
Hepatitis C Virus Infection Causes Iron Deficiency in
Huh7.5.1 Cells
Carine Fillebeen1, Kostas Pantopoulos1,2*

1 Lady Davis Institute for Medical Research, Jewish General Hospital, Montreal, Quebec, Canada, 2 Department of Medicine, McGill University, Montreal, Quebec, Canada

Abstract

Patients with chronic hepatitis C virus (HCV) infection frequently develop systemic iron overload, which exacerbates
morbidity. Nevertheless, iron inhibits HCV replication in cell culture models and thereby exerts antiviral activity. We
hypothesized that the cellular iron status is crucial for the establishment of HCV infection. We show that HCV infection of
permissive Huh7.5.1 hepatoma cells promotes an iron deficient phenotype. Thus, HCV leads to increased iron regulatory
protein (IRP) activity, accumulation of IRP2 and suppression of transferrin receptor 1 (TfR1) and divalent metal transporter 1
(DMT1) in the host. These data suggest that HCV regulates cellular iron levels to bypass iron-mediated inhibition in viral
replication.
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Introduction

HCV infection continues to pose a global health concern, with

an estimated prevalence of 2.2–3% worldwide [1]. Progression to

chronic hepatitis C (CHC) predisposes to liver fibrosis, cirrhosis

and hepatocellular cancer. CHC patients often present with

elevated serum iron indices and hepatic iron overload, which is in

its own right a risk factor for liver disease [2]. Misregulation of iron

homeostasis in CHC is caused by many factors, including

necroinflammation and suppression of the iron regulatory

hormone hepcidin [2]. Hepcidin insufficiency promotes dietary

iron absorption and efflux of iron from reticuloendothelial

macrophages to the bloodstream, while excess iron eventually

accumulates within hepatocytes [3]. Paradoxically, while iron

aggravates HCV toxicity, it may also exhibit antiviral activity [4].

We previously showed that iron impairs the enzymatic activity

of the viral RNA polymerase NS5B [5] and thereby inhibits

replication of subgenomic [5] and infectious HCV [6]. Further-

more, we reported that subgenomic HCV replicons reduce iron

levels in host cells [7]. Here, we address the effects of infectious

HCV on iron metabolism in permissive Huh7.5.1 hepatoma cells.

We demonstrate that these cells express inappropriately low

hepcidin mRNA levels and develop an iron deficient phenotype in

response to HCV infection.

Materials and Methods

Cell culture
Huh7.5.1 cells were cultured in Dulbecco’s modified Eagle’s

medium supplemented with 10% heat inactivated fetal bovine

serum, 100 nM non-essential amino acids, 100 U/ml penicillin

and 100 mg/ml streptomycin.

Infection of Huh7.5.1 cells with HCV
In vitro transcribed HCV RNA (derived from clone JFH-1) was

transfected into Huh7.5.1 cells by electroporation [6]. After 14

days, culture media containing viral particles were cleared by low

speed centrifugation, filtered and used for inoculation of naı̈ve

Huh7.5.1 cells. The infected cells were washed after 24 hours and

incubated with fresh media for 1–4 days.

Western blotting
The expression of viral and cellular proteins was analyzed by

Western blotting [6,7]. Immunoreactive bands were quantified by

densitometry and values were normalized to those of control b-

actin.

Quantitative real-time RT-PCR
HCV RNA and the expression of cellular mRNAs were

quantified by real time PCR, following reverse transcription

[6,7]. Values were normalized to those of ribosomal protein S18

(RPS18) RNA. Primer sequences are shown in Table 1.

Electrophoretic mobility shift assay (EMSA)
IRE-binding activities of IRP1 and IRP2 were analyzed by

EMSA with a 32P-labeled IRE probe [8]. IRE/IRP1 and IRE/

IRP2 complexes, which co-migrate in the gels under the specific

running conditions if IRP1 and IRP2 are of human origin, were

visualized by autoradiography. IRE-binding activities were quan-

tified by phosphorimaging and normalized to values obtained in

the presence of 2% mercaptoethanol, which activates latent IRP1

[8].
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Statistical Analysis
Data are shown as means 6SD. Statistical analysis was

performed by the unpaired Student’s t-test with the Prism

GraphPad Software (version 5.0 d).

