












determined by TCID50 and qRT-PCR analysis, when heparanase was overexpressed at
24, 36, and 48 hpi (Fig. 6J and K). These results demonstrate that heparanase overex-
pression can upregulate PRRSV egress and replication.

A schematic model shown in Fig. 7 summarizes the main results of our study. During
the productive period of infection, PRRSV activates NF-�B to promote HPSE mRNA
transcription, thus increasing heparanase expression. Simultaneously, PRRSV increases
the activity of cathepsin L, which subsequently processes latent heparanase into its

FIG 4 Cathepsin L upregulation after PRRSV infection contributes to the activation of heparanase. (A and B) Marc-145 cells
were mock infected or infected with PRRSV-EGFP at an MOI of 0.1 for the indicated times or at indicated MOIs for 4 h; cathepsin
L proteolytic activity (red) in cells was assessed by a Magic Red cathepsin L detection kit, and PRRSV-EGFP (green) cells were
then examined by immunofluorescence microscopy. Nucleus (blue) was stained with DAPI. Bar, 300 �m. (C to F) PRRSV-
infected cells were also collected to analyze cathepsin L expression using qRT-PCR (C and D), and cathepsin L and PRRSV N
protein were detected by Western blot analysis (E and F). (G to K) Cells were infected with PRRSV at an MOI of 0.1 in the
presence or absence of cathepsin L inhibitor (10 �M) for 24 or 36 h. The cells were harvested for heparanase and cathepsin
L analysis using antibodies against heparanase and cathepsin L by Western blotting (G and H). Additionally, cells were stained
for cellular surface expression of HS with anti-human HS MAb 10E4 and then determined by flow cytometry (I). Mean
fluorescence intensity measurements (x axis, log10 fluorescence) were based on flow cytometry results (J and K). All values are
representative of three independent experiments. Data are representative of the results of three independent experiments
(means � SE). Significant differences from results with the control group are indicated as follows: *, P � 0.05; **, P � 0.01; ***,
P � 0.001.
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enzymatically active form. The active heparanase is then released to the extracellular
space and exerts enzymatic activity to cleave HS of the ECM, resulting in the release of
virus attached to fragments of ECM-resident HS.

DISCUSSION

HS is a glycosaminoglycan (GAG) that is present in almost all mammalian tissues on
cell surfaces and in the extracellular matrix (17, 26, 27). It plays a key role in ECM
integrity, barrier function, and cell-ECM interactions and is used by many viruses for
initial attachment to target cells. To date, several important PRRSV receptors, including
HS, CD163, CD169, CD151, CD209, and vimentin, have been suggested. HS was iden-
tified as a possible mediator for PRRSV attachment and entry. Previous studies have
shown that HS expression is increased during the initial stage of HSV-1 infection to
enhance viral attachment to cells (18). However, during a productive infection, hepa-
ranase is upregulated through the NF-�B signaling pathway and translocated to the cell
surface for the removal of HS to facilitate viral release (18). In this study, we attempted
to investigate the mechanism of PRRSV egress from cells. We found that PRRSV
infection induced heparanase expression, which was then translocated to the cell
surface, cleaving HS to allow viral egress (Fig. 7). Ablation of heparanase expression
using small interfering RNA duplexes increased cell surface expression of HS and
suppressed PRRSV replication and release (Fig. 5), whereas overexpression of hepara-
nase reduced HS surface expression and enhanced PRRSV replication and release (Fig.
6). These data indicate that the upregulation of heparanase is likely a host response to
infection that the virus takes advantage of to avoid reattachment to HS and reentry into
parent cells, thus increasing viral release and spread.

Since heparanase overexpression increases viral release, the amount of virus parti-
cles released in the cell culture supernatants is enhanced, leading to increased virus
particle production (Fig. 6J and K). The released viral particles can spread and directly
infect adjacent cells, resulting in enhanced viral replication. Taking these observations
together, heparanase overexpression is capable of increasing viral N protein levels. In
the experiment shown in Fig. 1K, infected and uninfected cells have decreased levels of
HS at 36 hpi (PRRSV 36 h panel), indicating that PRRSV can directly or indirectly cause
a decrease in HS levels. Although the infectious viral titer is moderately affected (Fig. 5G

