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A B S T R A C T

To comprehensively understand the endocytosis of Sapelovirus A (PSV) entry into PK-15 cells, we studied PSV
infection in the context of cell perturbations through drug inhibition, siRNA silencing and overexpression of
dominant negative (DN) mutants. We showed here that PSV infection of PK-15 cells was unaffected by pretreated
with chlorpromazine, EIPA, knockdown of the clathrin heavy chain or overexpression of Eps15 DN mutant.
Conversely, PSV infection was sensitive to NH4Cl, chloroquine, dynasore, nystatin, MβCD and wortmannin with
reduced PSV VP1 expression levels and virus titer. Additionally, PSV invasion leaded to rapid actin rearrange-
ment and disruption of the cellular actin network enhanced PSV infection. After internalization the virus was
transported to late endosomes and/or cycling endosomes that requires the participation of Rab7 and Rab11. Our
findings demonstrate that PSV uses caveolae-dependent endocytosis as the predominant entry portal into PK-15
cells which requires low pH, dynamin, Rab7 and Rab11.

1. Introduction

Sapelovirus A (PSV), formerly porcine sapelovirus, is a member of
the family Picornaviridae of the Sapelovirus genus. Like other
Picornaviridae, PSV is a single stranded, positive-sense non-enveloped
RNA virus. The PSV genome contains a single open reading frame
which consists of four structural proteins (VP4-VP2-VP3-VP1) and
flanked by non-translated regions at both ends. The VP1, VP2 and VP3
proteins locate at the surface of the virion, expose to the immune
system and exhibit the high sequence variability (Sozzi et al., 2010).
PSV can be readily cultivated in pig kidney cells, including PK-15, IBRS-
2 and LLC-PK (Lan et al., 2011; Kim et al., 2016). Among cell lines from
other species, two PSV strains Jpsv477 and Jpsv1315 are found to re-
plicate in human hepatocarcinoma cell line (PLC/PRF/5 and HepG2/
C3a) and green monkey kidney cell line (Vero E6 and PGMKC) (Bai
et al., 2018). Infections by PSV is involved in a wide spectrum of
symptoms ranging from asymptomatic infection to clinical symptoms
including acute diarrhea, polioencephalomyelitis, pneumonia and re-
productive disorders (Lan et al., 2011; Arruda et al., 2017). Over the
past decade, numerous outbreaks and high prevalence have occurred
throughout the world (Schock et al., 2014; Son et al., 2014; Arruda
et al., 2017), causing high morbidity and case fatality rate in the USA
(Arruda et al., 2017). Currently, no specific treatment for PSV is
available, although monosaccharide N-acetylneuraminic acid has the

ability to block virus binding and infection (Kim et al., 2016). Ad-
ditionally, researches regarding the mechanism of PSV entry and in-
fection are not well exposited, and a detailed study of the endocytic
mechanism involved in PSV uptake is urgently needed.

Most viruses utilize existing cellular endocytic pathways to enter
and infect cells. These endocytic mechanisms mainly include clathrin-
mediated endocytosis (CME), caveolar-dependent endocytosis, macro-
pinocytosis, phagocytosis and clathrin- and caveolin-independent en-
docytosis (Mercer et al., 2010). Among them, CME is the major en-
docytic pathway, and is involved in cargo selection and vesicle budding
(McMahon and Boucrot, 2011). This pathway encompasses the inter-
nalization of viruses, nutrients, growth factors and receptors (Tian
et al., 2014; Kawaguchi et al., 2016; Li et al., 2017). CME is in-
dependent of lipid rafts, and disruption of actin which means re-
straining phagocytosis or macropinocytosis may affect this pathway
(Merrifield et al., 2005). Caveolae are formed by integral membrane
proteins known as caveolins and a coat complex of several caveolin
proteins (Ariotti and Parton, 2013) and are associated with various
cellular functions, including cell signaling, membrane tension and
substrate adhesion (Echarri and Del Pozo, 2015; Sohn et al., 2018).
Caveolae-dependent endocytosis has been reported to be implicated in
host cell entry by Japanese encephalitis virus (Xu et al., 2016), canine
respiratory coronavirus (Szczepanski et al., 2018) and peste des petits
ruminants virus (Yang et al., 2018).
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The dynamics of the endocytic pathway are tightly regulated by Rab
GTPases, which are involved in compartmentalization of the endocytic
pathway into early, recycling, late, and lysosomal routes (Wandinger-
Ness and Zerial, 2014). Rab proteins have been reported to be im-
plicated in the life cycles of many virus, including Japanese encephalitis
virus (Liu et al., 2017), classical swine fever virus (Shi et al., 2016) and
porcine hemagglutinating encephalomyelitis virus (Li et al., 2017).
However, the mechanism by which Rab proteins are required for PSV
infection still remains poorly understood.

In this work, we provide evidence that PSV entry PK-15 cells follows
a caveolae-and dynamin-dependent, and clathrin- independent
pathway. Moreover, we show that PSV entry is Rab7 and Rab11 de-
pendent but Rab5 and Rab9 independent and that requires a low-pH
manner. These findings indicate that PSV-mediated endocytosis occurs
within the late-endosome compartment. In addition, we show that PSV
replication depends on actin organization. Accordingly, inhibition of
actin polymerization in PK-15 cells leads to increased PSV replication.

