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Porcine circovirus type 4 (PCV4) is an emerging etiological agent which was first
detected in 2019. The nucleolar localization signal (NoLS) of PCV4 Cap protein and its
binding host cellular proteins are still not elucidated. In the present study, we discovered
a distinct novel NoLS of PCV4 Cap, which bound to the nucleolar phosphoprotein
nucleophosmin-1 (NPM1). The NoLS of PCV4 Cap and serine-48 residue at the
N-terminal oligomerization domain of NPM1 were necessary for PCV4 Cap/NPM1
interaction. Furthermore, the charge property of serine residue at position 48 of the
NPM1 was crucial for its oligomerization and interaction with PCV4 Cap. In summary, our
findings show for the first time that the PCV4 Cap NoLS and the NPM1 oligomerization
determine the interaction of Cap/NPM1.

Keywords: porcine circovirus type 4, capsid protein, nucleolar localization signal, nucleolar phosphoprotein
nucleophosmin-1, amino acid charge property

INTRODUCTION

Porcine circoviruses (PCVs), which are small non-enveloped viruses within the genus Circovirus of
the family Circoviridae, have a circular single-stranded DNA (ssDNA) genome with a size of about
1.7–2.0 kb in length (Breitbart et al., 2017). Four genotypes of PCVs (PCV1, PCV2, PCV3, and
PCV4) have been recognized (Zhang et al., 2019; Oh and Chae, 2020; Opriessnig et al., 2020). PCV1
is not an etiological agent for pigs, but PCV2 infection results in a wide range of clinical symptoms,
causing enormous economic loss to the global swine industries (Tischer et al., 1982; Gillespie et al.,
2009). PCV3 was first detected in the United States in 2015 with metagenomic sequencing and is
associated with various clinical diseases, including porcine dermatitis and nephropathy syndrome
(PDNS), reproductive failure, respiratory disease, and diarrhea (Phan et al., 2016; Palinski et al.,
2017; Jiang et al., 2019). PCV4, a previously unidentified PCV, which was first detected in Hunan
province, China, in 2019, was considered to be related to serious clinical signs, including respiratory
distress and PDNS (Zhang et al., 2019). Since then, PCV4 has also been discovered in some
other provinces in China (Sun et al., 2020; Chen et al., 2021; Ha et al., 2021; Tian et al., 2021),
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demonstrating that PCV4 is probably prevalent in Chinese pig
farms. Additionally, PCV4 was also reported in South Korea
but was not discovered in Italy and Spain (Franzo et al., 2020;
Nguyen et al., 2021).

The PCV4 genome contains a size of 1,770 nucleotides (nt)
in length and encodes two major open reading frames (ORFs),
namely, a replicase (Rep) and a capsid (Cap) gene (Zhang et al.,
2019). Due to lack of autonomous DNA polymerases, circoviruses
rely on the host cell’s replication machinery for viral DNA
synthesis (Heath et al., 2006). For all PCVs, the N-terminal
amino acids of the Cap protein constitute a nuclear localization
signal (NLS) (Liu et al., 2001; Shuai et al., 2008; Mou et al.,
2019). The NLS sequences, which consist of conserved amino
acids, can be grouped into monopartite and bipartite motifs
for transporting cellular proteins into the nucleus (Jans et al.,
2000). The amino acid sequences of PCV4 Cap protein are
remarkably distinct from those of PCV1, PCV2, and PCV3, but
their motifs share high similarities within the NLSs regardless
of different PCV genotypes (Liu et al., 2001; Shuai et al., 2008;
Mou et al., 2019). The viral proteins containing NLS play a
major role in viral genome replication, protein synthesis, and
cell cycle progression and division (Wurm et al., 2001; Hiscox,
2002; Salvetti and Greco, 2014). As a newly identified virus with
potentially evident implications on pig farming, the functions of
PCV4 viral proteins are still not completely clear. Thus, mapping
the functional NLS in PCV4 Cap will help us understand the
function of the viral protein.

