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Abstract Porcine circovirus type 2 (PCV2) is the primary

causative agent of porcine circovirus-associated diseases in

swine and is also described as the modulator of host

immunity that exacerbates the clinical outcome of many

bacterial and viral infections. To date, it has caused

increasingly larger losses in the pig industry worldwide.

The genomic DNA of PCV2 is predicted to contain 11

open reading frames (ORFs) and at least seven potential

ORFs-encoding proteins larger than 5 kDa. Currently,

however, only five virally encoded proteins (Rep, Rep0,
Cap, ORF3, and ORF4 protein) have been identified in

PCV2 replication. In the present review, we strive to dis-

cuss the current understanding of the genomic DNA of

PCV2 with the purpose of providing insight into the sci-

entific basis of the pathogenesis of PCV2 and the preven-

tion of its infection.
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Introduction

Porcine circovirus type 2 (PCV2) is classified into the

genus Circovirus of the family Circoviridae, which

encompasses a group of other animal circoviruses includ-

ing goose circovirus, canary circovirus, psittacine beak and

feather disease virus, chicken anemia virus, and pigeon or

columbid circovirus [1–5]. PCV2 was originally identified

as the etiological agent of naturally occurring post-weaning

multisystemic wasting syndrome (PMWS) in swine [6–9].

This condition has been experimentally reproduced in

gnotobiotic, specific pathogen-free (SPF), conventional

pigs [10–12] and BALB/c mice [13–15]. Many other

conditions like porcine respiratory disease complex, por-

cine dermatitis and nephropathy syndrome [16, 17], con-

genital tremors, fetal myocarditis, and reproductive failure

are also described to be associated with PCV2 infection

[18–21], which are collectively known as porcine circovi-

rus-associated diseases (PCVD/PCVAD) [22].

The PCV2 virus was first identified within high-health

herds in western Canada in 1991 [23] and primarily affects

5–18-week-old weanling piglets. Morbidity rates may vary

(15–20 %) and occasionally reach 60–80 % in complicated

cases [24, 25]. Pigs affected by PMWS show weight loss or

unthriftiness, enlarged lymph nodes, dyspnea, tachypnea,

anemia, diarrhea, and jaundice. PCV2 infection leads to

lymphoid depletion, histiocytic infiltration, and ultimately

immunosuppression. PCV2 infection is also found as a

coincident co-infection with other pathogens like Hae-

mophilus parasuis, Mycoplasma hyopneumoniae, porcine

parvovirus, and porcine reproductive and respiratory syn-

drome virus [8, 25–28]. PCV2 infection is currently con-

sidered to be endemic in most of the swine-producing

countries of the world [16].

PCV2 virion is icosahedral, non-enveloped, and 17 nm

in diameter [29]. Phylogenetic analysis indicated that

PCV2 strains could be divided into five genotypes (PCV2a,

PCV2b, PCV2c, PCV2d, and PCV2e) based on performing

pairwise sequence comparison analysis of PCV2 isolates

[30–34]. In another related study, PCV2 genotype was also

defined as two subgroups with eight clusters (1A–1C and

2A–2E) [35].

Q. Lv � K. Guo � Y. Zhang (&)

College of Veterinary Medicine, Northwest A&F University, 22

Xinong Road, Yangling 712100, Shaanxi, China

e-mail: zhangym@nwsuaf.edu.cn

123

Virus Genes (2014) 49:1–10

DOI 10.1007/s11262-014-1099-z



PCV2 genome is a single-stranded, closed circular DNA

containing 1,766–1,768 nucleotides (nt). The genome size

of PCV2 is reduced to the absolute necessities to perform

copying and packaging of the viral genome [36]. The

genome encodes proteins by both the encapsidated viral

DNA and the complementary DNA of the replicative

intermediate (RI) synthesized in the host [37] and is

computationally predicted to possess 11 overlapping open

reading frames (ORFs) [38]. The 1, 5, 7, and 10 ORFs are

located on the viral plus-strand and transcribe clockwise,

while the 2, 3, 4, 6, 8, 9, and 11 ORFs are encoded by the

complementary strand and transcribe counterclockwise

[38]. These ORFs perform overlapping genetic structure

that can take full advantage of the limited viral genetic

material, which may be the result of natural selection

during the process of biological evolution. ORF1 and

ORF2 genes are the two major open reading frames (ORFs)

