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Abstract

Guinea pig cytomegalovirus (GPCMV) immediate early proteins, IE1 and IE2, demonstrated 

structural and functional homologies with human cytomegalovirus (HCMV). GPCMV IE1 and 

IE2 co-localized in the nucleus with each other, the viral polymerase and guinea pig ND10 

components (gpPML, gpDaxx, gpSp100, gpATRX). IE1 showed direct interaction with ND10 

components by immunoprecipitation unlike IE2. Additionally, IE1 protein disrupted ND10 bodies. 

IE1 mutagenesis mapped the nuclear localization signal to the C-terminus and identified the core 

domain for gpPML interaction. Individual knockout of GPCMV GP122 or GP123 (IE2 and IE1 

unique exons respectively) was lethal to the virus. However, an IE1 mutant (codons 234–474 

deleted), was viable with attenuated viral growth kinetics and increased susceptibility to type I 

interferon (IFN-I). In HCMV, the IE proteins are important T cell target antigens. Consequently, 

characterization of the homologs in GPCMV provides a basis for their evaluation in candidate 

vaccines against congenital infection.
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Introduction

Human cytomegalovirus (HCMV, HHV-5) is a member of the Betaherpesvirinae subfamily 

and a ubiquitous pathogen. In healthy individuals, the virus is asymptomatic but establishes 

a lifelong mainly latent infection in the human host. HCMV can cause morbidity and 

mortality in immune suppressed transplant and AIDS patients. Additionally, congenital 

HCMV is a leading cause of birth defects in newborns, which include mental retardation, 

hearing loss, microcephaly, impaired vision and seizures. Globally, approximately 0.5–2.2% 
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of live newborns have congenital CMV infection. Ultimately, HCMV affects more live births 

than Down Syndrome or Fetal Alcohol Syndrome, making the development of an effective 

vaccine or intervention strategy a high priority.

Primary HCMV infection triggers one of the highest T-cell responses observed for human 

viral infections directed to various viral proteins including the tegument protein pp65 and 

nonstructural IE1 protein. Although pp65 elicits the majority of CD8+ T cell responses, 

HCMV IE-72 kDa (IE1) is an important target for both CD4+ and CD8+ T cells with IE1-

specific CD8+ T cell responses exceeding those of pp65-specific CD8+ T cells in some 

patients. In one study, 25% of HCMV infected people developed T cell responses only to 

IE1, suggesting that IE1 is at least equally important as, if not more than, pp65 in generating 

protective T cell immune responses. In contrast to pp65, which is dispensable for growth of 

HCMV in vitro, IE1 is essential for viral replication and expressed throughout the lytic 

cycle. Vaccine studies targeting IE1 eliciting a T cell response may be important in 

protecting against congenital CMV but this aspect has not been evaluated. However, in the 

two available animal models for congenital CMV (rhesus macaque and guinea pig) a T cell 

response against CMV has been shown to be important for protection against congenital 

infection. Therefore, the development of an effective vaccine strategy should include 

important T cell target antigens including IE1 as a priority candidate.

HCMV IE1 and IE2 gene expression is regulated by the major immediate early (MIE) 

promoter and generated through alternative splicing. IE1 and IE2 are encoded by shared 

exons but each also have a unique exon: UL123 (IE1); UL122 (IE2). IE-72 kDa (IE1) and 

IE-86 kDa (IE2) are considered the main, functionally active proteins that play essential 

roles in transcriptional activation, innate cellular immune evasion, and cell cycle regulation 

during viral infection. While IE1 is required at low MOI, IE2 is indispensable to viral 

replication. Homologs to IE1 and IE2 have been identified in various species of animal 

CMV.

One way by which the cellular innate immune system interferes with viral infection involves 

nuclear domain 10 (ND10) or promyelocytic leukemia (PML) protein bodies. These 

nucleoplasmic foci are involved in diverse cellular functions such as replication, stress 

response, senescence, and epigenetic silencing. ND10 structures constitute an interferon 

(IFN)-dependent antiviral mechanism against lytic replication of different viruses. 

Activation of IFN-stimulated response elements and PML promoter trigger a significant 

increase in cellular PML and Sp100 expression, which leads to a death associated protein 

(Daxx)- and PML-mediated antiviral response through the action of histone deacetylases 

(HDACs), cytokines and IFN-stimulated genes (ISGs).

The major scaffolding component of ND10 is the PML protein. While more than 150 

proteins have been identified to associate with ND10 structures, in silico analysis using 

BIOGRID, predicts 520 proteins to physically interact with PML. Other primary 

components include Sp100, Daxx and ATRX. Composition, stability, and function of ND10 

are tightly regulated by small ubiquitin-like modifier (SUMO). SUMO modification is a 

crucial posttranslational mechanism that controls chromatin structure, protein stability, 

function and interaction. SUMO-1 interacts, co-localizes and covalently modifies human 
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PML, Daxx and Sp100, which subsequently regulates the recruitment as well as dispersal of 

ND10 components.

Viruses belonging to all three herpesvirus subfamilies target and disrupt ND10 structures to 

escape the host innate immune response. The alphaherpesvirus herpes simplex type 1 

(HSV-1) is the best studied virus for interaction with PML. In HSV-1, the immediate early 

infected cell protein 0 (ICP0) overcomes ND10-mediated responses by targeting, interacting 

with, and disrupting ND10 components. The SUMO-targeted E3 ubiquitin ligase activity of 

ICP0 induces PML, Sp100, and Daxx degradation followed by ND10 dispersal and 

antagonization of ND10-medicated gene silencing. Analogous to ICP0, HCMV IE1 and the 

tegument protein pp71 have been shown to counteract ND10-mediated responses. IE1 

directly interacts with PML via its core domain, which shares secondary structures with the 

coiled-coil domain of E3-ligase TRIM factors, leading to PML modification and disruption 

of ND10 bodies. Newly expressed HCMV IE1 interacts with cellular factors to regulate viral 

and cellular gene expression by antagonizing HDACs.

Candidate vaccine studies require evaluation in a preclinical animal model. Species-

specificity of HCMV prevents direct studies in animal models and requires the use of 

species-specific virus and animal models. The guinea pig is perhaps the only practical 

animal model for high-throughput congenital CMV studies due to the lack of RhCMV 

negative macaques and costs related to this non-human animal model. The guinea pig is the 

only small animal model for congenital CMV. Both human and guinea pig placentas are 

hemomonochorial containing a homogenous layer of trophoblast cells separating maternal 

and fetal circulation unlike mice, which have three trophoblast layers. Additionally, the 

guinea pig has a long gestation period (65 days) that can be divided into three trimesters and 

congenitally infected pups have disease symptoms similar to human disease such as hearing 

loss.

