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ABSTRACT Circoviruses are the smallest DNA viruses known to infect mammalian
and avian species. Although circoviruses are known to be associated with a range of
clinical diseases, the details of circovirus DNA release still remain unknown. Here, we
identified p32 as a key regulator for porcine circoviral nuclear egress. Upon porcine
circovirus type 2 (PCV2) infection, p32 was recruited into the nucleus by the viral
capsid (Cap) protein; simultaneously, protein kinase C isoform & (PKC-8) was phos-
phorylated at threonine 505 by phospholipase C (PLC)-mediated signaling at the
early stage of infection, which was further amplified by Jun N-terminal protein ki-
nase (JNK) and extracellular signal-regulated kinase (ERK) signaling at the late infec-
tion phase. p32 functioned as an adaptor to recruit phosphorylated PKC-6 and Cap
to the nuclear membrane to phosphorylate lamin A/C, resulting in a rearrangement
of nuclear lamina and thus facilitating viral nuclear egress. Consistent with these
findings, knockout (KO) of p32 in PCV2-infected cells markedly reduced the phos-
phorylation of PKC-6 and impeded the recruitment of p-PKC-8 and Cap to the nu-
clear membrane, hence abolishing the phosphorylation of lamin A/C and the rear-
rangement of nuclear lamina. As a result, p32 depletion profoundly impaired the
production of cell-free viruses during PCV2 infection. We further identified the
N-terminal 24RRR26 of Cap to be crucial for binding to p32, and mutation of these
three arginine residues significantly weakened the replication and pathogenesis of
PCV2 in vivo. In summary, our findings highlight a critical role of p32 in the activa-
tion and recruitment of PKC-§ to phosphorylate lamin A/C and facilitate porcine
circoviral nuclear egress, and they certainly help understanding of the mechanism of
PCV2 replication.

IMPORTANCE Circovirus infections are highly prevalent in mammalian and avian
species. Circoviral capsid protein is the only structural protein of the virion that plays
an essential role in viral assembly. However, the machinery of circovirus nuclear
egress is currently unknown. In this work, we identified p32 as a key regulator of
porcine circovirus type 2 (PCV2) nuclear egress that forms a complex with the viral
capsid (Cap) protein to enhance protein kinase C isoform & (PKC-§) activity; this re-
sulted in a recruitment of phosphorylated PKC-6 to the nuclear membrane, which
further phosphorylates lamin A/C to promote the rearrangement of nuclear lamina
and facilitate viral nuclear egress. Notably, we found that the N-terminal 24RRR26 of
Cap, a highly conserved motif among circovirus species, was required for interacting
with p32, and that mutation of this motif markedly impeded PCV2 nuclear egress.
These data indicate that p32 is a critical regulator of PCV2 nuclear egress and reveal
the importance of this finding in circovirus replication.
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iruses are intracellular pathogens that are entirely dependent on the host machin-

ery for replication (1). DNA viruses generally replicate their genomic DNA in the
nucleus of infected cells and assemble and package their genomes into capsids within
the nucleus; however, the formation of the mature virion takes place in the cell
cytoplasm, requiring diverse strategies to deliver genome-containing capsid across the
double-membrane nuclear envelope (NE) (2, 3). Many DNA viruses have evolved
effective mechanisms to shuttle nucleocapsids from the nucleus to the cytoplasm,
including destruction of NE continuity, alteration of the permeability of nuclear pores,
and the membrane-budding pathway (envelopment/deenvelopment pathway) (2, 4-7).
Viruses in the Herpesviridae family, which are large, enveloped, double-stranded DNA
(dsDNA) viruses, because of the large size of their nucleocapsids (diameter, ~25 nm)
that makes them unable to pass across the nuclear pore (5), usually do not depend on
alteration of nuclear pores and disruption of nuclear membrane for their nuclear egress.
Instead, herpesviruses dissolve the nuclear lamina, a dense meshwork under their inner
nuclear membrane (INM), and then nucleocapsids bud from the nucleus into the INM
and form enveloped particles in the perinuclear space; these perinuclear enveloped
particles then fuse with the outer nuclear membranes (ONM), become deenveloped
particles, and eventually are released to the cytoplasm (4, 8). Similarly, for viruses in the
Baculoviridae family with circular dsDNA genomes packaged into rod-shaped, envel-
oped nucleocapsids (9, 10), the most common way of nuclear egress observed in
studies of nucleopolyhedrovirus (NPV) is dependent on the membrane budding path-
way (9, 11). Parvoviruses, which are nonenveloped single-stranded DNA viruses, tra-
verse the NE via alteration of the permeability of nuclear pores or destruction of NE
continuity (12). Circoviruses of the Circoviridae family are nonenveloped DNA viruses,
and they can infect various domestic and wildlife animal species; so far, no studies have
been carried out to address the nuclear egress strategies of this virus family.

The Circoviridae family contains two genera, Gyrovirus and Circovirus (13). The genus
Gyrovirus has only one member, chicken anemia virus (CAV), which causes clinical
disease and subclinical immunosuppression in chickens (13). In contrast, members of
the genus Circovirus are pathogenic in various mammals, including pigs, dogs, minks,
and palm civets, and they also have a broad host range in avian species, including
geese, pigeons, canaries, and parrots, etc. (14-19). Porcine circovirus type 2 (PCV2), the
most susceptible virus in pigs, is the major causative agent of porcine circovirus-
associated diseases (PCVAD), which has a huge impact on swine production due to its
immunosuppression function (20). Porcine circovirus type 3 (PCV3) has also recently
been isolated from diseased pigs (21). Canine circovirus causes hemorrhagic enteritis in
dogs (17), mink circovirus infection causes refractory diarrhea (19), beak and feather
disease virus (BFDV) causes abnormal feathering and beak deformities in parrots and
pigeons (14), and goose circovirus causes production losses and death in geese (22).
Because of the increased morbidity of circovirus-associated diseases in both mamma-
lian and avian hosts, as well as the emergence of cross-species transmission events of
circoviruses in some species (23), circoviruses have attracted more and more attention.

Circoviruses contain a small circular, single-stranded ~2-kb DNA genome that has
limited coding capacity; thus, the life cycle of circoviruses must depend on host factors
and machineries (24). The capsid protein of circovirus has been identified as a pivotal
regulator in the process of viral replication and the virus-host interaction (24). Thus, we
hypothesized that the capsid protein, as well as its interacting cellular molecules, might
carry out an important function in the nuclear egress of circoviruses. p32, also known
as gC1gR, C1gBP, TAP, and HABP, is one of the interacting molecules of the PCV1 and
PCV2 capsid (Cap) protein, and it has been reported to be an important mitochondrial
matrix protein present on the cell surface and in the nucleus, as well as in the cytoplasm
(25). p32 has been reported to be involved in the replication process of various viruses
by binding to some specific viral proteins, such as herpes simplex virus 1 (HSV-1) UL47
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and ICP34.5 (25, 26), human immunodeficiency virus Rev and Tat (27, 28), adenovirus
core protein (29), hepatitis C virus core protein (30), Epstein-Barr virus (EBV) EBNA-1
(31), and human cytomegalovirus (HCMV) UL97, UL50, and UL53 proteins (32, 33). p32
is required for the phosphorylation and redistribution of nuclear lamina during the
nuclear egress of HSV-1 via interaction with viral ICP34.5 (26) and has also been
implicated in the nuclear egress of HCMV and EBV (33-35). Interestingly, p32 itself is not
a kinase, and the only viral protein with kinase activity that has been shown to be
associated with intracellular p32 is human CMV pUL97, which phosphorylates nuclear
lamin at the inner nuclear membrane during the process of CMV infection (33). In cases
where the interaction viral protein is not a kinase, viral infection can recruit and activate
host kinase, such as protein kinase C isoform « (PKC-a) or protein kinase C isoform &
(PKC-8), which phosphorylates nuclear lamin A/C, thus disrupting the nuclear lamina at
the INM and allowing the capsid to bud into the perinuclear space (26). Although all
PKC isoforms have been shown to interact with p32 in vitro, binding activities differ
from one another depending on the activation state (36). For example, PKC-6 only binds
with p32 in the presence of PKC activators; activated PKC-a and PKC-{ show higher
binding for p32, whereas other PKC isoforms (B, &, 6, and w) bind equally with p32
regardless of the presence of PKC activators (36). It is currently unclear how circovirus
infection alters the nuclear membrane to release nucleocapsids into the cytoplasm; in
particular, it is not known if and how p32 and PKC isotypes regulate the viral nuclear
transport process.