2. Materials and methods

2.1. Cells, virus and plasmids

PK-15 cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS; Gibco, USA),
100 IU/ml of penicillin and 100 μg/ml of streptomycin at 37℃ in 5%
CO2. The PSV (csh) strain was isolated from diarrheal pigs and pre-
served in our laboratory (Lan et al., 2011). Plasmid expressing GFP-
tagged wild-type (WT) Eps15, dominant negative (DN, EpsΔ95/295)
mutant of Eps15, WT and DN (Y14F) mutant of caveolin-1 (Cav1), WT
and DN (K44A) mutant of dynamin-2, WT and DN (S34N) mutant of
Rab 5, WT and DN (T22N) mutant of Rab 7, WT and DN (Q66L) mutant
of Rab 9, and WT and DN (S25N) mutant of Rab 11 were constructed by
our laboratory and sequenced by Sangon (Shanghai, China).

2.2. Inhibitors, antibodies and reagents

All endocytic inhibitors, including chlorpromazine (CPZ), ammo-
nium chloride (NH4Cl), chloroquine (CQ), methyl-β-cyclodextrin
(MβCD), nystatin, dynasore, 5-(N-ethyl-N-isopropyl) amiloride (EIPA),
cytochalasin D (CytoD), and Jasplakinolide (Jasp) were purchased from
Sigma. Alexa Fluor 594-conjugated cholera toxin B (CTB), Alexa Fluor
568-conjugated transferrin (Tfn) and Alexa Fluor-488 or Alexa Fluor
594-conjugated goat anti-mouse secondary antibody were purchased
from Invitrogen (Carlsbad, CA, United States). Mouse polyclonal anti-
PSV VP1 antibody was generated by our laboratory.

2.3. Cell viability assay and inhibitor administration

PK-15 cells were seeded in 96-well plates at a density of 5×104

cells/well, grown for 24 h and treated with pharmacological inhibitors
at the indicated concentrations for 12 h. After two washes with DPBS,
10 μl of cell counting kit-8 (CCK-8) solution was added to 90 μl of
DMEM (containing 2% FBS) in each well, incubated at 37 °C for 2 h, and
then the absorbance at 450 nm was measured with a microplate reader.
Confluent monolayers of PK-15 cells were grown in 24-well plates and
pretreated with the appropriate concentration of inhibitor for 1 h. Cells
were then exposed to PSV (MOI = 2) at 37 °C for 8 h. The cell lysates
were collected for TCID50 or western blot analysis.

2.4. Virus internalization assay

To detect virus internalization, PK-15 cells were pretreated with
subtoxic doses of inhibitors at 37 °C for 1 h and inoculated with PSV at
4 °C for 1 h for virus binding. Cells were washed with ice-cold PBS for
three times to completely remove unbound viruses, and then shifted to
37 °C for 1 h to allow internalization. Cells were lysed and subjected to

RT-qPCR analysis.

2.5. 2.5 RNA interference and plasmids transfection

SiRNA oligos targeted against Sus scrofa clathrin heavy chain
(siCHC, 5′-GCUCCAGAACC UGGGUAUATT-3′), caveolin-1 (siCav1,
5′-GCAAUAUCCGCAUCAACAUTT-3′), Rab 5A (siRab5, 5′-CCAGUCCU
AACAUUGUAAUTT-3′), Rab 7A (siRab7, 5′-GGAACGGUUCCAG UCUC
UUTT- 3′), Rab 9A (siRab9, 5′-GGAUGUGAAAGAGCCUGAATT-3′), Rab
11A (siRab11, 5′-GGAACGAU GGCUGAAAGAATT-3′) and negative
control (siNC, 5′-UUCUCCGAACGUG UCACGUTT-3′) were purchased
from GenePharma Biotech (Shanghai, China). PK-15 cells were trans-
fected with the appropriate siRNA using lipofectamine 6000 transfec-
tion reagent (Beyotime Biotechnology, Shanghai, China) according to
the manufacturer's instructions. After transfection for 28 h, cells were
lysed. Total RNA was extracted using TRIzol (Invitrogen), and the
knockdown efficiencies were quantified by RT-qPCR. Data were pre-
sented as 2-ΔΔCT from triplicate samples. Expression WT and DN mutant
forms of plasmids were also transfected into cells using lipofectamine
6000. At 28 h post transfection, cells were infected with PSV (MOI = 2)
at 37 °C for 8 h.

2.6. Western blot and virus titration

Cell samples were dissociated in RIPA buffer (containing 1% PMSF
and 1% protease inhibitor cocktail), heated at 95 °C for 5min and
electrophoresed on 12% polyacrylamide gels. The protein was then
transferred onto 0.2 µm PVDF membranes (Bio-Rad, Hercules, CA, and
the membranes were blocked by 5% non-fat milk for 2 h at room
temperature. After that, the membranes were incubated overnight at
4 °C with mouse anti-VP1 polyclonal antibodies (1:1000) or for 1 h at
room temperature with rabbit anti-α-tubulin monoclonal antibodies
(1:5000). After washing for 4 times, the anti-mouse or anti-rabbit sec-
ondary antibodies conjugated to HRP (1:10,000) were used. Bands were
developed with ECL prime western blot detection reagent (GE
Healthcare), and then quantified with Image Pro-Plus software.