However, guinea pig CMV (GPCMV) lacks in depth functional characterization of potential 

homolog viral proteins. Ultimately, understanding the role of viral proteins in infection and 

immunity will aid the development of a CMV vaccine. The GPCMV genome is predicted to 

encode over > 200 open reading frames (ORFs). A number of HCMV co-linear homolog 

genes have been evaluated for encoded conserved protein function. These include homologs 

of pp65, pp71, UL84, viral kinase UL97, viral glycoproteins gB, gM, gN, gH, gL, gO and 

pentameric complex. Analogous to HCMV, the GPCMV MIE locus encodes IE1 and IE2 

genes with shared exons and a unique fourth exon GP123 (IE1) and GP122 (IE2). However, 

functional properties of GPCMV IE1 and IE2 encoded proteins have not yet been 

investigated. A series of studies were conducted to characterize the role of GPCMV IE1 and 

IE2 proteins in the virus life cycle. These studies included essential nature, interaction with 

ND10 bodies and IE1 mutant susceptibility to type I interferon (IFN-I). Overall, these 

studies demonstrated functional homology of GPCMV IE1 and IE2 to HCMV and merit the 

continued development of this animal model of CMV.
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Results

GPCMV major immediate early (MIE) locus encodes the two major proteins IE1 and IE2 
essential for viral replication

The GPCMV major MIE locus was predicted to encode two proteins, IE1 (474 amino 

acids,aa) and IE2 (676 aa), which are potential HCMV IE protein homologs (Fig 1(iii)). 

While IE2 homologs are highly conserved between different CMV species, IE1 homologs 

are less conserved, which is also observed for GPCMV IE1. Amino acid sequence alignment 

showed only 16% sequence identity between HCMV and GPCMV IE1 compared to 30% for 

IE2 (Table S1). To verify the sequence and exclude alternative transcripts, IE1-specific 5′ 
and 3′ RACE experiments were conducted on total RNA isolated from GPCMV infected 

GPL cells treated with cycloheximide. DNA sequence analysis of cloned RACE products 

were aligned to GPCMV IE1 cDNA sequence (accession #AB592928) (Fig S1) and 

confirmed that the IE1 coding sequence was similar to that previously described.

GPCMV IE1 and IE2 unique exons, GP123 and GP122 respectively, were targeted for 

individual knockout mutagenesis to determine the essential nature of the genes. GPCMV 

IE1 (GP123) and IE2 (GP122) knockout BAC mutants were generated as described in 

materials and methods and designated GP123Km for IE1 and GP122Km for IE2. Separate 

transfection of knockout mutant GPCMV BAC DNA (GP123Km or GP122Km) onto GPL 

cells failed to produce virus unless co-transfected with a rescue locus as described in 

materials and methods (Fig 1(iv)). This demonstrated the essential nature of both IE1 and 

IE2 homolog proteins to GPCMV.

Expression and nuclear localization of GPCMV IE1 and its unique exon GP123

GPCMV IE1 protein was characterized by generating a full-length IE1 cDNA (474 codons) 

N-terminal tagged with either GFP (GFP-IE1) or FLAG epitope (FLAG-IE1) in separate 

plasmid expression constructs as described in materials and methods (Fig 2). Transient 

expression and western blot analysis identified GFP-IE1 as a protein of 80 kDa molecular 

weight (Fig 2; panel A), which approximated to the expected size of 80.2 kDa (Table S1). In 

transfected cells, IE1 demonstrated uniform, nuclear localization of GFP-IE1 (Fig 2; B–C) 

and FLAG-IE1 (Fig 3(iii)). Transient expression of the IE1 unique exon GP123 (GFP-

GP123) produced a protein of 60 kDa (Table S1) (Fig S2(ii), panel A), which also targeted 

the nucleus in a uniform pattern (Fig S2(ii), B–C). The GFP-IE1 and GFP-GP123 expression 

pattern was similar in that both dispersed evenly throughout the nucleus. In the presence of 

GPCMV, no significant change was observed in the localization pattern of plasmid 

expressed IE1 protein (Fig 3(iv); M–O).

In silico analysis of GPCMV IE1 predicted protein sequence by nuclear localization signal 

(NLS) mapper indicated a potential monopartite NLS (aa 425 to 438) and bipartite NLS (aa 

425 and 448) within the C-terminal domain of IE1 (Fig S2(iii)). N- and C-terminus truncated 

versions of IE1 were generated, epitope tagged, and expression and size of each IE1 mutant 

confirmed by western blot analysis (Fig 2). Each mutant protein migrated with a molecular 

weight similar to predicted size (Table S1). Immunofluorescence analysis of transiently 

expressed IE1 mutants demonstrated that the C-terminus of IE1 was necessary for cellular 
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nuclear localization, as the proteins were located in the cytoplasm (Fig 2). In contrast, the 

IE1Ndel was detected in the nucleus (Fig 2; H–I). Overall, this confirmed that the C-

terminus of GPCMV IE1 (codons 426–474) harbors a functional NLS.

Nuclear localization of GPCMV IE2 (GP122) and co-localization with IE1

Full-length GPCMV IE2 cDNA (676 codons) was generated and N-terminal tagged with 

either GFP (GFP-IE2) or FLAG epitope (FLAG-IE2) in separate plasmid expression 

constructs (Fig 3(i)). The unique GP122 exon was similarly cloned and GFP epitope tagged 

(Fig S2(i)). Transient expression and western blot analysis revealed that the molecular 

weight for GFP-IE2 (Fig 3(ii); panel A) and GFP-GP122 (Fig S2(ii); panel D) was greater 

than their expected calculated sizes of 101.2 kDa and 88.8 kDa respectively (Table S1). A 

larger than expected molecular weight was also observed for FLAG-IE2 (Fig 3(ii); panel D), 

which suggested possible post-translational modification. Analysis of IE2 predicted amino 

acid sequence identified six potential sumoylation sites within the unique exon GP122 

coding sequence (Table S1). Immunofluorescent microscopy of transfected cells 

demonstrated that IE2 targeted the nucleus with a punctate pattern (Fig 3(ii); B–C and E–F) 

compared to the uniform pattern observed for the IE1 protein and a similar result was 

observed for GFP-GP122 ((ii); E–F).

Next, the interaction between IE1 and IE2 proteins was evaluated in transient expression 

assays. Both proteins showed weak nuclear co-localization (Fig 3(iii); G–I and J–L). IE1 

maintained a uniform distribution throughout the nucleus. Interestingly, while FLAG-IE2 

adopted a diffuse nuclear pattern (Fig 3(iii); panel K), GFP-IE2 nuclear localization was 

more irregular and punctate (Fig 3(iii); panel G). In virus-infected cells, FLAG-IE1 and 

GFP-IE2 retained their distinct uniform and irregular distribution pattern respectively (Fig 

3(iv); M–O and P–R). However, in the presence of GPCMV, FLAG-IE2 accumulated in 

larger punctate compartments (Fig 3(v); S–U; arrow). This pattern was identical to IE2 

distribution during GPCMV infection determined via IE2-specific antisera (Fig 3(vi); panel 

W; arrows). During HCMV infection, IE2 accumulates in viral DNA replication 

compartments. Similarly, GPCMV IE1 and IE2 co-localized with the viral polymerase 

subunit protein (GP44), when GP44 was expressed with either IE1 or IE2 in separate 

experiments (data not shown). Since both IE1 and IE2 had potential for sumoylation (Table 

S1) both proteins were analyzed for their ability to co-localize with SUMO-1 (Fig S5). 

Although nuclear co-localization was observed, the lack of specific guinea pig sumoylation 

reagents prevented any definitive experiment to conclude that sumoylation occurred.