In the present study, we used PCV2 as the infection model and investigated the role
of p32 in circoviral nuclear egress. We found that, upon PCV2 infection, p32 was
recruited into the nucleus by PCV2 Cap and functioned as an adaptor to transport
nucleocapsids to the nuclear membrane; this led to a recruitment of p-PKC-6 to the
nuclear membrane, which phosphorylated lamin A/C and thus promoted the rear-
rangement of nuclear lamin and facilitated PCV2 nuclear egress. We also found that
knockout (KO) of p32, or mutation in the binding motif of Cap, markedly reduced the
phosphorylation of PKC-6 and impeded the recruitment of p-PKC-6 and Cap protein to
the nuclear membrane, resulting in a markedly weakened replication and pathogenesis
of PCV2 in vivo. These findings offer some new insights into the mechanisms of
circoviral nuclear egress.

RESULTS

p32 is necessary for the nuclear egress of PCV2. p32 has been reported to
mediate and regulate many biological processes during viral infection, including viral
gene expression, DNA replication, viral nuclear egress, viral assembly, viral release, and
antiviral immune regulation (25-31, 33, 34). To determine the role of p32 in the
infection of circovirus, we used PCV2 infection as a model to explore the effects of p32
deficiency on PCV2 replication. We first constructed p32 gene knockout PK-15 (porcine
kidney 15 cell line) cells by using the CRISPR/Cas9 genomic editing system; three guide
RNAs, i.e., gRNA-22, gRNA-155, and gRNA-173, were designed to target three respective
sites located on exon 1 of the pig p32 gene. The gRNA-22-derived cell clone
(22PKP32=/=) and gRNA-155-derived cell clone (155PKP32—/~) showed a deficiency of
p32 expression, while the gRNA-173-derived cell clone (173PKP32+/%) did not show any
difference from wild-type PK-15 in p32 expression level (Fig. 1A). It should be men-
tioned that p32 knockout did not appreciably affect the viability and proliferation of
cells (data not shown). When these cell clones were infected with PCV2, the virus yield
(intracellular and extracellular) did not exhibit significant differences between these
cells within 24 h of infection. However, as viral infection progressed, extracellular virus
yield from p32-deficient cells (22PKP32=/~ and 155PKrP32~/~) was lower than that of
wild-type PK-15 and 173PKP32+/+ cells from 36 hours postinfection (h p.i.) (Fig. 1B),
whereas intracellular virus yield in p32-deficient cells (22PKP32=/~ and 155PKp32—/7)
were beginning to reduce relative to that of wild-type PK-15 and 173PKP32+/* cells
from 48 h p.i. (Fig. 1C).
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FIG 1 p32 deletion impairs the nuclear egress of PCV2 capsids. (A) Examination of p32 expression in PK-15 cells with a CRISPR/Cas9 system
targeting the p32 locus. Three single-cell clones [p32(22), p32(155), and p32(173)] were derived from cells infected with lentiviral pseudotypes
expressing gRNAs 22, 155, and 173, respectively. (B, C) Wild-type PK-15, 22PKr32—/~, 155PKP32—/~ and 173PKr32+/* cells were infected with PCV2,
supernatant and cells were collected at indicated times, and the titers of PCV2 in extracellular (B) and intracellular (C) were detected by 50% tissue
culture infective dose (TCID,,), respectively. *, P < 0.05. Comparison were made at the same time points between values in p32 knockout (KO)
cells and wild-type PK-15 cells infected by PCV2. (D to E) Depletion of p32 blocks the nuclear egress of PCV2 capsids. Wild-type PK-15, 22PKp32—/-,
155PKP32—/=, and 173PKr32+/+ cells were infected with PCV2 for 24, 36. and 48 h, the proportion of viral DNA copies in cytoplasm and nucleus
was measured by quantitative PCR (qPCR) (D), Cap levels were detected by Western blotting, and the relative Cap levels were calculated using
ImageJ. (E) The proportion of Cap (nucleus/cytoplasm) is shown (E). *, P < 0.05; **, P < 0.01. Comparisons were made between values in p32 KO
cells and wild-type PK-15 cells infected by PCV2 at the same time points; ##, P < 0.01 (compared with the percentage in cytoplasm). (F to G)
22PKr32=/= and 173PKr32+/+ cells were transfected with plasmids to express wild-type p32 (WT) or control vector pCl-neo (Vec), respectively, and
then the cells were infected with PCV2; after 36 h, the proportions of Cap proteins (nucleus/cytoplasm) (F) and PCV2 DNA in nucleus or cytoplasm
(G) were measured. *, P < 0.05 (compared with 173PKr32+/+ cells transfected with Vec); ##, P < 0.01 (compared with percentage in cytoplasm).

In order to determine in which step of viral replication p32 deficiency impaired PCV2
yield, we examined and calculated the distribution ratio of PCV2 in nucleus and
cytoplasm of wild-type PK-15 cells and p32-deficient cells. At 24 h postinfection of
PCV2, over 80% of viral DNA was distributed in nuclear fractions in either wild-type cells
or 173PKP32+/+ cells, while p32-deficient cells (22PKP32—/~ and 155PKP32—/7) also
showed similar pattern in viral DNA distribution, suggesting that p32 deficiency does
not affect the distribution of viral DNA at 24 h p.i. At 36 and 48 h postinfection of PCV2,
nearly 50% of viral DNA was distributed in nuclear fractions in either wild-type cells or
173PKP32+/+ cells, but more than 70% of viral DNA (at 36 h p.i,) and nearly 85% of viral
DNA (at 48 h p.i.) were still distributed in the nucleus in p32-deficient cells (22PKP32—/—
and 155PKP32—/7) (Fig. 1D). Consistent with the changes in viral DNA, in both wild-type
cells and 173PKP32+/+ cells, nearly 50% of Cap proteins were distributed in nuclear
fractions at all of the detection times (24, 36, and 48 h p.i.), but in p32-deficient cells
(22PKP32—/= and 155PKr32~/7), Cap proteins located in the nucleus were about 3-fold
those in cytoplasm at 36 h p.i.,, and about 5-fold those in cytoplasm at 48 h p.i., (Fig. 1E).
These results demonstrated that cellular p32 deficiency can alter the distribution of
PCV2 DNA and Cap proteins in the late phase of PCV2 infection. To further confirm the
function of p32 in this process, we investigated whether exogenous expression of p32
could reverse the distribution of viral DNA and Cap protein in p32-deficient cells.
Results revealed that the distribution proportion of Cap protein and viral DNA (nucleus/
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FIG 2 PCV2 infection induces the phosphorylation and redistribution of lamin A/C mediated by p32. (A,
B) p32 knockout promoted the redistribution of lamin A/C and reduced the phosphorylation of lamin
A/C. Wild-type PK-15, 173PKP32+/* and 22PKr32~/~ cells were infected with PCV2, and the redistribution
of lamin A/C was determined by laser scanning confocal microscopy (A); the phosphorylation levels of
lamin A/C were measured by Western blotting (B).

cytoplasm) in the cells rescued with p32 was similar to that in the p32 wild-type cells
(Fig. TF and G). These results suggested that cellular p32 is important for the nuclear
egress of viral particles in PCV2-infected cells.

