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ABSTRACT

Classical swine fever virus (CSFV) is the causative agent of classical swine fever (CSF), a highly contagious, economically impor-
tant viral disease in many countries. The E™ and E2 envelope glycoproteins are responsible for the binding to and entry into the
host cell by CSFV. To date, only one cellular receptor, heparan sulfate (HS), has been identified as being involved in CSFV attach-
ment. HS is also present on the surface of various cells that are nonpermissive to CSFV. Hence, there must be another receptor(s)
that has been unidentified to date. In this study, we used a set of small interfering RNAs (siRNAs) against a number of porcine
cell membrane protein genes to screen cellular proteins involved in CSFV infection. This approach resulted in the identification
of several proteins, and of these, the laminin receptor (LamR) has been demonstrated to be a cellular receptor for several viruses.
Confocal analysis showed that LamR is colocalized with CSFV virions on the membrane, and a coimmunoprecipitation assay
indicated that LamR interacts with the CSFV E™ protein. In inhibition assays, anti-LamR antibodies, soluble laminin, or LamR
protein significantly inhibited CSFV infection in a dose-dependent manner. Transduction of PK-15 cells with a recombinant
lentivirus expressing LamR yielded higher viral titers. Moreover, an attachment assay demonstrated that LamR functions during
virus attachment. We also demonstrate that LamR acts as an alternative attachment receptor, especially in SK6 cells. These re-
sults indicate that LamR is a cellular attachment receptor for CSFV.

IMPORTANCE

Classical swine fever virus (CSFV) is the causative agent of classical swine fever (CSF), an economically important viral disease
affecting the pig industry in many countries. To date, only heparan sulfate (HS) has been identified to be an attachment receptor
for CSFV. Here, using RNA interference screening with small interfering RNAs (siRNAs) against a number of porcine membrane
protein genes, we identified the laminin receptor (LamR) to be another attachment receptor. We demonstrate the involvement of
LamR together with HS in virus attachment, and we elucidate the relationship between LamR and HS. LamR also serves as an
attachment receptor for many viral pathogens, including dengue virus, a fatal human flavivirus. The study will help to enhance

our understanding of the life cycle of flaviviruses and the development of antiviral strategies for flaviviruses.

lassical swine fever virus (CSFV) is the causative agent of clas-

sical swine fever (CSF), a highly contagious and often fatal
viral disease in pigs. The disease leads to significant economic
losses in many countries. CSFV is a member of the Pestivirus genus
within the Flaviviridae family (1). The virus possesses a single-
stranded, positive-sense RNA genome of approximately 12.3 kb
(2, 3). Its genome contains a single, large open reading frame that
encodes a precursor polyprotein of 3,898 amino acids (aa). The
polyprotein is co- and posttranslationally processed by viral and
cellular proteases, giving rise to four structural proteins (C, E™,
El, and E2) and eight nonstructural proteins (NP*°, p7, NS2, NS3,
NS4A, NS4B, NS5A, and NS5B) (4, 5).

The envelope glycoproteins E™ and E2 are involved in CSFV
infection. E™ and E2 are present on the outer surface of the virion
(6, 7) and are recognized to be the main targets for neutralizing
antibodies (6, 8). They are thus inferred to be responsible for the
attachment and entry of CSFV. Soluble E™ and E2 proteins could
inhibit CSFV infection and are inferred to interact with different
unknown cell surface receptors (9). Similar inhibition was ob-
served with anti-E2 or anti-E™* monoclonal antibodies (MAbs)
(10). Analysis of an overlapping peptide library (with the E™, E1,
and E2 proteins displayed on phage surfaces) resulted in the dis-
covery of two peptides (one from E™ and the other from E2) that
could bind to host cells with a high affinity and also inhibit the

4894 jvi.asm.org

Journal of Virology

binding of CSFV to cells (11). These findings show that infection
with CSFV is highly associated with E™ and E2, which bind with
cellular receptors during virus entry.

Viruses rely on the host cell to complete the viral life cycle. Viral
replication starts with specific interactions of virion constituents
with cellular surface components, i.e., cellular receptors. The in-
teractions between viral attachment proteins and cellular recep-
tors are thought to determine the tissue tropism and host range for
viruses. More importantly, antiviral strategies can be designed to
prevent virus invasion by blocking the virus-receptor interaction.
Thus, the study of cellular receptors can contribute to the under-
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standing of viral entry mechanisms and provide targets for novel
antivirals.

Heparan sulfate (HS) is a common nonprotein receptor. It is
ubiquitously present on the surface of many cell types and used by
various viruses for attachment (12-16). Protein receptors vary
greatly, depending on the virus. One virus (such as hepatitis C
virus [HCV] [17-23]) may exploit different receptors and entry
mechanisms. This strategy is considered to facilitate virus infec-
tion. When one receptor is blocked, HCV can still infect the host
cell. Some viruses share the same receptors (such as CD46 [24—
28]), suggesting that similar entry mechanisms are shared by dif-
ferent viruses. On the basis of this observation, novel cellular re-
ceptors may be identified by high-throughput screening in
screening assays with the appropriate design.

To date, only HS has been identified to be responsible for the
attachment of CSFV to SK6 cells. However, CSFV can still infect
SK6 cells even after a single amino acid mutation in E™ removes
CSFV’s ability to attach to HS (29, 30). In addition, the wide dis-
tribution of HS does not match the narrow host range of CSFV.
Hence, there must be another unidentified cellular receptor(s)
that enables CSFV infection.

The aim of this study was to screen membrane proteins that are
critical for CSFV infection using pooled small interfering RNAs
(siRNAs) against 29 porcine genes that encode cell membrane
proteins. These proteins included defined cellular receptors or
proteins that are critical for the infection of members of the Fla-
viviridae family. We demonstrate here, for the first time, that the
laminin receptor (LamR) is a cellular receptor for CSFV and is
responsible for its attachment to the cell.

