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The hepatitis E virus (HEV), a nonenveloped RNA virus, is the causative agent of hepatitis E. The mode by
which HEV attaches to and enters into target cells for productive infection remains unidentified. Open reading
frame 2 (ORF2) of HEV encodes its major capsid protein, pORF2, which is likely to have the determinants for
virus attachment and entry. Using an �56-kDa recombinant pORF2 that can self-assemble as virus-like
particles, we demonstrated that cell surface heparan sulfate proteoglycans (HSPGs), specifically syndecans,
play a crucial role in the binding of pORF2 to Huh-7 liver cells. Removal of cell surface heparan sulfate by
enzymatic (heparinase) or chemical (sodium chlorate) treatment of cells or competition with heparin, heparan
sulfate, and their oversulfated derivatives caused a marked reduction in pORF2 binding to the cells. Synde-
can-1 is the most abundant proteoglycan present on these cells and, hence, plays a key role in pORF2 binding.
Specificity is likely to be dictated by well-defined sulfation patterns on syndecans. We show that pORF2 binds
syndecans predominantly via 6-O sulfation, indicating that binding is not entirely due to random electrostatic
interactions. Using an in vitro infection system, we also showed a marked reduction in HEV infection of
heparinase-treated cells. Our results indicate that, analogous to some enveloped viruses, a nonenveloped virus
like HEV may have also evolved to use HSPGs as cellular attachment receptors.

Hepatitis E virus (HEV), the causative agent of hepatitis E,
is responsible for sporadic infections as well as large outbreaks
of waterborne acute hepatitis (9). It is a nonenveloped and
single- and positive-stranded RNA virus of about 27 to 34 nm
(30). The virus has been classified as the sole member of the
genus Hepevirus, family Hepeviridae (15). The viral genome
consists of short 5� and 3� untranslated regions and three open
reading frames (ORFs), called ORF1, ORF2, and ORF3 (62).
ORF1 encodes the nonstructural proteins that are involved in
virus replication and viral protein processing (1, 56), ORF2
encodes the viral capsid protein, and ORF3, which overlaps the
5� end of ORF2 (62), encodes a small protein shown to regu-
late the cellular environment (8, 29, 44). The AUG start codon
of ORF3 was predicted to overlap with the UGA stop codon of
ORF1; however, recent studies have shown that the third in-
frame AUG in the junction region is the authentic initiation
site of ORF3 and is critical for virus infection (19, 26). Thus,
ORF2 and ORF3 are proposed to be translated from a single
bicistronic mRNA and overlap each other, but neither overlaps
ORF1.

Until recently due to the lack of a suitable cell culture system
or small animal models for the propagation of HEV, studies
concerning the properties of individual gene products and their
role(s) in replication were restricted to subgenomic or replicon

expression strategies. Viral genomic RNA is infectious for
some cultured cells and nonhuman primates, and transfection
with capped recombinant genomes can generate infectious viri-
ons (16, 47). It is now well established that HEV causes a
zoonotic infection, and pigs and chickens are reservoirs for
HEV (22, 42, 43). Hence, it is now possible to study HEV
pathogenesis by using these animals as disease models. A re-
cent study has examined the role of the hypervariable region of
ORF1 in replication and pathogenesis of HEV in chicken and
pigs by using species-specific infectious clones (50).

The ORF2 of HEV encodes its major capsid protein
(pORF2) of 660 amino acids. This protein has been expressed
using various in vitro systems and is also the basis for a recom-
binant subunit vaccine against hepatitis E. In animal cells,
pORF2 is expressed in a 74-kDa form and an 88-kDa glycosyl-
ated form (gpORF2). Three N-linked glycosylation sites on
pORF2 have been mapped to asparagine (Asn) residues at
positions 137, 310, and 562 (70). A study using in vitro tran-
scripts from an infectious cDNA clone mutated to eliminate
potential glycosylation sites showed that none of the mutations
affected genome replication or capsid protein synthesis in cell
culture. However, these mutants were noninfectious, indicat-
ing that glycosylation of the capsid protein is biologically rel-
evant (20).

In insect cells, the recombinant ORF2 protein of 72 kDa is
proteolytically processed into 63-, 56-, and 53-kDa proteins
containing a common N terminus starting at amino acid (aa)
112 but with different C termini. The 56-kDa truncated protein
(aa 112 to 607) can self-assemble to form virus-like particles
(VLPs) (34, 55), which, except for their smaller size, are mor-
phologically similar to the native virus particle and possess
dominant antigenic epitopes (34).

The antigenic composition of HEV proteins has been exam-
ined with synthetic peptides and recombinant proteins of dif-
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ferent sizes expressed in Escherichia coli (54). Expression of a
truncated pORF2 (aa 394 to 660) results in the presentation of
conformational epitopes. The shortest peptide reactive with
neutralizing monoclonal antibodies (MAbs) was found to span
aa 458 to 607 and is named the “neutralization peptide.” This
region appears to be critical, as removal of only a few amino
acids from either end abrogates its recognition by neutralizing
antibodies (71). Despite a number of studies on the antigenic
domains of the ORF2 protein, the cellular receptor for HEV,
its mode of infection, and viral determinants of attachment and
infection remain unidentified.

Recently, two groups have reported the crystal structure of
HEV-like particle (HEV-LP) (21, 69). Both studies show that
the HEV-LP has three structural elements: an inner-shell do-
main that serves as an internal scaffold and forms a jelly roll-
like �-sandwich, a middle domain that has a twisted antipar-
allel �-barrel structure, and the protruding domain that
encompasses aa 456 to 606 and forms spikes. The protruding
domain is dimeric and, being highly exposed, plays a major role
in antigenicity determination and virus neutralization (21). An-
other group has reported the crystal structure of the HEV
antigenic domain spanning aa 455 to 602 of the ORF2 protein
(33). Dimerization of this domain is a prerequisite for virus-
host interaction and binding of neutralizing antibodies. These
structural studies are relevant to understanding the molecular
mechanisms of HEV assembly and entry.