and orientated in opposite directions (Fig. 1). This

arrangement generates an ambisense genome organization

and creates two intergenic regions (IR). The shorter inter-

genic region is located between the 30-ends of the ORF1

and ORF2 gene, while the larger one locates between their

50-ends and contains the origin of viral genome replication.

PCV2 replication originates from a putative stem-loop (SL)

structure and replicates via rolling-circle replication (RCR)

(Fig. 1). Presence of the similarities between genomic

organization and replication strategy indicates that PCV2 is

closely related to plant geminiviruses and nanoviruses.

Although there have been extensive studies on PCV2

and associated diseases over the last decade [36], to date,

only eleven PCV2-specific RNA transcripts (designated

CR, Rep, Rep0, Rep3a, Rep3b, Rep3c, NS515, NS672,

NS0, ORF3, and ORF4) have been detected. The viral

RNAs of the ORF2, ORF3, and ORF4 genes are tran-

scribed from the cDNA strand, while the several Rep-

associated and NS-associated RNAs are transcribed in the

opposite orientation [39]. However, only five viral proteins

that are serially encoded by ORF1, ORF2, ORF3, and

ORF4 have been characterized in detail. More importantly,

the underlying mechanisms of PCV2 pathogenesis and

immune interactions still remain poorly understood. In this

review, we primarily summarize the recent advances in the

structure and function of the ORFs of this virus to identify

knowledge gaps and future research directions.

Recent advances in ORFs genes

Research on the ORF1 gene

The ORF1 gene, called the rep gene and oriented in the

viral plus-strand, is the largest ORF of PCV2 (945 bp, nt

51–995). A functional viral interferon-stimulated response

element (ISRE)-like sequence (50-CTGAAAACGAAAGA-

30, nt 1,737–1,751) has been identified in the rep gene

promoter (Prep) of PCV2 and plays an important role in

viral transcription start individually [40]. Transcript map-

ping revealed that the rep gene of PCV2 encodes eight

products. They include two major products (designated

Rep and Rep0) and six minor products (designated Rep3a,

Rep3b, Rep3c, NS515, NS672, and NS0). Members of the

Rep-associated RNA cluster all share common 50 and 30

nucleotide sequences, and they also share 200 common 30

nucleotide sequences with the NS-associated RNAs [39].

Although Rep is the primary transcript that gives rise to the

other Rep-associated RNAs by alternate splicing, the three

NS-associated RNAs are transcribed from three different

promoters present inside ORF1, independent from the Rep

promoter, which is composed of two single mini-promoters

[36, 40]. It has been suggested that the differential splicing

Fig. 1 Genomic schematic of PCV2 strain pmws PCV (GenBank

Accession No. AF027217). Coding sequences of the four ORFs are

annotated with the nucleotide coordinates of each gene, and their

orientations of translation are indicated with triangle symbols. A

stem-loop (SL) structure located in the intergenic region (IR) between

ORF1 and ORF2 is illustrated. The Rep is translated from the full-

length ORF1, whereas the Rep0, Rep3a, Rep3b and Rep3c are

produced via alternative splicing of the Rep transcript (as depicted by

dotted lines). NS515, NS672, and NS0 are transcribed from three

different promoters inside ORF1 downstream of the Rep promoter
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of Rep3c and NS0 RNAs and the significant differences in

relative expression levels of Rep 3c and NS0 RNAs may

contribute to the pathogenesis of PCV2 [41]. However,

only Rep and Rep0 transcripts have been proven to be

capable of translating into functional proteins, and the

simultaneous expression of the full-length Rep protein (314

aa, 35.8 kDa) and the spliced frame-shifted version Rep0

(178 aa) is essential for initiating PCV2 replication [36, 42,

43]. Whether the proteins encoded by several other RNA

transcripts are expressed or not and whether the expressed

proteins are essential for viral replication await elucidation.