For virus titration detection, inhibitor treated and mock-treated PK-
15 cells infected with PSV were collected through freezing and thawing
for three times and centrifuged to remove cell debris. 10-fold serial
dilutions of collected virus (100 μl/well) were added into 96-well plates
at 37 °C with 5% CO2 for about 4 day, and cytopathic effect (CPE) was
recorded. Virus titers were calculated using the Reed-Muench method
and recorded as TCID50/100 μl.

2.7. Confocal microscopy and IFA

PK-15 cells were first pretreated with NH4Cl or CQ at different
concentrations, and then infected with PSV for 8 h. For colocalization of
caveolin, cells were transfected with EGFP-tagged caveolin, and in-
fected with virus. Cells were then fixed in 4% paraformaldehyde, per-
meabilized with 0.2% Triton X-100 for 10min, blocked with 5% bovine
serum albumin (BSA) for 1 h at room temperature, incubated with
mouse anti-VP1 polyclonal antibody (1:400) at 4 °C overnight and
Alexa Fluor 488 conjugated goat anti-mouse IgG antibody (1:400) for
1 h at room temperature. Cell nuclei were finally stained with DAPI and
observed by fluorescence microscopy. For the actin rearrangement
analysis, monolayers were incubated with Alexa Fluor 594-phalloidin
(1:500) for 30min at 37 °C, and then incubated with anti-VP1 poly-
clonal antibody (1:400) and Alexa Fluor 488 conjugated goat anti-
mouse IgG antibody (1:400). Finally, cells were incubated with 0.1 μg/
ml DAPI for 5min and observed by confocal microscopy (CLSM Leica
SP8, Germany).

2.8. Uptake assays

Alexa Fluor 568-labeled Tfn or Alexa Fluor 594-conjugated CTB
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(Molecular Probes) was used in uptake assays. Briefly, PK-15 cells were
seeded into 24-well plates and treated with different inhibitors for 1 h.
Then, cells were incubated with 50 μg/ml Tfn or 10 μg/ml CTxB at 37 °C
for 60min. Cell nuclei were stained with DAPI and cells were observed
by confocal microscopy.

2.9. Statistical analyses

Data are presented as means± SD for at least three independently
experiments. All statistical analyses were performed using two-tailed
student's t-tests or one-way analysis of variance and Tukey post-hoc in
GraphPad Prism. P < 0.05 was considered to be statistically sig-
nificant.

3. Results

3.1. Cell viability assay

Inhibitors that specifically block different entry pathways were used
to investigate the early steps of PSV infection in PK-15 cells. Therefore,
cell viability upon drug treatment were determined by using the CCK-8
kit. The results revealed that the absorbance of inhibitors NH4Cl
(20mM), CQ (100 μM), CPZ (50 μM), nystatin (30 μM), MβCD (10mM),
dynasore (50 μM), EIPA (30 μM), CytoD (25 μM), Jasp (0.5 μM), and
wortmannin (20 μM) had no significant difference from that of the
control (Fig. S1).

3.2. PSV enters PK-15 cells is low-pH-dependent manner

In order to detect whether PSV is pH dependent, PK-15 cells were
pretreated with the weakly basic amines NH4Cl and the cellular endo-
some acidification inhibitor CQ, which selectively raise the luminal pH,
and cells were infected with PSV. In the presence of either 20mM
NH4Cl or 50 μM CQ, PSV internalization decreased to less than 50% of
the level compared with those in untreated cells (Fig. 1A). Similarly,
both reagents inhibited viral protein synthesis both at inhibitor pre-
treated and post treated (Fig. 1B). Furthermore, virus titer assay was
performed on cells treated with NH4Cl or CQ at 1 h before PSV in-
oculation, which revealed that cellular endosome acidification also had
a significant effect on PSV entry into PK-15 cells and NH4Cl or CQ dose-
dependently decreased virus entry or replication (Fig. 1C). To further
examine and validate the pH dependence of PSV infections, IFA was
performed. The relative infection rates of PSV as monitored by IFA were
also inhibited at different concentrations of NH4Cl or CQ (Fig. 1D).
Altogether, these findings indicate that PSV uses a pH-dependent and
most likely an endosomal cell entry pathway.