FIG 5 Heparanase knockdown inhibits PRRSV replication and release. (A and B) Marc-145 cells were transfected with
heparanase-specific siRNAs at a final concentration of 50 nM for 36 h and then lysed for qRT-PCR to examine the
heparanase mRNA level (A) or for Western blotting to examine heparanase protein levels (B). (C to F) Cells were transfected
with heparanase-specific siRNAs for 36 h, followed by infection with PRRSV at an MOI of 0.1. At 24 hpi, cells were collected
for flow cytometry analysis of HS cell surface expression using anti-human HS MAb 10E4 (C) or for PRRSV N protein
detection by Western blot analysis (E). Mean fluorescence intensity measurements were based on flow cytometry results
(D). The level of viral N protein was quantified by measuring band intensities and normalized with respect to the amount
of GAPDH (F). (G and H) Simultaneously, the supernatants were harvested to measure viral titers (G) and extracellular viral
particles (H) using TCID50 and qRT-PCR analysis, respectively. Data are representative of the results of three independent
experiments (means � SE). Significant differences from results with the control group are indicated as follows: *, P � 0.05;
**, P � 0.01; ***, P � 0.001.
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and 6J), total levels of virus are more severely impaired following heparanase knock-
down or overexpression (Fig. 5H and 6K). One possible reason is that silencing or
overexpression of heparanase may mainly regulate the amounts of released viral RNA
since heparanase is involved in viral release. However, the exact molecular mechanism
remains unclear. Further research is required to explore it in the future.

Heparanase is the only known mammalian endoglycosidase capable of cleaving HS
(28–30). It is produced as a latent 65-kDa proenzyme that is processed and activated by
cathepsin L, yielding an enzymatically active heterodimer composed of 8- and 50-kDa
subunits (31). Under physiological conditions, heparanase is expressed at high levels
only in a few tissues while under specific pathological conditions, it is upregulated and
highly affects multiple biological processes, indicating that it might be recognized as a
negative prognostic marker (16). Heparanase is involved in many different pathological
scenarios, such as inflammatory diseases, angiogenesis, cancer, and metastasis (16).
Therefore, heparanase has attracted considerable attention as a promising target for
innovative pharmacological applications. In this study, our results demonstrated that
PRRSV activated NF-�B and cathepsin L to upregulate and process heparanase (Fig. 3
and 4), which is involved in viral release, indicating that heparanase might be a unique
therapeutic target against PRRSV infection. Further research should be undertaken to
clarify the molecular mechanism by which PRRSV activates cathepsin L.

Previous studies have shown that PRRSV infection inhibits NF-�B activation (32, 33).
However, in this study, we found that PRRSV infection activated NF-�B and cathepsin

FIG 6 Heparanase overexpression enhances PRRSV replication and release. (A and B) Marc-145 cells were transfected with the hepa-
ranase expression plasmid pcDNA3.1-heparanase or the pcDNA3.1 control, and cells were harvested 36 h later to determine the
transcript (A) and protein (B) levels of heparanase by qRT-PCR and Western blot analysis. (C to I) Cells were transfected with the
heparanase expression plasmid pcDNA3.1-heparanase or the pcDNA3.1 control for 36 h and then infected with PRRSV (MOI of 0.1).
At 24, 36, and 48 hpi, cell surface expression levels of HS (C) and PRRSV N protein (G to I) were determined by flow cytometry and
Western blotting, respectively. Mean fluorescence intensity measurements (x axis, log10 fluorescence) were based on flow cytometry
results (D to F). (J and K) Simultaneously, the supernatants were harvested to measure viral titers (J) and extracellular viral particles
(K) using TCID50 and qRT-PCR analysis, respectively, at the indicated time points. Data are representative of the results of three
independent experiments (means � SE). Significant differences from results with the control group are indicated as follows: *, P � 0.05;
**, P � 0.01; ***, P � 0.001.
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L to upregulate and process heparanase; then the active heparanase cleaved HS, which
is beneficial for viral release. To avoid being trapped by parent host cells during
influenza virus release, neuraminidase, which is encoded by the virus, can destroy the
hemagglutinin receptor on the host cell, thus allowing release of progeny virus
particles from infected cells (34). However, until now, PRRSV was not known to produce
any enzymes in its genome that are capable of cleaving HS. In the current study, we
demonstrated that PRRSV activated a host-derived enzyme, namely, heparanase, to
degrade HS during the virus life cycle (Fig. 1 and 2). Since HS is used by many viruses
for initial attachment to target cells, it is reasonable to assume that heparanase might
be involved in the pathogenesis of other viruses as well. It has been reported that
dengue virus nonstructural protein 1 (NS1) disrupts the endothelial glycocalyx layer
on human pulmonary microvascular endothelial cells by NS1-induced expression of
sialidases and heparanase (23). Furthermore, heparanase is upregulated in numer-
ous human diseases such as cancer, diabetes, renal disease, and Alzheimer’s disease
(35, 36).