The proteins encoded by ORF1 are of similar size in

PCV1 and PCV2, among which the PCV1 and PCV2 Rep

proteins have the most highly conserved sequence

(approximate 85 % homology within aa) [43]. This is why

cross-reaction is present in serology testing. In addition,

software projections show that the ORF1-encoded protein

in PCV2 has three potential glycosylation sites, at aa 23–25

(NPS), aa 256–258 (NQT), and aa 286–288 (NAT), while

the PCV1 Rep protein has only one glycosylation site at aa

20–22 (NPS) [43].

It is perhaps surprising that the Rep and Rep0 proteins

encoded by PCV1 or PCV2 all contain three aa motifs,

which are conserved in enzymes involved in the initiation

of DNA replication in the rolling-circle mechanism [44].

Nevertheless, a deoxynucleoside triphosphate-binding

domain has been identified in the Rep protein, but not in

the Rep’ protein [45]. The Rep protein is currently con-

sidered a significant immunogenic protein of PCV2 that

plays an important role in cell-mediated immunity to

constrain PCV2 replication and prevent the progression of

PCV2 infection toward PMWS [46].

Localization studies revealed that PCV2 Rep protein is

localized in the nucleus in infected PK15A cells [47]. With

a bacterial two-hybrid approach, Timmusk et al. [48] have

identified the intermediate filament protein syncoilin and

the transcriptional regulator protein c-Myc as cellular

proteins interacting with Rep of PCV2. Subsequently, in

2009, Finsterbusch et al. [49] identified three additional

proteins homologous to the zinc finger protein 265

(ZNF265), the thymine DNA glycosylase (TDG), and the

angiogenic factor VG5Q interacting with the Rep protein

of PCV2 using a yeast two-hybrid assay. Interestingly,

while VG5Q and TDG interacted also with the Rep0 pro-

tein, ZNF265 bound only the full-length Rep protein.

Moreover, all three proteins (ZNF265, TDG and VG5Q)

bind to the Rep proteins of both PCV, while c-myc and

syncoilin have been described to bind only to Rep of

PCV2. Although these interactions between Rep and its

cellular partners have been confirmed by GST pull-down

assay or co-immunoprecipitation, the biological signifi-

cance of these viral and cellular protein interactions still

remains largely unknown.

Research on the ORF2 gene

On the counterclockwise strand, there is the ORF2 gene,

called cap, which encodes the major immunogenic capsid

protein (Cap protein) that is 27.8 kDa [44, 50]. The ORF2

gene is composed of 702 bp (nt 1,735–1,034) that code for

234 aa. The protein encoded by ORF2 of PCV2 was

identified as a major viral structural protein that indepen-

dently forms viral capsid-like structures when expressed in

insect cells from recombinant baculovirus [50]. Because

the ORF2 gene of PCV2 is shorter and has less labor-

extensive sequencing than the whole genome, it is always

available for epidemiological and phylogenetic studies as a

target fragment.

Molecular and epidemiological analyses have shown

that ORF2 is highly variable compared with ORF1 and

ORF3 and that the polymorphisms in the capsid region of

PCV2 are related to the replication cycle of the virus [51–

53]. PCV2 interacts with virus attachment receptors

including heparin sulfate and chondroitin sulfate B gly-

cosaminoglycans via its capsid protein to complete its

cellular entry [51]. Alternatively, the assembly kinetics or

structural stability of PCV2 is also affected by the Cap

protein [52]. Herein, PCV2 is quite appropriate for carrying

certain allelic genes within ORF2 relying on its polymor-

phisms. Research on the virulence determinant factor(s) of

PCV2 has revealed that aa substitutions in the PCV2 capsid

protein [A proline at position 110 of the capsid protein

changed to an alanine (P110A); an arginine at position 191

of the capsid protein changed to a serine (R191S)] have

been demonstrated to enhance the growth ability of PCV2

in vitro and attenuate the virus in vivo after 120 passages in

cultured PK-15 cells [53].