3.3. Clathrin is not required for PSV entry in PK-15 cells

To assess the role of clathrin-dependent endocytosis in PSV entry
into PK-15 cells, we selected CPZ, which is widely used to block clathrin
mediated endocytosis through preventing the assembly of clathrin-
coated pits at the plasma membrane (Wang et al., 1993). Uptake assays
first demonstrated that Tfn uptake was effectively inhibited by 10 μM
CPZ (Fig. 2A). The effect of CPZ on PSV entry was then detected by
western blot. Unexpectedly, no obvious difference of PSV VP1 synthesis
was found in the cells treated with 2, 10 or 50 μM CPZ before or after
virus infection compared to that in the untreated control cells (Fig. 2B).
We next examined the effects of CPZ on virus internalization and virus
titer, and found that treatment of PK-15 cells with different con-
centrations of CPZ did not affect virus progeny production or virus
internalization (Fig. 2C). No significant difference was found of the
virus titer between cells treated with 50 μM CPZ (105.44/100 μl) and
that of untreated cells (106.03/100 μl). In a different approach, we in-
vestigated the effect of silencing the expression of CHC on PSV uptake
and infection. First, PK-15 cells were transfected with siRNA negative

control or siRNA targeting CHC for 28 h and then infected with PSV for
8 h. We found that siCHC could specifically decrease the RNA copies of
CHC (by 82.5%, Fig. 2D), whereas no significant facilitation of PSV VP1
synthesis was observed (Fig. 2E). The functionality of Eps15 WT and
EPS15 DN constructs was confirmed in PK-15 cells by using labeled
transferrin as a control (Shi et al., 2016). We then examined PSV in-
fections of cells overexpressing the Eps15 WT and Eps15 DN constructs
and no effect was observed on PSV VP1 production with any of the
constructs (Fig. 2F). Collectively, these results indicate that PSV is
capable of entering and infecting PK-15 cells lacking a functional CME
pathway.

3.4. PSV entry depends on caveolae-mediated endocytosis and fluidity of
cholesterol

Caveolae-mediated endocytosis requires the integrity of lipid rafts,
and cholesterol depletion of the plasma membrane renders caveolae to
flatten, thereto cholesterol is a prominent component (Lajoie and Nabi,
2010). Sequestration of membrane cholesterol with nystatin and de-
pletion of cholesterol with MβCD could inhibit caveolae-mediated en-
docytosis (Smart and Anderson, 2002). CTxB uptake was blocked in
10 μM nystatin and 2mM MβCD pre-treated cells (Fig. 3A). PK-15 cells
were mock-treated or pretreated with nystatin or MβCD at different
concentrations for 1 h and then infected with PSV at a MOI of 2/cell on
the presence of the drug or inhibitors were post treated after virus
added for 1 h. At 8 h post-infection, the cells were processed for western
blot. The results indicated that virus VP1 protein synthesis was sig-
nificantly decreased to 59% at pretreated 10 μM nystatin, 46% at pre-
treated 30 μM nystatin, and 44% at post treated with 30 μM nystatin
(Fig. 3B). A significant reduction of viral RNA was observed in the in-
hibitor treated cells compared to that in mock treated cells (Fig. 3C).
Additional data obtained from virus titer assays revealed that the virus
titer of cells pretreated with 10 μM nystatin (105.70/100 μl) or 30 μM
nystatin (105.49/100 μl) was significantly lower compared to that of
mock-treated cells (106.37/100 μl, Fig. 3D). Nearly identical results were
acquired in an alternative assay using MβCD in place of nystatin. In
contrast to mock-treated cells, both VP1 protein synthesis and progeny
virus production were significantly decreased in PK-15 cells both pre-
treated and post treated with 2mM MβCD or 5mM MβCD and in a
dose-dependent manner (Fig. 3B, D).

To further verify our results, we detected the role of caveolae during
viral infection. Given that Cav1 is indispensable for the formation and
stability of caveolae, a small interfering RNA targeting caveolin-1 was
used to investigate the function of caveolae in virus entry. The effi-
ciency of knockdown of Cav1 was first validated by qPCR (Fig. 3E). PK-
15 cells were then transfected with siCav1 or siNC, followed by a PSV
entry assay. As expected, reduction of Cav1 expression by RNA inter-
ference could significantly decrease VP1 protein synthesis to 52.90%
compared to mock-treated cells (Fig. 3F). Additionally, the function-
ality of the Cav1 WT and Cav1 DN constructs was validated in PK-15
cells (Shi et al., 2016). As expected, a significantly decrease of VP1
protein expression level was observed for Cav1 DN construct-trans-
fected cells compared to pEGFP-N1 vector or WT construct-transfected
cells (Fig. 3G). We also found that virions were colocalized with ca-
veolin after a 60-min incubation at 37 °C (Fig. 3H).

3.5. Dynamin is required for PSV entry and replication

As is a large GTPase, dynamin is essential for endocytosis, including
caveolae-mediated, clathrin-mediated endocytosis, and clathrin- and
caveolae-independent endocytosis pathways (Huang et al., 2011;
Vermaak et al., 2016; Li et al., 2017). Tfn uptake assay showed that
10 μM dynasore could effectively inhibited the internalization of Tfn by
PK-15 cells (Fig. 4A). To investigate whether dynamin is involved in
PSV entry and infection, the effect of dynasore, a GTPase inhibitor that
targets dynamin-1 and −2 (Macia et al., 2006), was tested by using
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western blot and virus titer assay. Data obtained from western blot
suggested that virus VP1 protein synthesis was significantly affected in
PK-15 cells pretreated with different concentrations of dynasore
(Fig. 4B). However, no obvious effect on VP1 protein expression was
found between post treated dynasore and mock-treated cells. We next
examined the effects of different concentrations of dynasore on virus
titers and virus internalization, and the results indicated that pre-
treating PK-15 cells with 10 μM or 40 μM dynasore significantly de-
creased PSV titers and viral RNA copy numbers (Fig. 4C).