MATERIALS AND METHODS

Cells and viruses. CSFV-permissive porcine kidney cell lines (PK-15 and
SK6) and nonpermissive cell lines (BHK-21, CHO-K1, HEK293T,
HEK293, HeLa, Marc-145, MDBK, MDCK, NIH/3T3, and Vero) were
cultured in Dulbecco’s modified Eagle medium (DMEM; Gibco) supple-
mented with 10% fetal bovine serum (HyClone) free of bovine viral diar-
rhea virus (BVDV) and anti-BVDV antibodies.

CSFV-NP™Flug, a reporter CSFV strain rescued from the infectious
c¢DNA clone pBRCISM-NP*Fluc stably expressing the firefly luciferase
(Fluc) within the NP™ gene (31), was used for siRNA screening. The CSFV
Shimen strain (genogroup 1) and the pseudorabies virus (PRV) TJ strain
(32) were propagated in PK-15 cells. The CSFV Tianjin/10 strain (geno-
group 2) is a tissue-derived virus without a cell culture history.

RNA interference (RNAIi) screening. We designed three siRNA mol-
ecules (one for LamR) for 29 membrane protein genes and pooled them
for transfection. PK-15 cells were transfected with these siRNAs at a final
concentration of 200 nM for 48 h in 48-well plates. Reporter viruses were
then infected for another 48 h and assayed for Fluc activity by using a PE
Envision system. The screening was run in triplicate. All of the specific
siRNAs targeting porcine membrane protein genes were synthesized by
Genepharma (sequences will be provided upon request). All of the candi-
date sequences targeting the genes were searched for in the GenBank da-
tabase using the BLAST program to avoid homologous sequences in the
pig genome.

For testing of siRNAs, PK-15 cells grown to 60% confluence were
transfected with the siRNAs indicated below at a final concentration of
200 nM in 48-well plates using the X-tremeGene siRNA transfection re-
agent (Roche) in accordance with the manufacturer’s protocol. After 48 h,
the cells were infected with 100 50% tissue culture infective doses
(TCID,,) CSFV-NP*Fluc. At 48 h postinfection (hpi), the Fluc activity
was assayed as described below.

Preparation of membrane proteins. Crude membrane fractions of
PK-15 cells were prepared as described previously (33). The cells were
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washed three times with phosphate-buffered saline (PBS) and then incu-
bated for 30 min in 0.01 M triethanolamine hydrochloride, pH 7.5 (TEA
buffer), containing 8.5% sucrose, 1 mM phenylmethylsulfonyl fluoride,
and 1 mM N-ethylmaleimide and homogenized with 10 strokes in a
Dounce homogenizer. Homogenates from the cells were centrifuged at
1,200 X g for 5 min; the supernatants were pelleted at 20,000 X g for 1 h
and resuspended in 8.5% sucrose in TEA buffer. After centrifugation at
130,000 X g for 3 h in an SW32 rotor, the cell membranes were collected
from the 32%-40% interface and pelleted at 20,000 X g for 1.5 h. For cells
transfected with siRNAs against LamR, a ProteoExtract transmembrane
protein extraction kit (Merck) was used for membrane extraction. Briefly,
the cells were washed with wash buffer and then incubated with extraction
buffers Iand II (in the Merck kit). The membrane proteins were dissolved
in extraction buffer II.

Fluc activity assay. For time course analysis of Fluc expression, infec-
tions of PK-15 cells with the reporter virus were performed in 48-well
plates. The supernatant was removed, and the infected cells were collected
at the time points indicated below. After washing with cold PBS, the cells
in each well were lysed with 100 pl of passive lysis buffer (Promega). This
was followed by incubation on a shaker for 20 min at 4°C. Then the lysate
was centrifuged for 5 min at 10,000 X g and 4°C. For all other experi-
ments, performed in 96-well plates, 30 pl of passive lysis buffer was added
to the cells. The supernatant was assayed for Fluc activity using a dual-
luciferase reporter assay system (Promega), and Fluc activity was mea-
sured with a TD-20/20 luminometer (Turner Designs) in accordance with
the manufacturer’s instructions.

Flow cytometry. PK-15 cells grown to 60% confluence were harvested
and fixed in 4% formaldehyde for 30 min at room temperature. After
three washes with PBS, the cells were blocked with 5% bovine serum
albumin (BSA) in PBS and incubated for 1 h at room temperature. After
washing, the cells were resuspended in PBS and incubated with the anti-
LamR antibodies (Abcam) or irrelevant rabbit IgG (Abcam) for 2 h at 4°C,
followed by fluorescein isothiocyanate (FITC)-labeled goat anti-rabbit
secondary antibody (Santa) for 1 h. The cells were subjected to flow cy-
tometry analysis after washing with PBS.

Coimmunoprecipitation (co-IP). HEK293T cells were transfected
with plasmids carrying the Flag-tagged E™ gene or Flag-tagged E2 gene.
The transfected cells were harvested at 48 h posttransfection (hpt), washed
three times with cold PBS, and lysed with NP-40 buffer (Beyotime) con-
taining 1 mM phenylmethylsulfonyl fluoride (Beyotime) for 1 h at 4°C.
Finally, the lysate was centrifuged at 12,000 X g for 10 min at 4°C. The
lysate was mixed with the membrane or cytoplasmic extracts of PK-15
cells prepared as described above and then precleared with protein G
beads (Roche) plus anti-Flag MAD (Sigma) for 4 h at 4°C. The beads were
then washed with NP-40 buffer and boiled in loading buffer (Beyotime).
These samples were then subjected to SDS-PAGE, followed by immuno-
blotting analysis using anti-Flag and anti-LamR antibodies (Abcam).

