Cell Stress and Chaperones (2013) 18:495-501
DOI 10.1007/s12192-013-0405-3

ORIGINAL PAPER

ERK signaling is triggered by hepatitis C virus E2 protein

through DC-SIGN

Lan-Juan Zhao - Wen Wang - Hao Ren + Zhong-Tian Qi

Received: 26 December 2012 /Revised: 22 January 2013 / Accepted: 23 January 2013 /Published online: 3 February 2013

© Cell Stress Society International 2013

Abstract Dendritic cell-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN) is a binding
receptor for hepatitis C virus (HCV). Binding of HCV
envelope protein E2 to target cells is a prerequisite to DC-
SIGN-mediated signaling. Using cell lines with stable or
transient expression of DC-SIGN, we investigated effects
of soluble HCV E2 protein on ERK pathway. MEK and
ERK are activated by the E2 in NIH3T3 cells stably express-
ing DC-SIGN. Treatment of the cells with antibody to DC-
SIGN results in inhibition of the E2 binding as well as the
E2-induced MEK and ERK activation. In HEK293T cells
transiently expressing DC-SIGN, activation of MEK and
ERK is also induced by the E2. Activation of ERK pathway
by HCV E2 through DC-SIGN provides useful information
for understanding cellular receptor-mediated signaling.
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Introduction

Dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin (DC-SIGN) is expressed on dendritic
cells and some subsets of macrophages (Geijtenbeek et al.
2000; Soilleux et al. 2002). A variety of viruses, such as
human immunodeficiency virus (HIV), Ebola virus,
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cytomegalovirus, dengue virus, hepatitis C virus (HCV),
human herpesvirus 8, measles virus, West Nile virus, severe
acute respiratory syndrome coronavirus, avian HSN1 influ-
enza virus, and herpes simplex virus, bind to susceptible
cells by targeting DC-SIGN, establishing chronic infection
(Pohlmann et al. 2001; Alvarez et al. 2002; Halary et al.
2002; Tassaneetrithep et al. 2003; Gardner et al. 2003;
Rappocciolo et al. 2006; de Witte et al. 2006; Davis et al.
2006; Chen and Subbarao 2007; Wang et al. 2008; de Jong
et al. 2008). DC-SIGN enhances viral entry into target cells
through interaction with the viral envelope glycoproteins
(Lozach et al. 2007). As HCV envelope binding receptor,
DC-SIGN captures and delivers HCV particles to the liver
through interaction with HCV envelope protein E2 (Lozach
et al. 2003; Pohlmann et al. 2003).

Modulation of some signaling pathways by DC-SIGN
leads to the induction of immune responses against numer-
ous pathogens and especially Raf-1 plays a central role in
the processes (den Dunnen et al. 2009; Gringhuis and
Geijtenbeek 2010; Geijtenbeek et al. 2009; Svajger et al.
2010). For instance, modulation of Toll-like receptor signal-
ing by DC-SIGN via Raf-1-dependent acetylation of NF-
kappaB is involved in regulation of adaptive immunity by
dendritic cells to bacterial, fungal, and viral pathogens
(Gringhuis et al. 2007). Binding of the HIV-1 envelope
glycoprotein gp120 to DC-SIGN induces Raf-1-dependent
phosphorylation of the NF-kappaB subunit p65, which is
required for the generation of full-length HIV transcripts
(Gringhuis et al. 2010). Increased Rho-GTPase activity trig-
gered by HIV-stimulated DC-SIGN signaling is required for
HIV replication (Hodges et al. 2007). The phagocytosis of
Escherichia coli by HEK293/DC-SIGN stable transfectants
could be inhibited by the inhibitors specific for Raf and
NF-kappaB (Iyori et al. 2008). Thus, signaling events trig-
gered by pathogens through DC-SIGN may provide a mo-
lecular basis for the mechanisms underlying infection and
immunity.
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Binding of HCV envelope protein E2 to target cells is a
prerequisite to cellular receptor-mediated signaling. Given
the involvement of early signaling events in the viral
pathogenesis, we focused on regulation of mitogen-
activated protein kinase (MAPK) pathways by HCV E2
through the relevant receptors (Zhao et al. 2005, 2006,
2007). It has been shown that ERK, a key MAPK path-
way, is affected by HCV proteins or infectious virus and
plays an impotent role in HCV pathogenicity. Activation
of ERK signaling is detectable in stable cell lines express-
ing HCV core protein, and that HCV core protein neuro-
toxicity may be mediated by sustained activation of ERK
(Giambartolomei et al. 2001; Paulino et al. 2011). HCV
E2 protein activates ERK in human hepatic stellate cells
(Mazzocca et al. 2005). Blocking ERK pathway by kinase
inhibitor U0126 reduces HCV replication in human hep-
atoma cells (Pei et al. 2011). Recent report shows that
HCYV activates ERK signaling cascades involved in acti-
vation of matrix metalloproteinase-2 and B cell lympho-
ma 2 (Li et al. 2012). We have reported that p38 MAPK
pathway is upregulated by HCV E2 in HEK293T cells
transiently expressing DC-SIGN (Chen et al. 2010).
Based on our previous work, using cell lines with stable
or transient expression of DC-SIGN, we further investi-
gated effects of HCV E2 protein on ERK pathway.