Results and Discussion

Infection of naı̈ve Huh7.5.1 cells with HCV was accomplished

by their inoculation with culture supernatant from HCV RNA-

transfected Huh7.5.1 cells. The efficacy of this procedure is

demonstrated by the robust expression of HCV RNA (Fig. 1A) and

the viral NS3 and core proteins (Fig. 1B). Uninfected control and

HCV-infected cells were supplemented with fresh media and

allowed to grow for 1–4 days. Growth of HCV-infected cells was

slower after day 2 (Fig. 1C). Hepcidin mRNA levels were minimal

on day 1, but gradually increased afterwards (Fig. 1D). This was

likely due to time-dependent inactivation of growth factors present

in the culture media, since these molecules inhibit hepcidin

transcription [9]. Importantly, the recovery of hepcidin mRNA

was significantly blunted in HCV-infected cells (p,0.005 on days

3 and 4), suggesting that HCV infection inhibits hepcidin mRNA

expression. This result is consistent with the reduced serum

hepcidin levels in CHC patients [10], the transcriptional

inactivation of hepcidin in full-length HCV Huh7.5 replicon cells

[11], and the impairment of hepcidin mRNA expression in

primary human hepatocytes following in vitro infection with HCV

[12].

Both uninfected control and HCV-infected cells exhibited a

time-dependent decline in transferrin receptor 1 (TfR1) mRNA

expression (Fig. 1E). This response probably reflected the gradual

Table 1. List of primers used for qPCR.

Gene GenBank accession No Forward primer sequence Reverse primer sequence

RPS18 NM 022551 tgtggtgttgaggaaagcag aagtgacgcagccctctatg

HCV ctgtcttcacgcagaaagcg cactcgaccgcgccctatca

Hamp (hepcidin) NM 021175 atggcactgagctcccagat actttgatcgatgacagcag

TfR1 NM 003234 gcaagtagatggcgataacag gacgatcacagcaatagtccc

DMT1+IRE NM 001174125 gtggtcagcgtggcttatct cacactggctctgatggcta

doi:10.1371/journal.pone.0083307.t001

Figure 1. HCV infection suppresses the expression of hepcidin, TfR1 and DMT1 mRNAs. Naı̈ve Huh7.5.1 cells were inoculated with media
containing HCV particles or control media for 1–4 days post infection (d.p.i.). (A) The expression of HCV RNA was quantified by qPCR. (B) The
expression of viral NS3 and core proteins and of cellular b-actin was analyzed by Western blotting. (C) The growth rate of uninfected control and HCV-
infected cells was monitored by counting viable cells with the trypan blue exclusion method (n = 4 experiments). (D–E) The levels of hepcidin, TfR1
and DMT1(+IRE) mRNAs were analyzed by qPCR. After normalization with RPS18 values, mRNAs in HCV-infected cells were expressed relative to
control cells at day 1. The graphs represented three independent experiments (means 6SD).
doi:10.1371/journal.pone.0083307.g001
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increases in cell density, which negatively regulates basal TfR1

transcription [13]. TfR1 mRNA levels were significantly lower in

HCV-infected cells compared to uninfected controls throughout

the experiment, in spite of their decreased growth rate. This is in

line with the reduced TfR1 mRNA expression previously

documented in subgenomic HCV replicon cells [7], and recently

in HCV-infected Huh7 cells [14]. Expression of an iron-regulated

isoform of divalent metal 1 transporter (DMT1) mRNA was

likewise reduced in HCV-infected cells (Fig. 1F).