Confocal imaging. PK-15 cells grown to 60% confluence were treated
with heparinase I (New England BioLabs) for 2 h at room temperature
and then inoculated with CSFV at a multiplicity of infection (MOI) of 10
for 2 h on ice. Cells were fixed with 4% paraformaldehyde in PBS for 30
min. The cells were blocked with 5% skimmed milk for 1 h and then
incubated with homemade anti-E™ and anti-LamR antibodies (Abcam)
for 1 h. Following 1 h of incubation with anti-mouse IgG-FITC antibody
(Sigma) and anti-rabbit IgG-tetramethyl rhodamine isocyanate antibody
(Sigma), the cells were stained with 4',6-diamidino-2-phenylindole
(DAPI) for 15 min and examined using a Leica SP2 confocal system (Leica
Microsystems).

Inhibition assay. PK-15 or SK6 cells grown in 24-well plates were
incubated with polyclonal antibody (PAb) against LamR or soluble
laminin (Sigma) at various concentrations at 37°C for 1 h. Following
incubation, the cells were washed three times with PBS and inoculated
with CSFV atan MOI of 1 for 2 h at 4°C. Unbound virus was removed by
washing three times with PBS. The infected cells were cultured for a fur-
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ther 24 h. The culture medium was collected and titrated as described
below.

CSEV (5,000 TCID,,) was incubated with various concentrations of
soluble recombinant LamR (Abcam) for 1 h at 4°C. The viral suspension
was then added to PK-15 cells in 24-well plates at 4°C for 2 h. Unbound
viruses were removed by washing three times with PBS. The infected cells
were cultured for a further 24 h. The culture medium was collected and
titrated as described below.

Gene knockdown by shRNAs. Duplexes of synthesized oligonucleo-
tides containing target sequences were inserted into the lentivirus vector
pLVX-shRNA2 (Clontech). To generate lentiviruses for short hairpin
RNA (shRNA) delivery, HEK293T cells plated in poly-i-lysine (PLL)-
coated 10-cm dishes were transfected with 21 g of pLVX-LamR-shRNA2
and the packaging plasmids psPAX2 (14 pg) and pMD2.0G (7 pg). At 48
hpt, the culture supernatant was concentrated by centrifugation at 4,500 X g
for 20 min at 4°C using an Amicon Ultra-15 centrifugal filter unit with an
Ultracel-10 membrane (Millipore). Lentiviral titers on PK-15 or SK6 cells
were determined. Serial dilutions of the virus were applied to the cells, and
infectivity was determined after 72 h by fluorescence microscopy for green
fluorescent protein (GFP) expression. To produce shRNA-expressing
cells, PK-15 and SK6 cells were treated with lentivirus at an MOI of 0.1
with culture medium containing 8 g/ml Polybrene for 48 h. After wash-
ing with PBS, the transduced cells were passaged and cultured as described
above. LamR expression in PK-15 or SK6 cells was tested by Western
blotting using rabbit anti-LamR PAb (1:1,000; Abcam).

Construction of stable cell lines overexpressing LamR. To construct
a stable cell line overexpressing LamR, the LamR gene was cloned and
inserted into the pFUGW vector (Addgene) using Sfil to generate the
pFUGW-LamR plasmid. HEK293T cells grown in 10-cm dishes were
transfected with the recombinant plasmid pFUGW-LamR, the empty vec-
tor pFUGW, or the packaging plasmids psPAX2 and pMD2.0G. At 48 hpt,
the culture supernatant was concentrated and titrated as described above.
The concentrated pseudovirus was transduced into PK-15 or SK6 cells in
6-well plates. Expression of LamR tagged with enhanced GFP (EGFP) in
PK-15 or SK6 cells was tested by Western blotting using rabbit anti-LamR
PAD (1:1,000; Abcam).

IFA and virus titration. The titers of CSFV and PRV were determined
by an indirect immunofluorescence assay (IFA). Briefly, an IFA-based
viral titration assay was performed by infecting PK-15 cells seeded in
96-well plates (approximately 5 X 10* cells/well) with 10-fold serial dilu-
tions and four replicates for each dilution. After a further 48-h incubation,
PK-15 cells were washed with PBS, fixed with 4% paraformaldehyde, and
permeabilized with 0.1% Triton X-100. The fixed cells were incubated
with anti-E2/gB serum for 2 h at 37°C, washed three times with PBS, and
then incubated with FITC-labeled goat anti-pig IgG (1:100 dilution in
PBS; Sigma) for 1 h at 37°C. After washing three times with PBS, the cells
were examined under a fluorescence microscope (TE2000U; Nikon) with
avideo documentation system. Viral titers were calculated in accordance
with the Reed-Muench method and expressed as the number of medium
TCID;y/ml.

Virus attachment assay and real-time RT-PCR. The attachment as-
say was performed as described previously (34-36). Cells in 24-well plates
were treated with 1,000 mIU heparinase I (New England BioLabs) for 2 h
at room temperature with gentle shaking. The cells were then incubated
with CSFV at an MOI of 5 for 2 h at 4°C with gentle agitation. The cells
were washed five times with cold PBS to remove the unbound CSFV. The
total viral RNA was extracted from CSFV-bound cells using the TRIzol
reagent (Invitrogen) and treated with DNase I (TaKaRa) to remove po-
tential genomic DNA contamination. Synthesis of cDNA was performed
with 200 ng of total RNA and 20 U of Moloney murine leukemia virus
(M-MLV) reverse transcriptase (TaKaRa), 200 uM deoxynucleoside
triphosphates (TaKaRa), and 4 pl of 5X M-MLV reverse transcriptase
buffer (in the TaKaRa kit) in a total volume of 20 pl. The mixture was
incubated for 1 h at 42°C and then for 15 min at 75°C. Quantification of
CSFV genomic copies was performed by a previously described real-time
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reverse transcription-PCR (RT-PCR) assay (37), performed on a Strat-
gene Mx real-time quantitative PCR system (Agilent Technologies) ac-
cording to the manufacturer’s instructions.