Nucleolar phosphoprotein nucleophosmin-1 (NPM1)
participates in a number of cellular processes, such as DNA
replication and repair, modulation of cell growth, ribosome
biogenesis, and nucleocytoplasmic transport (Lindstrom,
2011). NPM1 is a multifaceted protein primarily situated
in the nucleolus but frequently transporting between the
nucleus and cytoplasm (Yun et al., 2003). Furthermore, NPM1
possesses a defined structure with functional domains containing
an N-terminal oligomerization domain (OligoD), a central
histone-binding domain (HistonD), and a C-terminal nucleic
acid-binding domain (NBD) (Okuwaki, 2008). NPM1 has
also been shown to involve various phases of viral infection
by interacting with a wealth of viral proteins, such as human
immunodeficiency virus type 1 (HIV-1) Rev (Fankhauser
et al., 1991), human T-cell leukemia virus type 1 (HTLV-1)
Rex (Adachi et al., 1993), adenoviral core (Samad et al., 2007),
Japanese encephalitis virus (JEV) core (Tsuda et al., 2006), herpes
simplex virus type 1 (HSV-1) UL24 (Lymberopoulos et al., 2011),
Epstein–Barr virus nuclear antigen 2 (Liu et al., 2012), and capsid
proteins of PCV2 and PCV3 (Zhou J. et al., 2020; Zhou J.W. et al.,
2020; Song et al., 2021; Zhou et al., 2021). However, whether
NPM1 binds to PCV4 Cap remains unknown.

In the present study, we reported that the nucleolar
localization signal (NoLS) of PCV4 Cap and serine-48 residue
of the NPM1 N-terminal oligomerization domain are required
for PCV4 Cap/NPM1 interaction. Furthermore, the serine-48
charge property of the NPM1 is crucial for its oligomerization and
interaction with PCV4 Cap. Overall, these results indicate for the
first time that the NoLS of PCV4 Cap and oligomerization of the
NPM1 determine Cap/NPM1 interaction.

RESULTS

The Amino Acid Residues 1–37 at the
N-Terminus of Porcine Circovirus Type 4
Cap Comprise a Nucleolar Localization
Signal
An Internet website (NucleOlar location sequence Detector1 and
NLS Mapper2) was used to testify whether PCV4 Cap bears a
NoLS. Luckily, a distinct novel NoLS might be present at the
Cap N-terminal of all PCV4 strains deposited in GenBank. In
order to confirm the NoLS, we constructed a huge range of PCV4
Cap-truncated mutants fused with GFP: Cap-WT (1–228 aa),
Cap-M1 (38–228 aa), Cap-M2 (1–37 aa), Cap-M3 (1–20 aa), and
Cap-M4 (21–37 aa) (Figure 1A). The indicated plasmids were,
respectively, co-transfected into HEK293T cells together with the
mCherry-nucleolin (NCL) plasmid. Confocal microscopy assays
demonstrated that GFP-PCV4-Cap-WT, Cap-M2, and Cap-M3
could accumulate mostly in the nucleolus and colocalized with
mCherry-NCL, while GFP-PCV4-Cap-M1 and Cap-M4 were
located in the cytoplasm and nucleus, respectively (Figure 1B).
The results indicated that amino acid residues 1–37 (mainly 1–
20 aa) at the N-terminus of PCV4 Cap was a NoLS and played a
prominent role in nucleolar localization.