A number of viruses utilize cell surface heparan sulfate (HS)
proteoglycans (PGs; HSPGs) as attachment factors. These in-
clude the herpes simplex virus (HSV) (58, 67), vaccinia virus
(11), Sindbis virus (6), respiratory syncytial virus (32), norovi-
ruses (63), adeno-associated virus (13), flaviviruses such as
dengue virus (10), hepatitis C virus (3), and tick-borne enceph-
alitis virus (39), and retroviruses such as human immunodefi-
ciency virus type 1 (HIV-1) (45) and the human T-cell leuke-
mia virus (48). The HSPGs also interact with numerous
biological effector molecules, such as growth factors and their
receptors, extracellular matrix proteins, and cell-cell adhesion
molecules, and are known to provide docking sites for the
binding of various enveloped viruses and other microorganisms
to eukaryotic cells (5). The HSPGs are present almost ubiqui-
tously on cell surfaces but are extensively heterogeneous with
respect to their compositions and quantities among different
species, cell types, tissues, and developmental stages. HS is
found consistently on members of two major families of mem-
brane-bound PGs: the transmembrane syndecans and glyco-
sylphosphatidylinositol (GPI)-anchored glypicans. The PG
core protein is often expressed on mammalian cells in a tissue-
specific manner. The HS is a repeating, highly negatively
charged, linear polymer of 30 to 400 variously sulfated uronic
acid and glucosamine residues (17). During and after assembly,
individual saccharide units are subjected to variable enzymatic
modifications, which ultimately generate the HS fine structure.
These variations include modifications in the length, degree of
sulfation, and positions of the sulfate groups in the disaccha-
ride repeats (35). In many cases, the binding of a particular
ligand to HS depends on its specific modification pattern (37).
It has been proposed that the tissue tropism of some viruses
may be determined by the HS fine structure (51, 60).

In the present study, we demonstrated that the capsid ORF2
protein of HEV interacts with highly sulfated HSPGs on the

surface of Huh-7 liver cells. We have characterized the HSPG
profile of these cells and observed that Syndecan-1 is the most
abundantly expressed PG. We showed the specificity of binding
to be dictated mainly by the 6-O sulfation of syndecans. Using
a replicon-based in vitro infection system, we also showed that
the HSPGs are required for HEV infection of liver cells.

MATERIALS AND METHODS

Reagents and cell lines. Huh-7 and S10-3 (a subclone of human hepatoma cell

line Huh-7; a kind gift from Suzanne Emerson, NIAID, NIH) cells were grown

as a monolayer in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% fetal bovine serum. Heparin-agarose beads, heparin sodium salt, HS

sodium salt (from bovine kidney), dextran sulfate, chondroitin sulfate A sodium

salt (from bovine trachea), chondroitin ABC lyase, heparinase I, sodium chlo-

rate, and SYBR green I were obtained from Sigma-Aldrich Chemicals (St. Louis,

MO). A panel of differentially derived heparins, which included oversulfated

(OS) heparin, OS heparan sulfate, 2-O-desulfated heparin, 6-O-desulfated hep-

arin, and fully de-O-sulfated heparin, was obtained from Neoparin Inc. (Ala-

meda, CA). The anti-HS antibody F58-10E4 and anti-del-HS antibody F69-3G10

were obtained from the Seikagaku Biobusiness Corporation, Japan (marketed by

Cape Cod Inc., East Falmouth, MA). The anti-Syndecan-1 and anti-Syndecan-4

antibodies were obtained from Zymed Laboratories (Invitrogen Corporation,

CA). The anti-Syndecan-2 and anti-Syndecan-3 antibodies were purchased from

Santa Cruz Biotechnology, Inc., CA. The small interfering RNA (siRNA) re-

agents against Syndecan-1 and Syndecan-4 were obtained from Dharmacon Inc.

(Thermo Scientific). The anti-ORF2 antibody has been described earlier (27).

Alexa 488/594-coupled anti-rabbit and anti-mouse antibodies and ProLong Gold

antifade reagent with DAPI (4�,6-diamidino-2-phenylindole) were obtained from

Invitrogen Corporation, NY. Alexa 647-conjugated anti-CD59 and phosphati-

dylinositol phospholipase C (PIPLC) were a kind gift from Satyajit Mayor

(NCBS, Bangalore, India). The T7 Riboprobe in vitro transcription system and

the Ribo m7G cap analog were obtained from Promega Pte. Ltd. (Singapore).

Generation of ORF2 proteins. The 56-kDa ORF2 protein was purified follow-

ing expression through a baculovirus system by using the insect cell line Tn5

(Invitrogen, Carlsbad, CA) as described earlier (57). For the generation of the aa

458 to 607 ORF2 polypeptide, the region was PCR amplified and cloned into the

prokaryotic expression vector pRSET. After transformation into E. coli

BL21(DE3) and induction with IPTG (isopropyl-�-D-thiogalactopyranoside), the

protein was purified by Ni-nitrilotriacetic acid affinity chromatography on His-

Bind resin (Qiagen, Germany) according to the manufacturer’s protocol.