To further examine and validate the dynamin dependence of PSV
infections, PK-15 cells were transfected with a plasmid expressing ei-
ther dynamin-2WT or DN form of dynamin-2 (K44A). At 24 h post-
transfected, cells were infected with PSV (MOI = 2) for 8 h and VP1
protein synthesis was again analyzed using western blot (Fig. 4D). As
expected, VP1 protein synthesis was significantly decreased by dy-
namin DN over-expression in PK-15 cells. Altogether, these findings
indicate that the cell entry of PSV in PK-15 cells is dependent of dy-
namin.

3.6. PSV entry does not depend on macropinocytosis but requires PI3K

As a clinical inhibitor of the Na＋/H＋ exchanger, EIPA plays an
important role in macropinocytosis formation (Koivusalo et al., 2010),
and wortmannin is a covalent inhibitor of phosphatidylinositol 3-ki-
nases (PI3K), which is involved in multiple stages of macropinocytosis
(Mercer and Helenius, 2012). Therefore, we used EIPA and wortmannin
to clarify the role of macropinocytosis and PI3K in PSV entry and in-
fection. Pretreatment of cells with different concentrations of EIPA did
not result in a variation in PSV VP1 protein synthesis, virus titer or viral

RNA copy numbers compared to the mock-treated cells (Fig. 5A, C).
However, 30 μM wortmannin treatment obviously reduced PSV VP1
protein expression level (Fig. 5B). As expected, 30 μM wortmannin
could significantly affect viral titer and viral internalization (Fig. 5D),
demonstrating that macropinocytosis may not be essential for virus
entry and infection but PSV entry requires PI3K activity.

3.7. Inhibition of actin polymerization increases PSV replication in PK-15
Cells

Previous research has found that F-actin cross-linking protein fi-
lamin A is essential for caveolae-dependent transcytosis of albumin
(Sverdlov et al., 2009). Furthermore, through regulating actin poly-
merization as well as remodeling plasma membrane, intersectin-2L
could regulate caveolae endocytosis (Klein et al., 2009). To test whether
PSV utilize actin-driven transport to entry cell, PK-15 cells were mock-
treated or infected with PSV and then actin was examined using phal-
loidin staining. In mock-treated cells, the actin stress fibers arranged in
order and were visible. In virus-treated cells, actin cytoskeleton depo-
lymerization was found, following decreased actin stress fibers and
more transient blebs at cell surface (Fig. 6A). To further demonstrate
the active role of the actin network in PSV replication, we used actin-
specific inhibitor cytochalasin D (Cyto D), which blocks the poly-
merization of new actin filaments (Taylor et al., 2011), and jasplaki-
nolide (Jasp), which reduces actin dynamics (Wang et al., 2014). We
identified that disruption of actin filaments with 20 μM Cyto D led to
about 2.03-fold increase in VP1 protein synthesis (Fig. 6B). Similarly,
Jasp resulted in 1.25-fold increase in VP1 protein synthesis (Fig. 6C).
Additionally, treatment of PK-15 cells with 20 μM Cyto D or 0.5 μM

Fig. 1. PSV enters PK-15 cells in a low-pH-dependent manner. (A) PK-15 cells were pretreated with NH4Cl or CQ for 1 h at the indicated concentrations before virus
infection, the amount of virus internalization was measured by qRT-PCR at 1 h after virus infection. (B) PK-15 cells were mock-treated or pre-treated with NH4Cl or
CQ for 1 h, followed by infection with PSV (MOI = 2) at the continued presence of the inhibitors or inhibitors was added 60min after virus infection. At 8 h post-
infection, cells were lysed and analyzed by western blot. The expression of PSV VP1 was quantified by normalizing to α-tubulin and relative to the mock-treated
group (set as 1). The error bars indicate the standard deviations of triplicate samples from two independent experiments. (C) Virus titers of samples collected at 8 h
post-infection from PK-15 cells infected with PSV (MOI = 2) in the presence of NH4Cl or CQ. Data are means± SD from two independent experiments. (D) PK-15
cells were mock-treated or pre-treated with NH4Cl or CQ for 1 h and subsequently infected with PSV for 8 h, followed by fixed, permeabilized and stained with anti-
PSV VP1 primary antibodies. Scale bars, 30 µm. *P < 0.05, **P < 0.01 versus mock-treated group.
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Jasp significantly increased PSV titers compared to those in mock-
treated cells (Fig. 6D,E). Together, these results indicate that inhibition
of actin filament polymerization needed for dynamic actin remodeling
in PK-15 cells could stimulate PSV replication.