Porcine Circovirus Type 4 Cap Binds to
Nucleolar Protein Nucleolar
Phosphoprotein Nucleophosmin-1
As the NoLSs of Cap within different PCV genotypes exhibit
high amino acid sequence homology and PCV2 and PCV3
Cap interact with NPM1 (Zhou J. et al., 2020; Zhou J.W.
et al., 2020; Zhou et al., 2021), we continued to examine the
intracellular localization of PCV4 Cap to NPM1. The results
indicated that PCV4 Cap overlapped with NPM1 in the nucleoli
of co-transfected HEK293T cells and PK-15 cells (Figures 2A,B).
To further determine the relationship between PCV4 Cap and
NPM1, co-immunoprecipitation (Co-IP) assays were conducted
during transfection. We found that PCV4 Cap interacted
with NPM1 in co-transfected HEK293T cells (Figures 2C–E).
In addition, glutathione-S-transferase (GST) pull-down assays
further confirmed that NPM1 interacted directly with PCV4
Cap (Figure 2F). These results showed that PCV4 Cap binds
directly to NPM1.

Amino Acid Residues 1–20 at the
N-Terminus of Porcine Circovirus Type 4
Cap Are Essential for Association With
Nucleolar Phosphoprotein
Nucleophosmin-1
To verify the domain within PCV4 Cap essential for binding
to NPM1, plasmids GFP-PCV4 Cap-WT, Cap-M1, Cap-M2,
Cap-M3, and Cap-M4 were, respectively, co-transfected into
HEK293T cells along with the Flag-NPM1 plasmid. The results

1http://www.compbio.dundee.ac.uk/www-nod/index.jsp
2http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi
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FIGURE 1 | The N-terminal residues 1–37 of PCV4 Cap are a nucleolar localization signal. (A) Schematic depicting the truncated mutants of PCV4 Cap in the
context. (B) HEK293T cells were co-transfected with mCherry-NCL and GFP-PCV4-Cap-WT, Cap-M1, Cap-M2, Cap-M3, or Cap-M4 for 24 h. The HEK293T cells
were incubated with DAPI and then observed under a confocal microscope. Scale bar, 10 µm.

showed that amino acids (aa) 1–37 (M2) and 1–20 (M3) and
the full-length PCV4 Cap (WT) could bind to NPM1, but aa
38–228 (M1) and aa 21–37 (M4) of Cap could not bind to NPM1

(Figures 3A,B). The results showed that the amino acid residues
1–20 at the N-terminus of Cap are essential for the interaction of
PCV4 Cap with NPM1.
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FIGURE 2 | PCV4 Cap binds to NPM1. (A,B) Colocalization of NPM1 with
PCV4 Cap in co-transfected cells. HEK293T cells (A) or PK-15 cells (B) were
co-transfected with GFP-PCV4-Cap and mCherry-NPM1 for 24 h, and the
cells were fixed followed by nuclei staining with DAPI (A,B). Scale bar, 10 µm.
(C) PK-15 cells were co-transfected with an empty vector and
Flag-PCV4-Cap for 48 h. (D,E) The cell lysate extracts were
immunoprecipitated with Flag beads (C,D) or anti-Myc purified IgG (E).
(F) The Flag-PCV4-Cap-transfected HEK293T cell lysates mixed with the
GST, and GST-NPM1 proteins subjected to a GST pull-down assay and then
detected by western blotting using corresponding antibodies.

Serine-48 in the Oligomerization Domain
of Nucleolar Phosphoprotein
Nucleophosmin-1 Is Required for
Interaction With Porcine Circovirus Type
4 Cap
To testify that the domain in NPM1 is essential for interaction
with PCV4 Cap, plasmids NPM1-WT (1–294 aa), NPM1-OligoD
(1–117 aa), NPM1-HistonD (118–188 aa), NPM1-NBD
(189–294 aa), NPM1-OligoD-HistonD (1–188 aa), NPM1-
HistonD-NBD (118–294 aa), and NPM1-OligoD-NBD

(1–117 aa + 189–294 aa) were, respectively, co-transfected
into HEK293T cells together with the Flag-PCV4-Cap or
Flag-gst-PCV4-Cap plasmid. The results demonstrated that the
truncated mutants OligoD, OligoD-HistonD, and OligoD-NBD
bound to PCV4 Cap, but HistonD, NBD, and HistonD-NBD
did not (Figures 4A,B), demonstrating that the oligomerization
domain of NPM1 is essential for interaction with PCV4 Cap.