Sedimentation analysis of pORF2 by sucrose density gradients. The purified

pORF2 was tested for its ability to be pelleted in a 20% sucrose cushion. The

ORF2 protein (40 �l of 1 mg/ml) was loaded on top of a 4.3-ml 20% sucrose

cushion and subjected to ultracentrifugation at 35,000 rpm (164,000 � g) for 16 h

at 4°C in a Beckman SW60 Ti rotor. The pellet was suspended in phosphate-

buffered saline (PBS) and was analyzed by sodium dodecyl sulfate-polyacryl-

amide gel electrophoresis (SDS-PAGE) and Western blot analysis for ORF2. To

determine the buoyant density of the purified pORF2, an isopycnic centrifuga-

tion in a sucrose density gradient (20%-60%) was performed. Briefly, a sucrose

gradient was prepared in Beckman ultracentrifuge SW60 Ti tubes by layering 2.2

ml of 20% sucrose on top of 2 ml 60% sucrose. The ORF2 protein (1 mg/ml) was

layered on top in a volume of 40 �l. Centrifugation was carried out as described

above, and six fractions of 0.7 ml each were collected from the top. The 20%-

60% interface was collected in fraction 4. The fractions were run on SDS-PAGE

and Western blotted with anti-pORF2 antibodies.

pORF2-heparin interaction studies. HEV pORF2 (40 �g) or bovine serum

albumin (BSA) (40 �g) was allowed to bind to 100 �l of heparin-agarose beads

for 2 h at 4°C. The beads were washed thrice with PBS, and the bound protein

was eluted by direct addition of 2� Laemmli SDS-PAGE buffer. The eluted

fractions were analyzed by SDS-PAGE, Coomassie staining, and Western blot-

ting for ORF2. In a parallel experiment, after binding to heparin-agarose beads,

the protein was eluted with a stepwise 0.1-to-0.6 M NaCl gradient and analyzed

by SDS-PAGE and Western blotting for pORF2.

Analysis of ORF2 protein binding to cells by flow cytometry. Cells were

detached from culture dishes with PBS containing 5 mM EDTA for 10 min at

37°C, pelleted at 400 � g for 5 min and resuspended in cold PBS supplemented

with 1% BSA (wash buffer). The cells were incubated with pORF2 (20 �g/ml) for

30 min on ice and washed twice with wash buffer followed by fixation with 2%

paraformaldehyde. Fixed and washed cells were stained with anti-pORF2 anti-

body (1/1,000 dilution) and Alexa 488 anti-rabbit secondary antibody (1/500

dilution). For enzyme pretreatment, Huh-7 cells were removed from culture
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plates as described above and incubated with heparinase I (5 U/ml), for 1 h at

37°C. The pORF2 binding and staining were then done as described above. For

a control, cells were also stained with the primary and secondary antibodies

without prior pORF2 binding. Acquisition was done on a FACSCalibur flow

cytometer (Becton Dickinson), and data were analyzed using the Flow-Jo soft-

ware (Tree Star, Inc.).

Detection and quantitation of pORF2 binding by immunofluorescence. For

imaging studies, cells were grown on coverslips, and purified recombinant

pORF2 was added at different concentrations ranging from 20 to 100 �g/ml.

Binding was carried out on ice for 30 min, following which cells were washed

extensively with chilled PBS and fixed with 2% formaldehyde. Staining was done

using anti-pORF2 polyclonal antibody (1/1,000 dilution) and Alexa 488/594-

coupled anti-rabbit secondary antibody (1/500 dilution). Coverslips were

mounted in ProLong antifade containing DAPI. Imaging was done with 20�/

40�/60� objectives on a Nikon A-1R confocal microscope. For the effects of

heparinase I or chondroitin ABC lyase, cells were treated with the enzyme at

37°C for 1 h, following which pORF2 binding studies were performed. For

studies with various glycosaminoglycans (GAGs), pORF2 was preincubated with

defined GAGs at various concentrations for 20 min at room temperature. The

protein-GAG complexes were then added to cells, and cellular binding was

assessed. For quantitative measurement studies, images were acquired at 40� on

the Nikon A1-R microscope. In each experiment, fluorescence was calculated

from 10 to 12 fields (100 to 120 cells) from duplicate slides for each inhibitor

concentration. Total fluorescence of cells was determined by marking out a cell

outline from the digital interference contrast image, and the fluorescence inten-

sity value per cell was obtained using Metamorph software (Universal Imaging

Corporation). Integrated values of cell fluorescence were corrected for back-

ground autofluorescence. The weighted mean value and the uncertainty in the

mean were determined on a per-field basis, considering each field (consisting

of 5 to 20 cells) to be an independent event. For a control, background binding

of BSA (instead of pORF2) to cells was determined. Intensity measurements of

pORF2 binding in the presence of inhibitors were normalized, considering

pORF2 binding in the absence of inhibitors as 100%.

Inhibition of cellular GAG sulfation by sodium chlorate. To reduce the extent

of sulfation on HSPGs, Huh-7 cells were cultured for 48 to 96 h in DMEM

(Invitrogen) containing 10% fetal bovine serum (FBS) in the presence of sodium

chlorate at concentrations ranging from 25 mM to 75 mM. Sodium chlorate is a

potent inhibitor of all cellular sulfation reactions but has no effect on protein

synthesis or other posttranslational modifications.

In vitro HEV replicon transfection of cells. Plasmid pSK-E2 was linearized at

a unique BglII site located immediately downstream of the HEV poly(A) tract,

and capped transcripts were synthesized as previously described (8, 16). Tran-

scription mixtures were cooled on ice and mixed with a liposome mixture con-

sisting of 25 �l of DMRIE-C (1,2-dimyristyloxypropyl-3-dimethyl-hydroxy ethyl

ammonium bromide and cholesterol; Invitrogen, Carlsbad, CA) in 1 ml of Opti-

MEM. This was added to a T25 flask containing washed S10-3 cells at 40%

confluence. The flasks were incubated at 34.5°C for 6 h, an additional 1 ml of

Opti-MEM was added, and incubation was continued overnight. Cells were then

trypsinized, split into two T25 flasks, and incubated in DMEM containing 10%

FBS. On day 8 posttransfection, cells were again trypsinized and centrifuged. The

supernatant was aspirated, and the cell pellet was stored at �80°C. Frozen pellets

were extracted at room temperature by adding 0.9 ml of water per T25 pellet and

vortexing vigorously until the pellet dispersed and the solution became cloudy.

The sample was vortexed once or twice more in the next 10 min, 0.1 ml of

10-times-concentrated PBS was added, and debris was removed by centrifugation

at 15,700 � g for 2 min. The supernatant was removed, placed on ice, and taken

as a source of virions.