Materials and methods
Materials

DC-SIGN expression plasmid pcDNA3-DC-SIGN was
obtained through the AIDS Research and Reference
Reagent Program (NIAID, NIH). The DC-SIGN cDNA was
amplified from human dendritic cells and cloned into
pcDNA3 vector (P6hlmann et al. 2001). Soluble HCV sub-
type 1a E2 protein expressed in Chinese hamster ovary cells
and mouse anti-E2 mAb were kind gifts of Michael
Houghton (Chiron Corporation, USA) (Mazzocca et al.
2005). Goat anti-HCV E2 antibody was purchased from
Biodesign International (Saco, Maine). Mouse anti-human
DC-SIGN mAb (clone DCN46) was purchased from
BD PharMingen (San Diego, CA). Rabbit antibodies against
MEK, ERK, phospho-MEK (Ser217/221), or phospho-ERK
(Thr202/Tyr204) were from Cell Signaling Technology
(Beverly, MA). Fluorescein isothiocyanate-conjugated rab-
bit anti-goat IgG was from Jackson ImmunoResearch
(West Grove, PA). Alkaline phosphatase-conjugated goat
anti-rabbit IgG was from Vector Lab (Burlingame, CA).
Mannan, nitro blue tetrazolium, and 5-bromo-4-chloro-3-
indolyl-phosphate were from Sigma (St. Louis, MO).
Lipofectamine 2000 was from Invitrogen (Carlsbad,
CA).

@ Springer

Cell lines

NIH3T3 cells stably expressing DC-SIGN (NIH3T3/DC-
SIGN) was obtained through the NIH AIDS Research and
Reference Reagent Program (Division of AIDS, NIAID,
NIH). The NIH3T3/DC-SIGN was generated by stable
transduction of NIH3T3 with MLV vector MX-DC-SIGN
encoding human DC-SIGN (Wu et al. 2002). NIH3T3/DC-
SIGN, NIH3T3, and HEK293T cells were grown in
Dulbecco’s modified Eagle’s medium containing 10 % fetal
bovine serum.

Flow cytometry

NIH3T3/DC-SIGN and NIH3T3 cells were incubated for
1 h at 37 °C with 6 pg/ml HCV E2 protein, washed twice
with phosphate-buffered saline (PBS) to remove unbound
protein, followed by incubation with 6 pg/ml goat anti-E2
AD for another 1 h. After two washes with PBS, cells were
stained with Fluorescein isothiocyanate-conjugated rabbit
anti-goat IgG for 30 min at 4 °C, washed with PBS, fixed
in 1 % paraformaldehyde, and subjected to flow cytometry
on a FACSCalibur (BD, San Jose, CA) using CellQuest
software for data acquisition and analysis.

For receptor competition assay, NIH3T3/DC-SIGN cells
were pre-incubated for 1 h with 10 pg/ml anti-DC-SIGN
mAb, washed twice with PBS, and incubated with 6 pg/ml
E2 protein for another 1 h. After two washes with PBS, cells
were incubated with goat anti-E2 Ab and the E2 binding
was detected as above.