Studies have confirmed that the PCV2 Cap protein

possesses at least eight different antigenic epitopes. They

are three specific antigenic sites (aa 69–83, aa 117–131,

and aa 169–183) [54] and five different spatial overlapping

antigenic epitopes within aa 47–63, aa 165–200, and the

last four aa at the C terminus [55]. Further studies found

that the Cap protein contains a highly conserved basic aa

sequence (such as arginine) at the former 41 aa of the N

terminus resembling that of the major structural protein of

chicken anemia virus [9]. This area has a functional nuclear

localization signal (NLS) in the Cap protein and is an

essential motif affecting PCV2 nuclear distribution.

Moreover, site-directed mutagenesis revealed that the aa

residues 12–18 and 34–41 of the N terminus play a pivotal

role in the nuclear localization of ORF2 [56, 57]. More

exciting is that the crystal structure of a monomeric Cap

protein subunit and its orientation within a PCV2-like

particle has also been elucidated recently. In this model, 60

copies of the Cap protein subunit form an icosahedron with

T = 1 symmetry [58, 59]. Consequently, the current
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research in allusion to PCV2 diagnosis and genetic engi-

neering vaccine is focused on this protein.

The cap proteins of PCV1 and PCV2 differ only mar-

ginally in length, but they present a marked degree in

amino acid sequence diversion comparing with the Rep

proteins of both PCV. Thus, they were candidates for

confirming as a molecular marker indicative for the dif-

ferential pathogenicity of PCV1 and PCV2. PCV2 Cap

protein could be detected in the nucleus and cytoplasm, but

Cap and Rep protein could be located in different com-

partments of the nucleus during the early phase of PCV2

infection. Localization of Cap in the nucleoli and Rep in

the nucleoplasm was followed by co-location of both

proteins in the nucleoplasm [47, 48]. Recently, a total of

nine cellular proteins were found to bind the Cap protein of

PCV2. They include the complement factor C1qB, the cell

adhesion molecule P-selectin, the makorin-1 RING zinc-

finger protein (MKRN1), the receptor protein for the

globular heads of complement component C1q (gC1qR),

the nucleosome assembly protein-1 (NAP1), the prostate

apoptosis response-4 (Par-4) protein, nucleophosmin-1

(NPM1), the heat-shock protein 40 (Hsp40), and the heat-

shock protein 70 (Hsp70) [48, 49, 60]. However, there is no

exact description of these interaction partners in the liter-

ature, and the functions of the interacting proteins have not

yet been wholly elucidated.

Research on the ORF3 gene

The ORF3 gene, called the apoptosis-inducing gene,

completely overlaps the ORF1 gene and is oriented in the

opposite direction [61]. The ORF3 gene stretches approx-

imately 315 bp (nt 671–357) and encodes 104 aa. Since it

was first identified as a nonstructural protein in 2005 in

PCV2 productive infections, its structure and function have

received attention from scholars worldwide. Studies have

revealed that the protein encoded by ORF3 of PCV2 (also

called the apoptotic protein, 11.9 kDa) is located predom-

inantly in the nucleus and to a lesser degree in the cyto-

plasm [61]. The ORF3 protein is not essential for viral

replication in cultured cells, but can induce apoptosis in

virus-infected cells (such as porcine kidney PK-15 cells,

porcine peripheral blood mononuclear cells (PBMC) [62],

and lymphocytes) and plays a major role in viral patho-

genesis via its apoptotic activity in vitro and in vivo [15,

61]. It is worth noting that this apoptotic activity is cor-

related with the nuclear localization of ORF3 [63]. Sub-

sequently, evidence was found that the ORF3 protein

contributes to enhancing the systemic dissemination of

PCV2 infections in mouse models and SPF piglets by

inducing the early release of the virus from infected cells

[64], and that the ORF3-deficient PCV2 is attenuated in its

natural host [65].