Transient expression and co-localizations of guinea pig ND10 components

ND10 structures have been studied in different organisms, but have not been evaluated in the 

guinea pig. Based on the sequenced genome, the guinea pig encodes homologs to ND10 

components (PML, Daxx, Sp100, and ATRX). Clustal Omega pairwise protein:protein 

sequence alignment of guinea pig ND10 components (gpPML, gpDaxx, gpSp100, and 

gpATRX) demonstrated higher sequence identity to human ND10 proteins: (1) PML (70%); 

(2) Daxx (77%); (3) Sp100 (45%) and (4) ATRX (90%) (Table S1) than between human and 

murine ND10 components (PML 64%, Daxx 71%, Sp100 30%, and ATRX 83%). While 

protein sequence analysis predicted guinea pig PML to contain a zinc-binding RBCC/TRIM 
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motif that harbors a RING, B-box, and α-helical coiled-coil domains (data not shown) 

similar to human PML, there was insufficient conservation in commercial antibodies to PML 

and other ND10 components (Daxx, Sp100, and ATRX) to enable studies with cross reactive 

antibodies (data not shown). Consequently, epitope-tagged fusion protein expression 

constructs for gpPML (myc), gpDaxx (FLAG), gpSp100 (HA) and gpATRX (myc) were 

synthetically generated (DNA2.0) for ND10 studies as described in materials and methods. 

Immunofluorescence assay of separately expressed ND10 components demonstrated distinct 

nuclear pattern in GPL cells (Fig 4). gpPML (Fig 4; B–C) and gpSp100 (Fig 4; H–I) showed 

a distinct punctate nuclear distribution. The nuclear expression pattern of gpDaxx (Fig 4; E–

F) and gpATRX (Fig 4; K–L) was also punctate but less defined with more protein detected 

within the nucleoplasm. Overall, the nuclear distribution pattern of guinea pig ND10 

components (gpPML, gpDaxx, gpSp100, and gpATRX) was consistent with the pattern 

observed for human ND10 components.

Western blot analysis showed gpSp100 (113.4 kDa) (Fig 4; panel G) and gpATRX (285.8 

kDa) (Fig 4; panel J) had molecular weights to predicted size. However, gpPML migrated at 

a higher molecular weight than its predicted value of 98 kDa to approximately 120 kDa (Fig 

4; panel A). Similarly, gpDaxx was 120 kDa in molecular weight (Fig 4; panel D), which 

was significantly larger than its predicted size of 75.3 kDa (Table S1). In silico analysis of 

each ND10 protein identified possible sumoylation sites, which potentially accounted for the 

difference between predicted and observed protein sizes (Table S1). To determine whether 

guinea pig ND10 components co-localize with SUMO-1, gpPML and gpDaxx were 

transiently expressed in GPL cells in the presence of human HA-epitope tagged SUMO-1 

(Fig S3). Both, gpPML (Fig S3; I–L) and gpDaxx (Fig S3; M–P) co-localized with SUMO-1 

in the nucleus, which suggested sumoylation as the potential cause for the increase in 

molecular weight seen in western blot analysis compared to predicted size. However, 

sumoylation could not be validated because of a lack of guinea pig specific or cross-reacting 

antibody for the study of sumoylation.

To demonstrate nuclear co-localization of these guinea pig ND10 proteins, different 

combination of ND10 components were transiently overexpressed in GPL cells (Fig 5). A 

fine, punctate, nuclear co-localization pattern was observed for combinations of: gpPML and 

gpDaxx (Fig 5; AD); gpPML and gpSp100 (Fig 5; E–H); gpDaxx and gpSp100 (Fig 5; I–L). 

While gpDaxx alone was also detected within the nucleoplasm (Fig 4; E–F), gpDaxx 

precisely co-localized to gpPML-and gpSp100-positive sites. The precise co-localization of 

gpDaxx with gpPML and gpSp100 may be explained by their transient overexpression, 

resulting in the sequestering of gpDaxx into an exclusively punctate pattern. Although 

gpDaxx and gpATRX co-localized in the nucleus (Fig 5; M–P), gpDaxx accumulated in 

aggregates distinct from the nuclear pattern of gpDaxx alone (Fig 4; E–F). Overall, these 

data indicated that transiently expressed guinea pig ND10 components have the potential to 

aggregate and form ND10 structures similar to that seen in human cells.

GPCMV IE1 and IE2 interaction with guinea pig ND10 components

HCMV IE1 targets, destabilizes, and disrupts ND10 structures via its core domain. In silico 
sequence analysis of GPCMV IE1 revealed a conserved, stably folded globular core domain 
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(codons 104–411) (Fig S4(i)) similar to HCMV IE1 (Fig S4(ii)) as well as a hydrophilic C-

terminal domain (Fig S4). The ability of GPCMV IE1 to co-localize and interact with 

different guinea pig ND10 components was investigated. GPL cells were transiently co-

transfected to express IE1 in the presence of gpPML, gpDaxx or gpSp100 (Fig 6(i)). Co-

expression of IE1 and gpPML showed distinct nuclear co-localization (Fig 6; A–D). While 

individual IE1 expression showed uniform distribution within the nucleus (Fig 2; B–C), co-

expression of IE1 and gpPML caused redistribution of IE1 within the nucleus into distinct 

compartments (Fig 6(i); A–D). IE1 also co-localized with gpSp100 (Fig 6(i); I–L) and 

gpATRX (Fig 6(i); M–P) in a similar punctate manner. However, IE1 failed to re-localize 

into an exclusively punctate pattern as seen with gpPML and showed minimal co-

localization with gpDaxx (Fig 6(i); E–H).

Subsequent IP studies of transiently expressed IE1 and ND10 components confirmed 

specific protein:protein interactions of IE1 with gpPML, gpDaxx, and gpSp100 (Fig 6(ii)–

(iv)). Interaction between IE1 and gpATRX was not evaluated. Each immunoprecipitate was 

probed by western blot for the presence of GFP-IE1 (lanes 1 and 3) and (ii) gpPMLmyc 

(lanes 4 and 6), (iii) gpDaxxFLAG (lanes 4 and 6), or (iv) gpSp100HA (lanes 4 and 6) using 

primary anti-epitope antibodies. Analysis showed that GFP-IE1 was able to 

immunoprecipitate gpPMLmyc (Fig 6(ii); lane 6)) and gpSp100HA (Fig 6(iv); lane 6). 

Although no distinct co-localization was observed for IE1 and gpDaxx by 

immunofluorescence, both proteins interacted in the IP study (Fig 6(iii); lane 6). Potentially, 

this suggested that there might be some baseline interaction between IE1 and gpDaxx as 

previously reported for HCMV or secondary interaction via endogenous PML. The 

specificity of IE1-mediated IP was verified by GFP alone, which failed to 

immunoprecipitate gpPMLmyc (Fig 6(v); lane 6).

The functional domain of GPCMV IE1 required for the co-localization and interaction with 

gpPML was investigated with each of the four IE1 mutants (Fig 7(i)). Although the IE1Cdel 

mutant alone was unable to localize to the nucleus (Fig 2), co-expression with gpPML led to 

nuclear co-localization in distinct punctate compartments (Fig 7; A–D) similar to full-length 

IE1 (Fig 6; A–D). The IE1Ndel mutant was able to co-localize with gpPML but failed to 

adopt the characteristic punctate pattern (Fig 7; E–H). Both, the IE1NCdel (Fig 7; I–L) and 

IET (Fig 7; MP) mutants failed to localize to the nucleus and were unable to co-localize with 

gpPML. Furthermore, IP studies demonstrated the ability of IE1Cdel to interact with gpPML 

(Fig 7(ii); lane 6). However, IET failed to immunoprecipitate gpPML indicating a lack of 

interaction (Fig 7(iii); lane 6). Overall, these results demonstrated that GPCMV IE1 was 

able to target and directly interact with ND10 components and that both, the N- and C-

termini of GPCMV IE1 play a critical role in the co-localization and interaction with 

gpPML.