Cell treatment

NIH3T3/DC-SIGN cells were cultured in the serum-free
medium containing 2 pg/ml HCV E2 protein for 5 min,
15 min, 30 min, 1 h, and 12 h, respectively. Cells were
washed with PBS and lysed as described (Zhao et al. 2005).
Two micrograms per milliliter of E2 was mixed with
4 ug/ml mouse anti-E2 mAb at 37 °C for 1 h. Cells were
serum starved for 48 h prior to treatment for 30 min at 37 °C
with 2 ug/ml E2, the mixture of E2-E2 mAb, or mannan at
various concentrations (0, 10, 200, and 400 pg/ml). In
addition, cells serum-starved were pre-incubated for 1 h
with anti-DC-SIGN mAb at different concentrations (0, 5,
10, and 20 pg/ml) prior to treatment with 2 pg/ml E2. After
the above treatment, cell lysates were prepared and sub-
jected to Western blot analysis.

Transient transfection
Transient transfection was performed using Lipofectamine

2000 according to the manufacturer’s instructions. To eval-
uate response to HCV E2 in transfectants, DC-SIGN
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expression plasmid pcDNA3-DC-SIGN or pcDNA3.1 vec-
tor was transfected into HEK293T cells. At 48 h after
transfection, cells were serum starved for an additional 7 h
before treatment with 2 pg/ml E2 or the E2-E2 mAb for
30 min at 37 °C. Cells were harvested and lysed for mea-
surement of DC-SIGN and kinases.

Western blotting

Proteins in cell lysates were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred onto
nitrocellulose membranes, and blocked with nonfat milk.
Membranes were incubated overnight at 4 °C with anti-
bodies against total and phosphorylated kinases or DC-
SIGN, followed by incubation with alkaline phosphatase-
conjugated secondary antibody. Immune complexes were
visualized with 5-bromo-4-chloro-3-indolyl-phosphate and
nitro blue tetrazolium substrates. In some experiments, pro-
tein band intensity was quantified using GeneTools software
from SynGene (Cambridge, UK).

Results
HCV E2 binds to NIH3T3/DC-SIGN cells

Binding of HCV E2 protein to target cells via relevant
receptors is required for subsequent signaling. The soluble
HCV E2 protein was used as a biological signal to deter-
mine whether the E2-DC-SIGN interaction is associated
with ERK pathway. NIH3T3/DC-SIGN with stable expres-
sion of DC-SIGN was chosen to be a cell model in response
to the HCV E2. HCV E2 binding to NIH3T3/DC-SIGN was
analyzed by flow cytometry. Figure 1a showed that the E2
bound to NIH3T3/DC-SIGN cells at a high level, which is
consistent with the notion that DC-SIGN is a high affinity
binding receptor for HCV E2 (Lozach et al. 2003). Control
was omission of the E2 incubation and staining with the
goat anti-E2 Ab and the secondary antibody to establish
background level of binding. In contrast, the E2 did not
bind to DC-SIGN-deficient parental NIH3T3 cells. Next,
the E2 binding was evaluated in the cells pre-incubated with
anti-DC-SIGN mAb prior to the E2 incubation. Figure 1b
showed that the anti-DC-SIGN mAb pre-incubation led to
inhibition of the E2 binding. Thus, DC-SIGN mediates
HCV E2 protein binding to target cells.

ERK pathway is activated by HCV E2

MEK-ERK cascades were analyzed in NIH3T3/DC-SIGN
cells cultured with HCV E2 protein for the different time
periods. Western blot analysis showed that phosphorylation
of MEK and ERK was markedly enhanced after the E2
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Fig. 1 HCV E2 binding to NIH3T3/DC-SIGN via DC-SIGN. a
NIH3T3/DC-SIGN and NIH3T3 cells were incubated with the E2
and the E2 binding was detected by flow cytometry using goat anti-
E2 Ab and Fluorescein isothiocyanate-conjugated rabbit anti-goat IgG.
Cells were stained with the goat anti-E2 Ab and the secondary anti-
body as control. b NIH3T3/DC-SIGN cells were pre-incubated with
anti-DC-SIGN mAb prior to the E2 incubation. The E2 binding was
analyzed as above. Similar results were obtained in three independent
experiments, and one representative experiment is shown

incubation (Fig. 2a). The kinase phosphorylation was rap-
idly increased by the E2 at 5 min, maintaining at higher
levels by 1 h, and declining at 12 h. Total MEK and ERK
were constant in samples. Glyceraldehyde-3-phosphate de-
hydrogenase levels were determined as a control for protein
loading. Moreover, levels of MEK and ERK phosphoryla-
tion in NIH3T3/DC-SIGN cells stimulated with the E2-E2
mAb were lower than those with the E2 stimulation
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Fig. 2 Activation of ERK
pathway by HCV E2. a
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(Fig. 2b). In case of NIH3T3 cells, the E2 had no effect on
phosphorylation of the kinases. The data indicated activa-
tion of the kinases by the E2. Mannan is a natural ligand for
DC-SIGN. 1t is thus interesting to examine whether ERK
pathway would be affected by mannan. As shown in Fig. 2c,
levels of MEK and ERK phosphorylation were slightly
increased in NIH3T3/DC-SIGN cells exposed to the various
concentrations of mannan, suggesting that ligation of DC-

SIGN with mannan also results in activation of ERK
pathway.