P32 mediates the phosphorylation of lamin A/C and redistribution of the
nuclear lamina during PCV2 infection. Previous studies have showed that the
phosphorylation of lamin and redistribution of the nuclear lamina are required for some
viral nuclear egress (26, 32, 34). In PCV2-infected wild-type PK-15 and 173PKP32+/ cells,
lamin A/C appeared to be diffused from the nuclear rim to nucleoplasm (Fig. 2A), and
the phosphorylation levels of lamin A/C (Ser22) were elevated relative to those in mock
infection (Fig. 2B). Simultaneously, the distribution of lamin A/C aligned around the
nuclear rim in PCV2-infected 22PKp32~/~ cells, similar to that in mock-infected cells
(Fig. 2A), and the phosphorylation level of lamin A/C (Ser22) remained the same as that
in mock-infected wild-type PK-15 cells (Fig. 2B). This was in contrast to wild-type cells,
suggesting that p32 is indispensable for phosphorylation of lamin A/C and redistribu-
tion of the nuclear lamina during PCV2 infection.

p32 mediates the interaction of lamin A/C, lamin B receptor, and Cap protein.
To determine whether Cap protein is the key component in induction of p32 redistri-
bution in PCV2-infected cells, PK-15 cells were transfected with plasmids expressing
Flag-p32 and pEGFP-N1 or plasmids expressing Flag-p32 and green fluorescent protein
(GFP)-Cap. Confocal microscopy imaging showed that Flag-p32 barely appeared in the
nucleus in cells without Cap coexpression but was redistributed from cytoplasm to
nucleus, accompanied by GFP-Cap expression (Fig. 3A). These results suggested that
Cap plays a critical role in recruitment of p32 to the nucleus during PCV2 infection.

Lamin B receptor (LBR), an integral protein of the INM, has been reported to interact
with p32 during the nuclear egress of herpesviruses (26). To further confirm the roles
of Cap and p32 in the redistribution of the nuclear lamina induced by PCV2 infection,
the possible interactions between lamin A/C, LBR, p32, and Cap protein were analyzed.
Coimmunoprecipitation analysis using Cap antibodies showed that Cap interacted with
p32, LBR, and lamin A/C in PCV2-infected wild-type PK-15 and 173PKr32+/+ cells but
not in PCV2-infected 22PKP32—/~ cells (Fig. 3B). Meanwhile, coimmunoprecipitation
analysis with lamin A/C antibodies showed that lamin A/C interacted with p32, LBR, and
Cap in PCV2-infected wild-type PK-15 and 173PKP32+/ cells, but they did not interact
with Cap in PCV2-infected 22PKP32—/~ cells; lamin A/C did not interact with p32 in cells
without PCV2 infection (Fig. 3C). Furthermore, glutathione S-transferase (GST) pulldown
assay showed that p32 directly interacted with Cap (Fig. 3D) and also directly interacted
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FIG 3 p32 mediated the interaction of lamin A/C, lamin B receptor (LBR), and Cap. (A) PK-15 cells were transfected with
PEGFP-Cap and pCl-p32-Flag vectors or with pCl-p32-Flag and pEGFP-N1 vectors; the cells were fixed and subjected to
laser scanning confocal microscopy. Images represent the subcellular locations of green fluorescent protein (GFP)-Cap and
Flag-p32 proteins (left), and histograms represent the percentage of overlap of Flag-p32 proteins with GFP-Cap, performed
using ImageJ software and based on =15 cells/sample (right). **, P < 0.01 (compared with pCl-p32-Flag and pEGFP-N1
vector cotransfected cells). (B, C) p32 mediates the interaction of lamin A/C, LBR, and Cap protein. Wild-type PK-15,
173PKP32+/+, and 22PKP32-/~ cells were infected with PCV2, and immunoprecipitation was performed to detect the Cap
interaction with lamin A/C, LBR, and p32 using anti-Cap antibodies (B) or anti-lamin A/C antibodies (C). (D to F) Direct
interaction of p32 with PCV2 Cap or LBR. Bacterially purified GST-p32 or glutathione S-transferase (GST) alone was
incubated with purified His-Cap, and proteins bound to glutathione Sepharose beads were analyzed by immunoblotting
with the indicated antibodies (D); purified GST-LBR or GST alone was incubated with purified His-p32 (E) or His-Cap (F).
Proteins bound to glutathione Sepharose beads were analyzed by immunoblotting with the indicated antibodies.

with LBR, whereas Cap did not appear to directly interact with LBR (Fig. 3E and F). These
results suggested that Cap interaction with LBR and lamin A/C is dependent on the
presence of p32, and that recruitment of p32 to nucleus by Cap is required for p32
interaction with LBR and lamin A/C in nucleus. In other words, p32 facilitates the
formation of a complex on nuclear LBR that provide a platform for phosphorylating
lamin A/C to promote the redistribution of lamin A/C. However, it is unclear what
phosphorylates lamin A/C in this complex, which requires further investigation.

p32 recruits PKC-6 to the nuclear membrane and phosphorylates lamin A/C
during PCV2 infection. PKCs can directly phosphorylate a target protein or indirectly
phosphorylate a target protein by activation of downstream kinases (37). PKC-a and
PKC-6 have been reported to phosphorylate lamin A/C during viral infection (38). In
PCV2-infected PK-15 cells, PKC-§ was phosphorylated at threonine 505 (T505) but not
at tyrosine 311 (Y311), whereas PKC-a was not phosphorylated at serine 657 (S657) as
was previously reported for Sendai virus (SeV) infection (39) (Fig. 4A). Consistently, at
24, 36 and 48 h post PCV2 infection, the phosphorylation levels of lamin A/C (Ser22)
were markedly reduced in cells treated with an inhibitor of PKC-8 isoform (Rottlerin)
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FIG 5 p32 recruits PKC-8 to the nuclear membrane to phosphorylate lamin A/C during PCV2 infection. (A) Direct interaction
of PKC-6 with Cap or p32. Purified GST-PKC-5 or GST alone was incubated with purified His-Cap (left panel) or His-p32 (right
panel), and proteins bound to glutathione Sepharose beads were analyzed by immunoblotting with the indicated
antibodies. (B) Knockout of p32 reduced the phosphorylation levels of PKC-8 (T505). Wild type PK-15 and 22PKr32—/~ cells
were infected with PCV2, the cell lysates were subjected to immunoblotting using anti-PKC-6 (T505) and PKC-6 antibodies.
(C, D) p32 deficiency impeded recruitment of p-PKC-6 to nuclear membrane during PCV2 infection. Wild-type PK-15,
173PKp32+/% and 22PKr32-/~ cells were infected with PCV2. The interaction of p-PKC-8 (T505) with Cap (C) or lamin A/C
(D) and the distribution of these molecules were observed under laser scanning confocal microscopy.

(data not shown), and the inhibitory effect of Rottlerin on lamin A/C (Ser22) phosphor-
ylation induced by PCV2 infection appeared to be dose dependent (Fig. 4B). However,
the phosphorylation level of lamin A/C (Ser22) was not decreased in PCV2-infected cells
treated with PKC-« inhibitor (RO-31-7549) compared to that in the PCV2-infected cells
without inhibitors (Fig. 4B). These results indicate that PCV2 infection activates PKC-§ at
the threonine 505 residue to further promote the phosphorylation of lamin A/C.
Consequently, in the presence of Rottlerin, PCV2 infection did not apparently lead to
the redistribution of lamin A/C from the nuclear rim to nucleoplasm (data not shown),
and the proportion of PCV2 Cap in nucleus and cytoplasm was upregulated about
4-fold compared with cells without Rottlerin treatment (Fig. 4C); this resulted in
dramatically decreased progeny PCV2 production (Fig. 4D). Similarly, the specific small
interfering RNA (siRNA) of PKC-8 blocked the redistribution of lamin A/C, increased the
proportion of PCV2 in nucleus, and eventually limited the production of progeny virus
(Fig. 4E to G). These results demonstrated that PCV2 infection activates PKC-6 to
phosphorylate lamin A/C and disassemble the nuclear lamina so as to promote the
nuclear egress of viruses.