Similar to IE1, IE2 was investigated for its ability to co-localize and interact with guinea pig 

ND10 components (Fig 8). While GFP-IE2 alone adopted an uneven nuclear pattern (Fig 3), 

subnuclear localization of IE2 was partially altered in the context of ND10 components (Fig 

8(i)). Co-expression of IE2 and gpPML resulted in nuclear co-localization, with IE2 

adopting a punctate pattern in the periphery of individual gpPML dots (Fig 8(i); A–D). 

Direct co-localization of IE2 was also seen with gpDaxx (Fig 8(i); E–H). Although IE2 

Hornig et al. Page 7

Virology. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



could be detected evenly throughout the nucleoplasm, IE2 co-localized with gpSp100 in 

distinct foci (Fig 8(i); IL). Despite nuclear localization, IE2 and ATRX failed to co-localize 

(Fig 8(i); M–P).

Immunoprecipitation studies were carried out on transiently expressed GFP-IE2 and each of 

the ND10 components (gpPML, gpDaxx, or gpSp100) in separate experiments to 

demonstrate specific protein:protein interactions (Fig 8(ii)–(iv)). Despite the co-localization 

results seen by immunofluorescence, specific protein:protein interactions between IE2 and 

gpPML, gpDaxx, or gpSp100 (Fig 8(ii)–(iv)) were not observed. The prediction was that IE2 

most likely does not interact with ATRX, and therefore their interaction was not evaluated. 

A control GFP trap IP of cells transduced with AdGFP resulted in successful IP of GFP but 

not gpPML (Fig 8(v)). Failure of GPCMV IE2 to interact with the ND10 components 

suggested that IE1 and IE2 are functionally distinct with only IE1 targeting and disrupting 

ND10 structures.

vIET and GPCMV target ND10 cellular localization pattern

To characterize the role of GPCMV IE1 in infection, an IE1 C-terminus truncated viral 

mutant (vIET) was generated and confirmed as described in materials and methods. The 

vIET mutant carried a partial deletion (codonsΔ 234–474) within the unique exon GP123 
coding sequence (Fig S5(i)) identical to the IET construct studied in transient expression 

assays (Fig 2).

Transfection of mutant IET GPCMV BAC DNA onto cells generated viable virus that was 

designated vIET. A multi growth curve of the vIET mutant showed a delay in viral 

replication and reduced viral titers compared to wild type (WT) virus (Fig 9(i)).

To determine the ability of vIET to target and disrupt exogenous ND10 structures, gpPML 

was transiently expressed in GPL cells prior to viral infection. The vIET mutant was able to 

target gpPML, causing its dispersal within the nucleus and re-localization to the cytoplasm 

(Fig 9(ii)). These findings propose an essential role for IE1 in targeting PML. Infection of 

GPL cells with GPCMV led to the disruption and dispersal of nuclear punctate gpPML (Fig 

9(iii)) and gSp100 (Fig 9(iv)). WT HSV-1 was also shown to target transiently expressed 

gpPML (Fig 9(v)). HSV-1 and GPCMV both gave rise to two phenotypes that were marked 

by uniform, nuclear dispersal of gpPML as well as its re-localization into the cytoplasm. 

Since it is HSV-1 ICP0 that is required to disrupt ND10 structures during HSV-1 infection, a 

ICP0 double mutant virus was generated (Fig S6) and tested for its ability to target PML. 

However, the HSV-1 ICP0 double mutant had no impact on the localization pattern of 

gpPML (Fig S7(i)), emphasizing the known role of ICP0 in targeting ND10. These data 

confirm the ability of GPCMV to target PML bodies, and more specifically propose a role 

for IE1 in the dispersal of ND10 structures.

Transient gpPML expression impairs viral replication of vIET and HSV-1 ICP0Δ mutants

Since PML is the main ND10 component, the ability of transiently expressed gpPML to 

block viral replication of HSV-1 ICP0Δ or GPCMV vIET mutants was investigated (Fig 

10(i)). Transient expression of gpPML decreased the production of ICP0Δ virus particles by 

approximately 3 logs compared to ICP0Δ alone (Fig 10(i); blue bars). Transient expression 
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of gpPML did not decrease the viral titer of WT HSV-1 (Fig 10(i); red bars). Infection with 

vIET mutant resulted in a decrease in viral titer of about 2 logs (Fig 10(i); grey bars) 

compared to vIET alone. WT GPCMV virus was unaffected by transiently expressed 

gpPML (Fig 10(i); black bars). A GFP expression plasmid was used as control to confirm 

the antiviral specificity of gpPML. To confirm the antiviral effect of ND10 components on 

viral replication, GPL cells were treated with siRNA specific for gpPML and gpDaxx prior 

to infection with vIET mutant. In the presence of siRNA, vIET replication increased by 1.5 

log compared to vIET control alone (data not shown). Overall, these data potentially indicate 

that gpPML negatively impacts HSV-1 ICP0Δ and GPCMV vIET virus replication in GPL 

cells but requires more definitive assays of siRNA target before concluding that HSV-1 ICP0 

and GPCMV IE1 play similar important roles in counteracting gpPML-mediated antiviral 

responses.

GPCMV IE1 C-terminus mutant virus susceptibility to IFN-I is restored by JAK/STAT 
inhibitor

GPCMV IE1 function in counteracting IFN-I responses was evaluated. Cells were pretreated 

with 100 IU/ml or 1000 IU/ml universal type I alpha interferon (PBL Assay Science) or 

untreated as control cells and subsequently infected at 0.1 pfu/cell (Fig 10(ii)). 100 IU/ml 

IFN moderately impaired WT GPCMV compared to untreated control (decreased to 90%). 

In contrast, the vIET mutant demonstrated significant replication impairment (decreased to 

below 10%) compared to untreated control. This indicated increased susceptibility to IFN-I 

as a result of IE1 mutation. Increasing the IFN-I pretreatment to 1000 IU/ml blocked WT 

GPCMV replication by 80% and vIET mutant by > 95% compared to untreated controls. 

The increased sensitivity of vIET to IFN treatment emphasized the importance of IE1 to 

overcome IFN-based immunity.

In mammals, the JAK-STAT signaling cascade regulates numerous cellular functions 

including innate immune responses, where it mediates cellular transcriptional responses to 

cytokines including IFN. To characterize the mechanism by which GPCMV IE1 counteracts 

the innate immune system, vIET infected GPL cells were grown in the absence or presence 

of IFN-I and/or the Janus kinase (JAK) inhibitor ruxolitinib, which has a selectivity for 

subtypes 1 (JAK1) and 2 (JAK2) of the JAK-STAT signaling pathway. vIET mutant 

replication was significantly impaired in the presence of 100 IU/ml IFN compared to 

untreated control (Fig 10(iii)). In the presence of ruxolitinib alone, there was a 1 log increase 

in vIET yield compared to vIET alone (Fig 10(iii)), which indicated that the JAK-STAT 

pathway was involved in the restriction of GPCMV replication. Simultaneous addition of 

IFN-I and ruxolitinib resulted in almost a log higher titer than vIET only infected cells (Fig 

10(iii)). Overall, these data demonstrated that IFN-I based innate immunity mediates 

through the JAK-STAT pathway in guinea pig cells and that GPCMV IE1 is required for 

counteracting IFN-I based innate immune response.