3.8. PSV infection depends on Rab7 and Rab11

Rab proteins are known to regulate membrane traffic involved in
the formation of the transport vesicle at the donor membrane and its
fusion at the target membrane (Hutagalung and Novick, 2011).
Therefore, we examined the effect of RNAi-mediated knockdown of Rab
proteins on PSV infection by western blot and virus titer assay. The
efficiency of knockdown of Rab5, Rab7, Rab9 and Rab11 was first va-
lidated by qPCR (Fig. 7A). Western blot showed that depletion of Rab7
and Rab11 reduced VP1 protein expression levels by 19.7% and 49.1%,
respectively, compared to those in siNC-transfected cells (Fig. 7B). As a
complementary approach, viral titer assays indicated that the virus titer
of cells treated with siRab7 (104.27/100 μl) and siRab11 (104.31/
100 μl) was significantly lower compared to that of siNC-transfected
cells (106.23/100 μl, Fig. 7C).

To further explore the role of Rab proteins on PSV infection, cells
were transfected with plasmids expressing EGFP-tagged Rab5 WT or DN
(S34N), Rab7 WT or DN (T22N), Rab9 WT or DN (Q66L) and Rab11 WT
or DN (S25N). At 24 h post-transfection, cells were infected with PSV
(MOI = 2), and 8 h later, virus VP1 protein expression levels were
detected by western blot. Overexpression of Rab7 DN and Rab11 DN
reduced VP1 protein synthesis by 47.2% and 20.0%, respectively
(Fig. 7D). However, no significant alteration of VP1 protein levels was
observed following overexpression of EGFP-tagged Rab5 and Rab9 DN
plasmids compared to the control cells expressing EGFP-N1 plasmids.
This indicates that PSV does not use the pathway from early endosomes
but needs late endosomes/lysosomes and recycling endosomes to infect
cells.

4. Discussion

Endocytic entry of viruses occurs in a stepwise manner, which is
involved in cell adhesion, receptor clustering, signaling activation,
formation of endocytic vesicles, delivery of viral cargo to endosomal
compartments and escape into the cytosol (Cossart and Helenius, 2014).
Many viruses have been shown to utilize endocytic pathway to promote
virus entry into host cells. As the regulation of endocytosis is pleiotropic
and cell type dependent, viruses actually could use one or more en-
docytic pathway to entry cells (Cossart and Helenius, 2014). A detailed
research of virus entry is fundamental, which contributes to develop-
ment of novel antiviral therapies through blocking virus internalization
into the host cell.

In this study, we analyzed each major endocytic pathway by com-
bining distinct and independent approaches. Pharmacological in-
hibitors were first used to inhibit corresponding pathways, and speci-
ficity was assessed by using highly specific DN mutant plasmids and
siRNA knockdown to verify the results. Among the endocytic pathways
taken by viruses, CME is the most commonly used. Clathrin transports a
large variety of different cargoes from the plasma membrane in re-
sponse to receptor-mediated endocytosis signals, and it is composed of a
clathrin light chain and a clathrin heavy chain (Halebian et al., 2017).
In clathrin-mediated endocytosis, vesicle scission is accelerated by the
large GTPase dynamin, which involves the dynamic function of dy-
namin-2 at the neck of the clathrin-coated pit (Ferguson et al., 2016).
Our results indicate that through transfecting siRNAs targeting CHC, we
reduced clathrin expression in PK-15 cells without affecting PSV in-
fection. Furthermore, the EPS15 DN mutant and dynamin DN mutant
does not inhibit PSV VP1 expression or virus titer, suggesting that PSV
enters PK-15 cells is CME and dynamin-independent endocytosis.

Caveolae-mediated endocytosis is characterized by the presence of
caveolin. Caveolin-1 (Cav1), a scaffolding protein, is an important
protein component of caveolae and is involved in cholesterol traf-
ficking, signal transduction and endocytosis (Schlegel and Lisanti,

Fig. 2. PSV does not depend on clathrin-mediated endocytosis (CME). (A) The CME inhibitor chlorpromazine (CPZ) blocks transferrin entry. Pk-15 cells were
pretreated with CPZ for 1 h and incubated with 50 μg/ml Alexa Fluor 568-conjugated transferrin. After 60min of incubation, cells were fixed and analyzed by
confocal microscope. Bars, 30 µm. (B) Effects of pretreatment of PK-15 cells with increasing concentrations of CPZ or CPZ was post treated after virus added for 1 h as
determined by western blot using anti-PSV VP1 primary antibody. (C) CPZ did not inhibit PSV infection. Cells were pretreated with increasing concentrations of CPZ
for 1 h at 37 °C, then cells were infected with PSV. At 1 h, cells were lysed to quantitate viral RNA copy number by RT-qPCR, or cells were lysed for virus titers
detection at 8 hpi. (D) PK-15 cells were transfected with siRNA negative control (siNC) or siRNA targeting clathrin heavy chain (CHC) for 24 h and RNA copies of CHC
was assessed by qRT-PCR to detect the siRNA efficiency against CHC. (E) Clathrin knockdown didn’t inhibit PSV replication. SiNC or siCHC-transfected cells were
infected with PSV for 8 h, and viral VP1 protein levels were determined by western blot. (F) PK-15 cells were transfected with constructs encoding GFP-tagged wild-
type (WT) Eps15, dominant negative (DN) (EΔ95/295) mutant of Eps15 or vector pEGFP-N1 for 24 h, followed by infection with PSV. Viral VP1 protein synthesis
levels were estimated by western blot. Data are presented as means± SD from at least two independent experiments. *P < 0.05, **P < 0.01 compared to the mock-
treated cells.
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2001; Parton and Simons, 2007). Most importantly, Cav1 specifically
binds cholesterol and induces caveolae formation (Drab et al., 2001;
Yang et al., 2014). Intracellular accumulation of cholesterol facilitates
Cav1 expression, and transfection with Cav1 stimulates cholesterol
synthesis (Fielding et al., 1997, 1999). Similarly, in Cav1-deficient
murine cells, caveolae formation was abrogated (Drab et al., 2001). Our
data demonstrated that cholesterol depletion suppressed PSV infection,
implying the importance of the fluidity of cholesterol during PSV entry
and replication. Together with the evidence that knockdown of Cav1
and overexpression of DN mutant of Cav1 were also an inhibition to
PSV proliferation, our findings indicate that PSV can use a caveolae-
mediated endocytosis and most likely by altering the integrity of
membrane lipid to initiate a productive infection.