To further interrogate the roles of Cap and p32 in the phosphorylation of PKC-8, we
assessed if PKC-8 directly interacted with Cap and p32. The GST pulldown results
showed that PKC-8 could directly bind to PCV2 Cap protein and p32 (Fig. 5A). Next, we
investigated the effects of p32 deficiency on the activation, translocation and function
of PKC-6. In both wild-type and p32~/~ cells, PCV2 infection increased PKC-8 expression
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and induced phosphorylation of PKC-6 at T505 (Fig. 5B). However, the phosphorylation
level of PKC-6 was decreased by half in p32=/~ cells relative to that in wild-type cells
during PCV2 infection (Fig. 5B), suggesting that although p32 is not indispensable for
the expression and phosphorylation of PKC-§, p32 can further promote the activation
of PKC-8 in PCV2-infected cells. In most PCV2-infected wild-type PK-15 and
173PKP32+/+ cells, p-PKC-6 was colocalized with Cap in the nuclear membrane and
diffused along with lamin A/C (Fig. 5C and D). However, in all PCV2-infected 22PKp32—/—
cells, p-PKC-6 and Cap were colocalized in the center of nucleoplasm and aggregated
into a punctum; almost no cells displayed a colocalization of p-PKC-6 and Cap in the
nuclear membrane, and cells barely exhibited a diffused p-PKC-8 along with lamin A/C
(Fig. 5C and D). These results indicated that p32 deficiency impedes recruitment of
p-PKC-6 to nuclear membrane during PCV2 infection.

PLC, together with ERK1/2 and JNK signaling pathways, promotes the activa-
tion of PKC-6 during PCV2 infection. The PKC signaling pathway, which involves
phospholipid-dependent serine/threonine kinases, can cross talk with a wide spectrum
of signal transduction pathways in response to a variety of stimuli (40-42). To investi-
gate how PKC-6 is activated during PCV2 infection, we first explored the roles of
PI3K/Akt, PLC, Jun N-terminal protein kinase (JNK), p38-mitogen-activated protein
kinase (MAPK), and extracellular signal-regulated kinase (ERK) signaling pathways in the
activation of PKC-8. The results showed that a PLC inhibitor (U73122) significantly
inhibited the phosphorylation levels of PKC-6 at both 6 h p.i. and 36 h p.i; an ERK
inhibitor (PD98059) and a JNK inhibitor (SP6000125) attenuated PKC-8 phosphorylation
at 36 h p.i,, but not at 6 h p.i. Of note, PI3K/Akt inhibitor LY294002 and p38 MAPK
inhibitor SB203580 did not have any effect on PKC-8 phosphorylation at either 6 h p.i.
or 36 h p.i. (data not shown). Consistent with the characteristic effects of inhibitors on
PKC-8 phosphorylation induced by PCV2, downregulation of JNK1 and ERK1 by specific
siRNAs also had similar effects characteristic of PCV2-induced PKC-6 phosphorylation
(Fig. 6A). Meanwhile, blocking diacylglycerol (DAG) also decreased the phosphorylation
levels of PKC-6 at 6 h p.i. and 36 h p.i. (Fig. 6B). In line with the changes in PKC-&
phosphorylation, addition of PLC inhibitor (U73122), ERK inhibitor (PD98059), JNK
inhibitor (SP6000125), and DAG antagonist (1-hexadecyl-2-acetyl glycerol [HAG]), or
treatment with the specific siRNAs of JNK1 and ERK1, significantly inhibited the
phosphorylation and redistribution of lamin A/C, whereas PI3K/Akt and p38 MAPK
inhibitors or their specific siRNAs did not affect the phosphorylation and redistribution
of lamin A/C in PCV2-infected cells (Fig. 6C to E; micrographs data not shown). As a
result, treatment with PLC, ERK, and JNK inhibitors or the specific siRNAs of JNK1 and
ERK1, significantly increased the proportion of PCV2 Cap in nucleus (Fig. 6F) and
eventually limited the production of progeny virus (Fig. 6G). These results suggested
that PCV2 can activate PLC to promote PKC-& phosphorylation via intracellular DAG in
the early phase of infection (6 h p.i), and further activates ERK and JNK signaling
pathways that enhance the PKC-& phosphorylation, likely through intracellular DAG or
another unknown signaling pathway in the late phase of infection (36 h p.i.).

The N-terminal three continuous arginine residues of PCV2 Cap are crucial for
binding to p32. Our above results suggested that p32, as a Cap-binding protein, is
crucial for the nuclear egress of PCV2. To identify the key region and amino acid
residues of Cap that are required for interacting with p32, we first tested the interaction
of full-length porcine p32 (Flag-tagged) with ten deletion mutants of Cap that we
previously constructed (43). A coimmunoprecipitation assay showed that Cap frag-
ments 1 to 41, 1 to 83, 1 to 107, and 1 to 161 interacted with porcine p32, along with
the full-length Cap, whereas Cap fragments 42 to 234, 78 to 234, 118 to 234, 162 to 234,
and 199 to 234 were not able to interact with porcine p32, suggesting that the
N-terminal residues 1 to 41 are responsible for the interaction of Cap with p32 (Fig. 7A).
Further experiments showed that fragment 21 to 41 was responsible for binding p32,
whereas fragment 1 t020 was not (Fig. 7B). Consistent with the results of coimmuno-
precipitation assay, confocal immunofluorescence (IF) microscopy analyses showed
that Cap fragments 1 to 41, 1 to 83, 1 to 107, 1 to 161, and 21 to 41 were colocalized
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FIG 6 PLC, along with the ERK1/2 and JNK1/2 signaling pathways, promotes the phosphorylation of lamin A/C and the nuclear egress of PCV2. (A) PK-15 cells
were transfected with indicated siRNAs for 36 h, and then the cells were infected with PCV2 for 6 h and 36 h and the phosphorylation of PKC-8(T505) was
detected by immunoblotting. (B) 1-Hexadecyl-2-acetyl glycerol (HAG) can inhibit the phosphorylation of PKC-6. PK-15 cells were pretreated with HAG for 2 h,
the cells were infected with PCV2 for 6 h and 36 h, and the phosphorylation of PKC-8 (T505) was detected by immunoblotting. (C, D) PK-15 cells were treated
with indicated inhibitors, the phosphorylation of lamin A/C was detected by immunoblotting (C), and the distribution of lamin A/C was determined by
immunofluorescence at 36 h post PCV2 infection; the percentages of cells displaying aligned lamin A/C or diffuse lamin A/C were calculated (D), **, P < 0.01;
##, P < 0.01 (compared with DMSO-treated cells). (E) PK-15 cells were treated with indicated siRNAs for 36 h, the distribution of lamin A/C was determined by
immunofluorescence at 36 h post PCV2 infection, and the percentages of cells displaying aligned lamin A/C or diffuse lamin A/C were calculated, **, P < 0.01;
##, P < 0.01 (compared with negative-control [NC] siRNA-transfected cells). (F, G) PK-15 cells were treated with indicated inhibitors, the levels of Cap proteins
were detected in the proteins extracted from nucleus and cytoplasm, and the relative proportion of Cap (nucleus/cytoplasm) was calculated using ImageJ (F).
The viral production was measured by TCIDs,, and the relative viral titers were calculated (G). *, P < 0.05; **, P < 0.01 (compared with DMSO-treated cells).

with p32, whereas Cap fragments 42 to 234, 78 to 234, 118 to 234, 162 to 234, 199 to
234, and 1 to 20 were not (data not shown).