Both TfR1 and DMT1 are involved in cellular iron uptake [15],

while TfR1 appears to further operate as an HCV entry factor

[14]. The downregulation of TfR1 and DMT1 mRNAs in HCV-

infected cells may lead to iron deficiency. This state is sensed by

iron regulatory proteins, IRP1 and IRP2, which bind to mRNAs

containing iron responsive elements (IREs) and thereby control

their translation or stability [15]. IRE-binding activity was

consistently and significantly elevated in HCV-infected cells

(Fig. 2A), which indicates an iron-deficient phenotype. Notably,

IRE-binding activity tended to decrease in a time-dependent

manner, possibly as a result of increasing cell density [16].

In iron-deficient cells, IRP1 is activated for IRE-binding upon

removal of its iron-sulfur cluster, while IRP2 activation is due to its

stabilization against degradation [15]. IRP1 expression was similar

in control and HCV-infected cells (Fig. 2B, top), in agreement with

the regulation of its IRE-binding activity via an iron-sulfur cluster

switch. By contrast, IRP2 content was significantly elevated in

HCV-infected cells (Fig. 2B, second panel). Together with the

increased IRE-binding activity, the induction of IRP2 provides

strong evidence that HCV-infected cells are iron-deficient. This

interpretation is also supported by the concomitant inhibition in

the expression of ferritin (Fig. 2B, third panel), an iron storage

protein that is negatively regulated by IRPs [15].

HCV-dependent iron deficiency could be caused by the reduced

expression of the iron uptake proteins TfR1 and DMT1 (Fig. 2B,

fourth and fifth panels, respectively), which largely reflects their

mRNA content (Fig. 1). The levels of the iron exporter ferroportin

(Fpn) were not significantly affected (Fig. 2B, sixth panel;

Figure 2. HCV infection activates IRPs and inhibits the expression of iron uptake molecules. Huh7.5.1 cells were inoculated with media
containing HCV particles for 1–4 days post infection (d.p.i.). (A) Cell lysates were analyzed by EMSA with a 32P-labeled IRE probe in the absence (top)
or presence (bottom) of 2% 2-mercaptoethanol (2-ME). Data from three independent experiments were quantified by densitometry. The graph
depicts percentages of IRE/IRP band intensities, normalized to the respective 2-ME values (means 6SD). (B) The expression of IRP1, IRP2, TfR1, ferritin,
Fpn, DMT1, and b-actin was analyzed by Western blotting. Data from three independent experiments were quantified by densitometry; relative
protein band intensities (means 6SD) are plotted on the right, following normalization with the respective b-actin values.
doi:10.1371/journal.pone.0083307.g002
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quantification is shown in Fig. S1), suggesting that HCV infection

does not directly interfere with iron efflux. As both TfR1 and

DMT1 are positively regulated by IRPs, their reduced expression

in HCV-infected cells appears to be IRP-independent.

In conclusion, our findings provide evidence that HCV

infection modulates iron metabolism and promotes iron deficiency

in host hepatic cells. Similar responses were elicited by subgenomic

HCV replicons; nevertheless, in this setting, iron deficiency was

also associated with Fpn induction [7]. Conceivably, Fpn

expression may be regulated by HCV structural proteins.

Considering that iron antagonizes the establishment of HCV

infection by inhibiting viral replication [5,6], the capacity of HCV

to promote iron deficiency in host cells may represent an adaptive

strategy to bypass the antiviral activity of iron. The delayed

suppression of TfR1 by HCV is not expected to compromise viral

entry, since TfR1 appears to be essential for internalization of

HCV particles only at early stages of infection [14].

Supporting Information

Figure S1 HCV infection does not significantly alter
ferroportin expression in host Huh7.5.1 cells. Huh7.5.1

cells were inoculated with media containing HCV particles for 1–4

days post infection. The expression of ferroportin was analyzed by

Western blotting. Data from three independent experiments,

including that shown in Fig. 2B, were quantified by densitometry.

The graph depicts relative ferroportin band intensities (means

6SD) normalized to b-actin.

(TIF)
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