Phosphorylation of the oligomerization domain of NPM1
is required for its structural polymorphism (Mitrea et al.,
2014). To characterize the pivotal amino acid residues in the
oligomerization domain of NPM1 responsible for binding to
PCV4 Cap, we co-transfected a huge range of GFP-NPM1
mutants, containing GFP-NPM1-S48A, GFP-NPM1-S48E, GFP-
NPM1-S88A, GFP-NPM1-S88E, GFP-NPM1-T95A, and GFP-
NPM1-T95D, into HEK293T cells and conducted Co-IP and
GST pull-down assays. We found that that the mutants
NPM1-S48A, S88A, T95A, S88E, and T95D interacted with
Flag-PCV4-Cap or Flag-gst-PCV4-Cap. However, the mimic-
phosphorylated mutant S48E was not able to interact with PCV4
Cap (Figures 4C,D). Taken together, these results demonstrated
that the unphosphorylated serine-48 of NPM1 was essential for
PCV4 Cap/NPM1 interaction.

Serine-48 Charge Property Plays a Vital
Role in Nucleolar Phosphoprotein
Nucleophosmin-1 Oligomerization and
Its Interaction With Porcine Circovirus
Type 4 Cap
The mutant NPM1-S48A but not the mutant NPM1-S48E bound
to PCV4 Cap, which spurred us to further analyze the amino acid
residue serine-48. The distinct charge properties existed between
S48A and S48E; thus, we determined whether the serine-48
charge property of NPM1 was required for interaction with PCV4
Cap. Overexpression plasmids of GFP-NPM1-WT, GFP-NPM1-
S48A, GFP-NPM1-S48D, GFP-NPM1-S48E, GFP-NPM1-S48K,
GFP-NPM1-S48R, and GFP-NPM1-S48T were subjected to Co-
IP and GST pull-down assays. We found that NPM1 bearing a
neutral amino acid in serine-48 still bound to PCV4 Cap, but
replacing the neutral amino acid with an acidic or basic one
failed to interact with PCV4 Cap (Figures 5A,B). Therefore, these
results indicated that the serine-48 charge property of NPM1 was
essential for binding to PCV4 Cap.

To further characterize whether replacements of charged
amino acids at serine-48 disrupted the oligomerization of NPM1
and then abolished NPM1/Cap interaction, we examined the
interaction between GFP-tagged NPM1 mutants and endogenous
NPM1 to test their ability to form oligomers. Lysate extracts of
PK-15 cells after transfection with empty vector, GFP-NPM1-
WT, GFP-NPM1-S48A, GFP-NPM1-S48D, GFP-NPM1-S48E,
GFP-NPM1-S48K, GFP-NPM1-S48R, or GFP-NPM1-S48T for
48 h were immunoprecipitated with anti-GFP purified IgG and
subjected to Co-IP assays. The results demonstrated that NPM1
bearing non-charged amino acids at serine-48 still interacted with
endogenous NPM1, whereas switching of non-charged amino
acids to charged ones reduced dramatically (Figure 5C). Hereby,
we propose that charged amino acids replaced with serine-48
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FIGURE 3 | N-terminal residues 1–20 of PCV4 Cap are essential for binding to NPM1. (A,B) HEK293T cells were co-transfected with plasmids containing full-length
PCV4 Cap or truncated mutants, together with the Flag-NPM1 plasmid for 48 h; the cell lysate extracts were immunoprecipitated with Flag beads (A) or anti-GFP
purified IgG (B) and then detected by western blotting using the indicated antibodies.

may alter the spatial conformation of NPM1 and disrupt the
oligomerization of NPM1, which agreed with the previous study
(Mitrea et al., 2014). Taken together, we concluded that the
serine-48 charge property of NPM1 plays a major role in its
oligomerization status and interaction with PCV4 Cap.