To further identify the amino acids in the N terminus (amino acids [aa] 21 to 41) of
Cap responsible for this binding, we analyzed the primary sequence of Cap protein.
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Flag-p32; cell lysates were immunoprecipitated with an anti-GFP antibody and immunoblotted using indicated
antibodies. (B) The Cap N-terminal aa residues 21 to 41 interacted with p32. HEK293T cells were cotransfected with
plasmids encoding the N-terminal aa residues 1 to 41, 1 to 20, or 21 to 41 fused with a GFP tag, along with Flag-p32;
cell lysates were immunoprecipitated with anti-GFP antibody, followed by immunoblotting using indicated
antibodies. (C) The Cap mutants were constructed with arginine residues at residues 24 to 26, 33, 35, and 37
replaced with alanine. (D) Mapping the crucial amino acids of Cap responsible for Cap/p32 interaction. HEK293T
cells were cotransfected with Cap or Cap mutants 1, 2, and 3, along with Flag-p32 expression vectors, and the cell
lysates were subjected to immunoprecipitation and immunoblotting using the indicated antibodies. (E) Confirma-
tion by immunofluorescence assay of the crucial amino acids of PCV2 Cap that interact with p32. PK-15 cells were
cotransfected with plasmids indicated in panel D and subjected to confocal microscopy observation at 36 h
posttransfection. These results were confirmed in three independent experiments.
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Since p32 is an acidic protein, we screened for basic amino acid residues within the
N-terminal aa 21 to 41 of Cap and constructed two three-arginine mutants, i.e., Cap
mutant 1 (-24RRR26 - replaced with —24AAA26-) and Cap mutant 2 (-33R-35R-37R
-replaced with —33A-35A-37A-), as well as a six-arginine Cap mutant 3 (-24RRR26 - and
—-33R-35R-37R- simultaneously replaced with —-24AAA26 — and -33A-35A-37A-). Mutant
sites in this region (aa 21 to 41) are noted in Fig. 7C. When these mutant constructs
were cotransfected with Flag-p32 into HEK293T cells, coimmunoprecipitation assay
showed that Cap mutant 1 and Cap mutant 3 failed to bind Flag-p32, but Cap mutant
2 was still able to bind to Flag-p32 (Fig. 7D). Consist with this observation, confocal
microscopy analysis showed that only Cap mutant 2 was colocalized with Flag-p32 (Fig.
7E). These results demonstrated that residues 24RRR26 in the N terminus of Cap are
crucial for PCV2 Cap binding to p32.

Sequence alignment of PCV2 different genotypes (PCV2a, PCV2b, PCV2c, PCV2d, and
PCV2e) Cap proteins revealed that the arginine residues 24RRR26 are absolutely
conserved (Fig. 8A to E). Furthermore, sequence alignment of PCV1, PCV2, and PCV3
Cap proteins revealed that arginine residues 24RRR26 are also absolutely conserved
(Fig. 8F and G). Meanwhile, sequence alignment of Cap of different circovirus species
showed that two strains (canine circovirus strain XF16 and feather disease virus isolate
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FIG 8 Alignment of amino acid sequences of Cap in N-terminal 24RRR26 and adjacent amino acid sequences.
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MTWPRRRYRRRRTRPRSHLGNILRRRPYLAHPAFRNRYRWRRKTGIFNCR

MTYPRRRYRRRRHRPRSHLGQILRRRPWLIHPRHRYRWRRKNGIFNSRL
MRH--RAIFRRRPRPR——————- RHRRRYARRR-LFIRRPT.

MWLTFNQVARRRRPLAPRRRRWHRRXWXRRRRIPANRRGHRTNRVYRFRF
MRVRRHARASRRSYRTRPLNRYRRRRONNFKLFHLRLRRTLTADWPTAPV
MWGTSDCACAKFQIRRRYARPYYRRRHIRRYRRRRRHFRRRRETTNRIYT:.
MPLYRARPRSVYYRRRRAANRNﬂRYRRRRLHIGRIRSKYTIFNVKQTQNL
MPVRSRYSRRRRWRRNRRRRGPQRR&ARGGYRWRRKNGIFNARLQTEETL
MTYPRRRYRRRRHRPRSHLGQILRRRPWLIHPRHRYRWRRKNGIFNSRLSI
MKARRSKPTTGRVPAAAGGARSVPLPhRPRQGTDRLYLFPLHRKEKITL&

(A) Alignment of PCV2b isolate Xn (GenBank accession number MH492006) and the strains of genotype PCV2a.
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BFDV_AUS) were also 100% identical to our strain (porcine circovirus type 2 Xn) in the
24RRR26 residues; other circovirus strains also harbor some continuous arginine motifs
in a nearby region (Fig. 8H). These analyses further revealed that the N-terminal
three-continuous-arginine motif of Cap proteins is conserved among circovirus species,
which might explain in part its essential role in binding p32 and in circoviral nuclear
egress.

Mutation of 24RRR26 of Cap protein impedes the replication and pathogenesis
of PCV2. To assess whether Cap N-terminal 24RRR26 is crucial for the replication and
pathogenesis of PCV2, we first constructed a PCV2 mutant strain (PCV2RmA) in which
arginine residues (24 to 26) of Cap were replaced by alanine (AAA) and then tested
progeny virion production in wild-type PK-15 cells. As might be expected, progeny
virion production in PCV2RmA-infected cells were significantly lower than that of wild
type PCV2-infected cells (Fig. 9A). In PCV2RmA-infected cells, p32 was localized in the
cytoplasm, and PCV2RmA Cap was not colocalized with p32 (data not shown); the
proportion (Cap in cytoplasm/Cap in nucleus) of Cap protein in PCV2RmA-infected cells
was lower than that in wild-type PCV2-infected cells (Fig. 9B). Simultaneously, the
distribution of lamin A/C presented linearly in nuclear membranes of most PCV2RmA-
infected cells, which was different from the diffused lamin A/C distribution in most
wild-type PCV2-infected cells (Fig. 9C). p-PKC-6 was colocalized with mutated Cap,
either in cytoplasm or nucleoplasm, in PCV2RmA-infected cells but not in the nuclear
membrane of infected cells (data not shown); the phosphorylation levels of lamin A/C
and PKC-6 were reduced in PCV2RmA-infected cells compared with those in PCV2-
infected cells (Fig. 9D).

Since the PCV2 detected in the above study is PCV2b, in order to assess whether Cap
N-terminal 24RRR26 residues are crucial for the nuclear egress of other genotype PCV2
strains, we constructed PCV2a, PCV2c, PCV2d, and PCV2e mutants (PCV2aRmA,
PCV2cRmA, PCV2dRmA, and PCV2eRmA) in which arginine residues (24 to 26) of Cap
were replaced by alanine (AAA), and then examined and calculated the distribution
ratio of these PCV2 strains in the nucleus and cytoplasm of cells. Results showed that
the proportion (nucleus/cytoplasm) of viral DNA in PCV2RmA mutants-infected cells
was higher than that in wild-type PCV2 (a, ¢, d, and e)-infected cells (Fig. 9E); and
progeny virion production in PCV2RmA mutant-infected cells was significantly lower
than that in wild-type PCV2-infected cells (Fig. 9F).

Next, we explored whether three continuous arginine substitutions affect the
replication and pathogenesis of PCV2 in vivo. To this end, we tested viral load in serum
and tissues, the Cap protein levels, and pathological lesions in different tissues of
PCV2RmA-infected piglets and compared them with those of wild-type PCV2-infected
piglets (note that the genotype of both PCV2 and PCV2RmA is PCV2b). Results showed
that viral load in serum of PCV2RmA-infected piglets was significantly lower than that
in wild-type PCV2-infected piglets at 7 to 28 days postinfection (dpi) (Fig. 9G). Consis-
tent with this, in lung and lymph node tissues, the Cap levels of PCV2RmA-infected
piglets were significantly lower than those of PCV2-infected piglet at 28 dpi (Fig. 9H).
Consequently, PCY2RmA infection induced more light histological lesions in the lung
and lymph node tissues than did the wild-type PCV2 (Fig. 91). PCV2RmA-infected piglets
showed mild interstitial pneumonia (characterized by slightly thickened alveolus walls)
relative to wild-type PCV2-infected piglets; lymphoid depletion (characterized by lym-
phocytes necrosis in both the cortex and paracortex and decreasing or lacking lym-
phocytes) was easily observed in wild-type PCV2-infected piglets but not in PCV2RmA-

FIG 8 Legend (Continued)

