both Huh7 and
HepG2 hepatoma cell lines, as well as mRNA and protein
levels also occurred through STAT3. Enhanced promoter
activity returned to background levels with the deletion
of a STAT site in the proximal HAMP promoter, as well
as the co-transfection of a STAT3 dominant negative con-
struct with core. Additionally, the use of a specific STAT3
inhibitor was enough to abolish the HCV core-mediated

increase of hepcidin mRNA and protein. Phosphorylation
of both tyrosine and serine STAT3 residues and a profound
increase in total STAT3 protein indicated the activation of
STAT3 pathway in core-expressing cells. These effects of
core on STAT3 were specifically abrogated by the STAT3
inhibitor. Finally, RNAi interference against STAT3 in
Huh?7 cells transfected with c191 was able to decrease the
HCV core-mediated elevation in secreted hepcidin.
Regulation of HAMP gene expression by STAT3 is very
well documented [9, 16, 82]. In these studies, the com-
mon effector was IL-6, provided either exogenously or in
the form of conditioned medium from macrophage cul-
tures, mimicking inflammation and the APR. IL-6 has been
known to transactivate STAT3 by inducing its phosphoryla-
tion in both tyrosine and serine residues [83]. IL-6 signal-
ing occurred through the STAT site in the proximal HAMP
promoter, which was also found responsible for constitu-
tive HAMP expression [9]. Moreover, Pietrangelo et al.
[84] showed that IL-6-mediated modulation of HAMP gene
expression was not possible in mice bearing a liver-specific
deletion of the IL-6 transducing receptor gp130. Finally,
prohepcidin was recently shown to be responsible for hep-
cidin auto-regulation through localization in the nucleus
and binding to the STAT site in the HAMP gene promoter
[85]. STAT3 was also shown to be involved in HAMP gene
modulation in response to tissue hypoxia. Under hypoxic
conditions, STAT3 as well as C/EBPq, a positive hepcidin
regulator [12], would be dislodged from the HAMP gene
promoter, thereby causing down-regulation of hepcidin
expression [86, 87]. On the other hand, the production of
ROS in persistent inflammation has been demonstrated to
increase hepcidin in a STAT3-dependent manner, possibly
as a way to induce hypoferremia and limit tissue damage
that could result from iron-generated free radicals [88].
Furthermore, STAT3 interacts with and is activated by
HCV core through phosphorylation [55, 69, 89], while it
may also increase STAT3 gene expression [55], a finding
that agrees with our own data. In our series of experiments,
we observed that in core-expressing cells the BMP/SMAD
inhibitor dorsomorphin was able to block the core-medi-
ated increase in STAT3 expression and phosphorylation
(data not shown), thereby indicating that the core action
on STAT3 may involve members of the BMP/SMAD cas-
cade. Given that inhibition of an individual pathway eradi-
cated the HCV core effect on HAMP, and therefore path-
way redundancy is not an issue in the core response, our
data strongly point towards a need for interplay between
STAT3 and BMP/SMADs for the regulation of HAMP by
HCV core. This seems to be generally true for inducible
HAMP regulation by inflammatory stimuli, systemic iron,
and erythropoiesis. Some of these studies have shown that
inhibition of the BMP/SMAD pathway and SMAD4 blocks
IL-6-mediated regulation of hepcidin [37, 90-92], while
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Wang et al. [77] suggested that SMAD4 may facilitate it by
opening condensed chromatin structure so that STAT3 has
better access to the HAMP promoter.