DISCUSSION

Porcine circovirus type 4 is an emerging etiological agent
with enormous economic loss to global pig farms, which is
linked to diverse clinical symptoms, including respiratory and
gastrointestinal signs and PDNS (Zhang et al., 2019). Since 2019,
PCV4 has been reported in about six provinces in China (Zhang
et al., 2019; Sun et al., 2020; Chen et al., 2021; Ha et al., 2021; Tian
et al., 2021). The PCV4 genome bears two ORFs: ORF1 encoding
replicase and ORF2 encoding capsid (Zhang et al., 2019). The
capsid protein belongs to the karyophilic proteins which are
situated in the nucleus (Cheung and Bolin, 2002; Heath et al.,
2006), and we found that PCV4 Cap could locate in the nucleolus
as well (Figure 1B). Sequence analyses demonstrated that the
N-terminus of Cap from different PCV genotypes contains
highly conserved basic amino acids (Zhou J.W. et al., 2020).
The intracellular distribution of truncated PCV4 Cap indicated
that the N-terminal amino acid residues 1–37 of PCV4 Cap
mediated the translocation of the capsid protein into the nucleus
(Figure 1B). This is common to PCV1, PCV2, and PCV3 Cap
(Liu et al., 2001; Shuai et al., 2008; Mou et al., 2019).

The NLSs are considered crucial components of viruses-
encoding proteins (Wurm et al., 2001; Hiscox, 2002; Salvetti and
Greco, 2014). Specific viral proteins containing NoLSs play a wide
variety of roles in modulating cellular transcription and division
as well as virus transcription and translation (Puviondutilleul and
Christensen, 1993; Liu et al., 1997; Hiscox et al., 2001; Matthews,
2001; Wurm et al., 2001). No strict consensus sequences are

observed on NLS, but the sequences are generally classified into
monopartite or bipartite NLS (Silver, 1991). The motif of NoLS
in PCV4 Cap (8RRRR-RR-RRR20) is similar to those identified
in PCV1 Cap (4PRRR-RRRR-RPR-H18), PCV2 Cap (4PRRR-
RRRRHRPR18), and PCV3 Cap (8RRR-R-RRRRRHRRR22) (Liu
et al., 2001; Shuai et al., 2008; Mou et al., 2019). Synthesis
of circovirus DNA occurs exclusively in the host cell nucleus,
and the active nuclear import of ssDNA molecules requires
karyophilic proteins (Heath et al., 2006). For PCVs and beak and
feather disease virus, the NLS is essential for DNA accumulation
(Cheung and Bolin, 2002; Heath et al., 2006). The N-terminus of
PCV2 Cap can bind to receptor gC1qR on the nuclear membrane
to modulate DNA binding (Fotso et al., 2016). This implies that
the NLS of PCV4 Cap may contribute to DNA binding regulation
of viral replication as well.

As a multifunctional nuclear protein, NPM1 takes part in
multiple aspects of the viral life cycle, containing entry of
the nucleus, viral genome synthesis, assembly of the capsid,
and egress by interaction with viral NLS-containing proteins
(Liu et al., 2012; Jeong et al., 2014; Day et al., 2015; Nouri
et al., 2015). NPM1 is also a multifaceted protein bearing
ribonuclease, molecular chaperone, and nucleic acid-binding
activities (Okuwaki, 2008). The region binding to the core
protein of Japanese encephalitis virus was mapped at the
NPM1 N-terminus (Tsuda et al., 2006). The regions interacting
with PCV2 and PCV3 Cap were also mapped at the NPM1
N-terminus, and serine-48 was indispensable for the interaction
of PCV2 or PCV3 Cap with NPM1 (Zhou J. et al., 2020; Zhou
J.W. et al., 2020; Zhou et al., 2021). Whether PCV4 Cap, bearing a
previously unidentified NoLS, could interact with NPM1 and the
role of PCV4 Cap in the viral replication have not been studied.