(B) Alignment of PCV2b isolate Xn and the strains of genotype PCV2b. (C) Alignment of PCV2b isolate Xn and
the strains of genotype PCV2c. (D) Alignment of PCV2b isolate Xn and the strains of genotype PCV2d. (E)
Alignment of PCV2b isolate Xn and the strains of genotype PCV2e. (F) Alignment of PCV2b isolate Xn and the
strains of porcine circovirus type 1. (G) Alignment of PCV2b isolate Xn and the strains of porcine circovirus type
3. (H) Alignment of porcine circovirus type 2 isolate Xn and different circovirus species strains. The red
highlights represent arginine, the yellow highlights represent the sequence of porcine circovirus type 2 isolate

Xn, and the green highlights represent nonarginine residues.
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FIG 9 Mutation of Cap 24RRR26 residues diminishes the replication and pathogenesis of PCV2. (A, B) PCV2 mutant (PCV2RmA) with RRR residues (aa 24 to 26)
being replaced by alanine showed reduced viral production and nuclear egress. PK-15 cells were infected with PCV2 or PCV2RmA, and viral titers (A) and
the viral Cap levels in nucleus and cytoplasm (B) were measured and calculated. *, P < 0.05; **, P < 0.01 (compared with PCV2-infected cells at the same
time point). (C, D) PCV2RmA infection resulted in reduced redistribution of lamin A/C and limited p-PKC-8 redistribution to nuclear membrane. PK-15
cells were infected with PCV2 or PCV2RmA, the distribution of lamin A/C were assayed by immunofluorescence, and the percentages of cells displaying
aligned lamin A/C or diffused lamin A/C were calculated (C), **, P < 0.01; ##, P < 0.01 (compared with PCV2-infected cells); the phosphorylation of lamin
A/C and p-PKC-8(T505) were detected by immunoblotting (D). (E-F) Different PCV2 genotype mutants with RRR residues (aa 24 to 26) being replaced
by alanine showed an increased proportion (nucleus/cytoplasm) of viral DNA and reduced progeny virion production. PK-15 cells were infected with
PCV2 (PCV2a, PCV2¢, PCV2d, or PCV2e) or PCV2RmA mutants (PCV2aRmA, PCV2cRmA, PCV2dRmA, or PCV2eRmA) for 36 h, and the proportion of viral
DNA copies in cytoplasm and nucleus was measured by qPCR. $$, P < 0.01 (E); the relative viral titers of supernatant were measured by TCID,,. **,
P < 0.01 (compared with wild-type PCV2-infected cells) (F). (G) Piglets were infected by intranasal injection with PCV2 or PCV2RmA. The viral genomic
numbers in serum at the indicated times were measured by qPCR. $, P < 0.05; $$, P < 0.01. (H, I) Representative images of immunohistochemistry (IHC)
staining for PCV2 using Cap antibody (H) and hematoxylin and eosin (H&E) staining (I) in lung and lymph node derived from PCV2-, PCV2RmA-, or
PBS-challenged groups. Bar, 100 um.
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TABLE 1 Comparison of histological lesion scores of lung and lymph node from PCV2-
and PCV2RmA-infected piglets

Histological lesion score

Group? Piglet label Lung® Lymph nodes©
PBS A 0 0
B 0 0
C 0 0
D 0 0
E 0 0
PCv2 F 5 3
G 4 2
H 4 3
| 5 2
J 3 2
PCV2RmA K 1 1
L 2 1
M 1 1
N 3 2
6} 2 1

aPBS; phosphate-buffered saline; PCV2, porcine circovirus type 2; PCV2RmA, a PCV2 mutant.
bScore ranges from 0 (normal) to 6 (severe).
<Score ranges from 0 (normal) to 3 (severe).

infected piglets (Fig. 91). The mean lung histological lesion scores and mean lymphoid
depletion scores in the PCV2RmA infection group were significantly lower than those
in the wild-type PCV2 infection group (Table 1). Taken together, these results indicated
that mutation of 24RRR26 of the Cap protein impedes the replication and pathogenesis
of PCV2.

DISCUSSION

p32, as a multiligand-binding, multicompartmental, and multifunctional protein, has
been reported to mediate viral nuclear egress through binding to viral proteins (26, 33,
35). Although previous studies have indicated that p32 can facilitate HSV-1 nuclear
egress through interaction with HSV-1 ICP34.5 and UL47 to regulate the rearrangement
of the nuclear lamina (25, 26), the exact roles of p32 in phosphorylation and rearrange-
ment of lamin A/C remain undefined. In our present study, we have found that p32
serves as a cargo or adaptor to transport PCV2 nucleocapsids into nuclear membrane
and to recruit p-PKC-6 to the nuclear membrane, the latter of which phosphorylates
lamin A/C, resulting in the rearrangement of nuclear lamina and thus facilitating PCV2
nuclear egress.

The NE consists of an INM and an ONM (4, 44). The ONM is continuous and
functionally interrelated with the rough endoplasmic reticulum, while the INM contains
a set of membrane proteins that provide anchoring sites for chromatin and lamins. The
nuclear lamina is a highly stable, filamentous scaffold structure underneath the INM,
consisting mainly of lamin types A/C and B, which maintains nuclear shape and
mechanical stability (45). However, for virus infection, the nuclear lamina potentially
presents a barrier to block the transit of virus capsids from the nucleus to the cytoplasm
(38). Therefore, phosphorylation-driven disassembly and rearrangement of the nuclear
lamina are involved in the process of some viral infections (33, 46-48). HSV-1, HSV-2,
murine cytomegalovirus (MCMV), HCMV, and Epstein-Barr virus (EBV) use similar mech-
anisms to disrupt the nuclear lamina to facilitate the release of virions from the nucleus
(49). The phosphorylation of lamin A/C on serine 22 residues has been shown to be
crucial for disassembly of the nuclear lamina (50). In some virus-infected cells, the
phosphorylated levels of lamin A/C are upregulated (38, 50), promoting disassembly of
nuclear lamina, which in turn permits nucleocapsids to gain access to the inner nuclear
membrane for the subsequent steps of nuclear egress (50). We have found that the
phosphorylated levels of lamin A/C serine 22 were also markedly increased in PCV2-
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infected cells, which resulted in the disassembly of nuclear lamina. This was in contrast
to p32-deficient cells, in which the level of phosphorylated lamin A/C Ser22 was not
increased by PCV2 infection, with lamin A/C still aligning around the nuclear rim as in
uninfected cells. These findings indicated that p32 is indispensable for the nuclear
egress of PCV2. In intracellular signaling networks activated by PCV2, p32 can act as a
bridge to facilitate the formation of a complex on nuclear LBR that provides a platform
for the phosphorylation of lamin A/C to promote the redistribution of lamin A/C during
porcine circoviral nuclear egress. These findings supported the notion that PCV2
infection promotes phosphorylation of lamin A/C accompanied by disassembly of the
nuclear lamina, both of which are dependent on p32.