Macropinocytosis is a transient, actin-dependent cellular process
normally involved in fluid uptake. Usually, macropinocytosis is fea-
tured by actin and microfilament-mediated cell plasma membrane
ruffling and blebbing activation (Mercer and Helenius, 2009). We did
not observe typical inhibitors of macropinocytosis (EIPA) influenced
PSV infection, as no effect was measurable in PSV VP1 expression level
or virus titer. After disruption of the cellular actin network through
exposure to pharmacological inhibitors CytoD and Jasp, PSV infection
was unperturbed but strongly enhanced by CytoD and Jasp. Disruption
of the dynamic function of the actin network with CytoD and

Latrunculin-B leads to about 2.5-fold increase in tomato bushy stunt
virus replication in infected cells (Nawaz-ul-Rehman et al., 2016). The
mechanism is that tomato bushy stunt virus regulates the functions of
cofilin, which leads to inhibition of the dynamic function of the actin
network, and this induces virus to utilize the existing actin filaments to
efficiently recruit host proteins and lipids for viral replication (Nawaz-
ul-Rehman et al., 2016). However, the specific mechanism on inhibition
of actin filament polymerization stimulates PSV replication whether
due to dynamic actin remodeling in PK-15 cells is unclear. Thus, further
studies are still needed to clarify it.

Rab GTPases are functionally involved in endocytic trafficking.
Notable among endocytic Rab GTPases are Rab5, which functions in the
formation of clathrin-coated vesicles, clathrin-coated vesicles fusion
with early endosomes and in the homotypic fusion between early en-
dosomes (Bucci et al., 1992; McLauchlan et al., 1998); Rab7, which acts
downstream from Rab5 to regulate transport from early to late endo-
somes and lysosomes (Vitelli et al., 1997; Jager et al., 2004); Rab9,
which regulates endosome to trans-Golgi network transport (Lombardi
et al., 1993); and Rab11, which controls the transport along the re-
cycling pathway, from early and recycling endosomes to the cell surface
(Ullrich et al., 1996). A previous study demonstrates that bluetongue
virus utilizes the late endosome-specific lipid factor lysobisphosphatidic
acid for viral entry but not early endosome (Patel et al., 2016). In this

Fig. 3. Infection of PK-15 cells by PSV is inhibited by disruption of caveolae/raft-dependent endocytic mechanisms. (A) Inhibition of CTB uptake into PK-15 cells was
determined by nystatin or MβCD. Pretreating cells with 10 μM nystatin or 2 mMMβCD resulted in near-complete blockade of CTB uptake. Bars, 30 µm. (B) PK-15 cells
were mock-treated or pre-treated with different concentrations of nystatin or MβCD, followed by infection with PSV at a MOI of 2 in the continued presence of the
drugs or inhibitors were post treated after virus added for 1 h. At 8 h post-infection, cells were processed for western blot and levels of virus VP1 protein synthesis
were detected using anti-VP1 antibody. Quantification of the bands corresponding to VP1 was corrected with α-tubulin and then normalized to mock-treated cells
(set as 1). (C) After pretreated with preconcerted inhibitors, PK-15 cells were infected with PSV at 4 °C for 1 h and then at 37 °C for 1 h. The infected cells were lysed
to determine viral RNA copy number by RT-qPCR. (D) Virus titers were determined by TCID50 of samples prepared at 8 h post-infection from PK-15 cells infected with
PSV in the presence of different concentrations of nystatin or MβCD. (E) The silencing efficiency of siCav1 was determined by qRT-PCR using the 2-ΔΔCT method. (F)
PK-15 cells were transfected with siCav1 or siRNA negative control (siNC) for 24 h and then infected with PSV (MOI = 2) for 8 h to virus propagation. Viral VP1
protein synthesis levels were estimated by western blot. (G) The effect of wild-type caveolin 1 (Cav1 WT) and dominant negative mutant of caveolin 1 (Cav1 DN) on
PSV infection was determined by western blot. Data are presented as means± SD from at least two independent experiments. *P < 0.05, **P < 0.01 compared to
the mock-treated cells. (H) PSV particles colocalized with caveolin. PK-15 cells were transfected with EGFP-tagged caveolin before incubation with PSV. The enlarged
box indicates PSV (red) that were swallowed into the vesicle structure, which bears caveolin (green) on the outer surface; colocalized signals were widely observed
using confocal microscopy.
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study, the effects of Rabs protein on virus entry were detected, and we
found that both transfection with siRNA Rab7 (or Rab11) and expres-
sion of DN mutant of Rab7 (or Rab11) could decrease PSV VP1 ex-
pression levels, while the expression of DN Rab5 or DN Rab9 construct
was no effect of on viral infection. We speculate that Rab7 and Rab11