In conclusion, our findings reveal for the first time that heparanase, an HS-degrading
enzyme of the host, is involved in regulation of PRRSV release. Therefore, targeting the
activity of heparanase might be an excellent candidate for the development of future
antiviral strategies against PRRSV infection. In addition, our results provide new insight
into the molecular mechanism of PRRSV egress from host cells (Fig. 7), which might
help us to further understand PRRSV pathogenesis.

MATERIALS AND METHODS
Cells and viruses. Porcine alveolar macrophages (PAMs) were obtained from lung lavage samples

from the lungs of 3- to 8-week-old PRRSV-negative piglets (37, 38) and cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS; PAA, Pasching, Austria), 100 U/ml
penicillin, and 100 �g/ml streptomycin sulfate at 37°C in 5% CO2. All animal experiments were approved
by the Institutional Animal Care and Use Committee of Sun Yat-sen University. Marc-145 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St. Louis, MO, USA) containing 10% FBS.
Viruses used in this study were a classical North American type PRRSV, strain CH-1a (GenBank accession
number AY032626.1), kindly provided by Guihong Zhang of South China Agricultural University, and a

FIG 7 Schematic model of PRRSV release. During the productive period of infection, PRRSV activates
NF-�B to promote HPSE mRNA transcription, thus increasing heparanase expression. Simultaneously,
PRRSV activates the proteolytic activity of cathepsin L, which subsequently processes latent heparanase
into its enzymatically active form. The active heparanase is then translocated to the cell surface and
exerts enzymatic activity to cleave HS of the ECM, resulting in the release of virus attached to fragments
of ECM-resident HS.
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recombinant PRRSV. The recombinant PRRSV, a kind gift from Shuqi Xiao of Northwest A&F University,
China, can express enhanced green fluorescent protein (EGFP) as a specific marker (designated PRRSV-
EGFP).

qRT-PCR. Total RNA was isolated from Marc-145 cells or PAMs using TRIzol reagent (Invitrogen, CA,
USA) and reverse transcribed using a PrimeScript RT reagent kit (TaKaRa, Dalian, China) in accordance
with the manufacturer’s instructions. SYBR green (TaKaRa, Osaka, Japan) real-time PCR was performed
using a Light-Cycler 480 PCR system (Roche, Basel, Switzerland). Reactions were performed in a 10-�l
volume. Relative quantities of mRNA accumulation were evaluated using the 2�ΔCT (where CT is threshold
cycle) method. The primers used for real-time quantitative reverse-transcription PCR (qRT-PCR) are listed
in Table 1.

IFA. An immunofluorescence assay (IFA) was performed as previously described (39) with modifica-
tions. Cells were seeded onto coverslips and then fixed with 4% paraformaldehyde and permeabilized
with 0.5% Triton X-100 at room temperature (RT). After being incubated for the 30 min, cells were rinsed
with phosphate-buffered saline (PBS) three times and blocked with 1% bovine serum albumin (BSA) in
PBS for 30 min at RT and then incubated overnight with anti-human HS MAb 10E4 (1:200; US Biological,
MA, USA) or anti-NF-�B p65 MAb (1:200; Cell Signal Technology, MA, USA) at 4°C. After being washed
with PBS, cells were further incubated with Alexa Fluor 555-conjugated anti-mouse IgG secondary
antibody (1:200; Cell Signal Technology) for 2 h at RT. Cell nuclei were stained with 4=,6=-diamidino-2-
phenylindole (DAPI; 1 �g/ml [Beyotime, China]) and detected using fluorescence microscopy (Carl Zeiss,
Jena, Germany).

Western blot analysis. For Western blot experiments, the primary antibodies anti-PRRSV N protein
MAb (1:2,000; Jeno Biotech, Inc., Republic of Korea), anti-heparanase MAb (1:1,000; Abcam), anti-NF-�B
p-I�B� MAb (1:2,000; Cell Signal Technology), anti-cathepsin L (1:1,000; Abcam), anti-glyceraldehyde
phosphate dehydrogenase (GAPDH) MAb (1:2,000; Cell Signal Technology), horseradish peroxidase-
conjugated anti-mouse IgG antibody, and anti-rabbit IgG antibody (1:2,000; Cell Signal Technology) were
used. Marc-145 cells or PAMs cultured in six-well plates were harvested in lysis buffer (Beyotime, Jiangsu,
China) containing a cocktail of protease inhibitors (Roche). The cell extracts were boiled in SDS protein
sample buffer and then resolved by 12% SDS-PAGE. The separated proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore, MA, USA). After the membranes were blocked
with 5% nonfat dry milk in TBST (20 mM Tris [pH 7.5], 150 mM NaCl, 0.5% Tween 20) for 2 h at 37°C, they
were rinsed and incubated with the antibody indicated on the figures. Protein bands were visualized with
ECL Plus chemiluminescence reagent (Pierce, Rockford, USA).