In vitro infectivity assay and real-time RT-PCR. The S10-3 cells at 60%

confluence in 12-well plates were incubated with different amounts of heparinase

I as indicated or with PBS as a control at 37°C in a 5% CO2 atmosphere. After

a 1-h incubation, cells were washed twice with PBS, 0.2 ml of virion mix was

added, and the mixture was incubated at 37°C in a 5% CO2 atmosphere for 2 h,

after which the liquid was replaced with 1 ml of growth medium containing

antibiotics. Two days postinfection, the cells were trypsinized, split into 2 wells of

the 12-well plate, and incubated in DMEM containing 10% FBS. Five days

postinfection, the cells were washed twice with PBS, and total RNA was isolated

using the Trizol reagent (Invitrogen, Carlsbad, CA). Two micrograms of RNA in

a 25-�l reaction mixture was used for cDNA synthesis with reverse transcriptase

(RT; Promega, Madison, WI) according to the supplier’s protocol by using

primer EU4 (5�-GCCTGCGCGCCGGTCGCAACA-3�) for ORF2 and oligo(dT)

for the histone H4 control. Of this, 2 �l of the cDNA mixture was used as a

template for PCR amplification of the target gene, ORF2. The PCRs were

performed in a 50-�l volume containing 1� reaction buffer, 200 �M (each)

deoxynucleoside triphosphates, 10 pmol of each primer, and 1.25 U of Taq DNA

polymerase (Real Biotech Corporation, Taipei, Taiwan) for 25 cycles of 94°C for

30 s, 55°C for 30 s, 72°C for 30 s, and a final extension at 72°C for 5 min. The

primers used for PCR were EU2 (5�-TGGAGAATGCTCAGCAGGATAA-3�)

and EU3 (5�-TAAGTGGACTGGTCGTACTCGGC-3�). From this, 2 �l of the

amplified product was used as a template and reamplified for another 20 cycles.

As a control for RNA loading, histone H4 RT-PCR amplification was performed

as described earlier (44). For real-time PCR amplification, SYBR green I was

used to monitor the amplification. The real-time PCRs were performed using the

2 �l of the amplified product in a 25-�l volume containing 0.5� SYBR green, 1�

reaction buffer, 200 �M (each) deoxynucleoside triphosphates, 5 pmol of each

primer, 5% dimethyl sulfoxide, and 1 U of Taq DNA polymerase (Real Biotech

Corporation, Taipei, Taiwan) for 40 cycles of 95°C for 30 s, 55°C for 30 s, 72°C

for 30 s, and a final extension at 72°C for 5 min. The real-time fluorescence signal

generated was analyzed using the iCycler software. The threshold fluorescence

level was automatically set by the software, and the threshold cycle (CT) was

determined for each sample. For all assays, a melting curve from 60°C to 100°C

was recorded. A negative control without DNA template and positive control

with pSK-E2 plasmid were run with every assay to assess the overall specificity.

RESULTS

Characterization of the ORF2 56-kDa VLP generated in

baculovirus. The 56-kDa HEV ORF2 protein was checked for
its capacity to form VLPs. The ORF2 protein could be pelleted
through a 20% sucrose cushion (see Fig. S1A, lane 8, in the
supplemental material), indicating the formation of a VLP.
The protein was also subjected to sucrose equilibrium gradient
centrifugation localized to fractions at or near the 20%-60%
sucrose interface (see Fig. S1A, lanes 1 to 6, in the supplemen-
tal material), confirming the assembly of VLPs. The densities
of the fractions demonstrating immunoreactivity for pORF2
were measured to be 1.12 to 1.22 g/cm3. These studies estab-
lished that the 56-kDa pORF2 used later in these studies
assembled as VLPs.

The HEV ORF2 protein binds to HSPGs on Huh-7 cells.

The 56-kDa HEV ORF2 VLPs were found to attach as punc-
tate structures all over and just outside the cellular membrane
of Huh-7 cells (Fig. 1A). The punctate staining pattern for
pORF2 suggested binding to some ubiquitous molecules on
cells, such as HSPGs, which could also be shed into the me-
dium. To check if pORF2 bound to Huh-7 cells through
HSPGs, cells were treated with heparinase I, an enzyme which
degrades heparin and highly sulfated domains in heparin sul-
fate (36). This reduced the binding of pORF2 to nearly control
levels in cells (Fig. 1B and C). This result is consistent with
HSPGs being attachment receptors for pORF2 on Huh-7 cells.
This was also evident from a flow cytometric analysis of
pORF2 binding to control and heparinase-treated Huh-7 cells
(Fig. 1D). We also tested an aa 458 to 607 ORF2 polypeptide
expressed in bacteria for its binding to Huh-7 cells. This ORF2
polypeptide was reported to be recognized by anti-HEV neu-
tralizing antibodies, and the critical receptor binding domain
of HEV was proposed to lie within this region (71). We ob-
served no binding of this polypeptide to Huh-7 cells (data not
shown), suggesting that binding of pORF2 to HSPGs is either
mediated by determinants that are outside the aa 458 to 607
region or by positively charged residues that are brought to-
gether in the VLP structure to create an HSPG binding motif.

Since the pORF2 VLP showed HSPG binding on cells, the
heparin-binding activity of pORF2 was directly examined by
incubating the protein with heparin-agarose beads (see Fig.
S1B and C in the supplemental material). pORF2 showed
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strong binding to heparin-agarose, whereas control protein
BSA did not bind (see Fig. S1B in the supplemental material).
The bound protein could be eluted from the heparin-agarose
beads by using a stepwise salt gradient (see Fig. S1C in the
supplemental material). Binding of pORF2 to heparin-agarose
beads and its elution by 0.3 M and higher salt concentrations is
clear evidence of a high-affinity interaction.