Our results showed that amino acid residues 1–37 at the
N-terminus of PCV4 Cap comprise a NoLS (Figure 1). PCV4
Cap binds to nucleolar protein NPM1, and amino acid residues
1–20 at the N-terminus of PCV4 Cap are essential for association
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FIGURE 4 | NPM1 serine-48 is crucial for binding to PCV4 Cap. (A,B) The NPM1-OligoD (1–117 aa) interacted with PCV4 Cap. HEK293T cells were co-transfected
with expression plasmids GFP-NPM1-WT or its serial GFP-NPM1 truncated mutants M1 to M6, together with the Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid.
The cell lysate extracts were immunoprecipitated or subjected to a GST pull-down assay followed by western blotting using the indicated antibodies. (C,D) Mapping
the critical amino acids of OligoD required for interaction with PCV4 Cap. HEK293T cells were co-transfected with NPM1 or NPM1 mutant plasmids (NPM1-S48A,
NPM1-S48E, NPM1-S88A, NPM1-S88E, NPM1-T95A, or NPM1-T95D), together with the Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid, and the cell lysate
extracts were immunoprecipitated or subjected to a GST pull-down assay followed by western blotting using the indicated antibodies.

with NPM1 (Figures 2, 3). In addition, we demonstrated
that the serine-48 charge property of NPM1 is crucial for its
oligomerization and spatial conformation and binding to PCV4
Cap (Figures 4, 5). Intriguingly, when the serine-48 residue of
NPM1 was mutated to neutral amino acids (Ala, Thr, etc.), it
retained nucleolar localization. However, when it was mutated
to acidic amino acids (Glu and Asp) or alkaline amino acids
(Lys, Arg, and His), it no longer localized in the nucleolus
(Zhou et al., 2021). Phosphorylation of the oligomerization
domain is responsible for the spatial conformation of NPM1
and its nucleolar localization (Mitrea et al., 2014); we thus
speculate that different charge properties of NPM1 affect its
subcellular localization and interaction with other proteins and

conclude that the serine-48 charge property of NPM1 is crucial
for its oligomerization and spatial conformation and binding
to PCV4 Cap (Figure 5). Considering that the NoLS at the
N-terminus of PCV4 Cap functions as an NPM1 binding site,
we hypothesize that NPM1 promotes intracellular nucleolar
trafficking of PCV4 Cap. The NPM1 targets PCV4 Cap to the
nucleolus via interaction with its NoLS and facilitates assembly of
viral particles, and hence, it is essential for viral replication inside
the nucleus of infected cells, which is consistent with the previous
study (Duan et al., 2014).

At the early stage of PCV infection, Cap may enter the
nucleolus for supporting viral transcription and genome DNA
replication or disturbing the cell cycle progression of the S
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FIGURE 5 | The serine-48 charge property of NPM1 determines its oligomerization and NPM1/Cap interaction. (A,B) The serine-48 charge property of NPM1 is
essential for interaction with PCV4 Cap. HEK293T cells were co-transfected with NPM1 or NPM1 mutant plasmids (NPM1-S48A, NPM1-S48D, NPM1-S48E,
NPM1-S48K, NPM1-S48R, or NPM1-S48T), together with the Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid, and the cell lysate extracts were immunoprecipitated
or subjected to GST pull-down assay followed by western blotting using the indicated antibodies. (C) Charged amino acids replaced by serine-48 disrupted the
oligomerization of NPM1. Lysate extracts of PK-15 cells co-transfected with an empty vector, GFP-NPM1-WT, GFP-NPM1-S48A, GFP-NPM1-S48D,
GFP-NPM1-S48E, GFP-NPM1-S48K, GFP-NPM1-S48R, or GFP-NPM1-S48T for 48 h were immunoprecipitated with anti-GFP purified IgG and then subjected to
Co-IP assays.

phase and synthesis of related cellular proteins (Finsterbusch
et al., 2005). Accumulation of the viral proteins Rep, Rep’, and
Cap in the nucleoplasm during PCV infection implied that
encapsidation of the circular ssDNA and DNA replication occur
exclusively in the nucleus but not in cytoplasmic compartments
(Liu et al., 2001; Finsterbusch et al., 2005). It will be of great
interest to further investigate whether Cap of PCV4 binds to
other host factors for regulation of viral transcription.