A recent report demonstrated that the PCV2 ORF3

protein could specifically and directly interact with the

porcine homolog of Pirh2 (pPirh2), a p53-induced ubiqui-

tin-protein E3 ligase involved in the ubiquitination of p53,

resulting in decreased levels of Pirh2 and increased cellular

levels of p53, thereby leading to apoptosis of the infected

cells [63, 66]. More specifically, the aa residues 20–65 of

the ORF3 protein are essential in this competitive inter-

action of ORF3 protein with pPirh2 over p53 [66]. Beyond

that, though, the interaction between the ORF3 protein and

pPirh2 also leads to altered physiological cellular locali-

zation of pPirh2 and a significant reduction in pPirh2 sta-

bility [66]. However, whether the ORF3 protein is actually

produced during PCV2 infection in pigs and more impor-

tantly specific pathogenic role of ORF3 remains under

debate. This is indeed reflected by the fact that two bac-

terial hybrid screens have identified other interacting

partners for ORF3. Notably, RGS16, a regulatory protein

involved in the signaling by G proteins, is among them

[48]. It has been suggested that the PCV2 ORF3 protein co-

localized with porcine RGS16 (poRGS16) in LPS-activated

porcine PBMC and that poRGS16 may be assisting the

translocation of ORF3 protein into the nucleus [67].

Additionally, the ORF3 protein appears to be dispensable

for PCV2 replication in pigs [68]. Clearly, more studies are

needed to explore the apparent multifunctionality of ORF3

protein in virus replication and pathogenesis.

Research on the ORF4 gene

The ORF4 gene of PCV2 is embedded within ORF3 and

oriented in the same direction with approximately 180 bp

(nt 565–386) in length [35], while a recent report demon-

strated the existence of a novel trans-splicing ORF4 tran-

script with a size of 355 bp [69]. The ORF4 gene, called

the apoptosis-suppressing gene, encodes a new and

experimentally confirmed protein that is predicted to be

59-aa long with a molecular mass of 6.5 kDa [70]. In one

study, the ORF4 protein was found to have a weak inter-

action with the Rep protein, although the implication of

this possible interaction is currently unknown [48]. Sub-

sequently, mutagenesis studies demonstrated that the ORF4

protein is not essential for PCV2 replication in PK-15 cells

or in mice, but plays an important role in suppressing

caspase-3 and caspase-8 activity and modulating the host

immune system via regulation of CD4? and CD8? T

lymphocytes during PCV2 infection [70]. In 2014, Gao

et al. [71] constructed two PCV2 ORF4 null mutants that

had no amino acid mutation in ORF1 and ORF3 compared

to the wild-type PCV2, and experimental results indicated

that the ORF4 protein may play an important role by

restricting ORF3 transcription thereby preventing virus-

induced apoptosis.
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Meanwhile, findings of peptide dot enzyme-linked

immunosorbent assay indicated that the peptide sequence

matching aa 19–25 (named 19KSSASPR25) is the common

antigenic epitope and core motif for ORF4-specific

monoclonal antibodies (mAbs) and that the antigenic epi-

tope recognized by the mAbs to the PCV2 ORF4 protein is

a conformational epitope [70]. However, whether the

ORF4 protein is truly involved in the pathogenesis of

PCV2 is distinctly lack of evidence. After all, currently we

do not yet know whether ORF4 protein is actually pro-

duced during PCV2 infection in pigs and what are its

interacting proteins.