Complementation of HSV-1 ICP0Δ mutant by GPCMV

Functional homology between HSV-1 ICP0 and GPCMV IE1 was established by initially 

analyzing HSV-1 ICP0 for its expression and localization pattern, as well as ability to co-

localize with guinea pig ND10 components (Fig S7(ii)). Transient expression of only ICP0 
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in plasmid transfected GPL cells showed a nuclear punctate pattern (Fig S7(ii); E–G). Co-

expression of ICP0 with different guinea pig ND10 components showed distinct punctate 

nuclear colocalization (Fig S7(ii)). Based on ICP0 co-localization with guinea pig ND10 

components, the ability of GPCMV to complement a HSV ICP0 null mutant virus was 

investigated (Fig 10(iv)). GPL cells were co-infected with ICP0Δ virus and GPCMV or 

vIET. The ICP0Δ mutant was impaired for replication compared to WT HSV-1 but WT 

GPCMV complemented ICP0Δ virus by 2 log, while the vIET mutant promoted an increase 

in viral titer by 1 log. These results showed that GPCMV IE1 can complement HSV-1 

ICP0Δ mutant demonstrating potential similar function and a partial deletion of IE1 reduced 

the complementation by 1 log.

Discussion

The observed positional and functional homology between HCMV and GPCMV tegument 

protein homologs, viral kinase, and glycoproteins raised the question of functional 

homology in other positional homolog viral genes and proteins. GPCMV MIE locus 

potentially encoded homologs of HCMV IE1 and IE2. Characterization of GPCMV IE1 and 

IE2 demonstrated that each encoded separate NLS within their unique exons GP123 and 

GP122 respectively. In contrast, HCMV IE1 and IE2 have a shared NLS within their N-

terminus (exon 2) and distinct NLS sequences within their unique exons (UL123 or UL122). 

Distinct NLS sequences were also present in unique IE1 and IE2 coding exons for rat CMV 

(RCMV) and mouse CMV (MCMV), which stress the importance of IE1 and IE2 homologs 

as nuclear targeting proteins. GPCMV knockout mutagenesis demonstrated the separate 

essential nature of IE1 (GP123) and IE2 (GP122) in GPCMV infection, which potentially 

indicated conservation of essential function between HCMV and GPCMV MIE proteins. In 

contrast, the MCMV and RCMV homologs of IE1 are non-essential in tissue culture. Unlike 

HCMV and GPCMV, MCMV IE1 was predicted to express two globular domains and an 

extended hydrophilic C-terminus (Fig S4(iii)). Therefore, structural and functional 

homologies between HCMV and GPCMV IE1 and IE2 possibly indicate a higher 

conservation between viruses compared to MCMV.

As part of an immune-evasive strategy, a range of herpesviruses has evolved mechanisms to 

target and disrupt ND10 structures, leading to morphological changes and cellular 

redistribution. HSV-1 was the first herpesvirus described to co-localize with ND10 domains 

and mediate their disruption via ICP0. In HCMV, the IE1 protein functions as key antagonist 

against ND10-mediated immunity through direct interaction with ND10 components after 

infection. Protein:protein sequence alignment of guinea pig ND10 components showed a 

higher sequence identity with human ND10 proteins compared to mouse. To determine the 

impact of GPCMV IE1 and IE2 on guinea pig ND10 structures, epitope-tagged expression 

constructs of major ND10 components were initially tested for cellular expression (Fig 4) 

and co-localization (Fig 5). As an experimental approach, ND10 components were 

overexpressed, as there are currently no antibodies available to detect guinea pig ND10 

proteins (Hornig, unpublished data). Guinea pig ND10 components adopted a punctate 

nuclear form and co-localized with each other as previously shown for human ND10 

components. While GPCMV IE1 co-localized with gpPML, gpSp100 and gpATRX similar 

to HCMV IE1, it failed to co-localize with gpDaxx in a punctate pattern (Fig 6) but 
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interaction could be demonstrated by IP assay. Data have previously shown that the viral 

tegument protein pp71 targets ND10 structures by associating with human Daxx (hDaxx) 

leading to its proteasomal degradation and removal from ND10. HCMV pp71 contains a 

Daxx-binding domain motif, which may also be present in the GPCMV pp71 homolog 

(GP82). Transient expression studies of GPCMV pp71 homolog with gpDaxx demonstrated 

colocalization similar to HCMV pp71 and hDaxx (data not shown).

Studies with N- and C-terminal truncated GPCMV IE1 mutants revealed that the N-terminus 

(1–98 aa) has a role in IE1, and most likely IE2, co-localization with PML and its re-

organization into a punctate pattern (Fig 7), while the IE1 core domain (IE1CORE) (104–411 

aa) was required for PML interaction (Fig S4). These observations are consistent with 

studies on the crystal structure of HCMV IE1, which demonstrated that it is the IE1CORE 

domain (exons 2 and 3) that binds PML, induces PML desumoylation and ND10 disruption. 

While this core domain is intact in the IE1Cdel mutant (codons 1–425), nearly half of it is 

missing in the IET mutant (codons 1–233), which could explain an inability to interact with 

gpPML. Further studies are needed to determine the ability of the IET mutant to interact 

with ND10 components such as gpDaxx, gpSp100, or gpATRX. Additionally, extensive C-

terminal deletion of IE1 may impact on the stably folded globular core domain and protein 

structure impacting on the ability of IE1 to target and interact with ND10 structures. HCMV 

IE1 studies have shown that HCMV carrying mutations within the IE1CORE have impaired 

growth kinetics and fail to interact with PML.

In HCMV, the IE2 protein demonstrates a dynamic interaction with ND10 components, 

ranging from juxtaposition of IE2 to precise co-localization and separation, which contrasts 

with IE1. Transiently expressed GPCMV IE2 aggregated in the periphery of gpPML and co-

localized with gpSp100 and gpDaxx (Fig 8(i)) similar to HCMV IE2-86, which co-localizes 

with ND10 bodies but fails to disrupt them. ATRX is known to interact with Daxx, while 

HCMV IE2 recruitment ND10 sites has been attributed to interactions with histone 

acetyltransferases and viral DNA. Protein:protein studies failed to demonstrate a direct 

interaction between GPCMV IE2 and gpPML, gpDaxx, or gpSp100 (Fig 8(ii)–(iv)), leading 

to the conclusion that GPCMV IE2 targets ND10 structures indirectly by means of 

alternative adopter protein or DNA interactions and recruitment mechanisms. Similar to 

HCMV IE2, GPCMV IE2 may be recruited to ND10 via interactions with various proteins 

including retinoblastoma proteins and p53, which are predicted to interact with PML and 

localize to ND10 sites. However, this awaits further evaluation.