The HSPG profiles of Huh-7 and S10-3 cells. We deter-
mined the HSPG profiles of Huh-7 and S10-3 cells by using two
MAbs, F58-10E4 and F69-3G10. The F58-10E4 MAb specifi-
cally recognizes intact HSPGs on the cell surface. On treat-
ment with heparinase III, which removes HS chains from the
core PG, the epitope recognized by F58-10E4 is eliminated,
whereas the epitope recognized by the F69-3G10 antibody is

unmasked. When the Huh-7 cells were stained, a strong F58-
10E4 signal was seen, and this was lost upon treatment with
heparinase III (Fig. 2A). On the contrary, F69-3G10 staining,
which was weak in untreated cells, increased significantly after
digestion with heparinase III (Fig. 2B). The existence of
HSPGs on these cells was further confirmed by Western blot-
ting. Cells were treated with heparinase III to remove the HS
chains, and the PGs were allowed to migrate in SDS-poly-
acrylamide gels according to the molecular mass of their pro-
tein cores. The HSPG cores were identified by Western blot-
ting using F69-3G10, which specifically recognizes the HS
“stub” left on PGs after heparinase digestion (12). The HS
stub-bearing core proteins were visible as two prominent bands
at 85 and 48 kDa, and other bands were seen at 60, 38, and 30

FIG. 1. The HEV ORF2 protein binds to HSPGs on Huh-7 hepatoma cells. (A) Recombinant ORF2 protein VLPs (20 �g/ml) were added to
Huh-7 cells grown on coverslips for 30 min on ice. After being washed, cells were fixed and stained with anti-pORF2 and Alexa 488-conjugated
anti-rabbit immunoglobulin G antibodies. Cells were also stained with DAPI and imaged at 60�. Cell nuclei can be seen in blue (DAPI), and
pORF2 can be seen in green. Huh-7 cells were either left untreated (B) or treated with 5 U/ml heparinase I (C) for 1 h at 37°C. After the cells
were washed, pORF2 (20 �g/ml) was added to cells for 30 min on ice. After being washed, cells were fixed and stained as described above and
imaged at 20�. (D) The binding of pORF2 to Huh-7 cells with or without heparinase treatment was also tested by flow cytometry as described
in Materials and Methods. The histogram shown is representative of two independent experiments. Ctl, control; Max, maximum; FL1-H, ORF2
A488.
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kDa, indicating that multiple members of HSPG families are
present on Huh-7 cells (Fig. 2C). The S10-3 cells also showed
a similar expression pattern in flow cytometry and Western
blotting analyses with these antibodies (data not shown).

The HEV ORF2 protein binds syndecans. The HSPGs are
present on the cell surface as either transmembrane syndecans
or GPI-anchored glypicans. Studies on syndecan expression in
a number of tissues and cell lines have shown that virtually all
cells express at least one form of syndecan, most cells express
multiple forms, and there is a distinct pattern of syndecan
expression that characterizes individual cell types and tissues
(28). To test whether pORF2 binding is mediated by syndecans
or glypicans, we treated cells with PIPLC, an enzyme that
cleaves the GPI anchor. For a control for the activity of PIPLC,
we tested binding of an Alexa 647-conjugated antibody against
CD59, a GPI-anchored protein present on the surface of most
cells. There was no difference between the binding of pORF2
in untreated cells and that in PIPLC-treated cells (Fig. 3A and
E), whereas the binding of anti-CD59 was lost in PIPLC-
treated cells, indicating cleavage of all membrane GPI-an-
chored proteins, including glypicans (Fig. 3B and F). This
indicates that pORF2 binds to HS chains on the transmem-
brane-anchored syndecans and not on the GPI-anchored glypi-
cans or that Huh-7 cells express very low levels of glypicans,
which do not contribute significantly to pORF2 binding.

Expression levels of syndecans on Huh-7 cells and their role

in pORF2 binding. We next analyzed syndecan expression on
Huh-7 cells. According to published literature, the molecular
weights of the HSPG cores correspond to molecular masses
reported for Syndecan-1 (85 kDa), Syndecan-2 (48 kDa), Syn-
decan-3 (60 kDa), and Syndecan-4 (30 to 38 kDa). Accord-
ingly, we tested antibodies against syndecans on Huh-7 cell
lysates from both untreated and heparinase III-treated cells.
Even though the F69-3G10 antibody detected all four putative
syndecans (Fig. 2C), we were able to confirm the expression of
only Syndecan-1 and Syndecan-4 by Western blotting (Fig. 4A

and B) on Huh-7 cells. These antibodies were also tested with
flow cytometry (Fig. 4C) and immunofluorescence (see Fig.
S2A and B in the supplemental material). In Western blots, the
band corresponding to Syndecan-1 intensified greatly on
heparinase III treatment, indicating that the epitope is more
available for antibody binding after HS chain removal (Fig. 4A,
compare lanes C and H). Despite generating an intense signal
with antibody F69-3G10, the putative Syndecan-2 (migrating at
48 kDa) (Fig. 2C) did not react with the anti-Syndecan-2 an-
tibody (data not shown). We were also not successful in im-
munoprecipitating Syndecan-2 from Huh-7 cells by using this
antibody (data not shown). Our studies showed that Huh-7
cells express high levels of Syndecan-1 and lower levels of
Syndecan-4. We further checked for the contributions of these
syndecans in pORF2 binding by lowering their levels by RNA
interference (see Fig. S2C and D in the supplemental mate-
rial). Depletion of Syndecan-1 results in a nearly 70% reduc-
tion in pORF2 binding, whereas depletion of Syndecan-4 had
only a negligible effect (Fig. 4D). These studies suggest that
Syndecan-1, the most abundant PG on Huh-7 cells, contributes
maximally to pORF2 binding. It is now well understood that
syndecan type-specific differences do not contribute to HS fine
structure. Structurally distinct forms of syndecans can be pro-
duced as a result of variations in the number, type, length, or
fine structure of the attached GAG (7).