ERK signaling is triggered by HCV E2
in NIH3T3/DC-SIGN cells

Since DC-SIGN mediated the HCV E2 binding (Fig. 1), we
wondered whether the increased phosphorylation of MEK
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Fig. 3 Effect of DC-SIGN mAb on MEK and ERK phosphorylation
induced by HCV E2. NIH3T3/DC-SIGN cells were treated with anti-
DC-SIGN mAb at the indicated concentrations before treatment with
the E2. Total (7-) and phosphorylated (P-) MEK and ERK were
analyzed by Western blotting. Quantification was made using
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GeneTools software, and results correspond to the ratio between the
amount of phosphorylated MEK or ERK and the amount of total MEK
or ERK normalized to the untreated control (U7). Results represent
mean and SD of three experiments
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and ERK was induced by the E2 through interaction with
DC-SIGN expressed on the cells. The kinases were thus
evaluated in NIH3T3/DC-SIGN cells pretreated with anti-
DC-SIGN mAb at the indicated concentrations prior to the
E2 treatment. We found that pretreatment with the anti-DC-
SIGN mAb reduced the E2-induced phosphorylation of
MEK and ERK, and 20 pg/ml anti-DC-SIGN mAb almost
abolished the increased phosphorylation of kinases (Fig. 3).
The inhibition of MEK and ERK phosphorylation was in
parallel with the inhibition of the E2 binding by the anti-
DC-SIGN mAb (Fig. 1b). As a control, kinase phosphory-
lation was also evaluated in the cells treated with the anti-
DC-SIGN mAb alone. These results indicated that interac-
tion of HCV E2 with DC-SIGN accounts for MEK and ERK
activation.

ERK signaling is triggered by HCV E2 in HEK293T cells
transiently expressing DC-SIGN

We further investigated regulation of ERK pathway by the
HCV E2 in DC-SIGN transient transfectants beyond
NIH3T3/DC-SIGN cells. HEK293T is a recommended cell
line to express the pcDNA3-DC-SIGN plasmid (P6hlmann
et al. 2001). The signaling ability of DC-SIGN was evalu-
ated in HEK293T with DC-SIGN transfection. At 48 h post-
transfection, DC-SIGN was efficiently expressed in
HEK293T cells transfected with the pcDNA3-DC-SIGN
(Fig. 4a). In the presence of E2, levels of MEK and ERK
phosphorylation were increased in the DC-SIGN transfected
cells when compared as the un-transfected cells (control) as
well as the transfected cells without the E2 stimulation (US),
and the levels of MEK and ERK phosphorylation were
reduced following the E2-E2 mAb stimulation (Fig. 4b),
implying that HCV E2-DC-SIGN interaction is responsible
for MEK and ERK phosphorylation.

Discussion

Pathogens are known to trigger a set of pattern recognition
receptors including DC-SIGN, leading to activation of in-
tracellular signaling processes that shapes the adaptive im-
munity (Gringhuis and Geijtenbeek 2010). DC-SIGN
ligation results in ERK activation implicated in maturation
of dendritic cells (Caparros et al. 2006). We wondered
whether the signaling of DC-SIGN is restricted to dendritic
cells with natural expression of DC-SIGN. Using cell lines
with stable or transient expression of DC-SIGN, we
addressed effects of HCV E2 protein on ERK pathway.
Studies suggest that interference of HCV E2 protein
with certain signaling pathways is involved in the mo-
lecular mechanisms underlying HCV-associated disorders
(Balasubramanian et al. 2003, 2005; Munshi et al. 2003).
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Fig. 4 Phosphorylation of MEK and ERK in HEK293T transiently
expressing DC-SIGN under HCV E2 stimulation. a HEK293T cells
were transfected with pcDNA3-DC-SIGN expression plasmid or
pcDNA3 vector, and DC-SIGN expression was detected by Western
blotting. b The transfected cells were stimulated with the E2 or the E2-
E2 mAb. Total (7-) and phosphorylated (P-) kinases were analyzed by
Western blotting. Changes in the amount of phosphorylated MEK or
ERK over the amount of total MEK or ERK are shown below each
blot. Control untransfected and unstimulated, US pcDNA3-DC-SIGN
transfection without the E2 stimulation. Representative results out of
three experiments are shown