Interestingly, western blot analysis of transiently expressed proteins indicated larger than 

expected molecular weights for gpPML and gpDaxx. In silico amino acid sequence analysis 

revealed the presence of several potential sumoylation sites within each ND10 component 

(Table S1). Studies in human and murine cells have shown that modification of the SUMO 

Interacting Motif (SIM) and SUMO-mediated modification of PML aid in ND10 formation, 

stability and function. hPML and hDaxx have higher than predicted molecular weights, 

which is most likely due to posttranslational modification by SUMO but a lack of specific 

antibodies to guinea pig SUMO prevents evaluation of this hypothesis for gpPML and 

gpDaxx.
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The ability of HSV-1 ICP0 to target PML and thus evade ND10-mediated innate immune 

responses has been well documented. Since HSV-1 has a wide host range in tissue culture, 

WT HSV-1 and a HSV-1 ICP0Δ mutant viruses were used as controls and compared to WT 

GPCMV and the C-terminus truncated vIET mutant (codonsΔ 234–474) for their ability to 

counter the antiviral effect of gpPML (Fig 10). The trans-dominant effect of gpPML 

significantly decreased ICP0Δ and vIET mutant replication. For the HSV-1 ICP0Δ mutant, 

this is based on the fact that ND10 disruption is mediated by the E3 ubiquitin ligase activity 

of ICP0. Our data suggested that GPCMV IE1 is essential for viral replication and required 

for counteracting PML function and the IFN response analogous to HSV-1 ICP0, HCMV 

IE1 and Ad E4 ORF3. Knockdown of endogenous gpPML and gpDaxx by siRNA indicated 

a potential antiviral role for gpPML and gpDaxx but awaits more definitive assays on siRNA 

target to reach any conclusion.

Infection studies revealed the ability of HSV-1 to target gpPML, while the HSV-1 ICP0Δ 

mutant failed to disperse gpPML (Fig S98(ii)). The vIET mutant retained the ability to 

disrupt gpPML similar to GPCMV unlike transient expression of IET which failed to disrupt 

PML (Fig 9 and 7). Potentially, the vIET mutant may exert its function through alternative 

interactions with cellular or viral proteins, such as GP82 (pp71 homolog) to interact with 

gpDaxx. HCMV IE1 has a structural sequence analogous to the coiled-coil domain of E3 

ligase TRIM proteins, which raised the question of whether GPCMV IE1 carries E3 ligase 

activity. However, in silico analysis of GPCMV IE1 failed to predict B-box and RING-finger 

domains characteristically seen with TRIM domains and ICP0. The vIET mutant showed a 

delay in viral replication and increased susceptibility to IFN-I (Fig 10), which suggested that 

GPCMV IE1 is directly or indirectly involved in overcoming the IFN-I response by 

regulating expression of evasion proteins similar to HCMV. Furthermore, these data suggest 

that the C-terminus and core domain play an essential role in mediating these processes. The 

C-terminus of HCMV IE1 is thought to mediate binding to STAT2 in order to disrupt IFN 

signaling. Hydrophilicity analysis of GPCMV IE1 protein (Fig S4(i); red box) revealed the 

presence of acidic residues within its C-terminal region similar to HCMV IE1 (Fig S4(ii); 

red box), which suggests a potential binding domain for STAT2 similar to HCMV IE1. 

However, specific interactions await further study complicated by lack of dedicated reagents. 

During infection, PML complexes with HDAC1 and 2, and STAT1 and 2 to induce ISG 

expression and mediate an antiviral response. However, HCMV IE1 suppresses ISGs by 

targeting STATs, HDACs and PML. Direct involvement of the JAK-STAT pathway in 

counteracting GPCMV was demonstrated by blocking JAK1 and JAK2, which resulted in 

enhanced viral replication (Fig 10).

The data presented in this paper need to be viewed in light of ND10 overexpression, since 

GPL cells are intrinsically positive for ND10. Additionally, in humans, several PML 

isoforms (PMLI-VIIb) have been identified, which are thought to play distinct as well as 

overlapping functions during viral infection. Although not part of this study, NCBI database 

analysis identified eight different guinea pig PML variants (data not shown), which suggests 

that the guinea pig has the potential to encode various PML isoforms. An important area for 

future evaluation is viral tropism to guinea pig trophoblast cells of the placenta. PML 

expression in human placenta is selective to trophoblasts, which may present a mechanism 

by which CMV transmission across the placenta can be prevented, or reduced, but this 
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awaits further study in the guinea pig. The vIET mutant was generated on the backdrop of a 

virus lacking a pentameric complex (PC), necessary for infection of epithelial cells. Future 

studies will include the engineering of a vIET mutant that expresses the full pentameric 

complex (UL128-131 homolog), to evaluate GPCMV in guinea pig epithelial cells in vitro 
and in vivo and impact on viral dissemination.

Overall, GPCMV IE1 and IE2 hold an essential function in viral replication similar to 

HCMV. GPCMV IE1 and IE2 seem to play different roles in targeting and counteracting the 

innate immune response. This paper identifies a functional NLS within the IE1 C-terminus 

(GP123) and proposes a role for the N-terminus in nuclear redistribution of IE1 to co-

localize with gpPML. The GPCMV IE1 (IE1CORE) was identified to target and interact with 

guinea pig ND10 components and counteract the IFN-I response through the STAT-JAK 

pathway in guinea pig fibroblast cells. Its role as an innate immune antagonist and 

immunogenic protein proposes GPCMV IE1 to be an ideal candidate for live subunit vaccine 

development. Overall, these studies further strengthen the guinea pig model for CMV 

studies and continued development of intervention strategies in this model.

Materials and Methods

Cells, viruses and oligonucleotides

GPCMV (strain 22122, ATCC VR682), first and second-generation GPCMV BAC derived 

viruses were propagated on guinea pig fibroblast lung cells (GPL; ATCC CCL-158™) as 

previously described. High titer stock was generated as previously described. Vero cells 

(ATCC; CCL-81™) and human osteosarcoma U2OS cells (ATCC; HTB-96™) were cultured 

in high glucose DMEM medium supplemented with 10% fetal calf serum (FCS). WT HSV-1 

(17+strain) virus and ICP0Δ mutant virus stocks were generated on U2OS cells. 

Oligonucleotides were synthesized by Sigma-Genosys (The Woodlands, TX) (Table S2).

GPCMV IE Transcript 5′ and 3′ RACE

GPL cells were pre-treated with cycloheximide (SIGMA) (200 μg/ml) prior to infection with 

WT GPCMV at a multiplicity of infection (MOI) of 10 pfu/cell. Total cellular RNA was 

extracted with the RNeasy Mini kit (Qiagen). 5′ and 3′ RACE was performed using the 

SMARTer® RACE 5′/3′ kit (Clontech) according to the manufacturer’s protocol. 

Individual 5′ and 3′RACE reactions with GPCMV IE1 gene-specific F5′ and R3′ RACE 

primers (Table S2) gave rise to DNA products of 1.5 kb (data not shown). Each fragment 

was PCR amplified, gel purified and subcloned into the pRACE plasmid according to the 

manufacturer’s protocol (Gentech®). Positive clones were confirmed by colony PCR and 

HindIII and EcoRI restriction enzyme digestion (data not shown).