activity and functional late endocytic pathways and the recycling
pathway are required for effective PSV infection.

In conclusion, our results have provided evidence that PSV cell
entry follows a caveolae-mediated pathway which requires fluidity of
cholesterol and is independent of clathrin, dynamin, macropinocytosis

Fig. 4. PSV enters PK-15 cells occurs in a dynamin-dependent manner. (A) PK-15 cells were pretreated by 10 μM dynasore for 1 h and incubation with 50 μg/ml Alexa
Fluor 568-conjugated transferrin for 60min. Cells were then fixed and analyzed by confocal microscope. Bars, 30 µm. (B) Cells were mock-treated or pre-treated with
dynasore for 1 h and infected with PSV (MOI = 2) or dynasore was post treated after virus added for 1 h. At indicated time, cells were processed for western blot and
quantification of the bands corresponding to VP1 was corrected with α-tubulin. Data was then normalized to the value from mock-treated cells. (C) Similar to above,
after cells were treated with different concentrations drugs and infected with PSV. Cell lysates were collected and virus titers or viral RNA copy number were
determined. (D) The effect of wild-type dynamin (Dyn WT) and dominant negative mutant of dynamin (Dyn DN) on PSV infection was determined by western blot as
described above. Data are presented as means± SD from at least two independent experiments. *P < 0.05, **P < 0.01 compared to the mock-treated cells.

Fig. 5. PSV entry is not inhibited by drugs that affect macropinocytosis-mediated endocytosis but requires PI3K. (A and B) Immunoblotting of cells infected with PSV
after treated with different concentrations of amiloride (EIPA) or wortmannin using anti-VP1 and anti-α-tubulin antibodies. Quantification of the bands corre-
sponding to VP1 was corrected with α-tubulin. Data and then normalized to the value from mock-treated cells. (C and D) Similar to above, PK-15 cells were treated
with different concentrations of EIPA or wortmannin and subsequently infected with PSV. After incubation for 8 h, cell lysates were collected and virus titers were
determined or PK-15 cells were infected with PSV at 4 °C for 1 h and then at 37 °C for 1 h and then cells were collected for RT-qPCR. Data are mean± SD from at least
two independent experiments. *P < 0.05, **P < 0.01 compared to the mock-treated cells.
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and dynamic actin network. In addition, we conduct that PSV traffics to
late endosomes and/or recycling endosomes in a process that requires
the participation of Rab7 and Rab11 and activated through exposure to
low pH. Upon a fusion between viral and cellular membranes within the
late endosomes, the mechanism by which virus ribonucleoprotein

complexes are released and transported to the nucleus remains to be
determined.

Fig. 6. PSV enters PK-15 cells leads to active actin rearrangement. (A) PK-15 cells were mock-treated or infected with PSV (MOI = 5) for 60min and then fixed,
stained for actin by Alexa Fluor 594-phalloidin (red) for 30min, followed by staining with anti-VP1 antibody, Alexa Fluor-488-conjugated goat anti-mouse secondary
antibody (green) and DAPI (blue). Bars, 30 µm. (B and C) The effect of actin inhibitor Cytochalasin D (CytoD), and Jasplakinolide (Jasp) on virus VP1 protein
expression detected by western blot analysis. (D and E) Effects of pretreatment of PK-15 cells with increasing concentrations of CytoD or Jasp on PSV particle yield, as
detected by virus titers assay. Data are means± SD from at least two independent experiments. *P < 0.05, **P < 0.01 compared to the mock-treated cells.

Fig. 7. Rab7 and Rab11 are required
for virus infection. (A) The silencing
efficiency of siRabs was determined by
qRT-PCR using the 2-ΔΔCT method. (B
and C) PK-15 cells pre-transfected with
siRNA negative control (siNC), siRab5,
siRab7, siRab9 or siRab11 for 24 h and
then infected with PSV and incubated
for 8 h. PSV expression level of VP1
protein and virus titer were determined
by western blot and TCID50, respec-
tively. (D) The effect of wild-type dy-
namin (WT) and dominant negative
(DN) mutant of Rab5, Rab7, Rab9 and
Rab11 on PSV infection was de-
termined by western blot as described
above. The results are presented as
mean± SD from three independent
experiments. *P < 0.05, **P < 0.01
compared to the mock-treated cells.
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