Discussion

Porcine circovirus type 1 (PCV1) was initially described in

1974 as papovavirus- and picornavirus-like particles in a

contaminated porcine kidney cell line PK-15 [72]. Fifteen

years later, the PCVAD-associated variant strain, PCV2,

was isolated from diseased piglets [73]. However, the

definitive origin of PCV remains elusive because of the

difficulty in experimental verification. Genetically, PCV2

is a relatively stable virus. However, genomic variation in

the virus has been noticed all over the world. Among the

five distinct PCV2 genotypes identified from pigs world-

wide, PCV2a and PCV2b are the most common isolates

associated with PCVAD with varying degrees of severity,

while PCV2c has only been found in archived samples in

Denmark [74]. Two rare genotypes, PCV2d and PCV2e,

are newly discovered genotypes in China [75, 76]. Prior to

2003, PCV2a and PCV2b were prevalent in European

countries and China, whereas PCV2a was the only recog-

nized genotype in the United States and Canada [59, 74,

77]. Around 2003, a drastic global-scale shift in PCV2

genotypes from PCV2a to PCV2b was evidenced by the

availability of more PCV2b sequences in the GenBank [74,

78]. However, the answer as to why there is a sudden

genotype prevalence shift since 2003 still remains puzzle.

Based on available data, the increasing international trade

of pigs and derived products and growing world’s livestock

population, coupled with the multiple transmission routes

described for PCV2 and its long-lasting viral life strategy,

may have played a major role in the global PCV2 genotype

replacement (PCV2b over PCV2a) during such period [79–

82]. Recently, a distinct signature sequence motif distin-

guishing PCV2a and PCV2b has been identified in the viral

genome [32, 35]. For PCV2a viruses, the motif is

1480–1469 ACC/AAC/AAA/ATC (amino acid sequence

TNKI). For the PCV2b viruses, the motif is 1479–1468

TCA/AAC/CCC/CG(T)C [amino acid sequence SNPR(L)].

But there is no significant difference in virulence between

the two major genotypes [83]. Therefore, the current

available experimental data failed to elaborate the rela-

tionship between the amino acid (aa) variations of the

PCV2 sequence and the pathogenicity as well as virulence

of PCV2 strains.

Nowadays, PCV2 is an emerging swine pathogen

causing serious harm and immense economic losses in the

global swine industry. Controlling and reducing infection

rate of PCV2 in pig farms is not realizable due to unique

characteristic of PCV2. However, prevention with vaccines

against PCV2 is usually used. So far, series commercial

vaccines are available for application in the field, and they

have been shown to be effectively protective against PCV2

infection and PCVAD via vaccine trial studies. These

vaccines mainly include the inactivated and attenuated

PCV1-2a chimeric vaccine FosteraTM PCV (Pfizer Animal

Health, Inc.), formerly Suvaxyn� PCV2 One DoseTM (Fort

Dodge Animal Health, Inc.), the killed Circovac� vaccine

(Merial, Inc.), and three recombinant subunit vaccines

[Ingelvac CircoFLEX� vaccine (Boehringer Ingelheim

Vetmedica, Inc.), Circumven� vaccine (Intervet/Merck),

and Porcilis� PCV (Schering-Plough/Merck)] [77, 84].

However, all these vaccines are developed from the PCV2a

virus. Future studies should focus on the development of

new vaccines based on the PCV2b genotype that is cur-

rently most prevalent worldwide, and even a marker vac-

cine that can distinguish natural infection from vaccination.

Also, additional research is needed to evaluate the effect of

vaccine pressure in PCV2b dominance and the potential

emergence of variants or vaccine-escape mutants, although

these current vaccines play an important role in the control

of PCVAD and authentic vaccine failure cases are extre-

mely rare. In addition, many other comprehensive mea-

sures including disinfection of pig farm environment,

improvement of sanitary level and environmental condi-

tions, effective vaccination for classical swine fever (CSF),

porcine reproductive and respiratory syndrome (PRRS),

pseudorabies, and control of secondary bacterial infection

using antibiotics should be implemented in the pig farms,

after all PMWS and other PCVAD are multifactorial

diseases.