Effect of various GAGs on pORF2 binding. We then as-
sessed the role of heparin and a series of soluble GAGs as
possible competitive antagonists of pORF2 binding to Huh-7
cells. Although heparin is not a constituent of cell membranes,
this molecule is a structural homolog of highly sulfated HS
(46). Upon preincubation of pORF2 with heparin and OS
heparin, there was a dose-dependent inhibition of pORF2
binding to Huh-7 cells (Fig. 5A). We also analyzed the poten-
tial role of HS as an inhibitor of pORF2 binding. While OS-HS
strongly inhibited pORF2 binding to Huh-7 cells by up to 80%,
the kidney-derived normally sulfated HS inhibited pORF2

FIG. 2. HSPG profiles on Huh-7 and S10-3 cells. (A and B) Huh-7 cells were detached, left untreated or treated with the enzyme heparinase
III (HepIII; 2.5 U/ml) for 1 h at 37°C, and stained with HSPG-specific MAb F58-10E4 or MAb F69-3G10, washed, and labeled with Alexa
488-conjugated anti-mouse secondary antibody. Cells were analyzed by flow cytometry as described in Materials and Methods. Max, maximum;
FL1, anti-mouse Alexa 488. (C) Untreated or heparinase III-treated Huh-7 cells were lysed, cell lysates were separated with SDS-PAGE, and
Western blotting (WB) was done with MAb F69-3G10, which recognizes the PG stub after heparinase treatment. Lane C, control cell lysate; lane
H, heparinase III-treated lysate. The masses (in kDa) of the major bands seen in lane H are marked with an arrow.
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binding only up to a maximum of 50%, even at the highest
concentrations (Fig. 5B). These results suggest that the extent
of PG sulfation was functionally important for pORF2 binding
to Huh-7 cells. Kidney-derived HS represents a prototype for
normally sulfated HSs, whereas liver-derived HS represents
the highly sulfated form. The observation that kidney-derived
HS is not as efficient an antagonist of pORF2 binding as
OS-HS suggests that the degree of sulfation is important in
mediating pORF2 binding on HSPGs.

The majority of GAG chains added to syndecan core pro-
teins are HS chains, but some of these proteins bear chon-
droitin sulfate as well. The extracellular domains of syndecans
bear HS chains that are distal and chondroitin sulfate chains

that are proximal to the plasma membrane. To test whether
pORF2 binding was mediated by chondroitin sulfate, Huh-7
cells were treated with chondroitin ABC lyase, which specifi-
cally cleaves glycosidic linkages in chondroitin sulfates A, B,
and C (68). Cells treated with chondroitin lyase showed about
35% inhibition of pORF2 binding, indicating a small contribu-
tion by chondroitin sulfate to the binding of pORF2 on cells as
well (Fig. 5C). Coincubation of pORF2 with chondroitin sul-
fate A also did not have a significant effect on its binding to
Huh-7 cells (Fig. 5C). However, dextran sulfate, a heavily sul-
fated and negatively charged glucose polysaccharide, markedly
inhibited pORF2 binding to Huh-7 cells (Fig. 5C). Similar
inhibition patterns were observed with all the reagents for the
binding of pORF2 to S10-3 cells (subclones of Huh-7 cells)
(data not shown). Soluble polyanions like dextran sulfate that
are highly sulfated also tend to be good inhibitors of viruses
that bind HSPGs, probably as a result of their interference with
the electrostatic interactions that facilitate virus attachment
and entry.

Relevance of sulfation. To further confirm that target cell
sulfation is required for binding the HEV capsid protein,
Huh-7 cells were cultured in low-sulfate medium together with
sodium chlorate, a specific inhibitor of sulfation. The binding
of pORF2 to Huh-7 cells was inhibited in a dose-dependent
manner by culturing the cells in sodium chlorate (Fig. 6), again
emphasizing the role of cell surface sulfation in pORF2 bind-
ing to Huh-7 cells.

The ORF2 protein binds predominantly to 6-O-sulfate

groups of HSPGs. Studies reported here suggest that highly
sulfated heparin sulfate motifs on syndecans serve as binding
sites on liver cells for pORF2. We further analyzed the role of
differentially desulfated heparins to test whether pORF2 bind-
ing to Huh-7 cells was specific or merely an electrostatic inter-
action. Distinct O sulfations on heparin have been shown to
differentially contribute to the contact between a ligand and its
receptor (14, 60). To understand finer details of the pORF2–
Huh-7 interaction, we therefore tested various desulfated
heparins in a competition assay. These included fully de-O-
sulfated heparin in which all O-sulfate esters of heparan were
removed without changing the backbone structure and most of
the negative charges contributed by O sulfates were elimi-
nated, 2-O-desulfated heparin from which only 2-O-sulfate
esters were removed, and 6-O-desulfated heparin from which
only 6-O-sulfate esters were removed. Fully O-desulfated hep-
arin showed only 30 to 40% reduced binding, indicating that O
sulfation contributes significantly to pORF2 binding to Huh-7
cells (Fig. 7B and E). This reduction could be due to the
contribution of N sulfation or chondroitin sulfates. The 2-O-
desulfated heparin effectively competed out pORF2 binding to
Huh-7 cells (Fig. 7C and E), indicating that modifications
other than 2-O sulfation are critical for binding. The 6-O-
desulfated heparin showed only a partial inhibition of pORF2
binding (Fig. 7D and E), suggesting a key role for 6-O sulfation
in the binding of pORF2 to Huh-7 cells. Recent binding studies
with selected proteins have shown that a particular kind of
sulfate group (e.g., 6-O sulfates) may contribute more to an
interaction (2).