In the viral nuclear egress process, nuclear membrane-associated viral proteins,
together with viral or cellular kinases, normally form a “nuclear egress complex” that
facilitates nuclear lamina disassembly and transit of new virions from the nucleus (51).
For the nuclear egress complex, recruitment of cellular and/or virus-encoded protein
kinases to nuclear lamins is crucial for the site-specific phosphorylation of nuclear
lamins and lamin-binding proteins (32, 50). Previous studies have shown that cellular
PKC and viral proteins can phosphorylate the nuclear lamins. For instance, in HSV-1-
infected cells, in addition to cellular protein kinases PKC-§, Us3, a serine/threonine
kinase of HSV-1, is involved in phosphorylation of lamin A/C to disassemble the nuclear
lamina (26, 38). In HCMV-infected cells, cellular PKC-a and viral kinase pUL97 are
recruited to the nuclear rim to directly phosphorylate lamin A/C, inducing nuclear
lamina disassembly to promote viral nuclear egress (32, 34). For PCV2, the unique
structure protein, Cap, is not a kinase, which suggests that a host kinase must be
recruited to the nuclear rim to phosphorylate lamin A/C. Indeed, we found that in
PCV2-infected cells, PKC-8 (threonine 505) was activated and was involved in the
phosphorylation of lamin A/C Ser 22, whereas PKC-a was not implicated in this process.
Intriguingly, viral infection can recruit distinct PKC isoforms into the nucleus via
different signaling pathways; for instance, HSV-1 recruits PKC-8 (26), HCMV recruits
PKC-« (34), and MCMV recruits Ca-dependent PKC (48). In our study, we discovered that
PCV2 infection resulted in recruiting PKC-8. Importantly, p32 deficiency markedly
reduced the phosphorylation of PKC-6 and impeded the recruitment of p-PKC-6 and
Cap protein to the nuclear membrane. In some physiological processes or viral infection
processes, members of the protein kinase C family are activated in response to different
stimuli or second messengers (38, 52, 53). Our studies have shown that the phosphor-
ylation of threonine 505 on PKC-§ is essential for its action in the phosphorylation of
lamin A/C. Furthermore, our study demonstrated that threonine phosphorylation of
PKC-8 was regulated by the PLC, ERK, and JNK signaling pathways, with the ERK and
JNK pathways likely acting to coordinate the activation of PKC-6 and lamin A/C and the
nuclear egress of PCV2. Thus, we observed that the generation of progeny PCV2 was
regulated by the PLC/PKC-6 signaling pathway together with ERK and JNK signaling.

A previous study has reported that aa 1 to 59 of PCV-2b Cap mediate the interaction
with p32 (54). Here, we further confirmed that PCV2 Cap 24 to 26 RRR is required for
the interaction of Cap with p32. Mutation of the 24-RRR-26 of Cap protein abolished the
ability of Cap protein to bind to p32. Notably, the 24 to 26 arginine residues of Cap are
absolutely conserved among PCV1, PCV2, and PCV3, and the 24 26 arginine residues of
porcine circoviral Cap had higher identity with other circovirus species, such as canine
circovirus and feather disease virus strains. These analyses implied that the Cap proteins
of different circovirus species likely possess the same important function to bind to p32
protein through the same amino acid motif. Our results demonstrated that p-PKC-6
could not be recruited to the nuclear membrane in cells when PCV2 Cap was mutated
(PCV2RmA). Notably, the PCV2b mutant progeny with the three-arginine-residue (aa 24
to 26) mutation in the Cap protein showed markedly reduced progeny virus production
and milder histological lesions in infected piglets than wild-type PCV2. Simultaneously,
since p32 deficiency limits the nuclear egress of circovirus and further blocks the
replication of viral genomic DNA in the latter phase, the total amount of Cap in the
p32-knockout cell lines appears to be substantially less than that in wild-type PK-15
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FIG 10 Model of PCV2 nuclear egress. PCV2 infection promotes the phosphorylation of PKC-8 via
PLC-mediated signaling at the early infection phase, which is further amplified by JNK and ERK1/2
signaling at the late infection phase. In wild-type cells, Cap recruits p32 and phosphorylates PKC-8
(p-PKC-8), and this leads to transport of p32 and p-PKC-§ into the nucleus. In the nucleus, p32, as an
adaptor, further recruits p-PKC-6 and Cap to the nuclear membrane via binding with LBR to phosphor-
ylate lamin A/C, which promotes the rearrangement of nuclear lamina and facilitates viral nuclear egress.

cells. All of these data demonstrate that p32 is utilized by PCV2 to enhance its
replication.

In summary, the data presented in this work demonstrate that, at the late phase
of PCV2-infection, p32 is employed by PCV2 to enhance the phosphorylation of
PKC-5, which is subsequently recruited to the nuclear membrane and phosphory-
lation of lamin A/C; this led to rearrangement of nuclear lamina, thus facilitating
PCV2 nuclear egress (Fig. 10). In p32-deficient cells, PCV2 infection can promote the
phosphorylation of PKC-§, but Cap and p-PKC-6 are not able to traffic to the nuclear
membrane, thus abolishing the phosphorylation of lamin A/C and nuclear lamina
rearrangement and impairing the nuclear egress of PCV2. Similarly, a PCV2 mutant
(PCV2RmA), a mutated PCV2 whose mutated Cap loses the ability to bind p32, is not
able to transported p32 into the nucleus, thus abolishing the phosphorylation of
lamin A/C and nuclear lamina rearrangement and limiting the rearrangement of
nuclear lamina and viral nuclear egress. Taken together, our findings offer detailed
mechanisms of PCV2 nuclear egress and will help us to further understand the
pathogenic mechanisms of PCV2.

MATERIALS AND METHODS

Reagents and cells. Monoclonal mouse anti-green fluorescent protein (anti-GFP) (catalog num-
ber CSB-MA000051MO0Om) was purchased from Cusabio; rabbit monoclonal anti-GFP antibody (cat-
alog number G10362), rabbit monoclonal anti-Flag antibody (catalog number 701629), mouse
monoclonal anti-Flag antibody (catalog number MA1-91878), horseradish peroxidase (HRP)-
conjugated anti-mouse IgG (catalog number 31430), and anti-rabbit IgG (catalog number 31460)
were purchased from Thermo Fisher; rabbit monoclonal anti-p32 antibody (catalog number 6502),
rabbit anti-PKC-a antibody (catalog number 2056), rabbit monoclonal anti-PKC-8 antibody (catalog
number 9616), rabbit phospho-PKC-8 (Thr505) antibody (catalog number 9374), rabbit phospho-
PKC-6 (Y311) antibody (catalog number 2055), and rabbit monoclonal phospho-lamin A/C (Ser22)
antibody (catalog number 13448) were purchased from Cell Signaling Technology; mouse mono-
clonal anti-p32 antibody was purchased from Hycult Biotech (catalog number HM2014); rabbit
monoclonal anti-phospho-PKC-« (S657) antibody (catalog number 180848) and rabbit monoclonal
anti-lamin B receptor antibody (catalog number 32535) were purchased from Abcam; fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit IgG antibody (catalog number BA1105) was
purchased from Boster; and DyLight 594-conjugated goat anti-mouse IgG antibody (catalog number
JC-PB007HD) was purchased from Jing Cai. Protein G-agarose, protein A-agarose, PKC-« inhibitor
(R0-31-7549) and PKC-6 inhibitor (Rottlerin) were purchased from Santa Cruz; PI3K/Akt inhibitor
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(LY294002), ERK1/2 MAPK inhibitor (PD98059), and p38 MAPK inhibitor (SB203580) were purchased
from Merck; JNK inhibitor SP6000125, PLC inhibitor (U73122), protease inhibitor tail, and HAG (which
blocks diacylglycerol) were purchased from Sigma; and minute cytoplasmic and nuclear extraction
kits for cells (catalog number SC-003) was purchased from Invent Biotechnologies.

HEK 293T (human embryonic kidney 293 cells transfected with SV40 large T-antigen) cells were
purchased from the American Type Culture Collection (ATCC); PK-15 (porcine kidney 15 cell line) cells
were donated from the innovative team of animal pathogen surveillance and epidemiology at the Harbin
Veterinary Research Institute, Chinese Academy of Agricultural Sciences (CAAS). These cells were cultured
in Dulbecco’s modified Eagle medium (DMEM,; Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; HyClone) in a 5% CO, culture.

Plasmids. PCV2 open reading frame 2 (ORF2) and nine deletion mutant fragments were constructed
as described in our previous study (43). Three Cap site-directed mutants (Cap mutant 1, Cap mutant 2,
and Cap mutant 3), as described in the Results, were constructed into a pEGFP vector by overlap PCR.
The porcine p32 gene was amplified from PK-15 cells and then was subcloned into the pCl-neo vector
with Flag tag. Moreover, the p32 gene and Cap were subcloned into the pET-28a vector. The porcine
pkc-8 gene was amplified from PK-15 cells and then subcloned into the pGEX-4T-1 vector; all sequences
were confirmed by sequencing analysis (Sangon Biotech).