As the smallest virus known to infect mammals, PCV2

have a very small compact genome and accordingly a

highly limited coding capacity. Due to lacking of its own

enzyme, the life cycle of PCV2 depends heavily on the host

cell machinery [85–87]. Inevitably, during virus infection,

PCV2 interacts with the cell, subverts cellular factors or

processes to complete the viral replication cycles and

modulates the host immune function to cause cytokine

imbalance, immunosuppression, and diseases, utilizing its

DNA sequences or encoded proteins [77, 86, 88]. During

the last years, numerous porcine proteins were identified to

interact with PCV2 genomic DNA, Rep/Rep0, Cap and the

ORF3 protein, mostly using a yeast or a bacteria-based
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two-hybrid assay [48, 49, 60, 63]. Almost all interaction

partners (summarized in Table 1) have been annotated in

the literature as proteins with multiple functions, but there

is still no a convincing common ontology. They can be

associated with many aspects of the viral molecular biol-

ogy such as cell tropism and viral replication [51, 89].

However, functions of the described interacting proteins

regarding PCV2 infection just stay in the speculation

phase, and the domains responsible for the interaction are

still unclear.

Genetic characterization and phylogenetic analysis

findings have suggested a link between capsid protein

variation and PCV2 pathogenicity due to alterations of the

determinants involved in tissue tropism or virus–host

interactions [90]. A two-aa mutation (sites P110A, R191S)

or nt deficiency in the capsid protein of PCV2 have also

been found to alter PCV2 virulence [53, 91]. More

recently, a pathogenicity study on the observed consistent

linear nine-base sequence in the capsid gene of archival

PCV2 isolates showed that the mutational events within

this 9-bp region can alter the virulence of PCV2 as well

[92]. However, other regions outside the capsid protein

might be also involved in viral pathogenesis. For example,

the chimeric PCV1-2 virus, created by cloning of the

pathogenic PCV2 capsid gene into the genomic backbone

of nonpathogenic PCV1, can elicit a specific antibody

response to the PCV2 Cap protein, but is attenuated in pigs

[91, 93]. Recent studies have also revealed that ORF2-,

ORF3-, and ORF4-related proteins play important roles in

the pathogenesis of PCV2 when ORF3-deficient PCV2 is

attenuated in its natural host [65] and ORF4-deficient

PCV2 induces a higher viral load as well as more severe

microscopic lesions in the spleen at the early stage of

infection in mice [70]. In 2011, Ramamoorthy et al. [94]

reported that ISRE mutation reduced viral replication

in vitro and in vivo and elicited low antibody responses in

PCV2 infection. In addition, PCV2 genomic DNA have

been confirmed to contain at least five oligodeoxynucleo-

tides (ODNs) containing CpG motifs, and their involve-

ment in the activation of innate immunity of the host via

interaction with TLR9 signaling, resulting in the produc-

tion of IFN and other anti-inflammatory cytokines has also

been elucidated [86, 95, 96].

Clearly, all of these research findings indicate that PCV2

pathogenesis is complicated and multigenic and that the

viral proteins encoded by ORF2, ORF3, and ORF4 do not

solely determine the pathogenicity of PCV2. In addition to

the replicase ORF1, capsid protein ORF2, apoptotic protein

ORF3, and unidentified anti-apoptotic protein ORF4, a

computer search revealed that PCV2 is predicted to contain

three additional potential ORF-encoding proteins that are

greater than 5 kDa [97]. Further research should be done to

clarify whether these potential ORFs are expressed or not

and whether other proteins encoded by PCV2 control its

pathogenicity.

Apoptosis, a genetically programmed cell death process

that eliminates aberrant cells created by DNA damage or

infected by viral pathogens, plays essential roles in some

developmental pathways and disease processes [98].