In order to understand the molecular mechanisms that
govern the HCV core effect on HAMP gene regulation, we
investigated the putative role of protein kinase CK2 (CK2).
CK2 is a ubiquitously expressed serine/threonine kinase
that circulates in the form of a tetramer, which contains two
catalytic subunits (CK2a, CK2a/, or their combination) and
two regulatory subunits (CK2p). It is a pleiotropic kinase,
implicated in a plethora of pathophysiological cellular pro-
cesses. It is a pro-survival molecule with increased activ-
ity and expression in many human cancers, including HCC
[93], and is known to interact with the NF-kB, PI3 K, and
Wnt pathways [94]. Interestingly, there is a growing vol-
ume of literature that implicates this kinase in viral biol-
ogy. Viral proteins of HIV-1, CMV and oncogenic EBV,
HPV-16, HTLV, and HCV have been shown to be phos-
phorylated by CK2, in order to achieve efficient replica-
tion and other important viral functions [95]. Specifically,
HCV NS5A was demonstrated to be phosphorylated by
CK2 at a Ser residue through N-terminus association [96].
Zheung et al. [61] showed that CK2 is constitutively asso-
ciated with JAK1 and JAK2 and promotes STAT3 acti-
vation through JAK2 phosphorylation. The use of CK2
inhibitors has been shown to block STAT3 activation and
lead cancer cells to apoptosis [97, 98]. In addition, CK2
has been shown to mediate the regulatory action of vari-
ous cytokines [99]. More importantly, IL-6 employs CK2
to activate STAT3 through phosphorylation of both Ser and
Tyr residues on the STAT3 polypeptide [98]. The relation-
ship between CK2 and IL-6 goes both ways, since it has
been shown that CK2 can up-regulate IL-6 gene expres-
sion in breast cancer [100]. Recently, there was evidence
that CK2 may be required for BMP-mediated regulation
in neurons and CK2 inhibitors specifically blocked SMAD
phosphorylation, thereby hinting at CK2 involvement in the
BMP/SMAD pathway activation [101].

In the light of those studies, we considered CK?2 as a pos-
sible link between the STAT3 and BMP/SMAD pathways,
employed by HCV core to alter HAMP gene expression.
We used a CK2-specific inhibitor in core-expressing cells
and demonstrated that blocking CK2 activity was enough to
inhibit activation and increased expression of both STAT3
and SMAD4. Thus, CK2 seemed to orchestrate the HCV
core response by switching on these signaling cascades.
The inhibitor quinalizarin managed to eradicate HCV
core-mediated up-regulation of HAMP mRNA and protein
expression. The involvement of CK2 was validated further
with a dominant negative CK2 construct, which following
transfection in pTRE/C2-3 cells diminished the HCV core-
induced regulation of HAMP mRNA expression. At the
same time, it abolished the up-regulation of HAMP gene
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promoter when transfected in Huh7 cells. Similarly, fol-
lowing siRNA analysis with CK2 siRNA oligonucleotides
in Huh7 cells transfected with full-length core, the elevated
hepcidin secreted peptide levels were reduced by half. Inter-
estingly, co-transfection of a CK2a expression plasmid with
c191 in Huh7 cells increased dramatically HAMP promoter
activity in a synergistic way with core. Moreover, we pro-
vide evidence for the first time that HCV core modulates
CK?2 activity and expression as CK2 activity assay revealed
up-regulation of CK2 activity in the presence of HCV core,
which was accompanied by an increase in CK2 protein lev-
els in Huh7 cells transfected with c191. Notably, while this
work was in progress, two studies demonstrated that CK2
may interact with HCV core. In the first one, Ngo and col-
leagues used functional proteomics and protein array analy-
sis to identify cellular partners of core protein. CK2a/ was
included in the list of approximately 100 proteins that were
found to interact with HCV core, however the authors did

SMAD1/5/8

«
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g SMAD1/5/8

Fig. 6 Schematic diagram of the proposed model of HCV-mediated
transcriptional regulation of the HAMP gene. HCV core up-regulates
HAMP gene expression through interaction with CK2 that con-
fers activation of the STAT3 and BMP/SMAD signaling pathways.
The respective transcription factors enter the nucleus and occupy
the STAT and BMP cis-acting elements in HAMP proximal pro-
moter, resulting in elevated HAMP gene expression promoter activ-
ity, mRNA, and protein levels. P phosphorylation events, ? unknown
reaction steps
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not verify or study this relationship further [53]. The second
study described an up-regulation of the CK2p subunit pro-
tein levels in the liver of transgenic mice expressing HCV
core and HCV ARFP proteins, which the authors linked to
increased Wnt signaling observed in these mice [102].

In conclusion, in this study we demonstrated that the key
regulator of iron homeostasis and acute phase protein, hep-
cidin, is up-regulated by HCV core via a complex signaling
network that employs enhanced expression and activation
of STAT3, SMAD4, and CK2 (Fig. 6). To our knowledge,
this is the first study to suggest involvement of CK2 in hep-
cidin regulation and importantly to provide evidence on the
CK2-mediated activation of the STAT3 and BMP/SMAD
pathways by HCV core. This interplay between HCV core
and CK2 may involve multiple levels of regulation of the
CK2 subunits and needs to be further explored, especially
in the light of CK2 involvement in HCC that render it a
promising therapeutic target.
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