In summary, our results mapped the NoLS of PCV4 Cap and
showed that the serine-48 charge property of NPM1 played a
vital role in its oligomerization and interaction with PCV4 Cap.

Overall, this study broadens our insight into the nucleolar entry
of PCV4 Cap and interaction with NPM1, thereby leading to
highlighting potential targets for therapeutic intervention and
prophylactic control of PCV4 infection.

MATERIALS AND METHODS

Cells
PK-15 cells were cultivated in minimal essential medium (MEM)
(Gibco, Carlsbad, CA, United States) supplemented with 10%
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TABLE 1 | List of primers adopted in the study.

Gene product Sense primer (5′ to 3′) Antisense primer (5′ to 3′)

PCV4 Cap (1–228 aa) ATGCCAATCAGATCTAGGTACA TTATCCCTGTTTGGGGTAGTTAACA

PCV4 Cap (38–228 aa) ATG CATGCGCGCTTCATGAGGGA TTATCCCTGTTTGGGGTAGTTAACA

PCV4 Cap (1–37 aa) ATGCCAATCAGATCTAGGTACA TTA GTTCTTCCTTCTCCACCGGTATCTC

PCV4 Cap (1–20 aa) TCGAGATGCCAATCAGATCTAGGTACAGCAGACGGAGGCGG
AACCGGCGGAACCAGCGCAGGCGGTAAG

AATTCTTACCGCCTGCGCTGGTTCCGCCGGTTCCG
CCTCCGTCTGCTGTACCTAGATCTGATTGGCATC

PCV4 Cap (21–37 aa) TCGAGGGACTGTGGCCCCGGGCCAATAGGCGGAGATACCG
GTGGAGAAGGAAGAACTAAG

AATTCTTAGTTCTTCCTTCTCCACCGGTATCTCCGC
CTATTGGCCCGGGGCCACAGTCC C

fetal bovine serum (FBS) (Gibco). HEK293T cells (CRL-11268,
ATCC, Manassas, VA, United States) were maintained in
Dulbecco’s modified Eagle medium (DMEM) (Gibco). Both PK-
15 and HEK293T cells were maintained in an incubator with 5%
CO2 at 37◦C.

Antibodies and Reagents
Mouse monoclonal antibodies (mAbs) raised against GST
(M0807-1) and β-actin (M1210-2) as well as rabbit polyclonal
antibodies (pAbs) raised against Flag (0912-1), Myc (R1208-1),
and GFP (SR48-02) were obtained from Huaan Biological
Technology (Hangzhou, China). Mouse anti-Flag (F1804) and
anti-Myc (05-419) mAbs were purchased from Sigma-Aldrich
(St. Louis, MO, United States). Rabbit mAb raised against
NPM1 (ab52644) was obtained from Abcam (Cambridge,
MA, United States). Anti-Flag affinity resin (A2220) for
immunoprecipitation was obtained from Sigma-Aldrich. NP-
40 cell lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl,
1% NP-40] was obtained from Beyotime (P0013F; Shanghai,
China). Horseradish peroxidase (HRP)-conjugated goat anti-
rabbit and anti-mouse IgG were obtained from KPL (Milford,
MA, United States).