Cloning and generation of expression vectors of GPCMV IE1, IE2 and IE1 mutants

The predicted GPCMV coding sequences were based on the 22122 viral genome sequence 

(Genbank accession #AB592928). GPCMV IE2: 191593–191705 (exon 2), 191271–191503 

(exon 3), and 188209–189893 (exon 4, GP122). GPCMV IE1: 191593–191705 (exon 2), 

191271–191503 (exon 3), and 190105–191183 (exon 4, GP123) (Fig 1). Full-length cDNAs 

for IE1 and IE2 ORFs were generated using the GeneArt® Seamless Cloning and Assembly 
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approach (Invitrogen) according to the manufacture’s protocol. The vector backbone and 

individual exons were PCR-amplified using IE1 and IE2 specific primers. For the seamless 

cloning of IE1 cDNA, forward and reverse primers for pUC19(IE1), Exon2and3(IE1), and 

Exon4(IE1) were used (Table S2). IE2 cDNA was assembled using forward and reverse 

primers for pUC19(IE2), Exon2and3(IE2), and Exon4(IE2) (Table S2). One Shot® 

competent cells were transformed according to the manufacturer’s protocol. Positive 

ampicillin resistant clones were screened by BamH1 and EcoR1 double digest to confirm 

correct fragment assembly. GPCMV IE1 and IE2 cDNAs were confirmed by sequencing. 

Full-length GPCMV IE1 cDNA was subsequently PCR amplified as previous described to 

add Pst1 restriction sites to the 5′ and 3′ ends using primers FIE1Pst1 and RIE1Pst1 (Table 

S2) generating IE1Pst1. Full-length GPCMV IE2 cDNA was PCR amplified introducing 5′ 
and 3′ HindIII restriction sites using primers FIE2HindIII and RIE2HindIII (Table S2) 

generating IE2HindIII.

IE1 and IE2 ORFs were individually cloned into the pAcGFP1-C3 expression plasmid 

(Clontech) to generate N-terminus GFP-tagged fusion proteins. The IE1Pst1 cassette was 

cloned into the Pst1 restriction site of pAcGFP1-C3 to give rise to pGFP-IE1 (Fig 2). The 

IE2HindIII fragment was subcloned into the HindIII site of pAcGFP1-C3 to generate pGFP-

IE2 (Fig 3(i)). N-terminus FLAG-epitope tagged expression plasmids for IE1 and IE2 were 

generated by in frame cloning of each ORF into the pCMV-3Tag-1A expression plasmid 

(Agilent Technologies). IE1Pst1 was cloned into the Pst1 restriction site to create pFLAG-

IE1 (Fig 2). IE2HindIII was inserted into the HindIII site to generate pFLAG-IE2 (Fig 3(i)).

GPCMV IE1 mutants were generated by restriction enzyme-mediated collapse of either the 

N- or C-terminus, or both. The pGFP-IE1Cdel mutant was generated through AccI mediated 

C-terminus collapse (codonsΔ 426–474). The pFLAG-IE1Ndel mutant was created by 

BamHI N-terminus collapse (codonsΔ 1–98) of pFLAG-IE1. BamHI and AccI double 

digestion of pFLAG-IE1 generated the pFLAG-IE1NCdel mutant (codonsΔ 1–98 and 426–

474). The IET mutant (codonsΔ 234–474) was synthetically generated (DNA 2.0) before 

being subcloned as a BglII fragment into the pEGFP-C1 expression vector (Clontech) to 

give rise to pGFP-IET (Fig 2).

Generation of unique exon GP122 and GP123 epitope- or GFP-tagged mammalian 
expression constructs

Unique exon GP123 (codons 116–474) was initially PCR amplified using primers 

FGP123exBam and RGP123exBam (Table S2) and cloned into the pCMV2a expression 

vector (Clontech) as a BamHI fragment. GP123 was subsequently isolated from 

pCMVGP123ex as a BamH1 fragment and sub-cloned into the pAcGFP-C3 (Clontech) 

expression vector to generate a N-terminus GFP-GP123 fusion protein expression construct 

(pGFP-GP123). Similarly, GP122 was PCR amplified using primers FGP122exBam and 

RGP122exBam (Table S2) and cloned into the pCMV2a expression vector as a BamHI 
fragment. Unique exon GP122 BamHI fragment was inserted into the pAcGFP-C3 

(Clontech) expression vector to generate plasmid pGFP-GP122. Constructs were confirmed 

by sequencing.
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Generation of GP123KmFRT vector, GP123Km intermediate and IET BAC mutants

As previously described, an inducible ET recombination system (Gene Bridges) was used to 

generate GPCMV BAC mutants. The second-generation GPCMV BAC was used to generate 

the GP123Km intermediate and IET BAC mutants. The GP123 ORF was partially deleted 

(GPCMV nucleotide positions 190621–190830) (Fig S5(i)) by targeted mutagenesis of the 

GPCMV WT BAC to generate a C-terminus truncated IE1 (codonsΔ 233–474). A GP123 

shuttle vector was synthetically generated to allow sequence specific deletion of GP123 and 

a KmFRT drug resistant cassette was introduced into the BamH1 site between flanking 5′ 
and 3′ sequences to enable selection of GP123 mutants (pGP123KmFRT). The 5′ flanking 

sequence ranged from nucleotide 856–564 within GP123. The 3′ flanking sequence 

encoded nucleotides 354–84 within GP123. The pGP123KmFRT shuttle vector was 

linearized by EcoRI digestion, purified, and used in homologous recombination reaction 

with a second-generation GPCMV BAC. This gave rise to the GP123Km GPCMV BAC 

intermediate. Positive clones were identified by HindIII digestion, as insertion of the Km 

cassette into the GP123 locus introduced an additional HindIII site. HindIII digestion cut the 

original 25.7 kb fragment (Fig S5(ii); yellow, lane 2) into a 2.6 kb and 24 kb band (Fig 

S5(ii); blue, lane 1). Next, the Km cassette was removed by Flp-FRT recombinase system 

which generated the IET GPCMV BAC mutant. In restriction profile analysis, removal of 

the Km cassette resulted in partial deletion of GP123 that decreased the original 25.7 kb 

fragment (Fig S5(ii); yellow, lane 4) by 200 bp in the IET BAC mutant (Fig S5(ii); blue, lane 

3). Primers FGP123exBm and RGP123exBm (Table S2) were used to verify correct genome 

modification of the GP123 locus in the IET mutant by PCR (Fig S5(iii)). The GP123 WT 

locus was 1.1 kb in size (lane 2) and the IET mutant was 0.9 kb (lane 1). The intermediate 

IETKm mutant BAC was 2.1 kb in size (lane 3) (Fig S5(iii)).

Generation of individual GPCMV IE1 and IE2 knockout BAC mutants, analysis, and rescue

The GP123 knockout BAC was generated by Km cassette insertion and a 496 bp deletion of 

the GP123 ORF (codons 62–226) within a first-generation GPCMV BAC. The FGP123Km 

and RGP123Km primers (Table S2) were used to PCR amplify the Km cassette with 

homolog sequence to GP123 exon. The product was band isolated and used in homologous 

recombination with WT GPCMV BAC. Mutant GPCMV BAC clones were confirmed by 

restriction enzyme profile analysis with EcoRI and also by PCR analysis of the modified 

GP123 locus (data not shown).