At an early stage of HCV infection, E2 binds to suscep-
tible cells through interaction with the relevant receptors.
We thus assumed that interaction of HCV E2 with the
cellular receptors may trigger signaling events responsi-
ble for HCV pathogenesis. Many reports have demon-
strated the importance of DC-SIGN engagement with
toll-like receptor signaling in the maturation process of
dendritic cells. However, signaling events triggered by
HCV E2 through DC-SIGN are poorly defined. HCV
receptors including CD81, low-density lipoprotein

@ Springer



500

L.-J. Zhao et al.

receptor, and scavenger receptor class B type 1 have
been identified using the truncated soluble HCV enve-
lope glycoprotein E2 (Flint et al. 1999; Wiinschmann et
al. 2000; Scarselli et al. 2002). In this study, influence of
the soluble HCV subtype la E2 protein on ERK signal-
ing was evaluated. In accordance with previous reports
that the different forms of HCV E2 protein interacted
with some primary cells and cell lines stably or naturally
expressing DC-SIGN (Gardner et al. 2003; Lozach et al.
2003; Pohlmann et al. 2003; Cormier et al. 2004), our
data showed that the HCV E2 protein bound to target
cells via DC-SIGN. We next investigated response of
ERK pathway to the E2 stimulation. The specific phos-
phorylation and activation of MEK and ERK was in-
duced by the E2 in NIH3T3/DC-SIGN but not NIH3T3
cells, implying that DC-SIGN mediates E2-triggered
ERK signaling. Mannan inhibits HCV E2 protein binding
to DC-SIGN as well as HCV pseudovirus entry into
immature dendritic cells (Gardner et al. 2003; Lozach
et al. 2003; Cormier et al. 2004; Kaimori et al. 2004).
In our experiments, mannan was assessed for its capacity
to affect ERK pathway. The ligation of DC-SIGN with
mannan resulted in the slight activation of MEK and
ERK. Similar to the viral ligand HCV E2, mannan also
initiates ERK pathway by targeting DC-SIGN.

CDS8I1 is a central regulator of cellular events required for
HCYV infection. Binding of HCV E2 to CDS81 induces ERK
phosphorylation (Mazzocca et al. 2005). The CD81 engage-
ment activates Raf/MEK/ERK signaling cascades, resulting
in affecting postentry events of HCV life cycle (Brazzoli et
al. 2008). We reported the regulation of MAPK pathways by
the HCV E2 through CDS81 and low-density lipoprotein
receptor (Zhao et al. 2005, 2006, 2007). Respiratory syncy-
tial virus glycoprotein G interaction with DC-SIGN acti-
vates ERK, allowing immunomodulation and diminution
of dendritic cell activation (Johnson et al. 2012).
Consistent with this finding, our data showed that the phos-
phorylation of MEK and ERK was increased by the E2 in
NIH3T3/DC-SIGN and HEK293T cells stably or transiently
expressing DC-SIGN. The competitive experiment was car-
ried out to validate the specificity of E2-DC-SIGN interac-
tion responsible for such increase. The inhibition of E2-
induced kinase phosphorylation by the antibody against
DC-SIGN was consistent with the inhibitory effect on the
E2 binding, indicating that the interaction of DC-SIGN with
HCV E2 accounts for the activation of ERK pathway.
Further studies are still necessary to establish the linkage
between DC-SIGN ligation and ERK activation. Our data
suggest that the interaction of DC-SIGN with HCV E2
triggers ERK signaling, which may deliver a survival signal
to susceptible cells required for HCV entry and replication.
Activation of Ras/Raf/MEK pathway facilitates HCV repli-
cation (Zhang et al. 2012). Although biological functions for

@ Springer

the activation of ERK pathway in relation to HCV infection
remain to be elucidated, the ERK signaling triggered by E2
through DC-SIGN represents an early signaling event fol-
lowing HCV infection.
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