Infection assay in cells treated with heparinase I. Approximately 10*
cells in 96-well plates were washed three times with the binding buffer
(PBS containing 0.2% BSA, 0.5 mM CaCl,, and 0.5 mM MgCl, ). The cells
were then incubated with 100 wl of the binding buffer containing 100 mIU
of heparinase I (New England BioLabs) or left untreated. After incubation
for 2 h at room temperature with gentle shaking, the enzyme solution was
removed and the cells were washed three times with PBS. The cells were
then inoculated with 100 TCID,, CSFV-NP"Fluc on ice. At different time
points postinfection (30, 60, 90, and 120 min), the virus was removed and
the cells were washed three times, supplied with overlay medium, and
incubated for a further 48 h at 37°C. All of the relative infection rates are
calculated on the basis of the Fluc activity in triplicate wells.

Statistical analysis. Correlations within cohorts were evaluated using
the Spearman correlation test. Differences between groups were examined
for statistical significance using Student’s ¢ test. An unadjusted P value of
less than 0.05 was considered to be significant.

RESULTS

Membrane proteins required for CSFV infection were screened
with siRNAs. To identify the cellular membrane factors that func-
tion during CSFV infection, we selected 29 membrane protein
genes for RNAI screening with the reporter virus CSFV-NP™Fluc.
These selected membrane proteins have been identified to be cel-
lular receptors for viruses within the Flaviviridae family, cellular
receptors commonly used by various viruses, or virus-host inter-
action partners of great importance. Therefore, these proteins
were selected as having the potential to influence CSEV prolifera-
tion. We selected the candidate proteins on the basis of the find-
ings of our previous study (31). Due to the high sensitivity of the
Fluc assay, only those candidates with Fluc activity at least 10 times
lower than that of the control transfected with scramble siRNA
(siScr) were considered to be meaningful.

The siRNA screening suggested that knockdown of the expres-
sion of the genes for three proteins had a significant impact on
CSFV infection (Fig. 1). These membrane proteins were low-den-
sity lipoprotein receptor (LDLr), LamR, and vinculin. Among
these, LamR has been identified to be a cellular receptor for dif-
ferent pathogens (38—47). As shown in Fig. 1, siRNA-mediated
knockdown of LamR expression reduced Fluc activity by nearly
90%. The results strongly suggested that LamR is critical for CSFV
infection.

Confirmation of primary screening. The screening results
were first validated using the corresponding siRNAs. The LamR
gene can be translated into two different forms: one of approxi-
mately 37 kDa located in the cytoplasm and the other of approx-
imately 67 kDa located in the membrane. Western blotting
showed that with knockdown of LamR the 67-kDa form was suc-
cessfully knocked down, but knockdown of LamR showed only a
minimal effect on the 37-kDa form. The knockdown effect on the
37-kDa LamR was observed only with a less than 80-ng loading
quantity of samples (Fig. 2A). The knockdown effect on the 67-
kDa LamR was also confirmed by flow cytometry analysis (Fig.
2B). There was no signal in PK-15 cells transfected with siRNAs
against LamR, but there was a strong signal in untreated PK-15
cells, after staining with anti-LamR antibodies (Fig. 2B). The re-
sults described above suggest that the 67-kDa LamR correlates
with CSFV infection and is likely to be the protein critical for
CSFV. Therefore, we targeted the 67-kDa LamR. We then tested
the siRNA with wild-type CSFV of different genogroups and PRV
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FIG 1 Overview of pool of siRNAs against porcine membrane protein genes used in the screening to identify genes required for CSFV infection. The cutoff line
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atan MOI of 0.01. All three CSFV strains, the reporter virus CSFV-
NP™Fluc, the CSFV Shimen strain, and the CSFV Tianjin/10
strain, shared a similar growth profile in cells with LamR knock-
down (Fig. 2Cto E). All of the CSFV strains grew poorly in the cells
transfected with the siRNA against LamR (siLamR). The viral titer
was much lower in cells transfected with siLamR than in cells
transfected with siScr at all three time points (24, 48, and 72 hpi).
In contrast, PRV exhibited no difference in replication in those
cells. The results suggested that only LamR affects CSFV infection
(Fig. 2F). Recombinant lentiviruses expressing shRNA against
LamR (shLamR) or scramble shRNA (shScr) were also generated
and transduced into PK-15 and SK6 cells (another CSFV-permis-
sive swine kidney cell line). Expression of the 67-kDa LamR was
knocked down in both cell lines (Fig. 2G), but there was no signif-
icant change in cell viability, as indicated by a 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
(Fig. 2H and I). The CSFV Shimen strain was used at an MOI of 1
for testing. The culture supernatant was collected at 24 hpi for
study of the first cycle of infection. The CSFV titers were signifi-
cantly reduced after LamR knockdown in both PK-15 and SK6
cells, with higher inhibitory effects being detected in PK-15 cells
than in SK6 cells (Fig. 2]).

LamR interacted with the CSFV E™ protein. To determine if
LamR could act as an interacting partner of CSFV, we verified the
interaction between CSFV and LamR by confocal scanning laser
microscopy. We treated PK-15 cells with heparinase I and then
incubated them with CSFV at an MOI of 10. The results showed
that CSFV still attached to the cell surface, and CSFV was highly
colocalized with the cell surface LamR that was stained with FITC
(Fig. 3A). This binding was specific to LamR but not HS, which is
another receptor for CSFV, which had already been removed by
heparinase I.

To investigate whether the CSFV envelope protein E™ or E2
mediates the interaction between CSFV and LamR, we transfected
HEK293T cells with Flag-E™ or Flag-E2. The cell lysate was mixed
with the membrane or cytoplasm extracts and then immobilized
on agarose beads conjugated with anti-Flag MADb. The precipi-
tated proteins were analyzed by Western blotting. A mechanical
separation process was utilized for membrane protein prepara-
tion. The co-IP results showed that LamR interacted with E™ but
not E2 (Fig. 3B).