CRISPR/Cas9-mediated p32 deletion. To generate p32 knockout cells, we used CRISPR/Cas9 meth-
odology (43, 55). Briefly, three guide RNAs (QRNAs) encoding sequences (sg#1-ACGGCGGTGCCCAGGGC
GCG, sg#2-GGGCTCCTGAGCGTGCGTGC, and sg#3-GCCGGGTCGGTGCAGCCGCC) designed to target the
corresponding sequences of p32 genomic loci were cloned into the BsmB | sites of the Lenti-CRISPRv2
plasmid (catalog number 52961; Addgene). The recombinant vectors were transfected into HEK293T cells
together with psPAX2 (catalog number 12260; Addgene) and pMD2.G (catalog number 12259; Addgene)
to package lentiviral particles. Then, PK-15 cells were infected with recombinant lentiviruses and selected
with 5 ug/ml puromycin (InvivoGen) to obtain p32-deficient cells. The selected single clone cells were
cultured and checked by Western blotting and sequencing.

IF confocal microscopy. Cells were grown on the coverslips in 24-well culture plates and transfected
with indicated plasmids or infected with virus for the indicated time. Cells were fixed with 4%
paraformaldehyde for 20 min at room temperature and permeabilized with 0.1% TritonX-100 for 15 min
at room temperature. Cells were washed with 0.1 M phosphate-buffered saline (PBS) and were further
preincubated with 2% bovine serum albumin for 1 h at 37°C. Then, cells were successively incubated with
primary antibodies overnight and with secondary antibodies for 1 h at 37°C, followed by thrice washing as
described above. After quick staining with 4,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich), coverslips
were mounted onto glass slides in the presence of fluorescence mounting medium. Samples were analyzed
by Leica TCS SP8 laser scanning confocal microscope. Images were recorded using Leica X software.

RNA interference. Specific siRNAs were designed to silence Akt1, JNK1, ERK1, p38 MAPK, PKC-«, and
PKC-8. The sequences of siAkt1, siERK1, and sip38 were referred to in our previous study (56); JNK1,
PKC-a, and PKC-6 siRNAs were designed (JNK1, AAAGAAUGUCUUACCUUCU; PKC-6 1, GCUGCCAUCCAC
AAGAAAU; PKC-6 2, GCAUGAACGUGCACCAUAA; PKC-6 3, GGGCCUCGCUGUCUGU CAA; PKC-a 1, CCAA
UCGUUUCGCCCGCAA, PKC-a 2, GGGACCGAACAA CAAGG AA; PKC-a 3, GCCUCCGUUUGAU GGCGAA) in
this study. The effects of siRNAs were identified by Western blotting. Cells were transfected with specific
siRNAs or negative-control (NC) siRNA using Lipofectamine 3000 (Invitrogen), and then cells were grown
at 37°C for 24 to 48 h and subsequently infected with PCV2 for 36 h. The cells were collected and used
to perform relevant assays.

Coimmunoprecipitation and Western blotting. These methods were performed as in a previous
study (43). In detail, the cells cultured in a 100-mm-diameter dish (Thermo Fisher) were transfected with
indicated plasmids using Lipofectamine 3000; 36 h later, the cells were lysed with lysis buffer (150 mM
NaCl, 50 mM Tris-HCI [pH 7.4], 1% Nonidet P-40, 0.5% TritonX-100, 1 mM EDTA, 0.1% sodium deoxy-
cholate, 1 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, and a protease inhibitor protease
inhibitor cocktail [Sigma-Aldrich]) on ice for 30 min. The cell lysate supernatant was collected by centrifuging
and was then precleared by incubation with protein G/protein A agarose for 1 h at 4°C. The supernatant was
incubated with indicated antibodies for overnight at 4°C and incubated again with protein G agarose/protein
A agarose for 30 min at room temperature. Then, protein G agarose/protein A agarose was centrifuged at
2,000 X g for 10 s, and washed three times with PBS. Finally, the bound proteins were eluted by boiling for
10 min in 2X loading buffer, followed by SDS-PAGE and immunoblotting. The process of immunoblotting was
performed as described in in detail a previous study (43). Immunoreactive bands were visualized using
enhanced chemiluminescence (ECL) reagents (Bio-Rad).

Cell fractionation. Infected cells were briefly treated with trypsin-EDTA and gently resuspended in
DMEM, then centrifuged for 5 min at 3,000 X g and washed with PBS. After completely aspirating the
PBS, 200 ul of nuclear isolation buffer (1.28 M sucrose, 40 mM Tris-HCI [pH 7.5], 20 mM MgCl,, and 4%
TritonX-100), 200 wl PBS, and 600 ul water were added to each sample, the pellets were gently
resuspended, and placed on ice for 20 min. Samples were centrifuged at 2,500 X g for 15 min.
Supernatants (cytoplasmic fractions) were collected, and then the pellets (nuclear fraction) were gently
resuspended in 500 ul 0.1 M PBS. Both the cytoplasmic and nuclear fractions were processed following
the viral extraction protocol recommended by the manufacturer.

The construction of PCV2 and PCV2 mutants. Wild-type PCV2 strain (genotype PCV2b; GenBank
accession number MH492006) was isolated and stocked in our lab. To construct a PCV2b mutant strain
(PCV2RmA), primers were designed in which arginine residues (24 to 26) encoding nucleotides of Cap
were replaced by alanine (AAA)-encoding nucleotides, and then genes of the PCV2b mutant were
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amplified from wild-type PCV2 genomes by overlap PCR. The PCV2b mutant progeny virions were

produced in wild-type PK-15 cells and used in the animal experiments in this study.
The genomic DNAs of PCV2 (PCV2a, PCV2c¢, PCV2d, and PCV2e) were constructed by gene synthesis;

in PCV2RmA mutants, the encoding nucleotides of arginine residues (24 to 26) were replaced with the
nucleotides encoding alanine (AAA), and the PCV2 and PCV2RmA mutant progeny virions were produced
in wild-type PK-15 cells. The GenBank accession numbers of PCV2a, PCV2c, PCV2d, and PCV2e are
KF871067, EU148504, MG833033, and MF589523, respectively.

Animal experiment. Fifteen 5-week-old piglets, free of PCV2, porcine reproductive and respiratory

syndrome virus, classical swine fever virus, pseudorabies virus, porcine parvovirus, swine influenza virus,
and Mycoplasma hyopneumoniae infection, were randomly assigned to 3 groups of 5 piglets each and
housed separately. The pigs in group 1 were inoculated with 1 X 106 50% tissue culture infective dose
(TCID,,) of PCV2. Those in group 2 were each inoculated with 1 X 106 TCID,, of PCV2RmA. The pigs in
group 3 were inoculated with PBS for a negative control. Postchallenge, pigs were monitored for 28 days
for rectal temperatures and clinical signs. Blood were collected from all animals on 0, 7, 14, 21, and
28 days postinfection (dpi) for detection of PCV2 using real-time PCR.
Ethics statement. All animal experiments were approved by the Institutional Animal Care and Use
Committee (IACUC) of Northwest A&F University (permit numbers 20161112 and 20170516) and were
performed according to the Animal Ethics Procedures and Guidelines of the People’s Republic of China.
No other specific permissions were required for these activities. This study did not involve endangered
or protected species.
Pathological examination. Necropsies of piglets were performed at 28 dpi, and superficial inguinal
lymph node, lung, liver, heart, spleen, kidney, brain, and stomach tissues were collected. Samples were
then fixed by 10% formalin, embedded in paraffin wax, sliced in a microtome (Leica) to 4 um, and affixed
onto the slides, followed by hematoxylin and eosin (HE) staining for microscopic examination and
immunohistochemistry (IHC) staining for PCV2 infection detection (57).

Statistical analysis. Data are expressed as mean = standard error of the mean (SEM) (standard

deviation [SD]). Statistical analyses were performed with GraphPad Prism 5 software. Immunofluores-
cence values were calculated using Image-Pro Plus 6.0. A P value of <0.05 was considered significant.
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