PRRSV titration assay. In order to analyze the growth of PRRSV, the viral supernatants from cell
cultures were collected at the time points after virus infection indicated on the figures. Virus titers were
expressed as the 50% tissue culture infective dose (TCID50) per 0.1 ml using the Reed-Muench method.
Briefly, Marc-145 cells were seeded at a density of 4.0 � 105 cells/ml culture medium in each well of
96-well plates before virus infection. Viral supernatants were prepared by 10-fold serial dilution, and 100
�l of the dilutions was added per well in eight replicates. Virus titers were calculated at 4 to 5 days
postinfection.

Enzymatic activity assay. Cathepsin L activity in living cells was monitored using a Magic Red
cathepsin L detection kit (ImmunoChemistry Technologies, MN, USA). Briefly, cells were seeded onto
coverslips and then inoculated with PRRSV at a multiplicity of infection (MOI) of 1, 2, or 3. After
incubation for the times indicated on the figures, Magic Red staining solution, which is a noncytotoxic
substrate that fluoresces red upon cleavage by active cathepsins, was added for 1 h at 37°C. Cells
were detected using a fluorescence microscope equipped with an excitation filter of 550 nm (540 to
560 nm) and a long-pass �610-nm emission filter pair.

siRNA knockdown. The siRNAs targeting heparanase were synthesized by Ribobio (Guangzhou,
China). Transient transfection of siRNA was performed using Lipofectamine RNAiMAX transfection
reagent (Invitrogen, CA, USA) according to the manufacturer’s protocol. Briefly, Marc-145 cells were

TABLE 1 The sequences of primers used in this study

Primer group and namea Sequence (5=–3=)
Primers for qRT-PCR

GAPDH-F TGACAACAGCCTCAAGATCG
GAPDH-R GTCTTCTGGGTGGCAGT GA
p65-F TGGGGACTACGACCTGAATG
p65-R GGGGGCACGATTGTCAAAGA
HS-F CCTGACGGCCACTTCTACC
HS-R GCAGGCATCACCACATTCAC
Heparanase-F1 AACCATAGACGGCAACCTGG
Heparanase-R1 TCTCAGGTATGCGGGAGACA
Cathepsin L-F GCTGGTGGTTGGCTATGGAT
Cathepsin L-R GCGGAGGCAATTCCACAATG

Primers for the heparanase gene
Heparanase-F2 ATGGAGGGCGCAGTGGG
Heparanase-R2 TCAGATGCAAGCAGCAACTTT

aF, forward primer, R, reverse primer.
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cultured in six-well plates to 70% confluence and then transfected with different final concentrations of
siRNAs. At 48 h posttransfection, cells were collected for qRT-PCR or Western blot analysis to evaluate the
efficiency of knockdown. The siRNAs are listed in Table 2.

Heparanase overexpression. To construct a heparanase overexpression vector, the heparanase
coding sequence was amplified by PCR using the primers listed in Table 1 and then cloned into NheI and
XhoI sites in a pcDNA3.1(�) vector (Invitrogen, CA, USA) to produce pcDNA3.1-heparanase. Marc-145
cells were transfected with pcDNA3.1-heparanase or a control vector using Lipofectamine 3000 (Invit-
rogen, CA, USA) according to the manufacturer’s instructions. The dose of pcDNA3.1-heparanase (1.5
�g/ml) used for transfection was optimized in the experiments, and no appreciable cellular toxicity was
observed.

Flow cytometry. HS cell surface expression was examined after PRRSV-EGFP infection. Cells were
suspended in PBS at a concentration of 1 � 106 cells/ml and incubated with mouse anti-human HS MAb
10E4 diluted in PBS with 1% BSA (1:100; US Biological, MA, USA) for 1 h at 4°C. After being washed with
PBS, cells were further incubated with Alexa Fluor 555-conjugated anti-mouse IgG secondary antibody
(1:200; Cell Signal Technology) for 45 min at 4°C. PRRSV-EGFP-positive cells were also detected by flow
cytometry. Typically, 10,000 labeled cells were acquired using a FACSCalibur (BD Bioscience, CA, USA) and
analyzed using FlowJo, version 8.7, software.

Statistical analysis. All experiments were performed with at least three independent replicates. All
data are presented as means � standard errors (SE). Statistical analysis was performed by SPSS, version
16.0, using Student’s t test and one-way analysis of variance (ANOVA). Differences with P values of �0.05
were considered significant. The results were analyzed using Student’s t test if two groups were
compared and using one-way analysis of variance if more groups were tested against a control group.
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