Construction and Transfection of
Plasmid
DNA fragments containing full-length and truncated
PCV4 Cap variants were amplified by polymerase chain
reaction (PCR) from PCV4 genomic DNA (accession
no. MK986820.1) (Zhang et al., 2019) and cloned into
vectors pCMV-Flag-N, pCMV-Flag-gst-N, pCMV-Myc-N,
or pEGFP-C3 (Clontech, Palo Alto, CA, United States) to
obtain plasmids Flag-PCV4-Cap, Flag-gst-PCV4-Cap, GFP-
PCV4-Cap-WT (1–228 aa), GFP-PCV4-Cap-M1 (38–228 aa),
GFP-PCV4-Cap-M2 (1–37 aa), Myc-PCV4-Cap, GFP-PCV4-
Cap-M3 (1–20 aa), and GFP-PCV4-Cap-M4 (21–37 aa).
NCL (accession no. XM_021074959.1) and NPM1 (accession
no. XM_013990662.2) and its truncated NPM1 variants
from PK-15 cells were cloned into vectors pCMV-Flag-N,
pmCherry-C1, pEGFP-C3, and pGEX-4T-1 (GE Healthcare
Biosciences, Piscataway, NJ, United States) to obtain plasmids
mCherry-NCL, mCherry-NPM1, Flag-NPM1, GFP-NPM1-WT
(1–294 aa), GFP-NPM1-M1 (1–117 aa), GFP-NPM1-M2
(118–188 aa), GFP-NPM1-M3 (189–294 aa), GFP-NPM1-M4
(1–188 aa), GFP-NPM1-M5 (118–294 aa), GFP-NPM1-M6

(1–117 aa + 189–294 aa), GFP-NPM1-S88A, GFP-NPM1-
S88E, GFP-NPM1-T95A, GFP-NPM1-T95D, GFP-NPM1-S48E,
GFP-NPM1-S48D, GFP-NPM1-S48A, GFP-NPM1-S48T, GFP-
NPM1-S48K, and GFP-NPM1-S48R. The primers used are
summarized in Table 1. PK-15 or HEK293T cells grown
onto plates or glass coverslips up to 70–90% confluency were
transfected or co-transfected with 4.0 µg of the, respectively,
indicated plasmids using the jetPRIME transfection reagent
(Polyplus Transfection, New York, NY, United States) or ExFect
transfection reagent (T101-01/02, Vazyme Biotechnology,
Nanjing, China) as described in the manufacturer’s protocols.

Confocal Microscopy
PK-15 or HEK293T cells co-transfected with 2.0 µg of the,
respectively, indicated plasmids fused with mCherry or GFP tags
for 24 h were fixed with 4% paraformaldehyde, stained with
DAPI, and observed under a Nikon Al confocal microscope.

Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis and Western Blotting
The cell lysate extracts after transfection or co-transfection were
collected and separated by standard sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to nitrocellulose membranes (GE Healthcare). After being
blocked, the membranes were incubated with primary antibodies
followed by being incubated with HRP-conjugated secondary
antibodies. An enhanced chemiluminescence reagent (34096,
Thermo Scientific) was used to visualize immunoreactive protein
bands and further imaged by AI800 Images (GE Healthcare).

Co-immunoprecipitation and
Glutathione-S-Transferase Pull-Down
Assays
For Co-IP assays, the cell lysate extracts from HEK293T cells co-
transfected with 4.0 µg of the, respectively, indicated plasmids
for 48 h were pretreated with protein A/G plus agarose (sc-
2002, Santa Cruz Biotechnology), immunoprecipitated using
anti-Flag beads, and then boiled before SDS-PAGE. For GST pull-
down assays, expressed GST and GST-NPM1 were purified and
immobilized on glutathione agarose beads (16100, Thermo Fisher
Scientific, United States) to prepare the bait proteins, while Flag-
PCV4-Cap-transfected HEK293T cell lysates served as the prey
proteins. The detailed procedures for Co-IP and GST pull-down
assays were performed as described elsewhere (Zhou J. et al.,
2020; Zhou J.W. et al., 2020; Zhou et al., 2021).
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