HSPGs are required for HEV infection. The binding of
pORF2 to cells raises the question of whether HSPGs are
sufficient to initiate the multistep process leading to infection

FIG. 3. Binding of pORF2 is mediated by transmembrane synde-
cans and not GPI-anchored glypicans. The ORF2 protein (20 �g/ml)
was added to untreated (A to D) or PIPLC-treated (E to H) Huh-7
cells. Cells were costained with anti-pORF2 as described in the legend
to Fig. 1 and with Alexa 647-conjugated anti-CD59 (marker of GPI-
anchored proteins). After the nuclei were stained with DAPI, the
images were acquired at 20�. The merged pictures (D and H) show
pORF2 (green), CD59 (red), and nuclei (blue).
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and viral replication. To confirm the biological relevance of
results obtained with the ORF2 protein, we carried out an in
vitro infection experiment and asked whether HSPG removal
would inhibit infection of hepatoma cells by HEV. For this, we
utilized an infectious HEV replicon to produce the virus in
S10-3 cells as described earlier (8, 16). The cell lysates pre-
pared from replicon-transfected cells were used as a source of
infectious HEV particles and tested for their ability to infect
cells that were depleted of HSPGs by pretreatment with
heparinase I. Successful infection was measured by RT-PCR
for HEV RNA in the infected cells. The results are shown in
Fig. 8A. Lysates prepared from mock-transfected cells showed
no infection of target cells (Fig. 8A, second lane from the left),
while the lysates prepared from replicon-transfected cells when
applied to target cells showed infection, measured as RT-PCR
amplification of HEV RNA (Fig. 8A, third lane). Importantly,
infection of heparinase I-treated cells treated with the lysate of
replicon-transfected cells (the same as in Fig. 8A, second lane)
showed a significant reduction in HEV RNA amplification
(fourth lane). To assess the effects of different concentrations
of heparinase I treatment on HEV infectivity, we treated the
cells with different amounts of heparinase I, and then infection
was measured by real-time RT-PCR for HEV RNA in the

infected cells by using SYBR green I (Fig. 8B). The reduction
of HEV infectivity started with 1 U of heparinase I treatment
and reached saturation levels at 5 U of heparinase I treatment.
When we compared the CT values with a standard curve pre-
pared using different amounts of the pSK-E2 plasmid (data not
shown), an approximately 80% reduction in HEV infectivity
was observed for 5 U heparinase I-treated cells compared to the
amount for control cells (Fig. 8B). This strongly indicates that
HSPGs are required for the infection of target cells with HEV.

DISCUSSION

Attachment to cells often represents a crucial and limiting
step in virus entry. Infection of cells by most viruses is a two-
step or multistep process, with the initial contact through a
high-density but low-affinity receptor like an HSPG, followed
by transfer to a high-affinity receptor for internalization. Inter-
action with HSPGs leads to virus enrichment on the cell sur-
face, allowing subsequent two-dimensional scanning for spe-
cific entry (18, 25, 41).

This study demonstrates that VLPs prepared from the
ORF2 capsid protein of HEV associate with syndecans, a spe-
cific class of cell surface HSPGs. According to the general

FIG. 4. Expression of Syndecan-1 (Syn1) and -4 (Syn4) on Huh-7 cells and the effect of their depletion on pORF2 binding. (A and B) Huh-7
cells left untreated (lanes C) or treated with heparinase III (lanes H) were lysed and Western blotted with anti-Syndecan-1 and anti-Syndecan-4
antibodies. The Syndecan-1-specific band is significantly enhanced under the heparinase III treatment condition, whereas Syndecan-4 was equally
detectable in untreated and heparinase III-treated cells. (C) Flow cytometry profile of Huh-7 cells stained with Syndecan-1 and Syndecan-4. Huh-7
cells show much higher levels of Syndecan-1 than Syndecan-4. Max, maximum; Ctl, control; FL1, anti-rabbit Alexa 488. (D) Effects of Syndecan-1
and Syndecan-4 depletions by RNA interference on pORF2 binding on Huh-7 cells. Huh-7 cells were transfected with siRNA reagents specific for
Syndecan-1 and Syndecan-4 and a nonspecific control siRNA (CtSi RNA). Maximal silencing of the genes was seen at 72 h posttransfection.
Binding and analysis of pORF2 were performed as described in Materials and Methods.
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concept of molecular recognition of HS/heparin by proteins,
pORF2 binding to HS is likely to rely on an interaction be-
tween clusters of basic amino acids of pORF2 and negatively
charged sulfate/carboxylate groups of HS/heparin. The HSPGs

are likely to play a crucial role in promoting HEV infection of
target cells, since the removal of cell surface HS by heparinase
prevented pORF2 attachment and also blocked HEV infection
of Huh-7 cells. The binding appears to be dictated predomi-
nantly by HS and not chondroitin sulfates because of reduced
inhibition following chondroitinase treatment of cells. Addi-
tionally, pORF2 binding could not be suppressed by pretreat-
ment of cells with PIPLC, indicating that the major PG core
proteins involved in binding are syndecans and not glypicans.
Even though at least four species of PGs were identified by the
F69-3G10 Western blot analysis, expressions of only Synde-
can-1 and Syndecan-4 were confirmed on Huh-7 cells with
type-specific antibodies. Syndecan-1 was the most abundant
PG expressed on Huh-7 cells and contributed maximally to
pORF2 binding. Syndecan expression is highly regulated and is
cell type and developmental-stage specific. A systematic com-
parison of GAG structures and ligand-binding activities of
specific syndecan types has not been reported. In general, HS
fine structure appears to reflect the cellular source of the
syndecan and not syndecan type-specific differences. Syndecan
type-specific function might arise as a consequence of differ-

FIG. 5. Effects of GAGs and chondroitin lyase on pORF2 binding.
The binding of pORF2 to Huh-7 cells was tested in the absence or
presence of the indicated concentrations of heparin or OS heparin
(A) and OS-HS or kidney-derived HS (HS-Kidney) (B). (C) Cells were
treated with chondroitin lyase (2.5 U/ml) at 37°C for 1 h, or incubated
with chondroitin sulfate or dextran sulfate at the indicated concentra-
tions and ORF2 binding was done. After being washed, the cells were
fixed and stained for pORF2 as described above. The images were
acquired at 20�, and intensity measurements were made as described
in Materials and Methods. Ctl, control.