Taken together, these results demonstrate that CSFV binds to
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LamR and that CSFV E™ mediates the interaction between CSFV
and LamR.

CSFV infection was specifically inhibited by soluble LamR,
laminin, and antibodies against LamR. Colocalization of CSFV
and LamR suggested that LamR could be a potential cellular re-
ceptor for CSFV. We then performed an inhibition assay to inves-
tigate if the addition of exogenous LamR would inhibit the bind-
ing of CSFV to host cells. Both CSFV and PRV were preincubated
with either LamR or BSA before being used to infect PK-15 or SK6
cells. After 24 h, the culture supernatant was collected and titrated.
The results from both cell lines indicated that CSFV incubated
with LamR showed a decreased infection ability correlated with
the increased amounts of soluble LamR in a dose-dependent man-
ner. LamR at 500 pg/ml dramatically reduced CSFV infection,
while BSA displayed no significant influence (Fig. 4A and B). The
inhibition effects were also found to be specific to CSFV, as exog-
enous LamR failed to block PRV infection even when it was used
at the maximum amount.

LamR is a receptor of laminin, which is a large glycoprotein
containing multiple protein-binding domains (48). Therefore, we
incubated cells with soluble laminin at different concentrations.
Laminin displayed an inhibitory effect on CSFV infection but not
PRV infection in a dose-dependent manner. As expected, no in-
hibition was observed for BSA at the same dose (Fig. 4C and D).

To provide further evidence of the involvement of LamR in
CSFV infection, we tested the effects of antibodies against the
67-kDa LamR. PK-15 or SK6 cells were preincubated with anti-
LamR PAb and then infected with CSFV or PRV. The results
showed that anti-LamR antibodies at a concentration of 5 pg/ml
markedly blocked the infectivity of CSFV (Fig. 4E and F). No
inhibition was observed with the rabbit IgG control at a concen-
tration of 50 wg/ml, and the anti-LamR antibodies showed no
inhibitory effects on PRV infection, suggesting that the inhibition
is specific to CSFV.

These results confirmed the interaction between CSFV and
LamR on the surface of PK-15 or SK6 cells. When we blocked the
virus-host interaction on the cell membrane, CSFV infection was
markedly inhibited.

LamR overexpression in PK-15 cells promoted CSFV infec-
tion. An inhibition assay showed that blocking the interaction
between LamR and CSFV can inhibit CSFV infection. Therefore,
it is likely that LamR is involved in CSFV invasion, possibly as a
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FIG 3 CSFV envelope protein E™ interacts with LamR. (A) Analysis of the cell surface distribution and colocalization of LamR and cell surface-bound CSFV by
indirect immunofluorescence assay in PK-15 cells. (B) Co-IP and Western blotting of the binding of LamR to the CSFV envelope proteins E™* and E2. HEK293T
cells were transfected with plasmids expressing either Flag-tagged E™ (Flag-E"™*) or Flag-tagged E2 (Flag-E2). The cell lysate was then mixed with membrane or
cytoplasm extracts. Co-IP was performed using anti-Flag MAb. The precipitated proteins were analyzed by Western blotting using antibodies against the Flag tag
and the LamR protein.

cellular receptor. CSFV has a relatively restricted host range, with
only pigs and wild boar being its natural hosts. This may be due to
differences in receptor(s) distribution among different species or
because a unique cellular environment is required for CSFV
growth. To exclude the second possibility, we first constructed
CSFV-permissive cell lines (PK-15 and SK6) overexpressing
LamR. Flow cytometry showed that nearly all cells expressed the
EGFP-tagged LamR (Fig. 5A and D). The 37-kDa LamR with the
EGFP tag was detected in both cell lines, but no 67-kDa LamR with
the EGFP tag was observed. We also detected the 67-kDa LamR in
the membrane extracts. Western blot analysis showed that the
endogenous expression of the 67-kDa LamR was increased. How-
ever, no 67-kDa LamR with the EGFP tag was observed (Fig. 5B
and E). Interestingly, overexpression of the 67-kDa LamR confers

and F). Compared with the parent PK-15 cells and PK-15 cells
stably expressing EGFP (PK-EGFP cells), PK-15 cells expressing
LamR (PK-LamR cells) seemed to be more suitable for CSFV in-
fection. CSFV replicated more efficiently in PK-LamR cells than in
the other two cell lines. In contrast, SK6 cells, SK6 cells expressing
EGFP (SK6-EGFP cells), and SK6 cells expressing LamR (SK6-
LamR cells) showed similar susceptibilities to CSFV. PK-15 and
SK6 cells are both from porcine kidney, but there may be some
unidentified differences between them.

The expression of LamR,;, did not confer onto nonpermis-
sive cells susceptibility to CSFV. Sequence alignment showed
that LamR is highly conserved, with only a few amino acid differ-
ences being located in the carboxyl terminus of LamRs from dif-
ferent species (Fig. 6). It is of interest to investigate whether the

elevated susceptibility to PK-15 cells but not to SK6 cells (Fig. 5C  expression of LamR from pigs (LamR;,) correlates with suscep-