However, viruses have evolved versatile strategies that

directly or indirectly elicit or inhibit apoptosis during their

replication cycles via activating endogenous anti-apoptotic

processes and genes or expressing their own anti-apoptotic

genes to complete its proliferation [99, 100]. Viruses may

benefit from stimulating apoptosis to either hasten the

spread of progeny virus particles to neighboring cells while

evading the host immune system or induce the breakdown

of infected cells in the host, thereby facilitating virus

growth [101]. PCV2, which is histopathologically associ-

ated with lymphoid depletion and histiocyte infiltration,

causes apoptosis in mouse and pig models. Although

studies have shown that ORF3 of PCV2 is apoptotic and

ORF4 of PCV2 is probably anti-apoptotic, the precise

pathogenesis of PCV2-associated diseases and its

involvement in apoptosis in particular has yet to be deter-

mined. It may be speculated that there are complex func-

tional relationships between ORF3 and ORF4 and that

other ORFs may be also triggered alone or simultaneously

by common upstream signals in regulating apoptosis.

Additionally, recent reports showed that activation of the

NF-jB, JNK/p38 MAPK, and PI3 K/Akt pathways influ-

ences PCV2-induced apoptosis as well [102–104]. Whether

those ORF proteins are involved in these signaling path-

ways requires further investigation.

Autophagy is a catabolic cellular process conserved in

all eukaryotes that involves the degradation and turnover of

protein aggregates and damaged organelles in the cyto-

plasm by lysosomal enzymes. It plays an important role in

many disease processes in viral replication and pathogen-

esis [105–107]. Recent studies have revealed that autoph-

agy is emerging as a process of the host defense

mechanism against bacterial and viral infections by influ-

encing the innate and adaptive immune responses [107–

109]. Actually, this type of autophagy that is specific to

removing bacteria and viruses has been called xenophagy

[107]. However, viruses have developed a variety of

strategies to subvert the autophagic pathway. The replica-

tion processes of some viruses, such as Sindbis virus and

tobacco mosaic virus [110, 111], can be successfully

repressed by autophagy, while others like human cyto-

megalovirus, human immunodeficiency virus type 1, and

herpes simplex virus type 1 [112–114] are able to inhibit

autophagy in favor of their own replication. Some viruses,

such as dengue virus and hepatitis B virus [115–117], can

make use of autophagosomes for their own replication.

Experimental evidence has been discovered that PCV2

Virus Genes (2014) 49:1–10 7
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could induce autophagy via its capsid protein and employ

the autophagic machinery to enhance its replication in host

cells [118] and that it induces autophagy by activating

the AMPK/ERK/TSC2/mTOR signaling pathway [119].

However, it is worthy to mention that signaling upstream of

AMPK after PCV2-induced autophagy remains obscure

despite the Cap protein has been confirmed as the signaling

molecule that activates AMPK. Considering the fact that

great complexity exists in the signaling cross-talk of the

autophagic processes, further examinations should be per-

formed to clarify this issue in more detail.

Taken together, it would be very interesting to study

how the autophagic and/or apoptotic processes are utilized

by PCV2 to induce its active infection (Fig. 2). Meanwhile,

investigating how host cells interact with PCV2 virions,

taking attachment, internalization and uncoating of PCV2

in target cells for example, will be also meaningful. In

addition, the details of interactions between viral and cel-

lular proteins are very cursory at this time, we have yet to

identify, characterize, and functionally analyze the other

proteins (possibly encoded by ORF5 to ORF11, Rep3a,

Rep3b, Rep3c, NS515, NS672, and NS0) produced by

PCV2. Development of this work will be of benefit to

deepening our understanding of the roles played by these

proteins and their different traits (overall aa sequence,

antigenic epitopes, hydrophobic and hydrophilic domains,

glycosylation sites, localization, and cellular interactome)

in relation to PCV2 pathogenesis, clinical signs, and

lesions. Also, understanding the important host–virus

interactions and revealing their potential roles in virus

replication and pathogenesis will be of paramount impor-

tance. All of these obtained results will extend our under-

standing of the pathogenic mechanism and reproduction of

PCV2 and thereby shed light upon the vaccines that are

used to effectively prevent and control virus-induced

diseases.
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