FIG. 6. The sulfation inhibitor sodium chlorate reduces pORF2
binding to Huh-7 cells. Huh-7 cells were grown for 48 h in the absence
or presence of the indicated concentrations of sodium chlorate. The
binding of pORF2 to these cells was assessed as described above.

FIG. 7. Effects of differentially sulfated heparins on pORF2 bind-
ing. The binding of pORF2 to Huh-7 cells was tested without any
addition (A) or in the presence of de-O-sulfated heparin (20 �g/ml)
(B), 2-O-desulfated heparin (20 �g/ml) (C), or 6-O-desulfated heparin
(20 �g/ml) (D). (E) The binding levels were quantitated as described
above and are shown in the bar graph. Ctl, control.
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ences in the orientations and sulfation patterns of the GAG
chains displayed on the cell surface (7).

Sulfation levels and patterns on HSPGs are important de-
terminants of interaction of viruses with target cells. Dengue
virus and respiratory syncytial virus bind to HS as a function of
their degree of sulfation (10, 40). Depending on the tissues and
species, HS is highly heterogeneous in terms of both the pat-
tern and level of sulfation, as well as the primary sequences of
disaccharides (38, 64). Both heparin and OS-heparin inhibited
pORF2 binding to Huh-7 cells by about 80%. HS closely re-
sembles heparin, although the main saccharide unit of HS is
slightly different and the degree of sulfation is lower (24).
While pORF2 binding could be abrogated by OS-HS, the kid-
ney-derived HS, which has a lower degree of sulfation, did not
cause any significant suppression of binding. These results
point toward a tropism of HEV for high levels of sulfation
found on liver cells; this could be an important determinant in
HEV infection of hepatocytes. Compared to HS from other
tissues, liver-derived HS has a higher degree of sulfation (64).
Increased inhibition of recombinant dengue virus E protein
binding to Vero cells by liver-derived HS relative to that from
other tissues was observed (10). Highly sulfated liver-specific
HS provides binding sites for diverse ligands and receptors (17,
31) and also for various liver-targeting pathogens, like hepatitis
C virus (4), dengue virus (10), and Plasmodium species (53).
Immunochemical studies have also demonstrated the presence
of large quantities of HSPGs in the space of Disse in the liver

(61). Thus, it is likely that highly sulfated HSPGs account for
the liver tropism of HEV. The relevance of sulfation for
pORF2 binding was further substantiated by the observation
that inhibition of HSPG sulfation by sodium chlorate reduced
pORF2 binding in a dose-dependent manner. Sodium chlorate
treatment of cells is known to inhibit HSPG-dependent infec-
tion by different viruses (11, 52).

Because HS is one of the most negatively charged molecules,
it was important to determine whether pORF2 recognized a
specific pattern of sulfate groups on HS or the interaction was
a sequence-independent electrostatic one. A growing number
of studies suggest that the minimal domains of HS chains
required to bind distinct ligands differ from each other (23, 65).
The specificity of binding to HSPGs resides mostly in the
sulfation pattern of the attached HS chains (14, 59, 66). The
chains are generally 50 to 150 disaccharide units in length and
can be sulfated at several positions on the disaccharide units
(5, 35). Experiments done with chemically modified heparins
showed 6-O sulfation to contribute maximally to pORF2 bind-
ing to Huh-7 cells. These results provide compelling evidence
that the interaction of pORF2 with HSPGs is predominantly
mediated by 6-O sulfation. A similar requirement for 6-O
sulfation is also seen for the interaction of HIV-1 with synde-
cans (14). In the case of fibroblast growth factor, 2-O sulfation
was shown to be necessary for HIV-1 binding to syndecans,
while 6-O sulfation was critical for the formation of a receptor
ternary complex (66). The herpesviruses HSV type 1 (HSV-1)

FIG. 8. HSPGs are required for HEV infection of S10-3 cells. Untreated and heparinase I (5 U/ml)-treated S10-3 cells were infected with HEV
virions that were produced in replicon-transfected S10-3 cells as described in Materials and Methods. Five days postinfection, RNA was prepared
from mock-infected (second lane from the left) or HEV-infected cells (third and fourth lanes), and RT-PCR was performed to estimate the levels
of ORF2-expressing transcripts. The pSK-E2 plasmid served as a positive control for PCR. The histone H4 RT-PCR served as a loading control
for RNA. (B) S10-3 cells were either left untreated or treated with different amounts of heparinase I and infected with HEV virions. RNA was
prepared, real-time RT-PCR was performed using 2 �l of first-round PCR mix, and the CT value was calculated. The pSK-E2 plasmid served as
a positive control for PCR (�C). The histone H4 RT-PCR represents the loading control for RNA.
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and HSV-2 also differ in their requirements of specific sulfa-
tion patterns for binding and entry. While 2,3-O sulfation and
6-O sulfation were critical for the binding of HSV-1 glycopro-
tein B, this was not the case with HSV-2 glycoproteins (23).
Further, even HSV-1 required 3-O sulfation but not 6-O-sul-
fation for infection (59). However, studies also support the
idea that interactions will depend more on the overall organi-
zation of HS domains than on their fine structure (31, 49).

We show here that, analogous to many other human viruses,
HEV utilizes highly sulfated HS motifs on syndecans to bind to
target cells. This interaction was specific, and the removal of
HS led to a significant reduction in capsid protein binding as
well as infection of cells with HEV. We propose that HEV
infects its target cells through a two-step process which in-
volves a low-affinity but high-density interaction with HS fol-
lowed by a high-affinity interaction with a specific cellular re-
ceptor that is yet to be identified. This is the first study to
characterize the interactions of the HEV capsid protein with
HSPGs on liver cells and show its functional relevance for viral
infection.
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