pig

FIG2 LamRisrequired for CSFV infection. (A) Reduced LamR expression following the knockdown of LamR expression by siRNA. PK-15 cells were transfected
with siLamR or siScr, treated only with the transfection reagent (Mock), or left untreated (not treated [NT]). The membrane protein (including the 67-kDa
LamR) was extracted by use of a ProteoExtract transmembrane protein extraction kit (Merck) and subjected to Western blot analysis. The remaining cell lysate
was used for detection of the 37-kDa LamR. Annexin I (a membrane protein) and GAPDH (glyceraldehyde-3-phosphate dehydrogenase; a cytoplasmic protein)
were included as internal references. (B) Detection of LamR expression on the cell surface of PK-15 cells by flow cytometry. siScr-transfected (siScr) or
silamR-transfected (siLamR) PK-15 cells were incubated with anti-LamR antibodies. PK-15 cells incubated with an irrelevant isotype rabbit antibody (Mock)
were used as a negative control. (C) Growth curve of CSFV-NP*Fluc in cells transfected with siLamR or siScr molecules. Cells were infected with virus at an MOI
0f0.01. (D) Growth curve of the CSFV Shimen strain (CSFV-SM) in cells transfected with siLamR or siScr molecules. The cells were infected with virus at an MOI
0f 0.01. (E) Growth curve of the CSFV Tianjin/10 strain (CSFV-TJ/10; genogroup 2) in cells transfected with siLamR or siScr molecules. Cells were infected with
virus at an MOI of 0.01. (F) Growth curve of the PRV TJ strain in cells transfected with siLamR or siScr molecules. Cells were infected with virus at an MOI of
0.01. (G) Knockdown effects in cells stably expressing shLamR or shScr. (H) PK-15 cell viability tested with an MTT assay. OD 5, optical density at 450 nm. (I)
SK6 cell viability tested with an MTT assay. (J) CSFV infection in PK-15 or SK6 cells stably expressing shLamR (PK-shLamR or SK6-shLamR) or shScr (PK-shScr
or SK6-shLamR) or in parent cells. Cells were infected with CSFV at an MOI of 1, and the supernatant was collected at 24 hpi. *, P < 0.05; **, P < 0.01.
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FIG 4 Inhibition of CSFV infection in PK-15 cells by soluble LamR, laminin, or anti-LamR antibodies. (A, B) Influence of LamR on infection of CSFV and PRV
in PK-15 cells (A) or SK6 cells (B). CSFV or PRV was incubated with different concentrations of LamR or BSA for 1 h at 4°C, followed by infection of the cells.
The infected cell culture supernatant was collected at 48 hpi and titrated. (C, D) Influence of laminin on the invasion of CSFV and PRV in PK-15 cells (C) or SK6
cells (D). Cells were incubated with different concentrations of laminin or BSA for 1 h at 37°C, followed by infection with CSFV or PRV. The infected cell culture
supernatant was collected at 48 hpi and titrated. (E, F) Antibody inhibition assay. PK-15 cells (E) or SK6 cells (F) were preincubated with anti-LamR antibodies
or irrelevant rabbit IgG, followed by infection with CSFV or PRV. In the assays whose results are presented in panels C to F, the cells were infected with the
indicated virus at an MOI of 1 and the supernatant was collected at 24 hpi. Bars represent standard deviations. *, P < 0.05; **, P < 0.01.

tibility to CSFV infection. We transduced cells of various nonper-
missive cell lines, including BHK-21, CHO-K1, HeLa, Marc-145,
MDBK, MDCK, and Vero cells, with the recombinant lentivirus
expressing EGFP-tagged LamR ;.. LamR ,;, was expressed in cells
of all of these cell lines. Cells of the stable cell lines were infected
with CSFV-NP"Fluc and passaged eight times. The Fluc activity in
these cells was markedly lower than that in PK-15 cells, and no
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CSFV RNA was detected in the culture supernatant by real-time
RT-PCR (data not shown). The results suggest that CSFV replica-
tion does not occur in these nonpermissive cell lines stably ex-
pressing porcine LamR.

LamR overexpression in PK-15 cells promoted CSFV attach-
ment to cells. The interaction of LamR with CSFV was necessary
for CSFV infection, but LamR expression did not confer suscep-
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FIG 5 CSFV infection in PK-15 or SK6 cells overexpressing LamR. (A) EGFP-LamR expression in PK-15 cells detected by flow cytometry; (B) LamR expression
in PK-15 cells; (C) CSFV titers in PK-LamR, PK-EGFP, and PK-15 cells (**, P < 0.01); (D) EGFP-LamR expression in SK6 cells detected by flow cytometry; (E)
LamR expression in SK6 cells; (F) CSEV titers in SK6-LamR, SK6-EGFP, or SK6 cells.

tibility to CSFV onto cells of nonpermissive cell lines. Therefore,
we deduced that LamR may be an attachment receptor (which
helps the virus attach to the cell surface) but is not involved in
entry. To confirm our speculation, we performed attachment as-

says on cells of two permissive cell lines (PK-15 and SK6) and one
nonpermissive cell line (MDBK). The cells were treated with hepa-
rinase I and then inoculated with CSFV at an MOI of 5 on ice for
2 h. The unbound virions were removed by washing five times.
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FIG 6 Sequence alignment of LamRs of different species origin. Dots represent identical residues. Chlae, Chlorocelrus aethiops.
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FIG 7 Efficiency of CSFV attachment to different cell lines. Cells were incu-
bated with CSFV atan MOI of 5 for 2 h at 4°C. The viral RNA was extracted and
quantified by real-time RT-PCR as described previously (33). Bars represent
standard deviations. *, P < 0.05; **, P < 0.01.

The level of attached CSFV virions was determined by immedi-
ately quantifying the viral RNA by real-time RT-PCR. After treat-
ment with heparinase I, there were over 10* copies of virions bind-
ing to different cell lines. This suggests that there is a receptor(s)
other than HS that is responsible for virus binding to different cell
lines. As predicted, there was no significant difference between
parent and EGFP-expressing PK-15 cells in the number of CSFV
virions that bound to the cells. According to viral RNA copy num-
bers, the levels of CSFV binding to LamR-expressing cells were
much higher than the levels of CSFV binding to cells of the two
other cell lines (Fig. 7). Therefore, we infer that LamR functions in
the attachment step of the virus replication cycle.

LamR serves as an alternative attachment receptor for CSFV.
HS has already been identified to be an attachment receptor for
CSFV (29). The identification was based on the findings obtained
with SK6 cells and not with PK-15 cells. When LamR was overex-
pressed, CSFV growth seemed to be different in these two cell
lines. The results indicate that there are differences between the
two cell lines. More importantly, we did not observe complete
blocking of CSFV infection by either anti-LamR antibodies or
soluble LamR or laminin protein in the two cell lines. Is HS re-
sponsible for this CSFV infection without any interaction between
LamR and CSFV virions? We further sought to clarify the relation-
ship between the two attachment receptors (LamR and HS), and
we analyzed their specific roles. We first tried to clarify the role of
HS in PK-15 cells. We incubated PK-15 and SK6 cells with hepa-
rinase I or binding buffer and then inoculated them with CSFV-
NP™Fluc on ice for different times (30, 60, 90, and 120 min). Fluc
activity was detected at 48 hpi. The results derived from SK6 cells
correlated with the results of a previous study (29) (Fig. 8A). After
the cells were treated with heparinase I, CSFV displayed poor in-
fectivity in SK6 cells during the 60-min incubation. From then, the
infection ability rose with increasing inoculation time. When the
cells were inoculated with the virus for 120 min, the relative infec-
tion rate reached the peak, up to 50% of the rate for the control.
For PK-15 cells, the results seemed to be different. When incubat-
ing cells with CSFV for only 30 min, the relative infection rate
reached nearly 50%, similar to the results for 120 min of incuba-
tion in SK6 cells. This infection efficiency reached a peak at 90
min, almost the same as the time to the peak for the control. The
effects of HS seemed to differ in these two cell lines. SK6 cells may
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use HS as the main attachment receptor. Following the removal of
HS, CSFV attachment was significantly inhibited. There may be an
alternative attachment pathway which is not as efficient as the HS
pathway.

Is LamR the molecule responsible for the alternative pathway?
To answer this question, we further performed the test on SK6,
SK6-EGFP, and SK6-LamR cells. After treatment as described
above, we tested Fluc activity. The results confirmed our predic-
tion (Fig. 8B). The relative rate of infection of SK6 and SK6-EGFP
cells showed a high similarity to our earlier results. For SK6-LamR
cells, the relative infection rate reached 40% at 30 min and slowly
increased to approximately 90% at 120 min. This suggested that
LamR plays a supplementary role. However, its affinity may be
inferior to that of HS. The same treatment was also performed on
PK-15, PK-EGFP, and PK-LamR cells. The relative rate of CSFV
infection was enhanced, especially when the incubation time was
more than 60 min (Fig. 8C).

To further confirm the role of LamR, we used PK-15 cells ex-
pressing shLamR (PK-shLamR cells) and SK6 cells expressing
shLamR (SK6-shLamR cells), in which LamR was knocked down
by shRNAs. As expected, CSFV could hardly replicate in PK-
shLamR or SK6-shLamR cells (Fig. 8D and E).

DISCUSSION

In the study described in this report, we screened pooled siRNAs
against porcine membrane protein genes and showed that LamR
contributes to CSFV infection. We demonstrated that LamR spe-
cifically interacts with the CSFV envelope glycoprotein E™. We
observed decreased CSFV infection in vitro using anti-LamR an-
tibodies or soluble laminin before virus inoculation. CSFV infec-
tion was also inhibited in a competition experiment, in which
virus was incubated with soluble LamR before inoculation of cells.
Transduction of PK-15 cells with LamR resulted in higher viral
titers, but LamR transduction did not confer susceptibility to a
number of nonpermissive cell lines. An attachment assay proved
that LamR functioned during virus attachment, providing an al-
ternative pathway to the HS pathway. Overexpression of LamR
resulted in an increase in the binding of CSFV virions to both
permissive and nonpermissive cells. All of the evidence suggests
that LamR is a cellular receptor for CSFV and that it functions
during attachment.

Pooled RNAI screening has been widely used to discover the
host genes required for virus infection, especially for screening for
virus-host interaction partners (49-53). Several receptors have
been identified with the help of genome-wide pooled RNAi
screening and indicator viruses (33, 54, 55). Both advantages and
disadvantages are obvious. This screening is high throughput and
systematic, but it is also costly and labor-intensive. More impor-
tantly, only the human genome-wide RNAi pool is currently avail-
able. For those viruses which fail to infect humans or primates, the
human genome-wide RNAi pool does not appear to be applicable.
In this study, we designed several siRNA molecules against se-
lected porcine membrane protein genes and successfully identi-
fied LamR to be our target. This strategy could be useful for studies
of other animal viruses.

LamR is a cell surface receptor that mediates high-affinity in-
teractions between the cell and laminin (56-58). It was first dis-
covered in 1983 to be a 295-aa peptide with a calculated molecular
mass of 32 kDa and an apparent electrophoretic mobility of about
37 kDa in SDS-polyacrylamide gels. It was subsequently processed
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FIG 8 Cells treated with heparinase I showed distinct susceptibility to CSFV. (A) Relative infection rate of CSFV-NP"Fluc in PK-15 and SK6 cells treated with
heparinase [; (B) relative infection rate of CSFV-NP*Fluc in SK6-LamR, SK6-EGFP, and SK6 cells treated with heparinase I; (C) relative infection rate of
CSFV-NP*Fluc in PK-LamR, PK-EGFP, and PK-15 cells treated with heparinase [; (D) relative infection rate of CSFV-N?"Fluc in SK6-shLamR, SK6-shScr, and
SK6 cells treated with heparinase I; (E) relative infection rate of CSFV-NP**Fluc in PK-shLamR, PK-shScr, and PK-15 cells treated with heparinase I. The relative
infection rate was defined as the ratio of the rate of infection of cells treated with heparinase I to the rate of infection of cells not treated with heparinase I for the

same cell line. Each sample was run in triplicate.

into a 67-kDa protein (58). Little is known about this process.
Both dimerization and modification have been proposed to be
possible explanations, but neither has been proven to date (48).
The 67-kDa LamR is located in the membrane of cells, while the
37-kDa LamR is located in the cytoplasm. The expression levels of
the two different forms of LamR are significantly different. The
37-kDa LamR is abundant in the cell, whereas the 67-kDa LamR is
scarce. Interestingly, we found that siRNA molecules against
LamR efficiently knock down the 67-kDa form but show only a
minimal effect on the 37-kDa form (Fig. 2A). We thought that this
may be due to the high level of 37-kDa LamR expression and the
self-regulation of the host cells. The 37-kDa LamR seems to be
highly stable, whereas the 67-kDa LamR seems to be pretty unsta-
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ble. Surprisingly, both the transfection and the transduction of
LamR into cells resulted in a detectable level of ectopic expression
of the 37-kDa but not the 67-kDa LamR. However, we did observe
an increased level of endogenous expression of the 67-kDa LamR
in the cell membrane (Fig. 5B and D). A possible explanation is
that the 67-kDa LamR is the activated, interconvertible, and func-
tional form of the 37-kDa LamR, which is more abundant, inac-
tive, and stable than its 67-kDa counterpart. The two forms of
LamR are in a dynamic balance in the cell. LamR has been re-
ported to serve as a binding protein that facilitates the invasion of
several pathogens. Using idiotypic antibodies, LamR was identi-
fied to be a cellular receptor for tick-borne encephalitis virus (38).
Sindbis virus uses LamR as a functional receptor to enter BHK-21
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cells (39). Mosquito LamR was found to be a putative receptor for
Venezuelan equine encephalitis virus (40) and dengue virus (41—
44). In mammalian cells, LamR acts as a cellular receptor for the
cellular prion protein (PrP) (45, 46), and it mediates the infection
of adeno-associated virus serotypes 8, 2, 3, and 9 (47). On the
other hand, the form of LamR that is functional was not deter-
mined in the studies described above. In our study, the knock-
down results showed that the 67-kDa LamR was successfully
knocked down, whereas the 37-kDa LamR was slightly or not af-
fected. Confocal and inhibition assays were performed on intact
cells. Thus, the viruses, antibodies, and soluble proteins that were
tested had access to the 67-kDa LamR located in the membrane
but not to the 37-kDa LamR located in the cytoplasm. These re-
sults indicate that the 67-kDa LamR is the functional form of
LamR for CSFV infection.

The relationship between HS and LamR is another interesting
topic. Our data indicated that HS and LamR work as attachment
receptors in both PK-15 and SK6 cells. However, the roles of HS
and LamR varied from each other. HS showed a higher affinity to
CSFV than LamR did in SK6 cells. If there is abundant HS on the
cell surface, increasing the expression of LamR does not enhance
the infection rate. The inhibition assay carried out in PK-15 cells
showed that LamR did not completely inhibit CSFV infection.
However, when both receptors were removed, CSFV could hardly
infect the cells. We propose that LamR works as an attachment
receptor (as an alternative pathway to the HS pathway). This spec-
ulation correlated with the results that CSFV virions bind to dif-
ferent cell lines after cells are treated with heparinase I (Fig. 7).
This also explains the observation that the CSFV E™ protein can
attach to the surfaces of various cell lines (9, 11).

Dengue virus is among the viruses that use LamR as a cellular
receptor, and the virus is another member of the Flaviviridae fam-
ily. It has been shown that HS acts as a cellular receptor for dengue
virus (59). The two molecules also contribute to CSFV infection,
which implies that CSFV and dengue virus may use similar mech-
anisms during the entry stage. We also identified several interact-
ing partners of CSFV that were previously defined to be interact-
ing partners of dengue virus (data not shown). This deserves
attention, because understanding the similarities in receptor us-
age and entry mechanisms among members of the Flaviviridae
family can help to enhance our understanding of the infection
cycles of these viruses.

The identification of LamR as a CSFV receptor also raises a
number of questions with regard to the entry of CSFV. The recep-
tor(s) acting on the pathway of entry remains undefined. LDLr is
potentially such a molecule. LDLr is a functional receptor of HCV
(17). It is also involved in the entry of various flaviviruses (60).
However, there have been paradoxical reports on the role of LDLr
in the entry of BVDV: an anti-LDLr MAb was found to inhibit the
entry of BVDV in one study but failed to do so in another study,
even though the same materials and methods were used (60-62).
We observed decreased CSFV growth with LDLr knockdown (Fig.
1). Knockdown of the expression of LDLr was not performed in
the study of the role of LDLr during BVDV infection. It would be
of interest to determine in future studies whether LDLr is a func-
tional receptor for both BVDV and CSFV.

It is worth mentioning that the ability of a virus to replicate is
correlated not only with the availability of host cellular receptors
which mediate virus attachment/entry but also with the cell mi-
croenvironment that favors virus replication, virus assembly, and
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release. CSFV is characterized by its limited host range and poor
replication ability in vitro. Pigs and wild boar are the only natural
hosts of CSFV, which cannot infect ruminants (63). In contrast,
BVDV and border disease virus (BDV), two other members of the
Pestivirus genus, can infect both ruminants and pigs (63, 64).
Moreover, only some types of porcine cell lines support CSFV
replication. This poses a question: is the receptor or the cellular
environment the major limiting factor for CSFV growth? In this
study, we also transfected cells of various nonpermissive cell lines
with pBRCISM-NF"Fluc (the infectious cDNA clone from which
CSFV-NP™Fluc was derived) to screen cell lines for support of
CSFV replication. The Fluc activity reached a peak in the first
generation and decreased sharply after passage (data not shown).
No CSFV protein was detected in the cells by Western blotting,
and no CSFV RNA was detected in the supernatant by real-time
RT-PCR (data not shown). The results suggest that the cell lines
did not support CSFV growth and partially explain why CSFV
grows poorly in some porcine cell lines. There may be restriction
factors that affect CSFV growth.

In conclusion, we demonstrate for the first time that LamR is
an attachment receptor for CSFV. Further study is needed to iden-
tify the other receptor(s) responsible for the entry of CSFV.
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