The GP122 knockout shuttle vector was generated by insertion of a kanamycin (Km) 

cassette into the GP122 ORF at a unique EcoRV site (GPCMV nucleotide position 188745) 

to disrupt the GP122 ORF at codon 382 (IE2 at codon 498) in a pUC construct encoding 

GP122 as an EcoRI fragment. This generated plasmid pNEBGP122Km. Using primers 

FGP122Ec and RGP122Ec (Table S2), the GP122Km cassette was PCR amplified, band 

isolated and used in knockout mutagenesis of the first-generation GPCMV WT BAC to 

generate GP122Km BAC. Mutant clones were confirmed by restriction enzyme profile 

analysis with HindIII and PCR analysis of the GP122 locus (data not shown).

To generate recombinant viruses, large-scale GPCMV BAC DNA MAXI preps of IE1 and 

IE2 mutants were prepared and transfected onto GPL cells using Lipofectamine 2000 
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(Invitrogen) as previously described. GPCMV BACs encoded a GFP reporter gene to enable 

development of virus plaques from single transfected cells. For IE2 rescue virus the WT 

unique exon GP122 plasmid was co-transfected with GP122Km BAC DNA onto GPL cells. 

For IE1 rescue virus, the WT GP123 locus and flanking sequence was PCR amplified using 

FIEexonRes and RIEexonRes primers from WT GPCMV DNA (Table S2) and co-

transfected with GP123Km BAC DNA onto GPL cells. Transfections were followed for 3–4 

weeks and green fluorescent protein (GFP)-positive cells or plaques identified by 

microscopy.

Epitope-tagged ND10 component mammalian expression constructs

Epitope-tagged expression constructs for gpPML protein (accession #XP_003462251), 
gpDaxx ( #XP_013012418), gpSp100 (#XM_013157411) protein, and gpATRX 

(#XM_003471056) were synthetically generated (DNA 2.0). The gpPML and gpATRX 

ORFs were N-terminal myc epitope-tagged. The gpSp100 ORF was N-terminal tagged with 

a HA epitope tag. The gpDaxx ORF was C-terminally tagged with a FLAG epitope. Each 

ORF was placed under the control of the HCMV MIE promoter 5′ end and a SV40 

polyadenylation sequence at the 3′ end.

Generation of HSV-1 ICP0 BAC mutant

The predicted HSV-1 ICP0 coding sequence was based on the complete (17+) viral genome 

sequence (accession #NC_001806). In the HSV-1 genome, there are two copies of ICP0 
located in the inverted repeats b and b’ (Fig S6(ii)). The ICP0 gene is multi-spliced. The 

coding sequence co-ordinates for ICP0 are 2262–2318 for exon 1, 3084–3750 for exon 2, 

and 3887–5490 for exon 3. The second ICP0 ORF extends from exon 1 (120884–122487) 

through exon 2 (122624–1232900 to exon 3 (124056–124112). Both ICP0 loci were 

knockout out by targeted mutagenesis of the HSV-1 BAC using a Km drug resistance donor 

cassette flanked by ICP0 target regions (Fig S6(ii)) to introduce partial deletion of exon 2 

and exon 3 (Fig S6(i)). Primers FHSVKOO and RHSVKOO (Table S2) were designed to 

amplify a Km cassette thereby introducing 5′ and 3′ sequences homologous to the ICP0 

target region. The PCR product was band isolated, purified and used in homologous 

recombination with WT HSV-1 BAC. Individual clones of HSV-1 ICP0Δ BAC DNA were 

analyzed by HindIII restriction digestions to verify correct HSV-1 genome modification (Fig 

S6(iii)). Insertion of a Km cassette introduced additional HindIII sites. For the first locus, 

HindIII digestion resulted in the loss of the 26.5 kb band to generate two new bands of 8 kb 

and 18 kb. For the second locus, HindIII digestion resulted in the loss of the 34.6 kb band 

and gave rise to two bands of 10.5 kb and 23.7 kb. Knockout of ICP0 was confirmed by 

western blot (Fig S6(iv)).

Immunofluorescence and Immunoprecipitation assays

Immunofluorescence, immunoprecipitation, and western blot assays were performed as 

previously described. For western blots, anti-epitope tag primary antibodies were used at 

1/1000. For immunofluorescence assays, primary antibodies were used at 1/500: mouse anti-

HSV-1 ICP0 (Santa Cruz); rabbit anti-HA (Novus Biologicals); mouse anti-FLAG (Novus 

Biological); mouse anti-GFP (Santa Cruz); mouse anti-Myc-c (Novus Biologicals); rabbit 
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anti-GPCMV IE2. Secondary antibodies anti-rabbit or anti-mouse IgG HRP-linked 

secondary antibodies for western blot (Cell Signaling) were used at 1/5000 and anti-mouse/

rabbit IgG FITC or TRITC were used at 1/1000 for immunofluorescent staining. High titer 

recombinant defective adenovirus expressing GFP (AdGFP) was generated by Welgen Inc..

IFN or JAK/STAT inhibitor treatment of vIET mutant

On day 0, GPL cells were pre-treated with 100 IU/ml or 1000 IU/ml universal human IFN-I 

(PBL Assay Science). The next day, IFN pre-treated and control untreated cells were 

infected separately with either WT GPCMV or vIET mutant virus (0.1 MOI) and incubated 

at 37°C with 5% CO2. After 72 hrs, supernatants and monolayers were harvested and titrated 

in duplicate on GPL cells as previously described. IFN-I IU/ml were confirmed by VSV 

growth experiments in the presence or absence of different concentrations of IFN-I on GPL 

cells prior to reported studies (data not shown). GPL cells were pre-treated with 10 μM of 

the JAK1/JAK2 inhibitor ruxolitinib (Invivogen) for 1–6 hrs. Depending on the experimental 

condition, some cells were treated with 100 IU/ml of universal human IFN-I (PBL Assay 

Science). Cells were subsequently infected with vIET (0.1 MOI) for 1 hr. Cells were washed 

and fresh F-12 medium supplemented with 10% FCS plus 10 μM ruxolitinib were added 

then incubated at 37°C with 5% CO2 for 4 days. Cells and supernatant were harvested and 

virus titrated on GPL cells.

gpPML-mediated inhibition assay

On day 1, GPL cells in 6 well dishes were transfected with gpPML (3μg) expression plasmid 

or GFP expression vector (pEGFPC-1). The following day, cells were infected with either 

HSV-1 ICP0Δ or GPCMV IET mutant viruses at 0.1 MOI for 1hr. The inoculum was washed 

and fresh media added to the cells. Plates were incubated at 37°C with 5% CO2 for 3 days 

before cell monolayer and supernatant were harvested and titrated on GPL cells as previous 

described.

GPCMV complementation assay of HSV-1 ICP0 mutant virus

On day 0, GPL cells in 6 well dishes were infected with 3×104 pfu of GPCMV vIET or 

GPCMV WT viruses. On day 1, cells were infected with GFP-labeled HSV ICP0Δ virus 

(102 pfu/cell). Cells and supernatant were harvested 5 days p.i. and titrated on U2OS cells 

for HSV-1.

Small interfering RNA (siRNA) knockdown assay against gpPML and gpDaxx

On day 0, 100nM of each siRNA against gpPML and gpDaxx were transfected overnight 

onto GPL cells as previously described. On day 1, cells were infected with vIET (0.01 MOI) 

for 1hr. Cells were washed and fresh F-12 medium supplemented with 10% FCS added. 

New siRNA (100nM each) was transfected overnight onto vIET infected GPL cells. Cells 

were incubated at 37°C with 5% CO2. Cells and supernatant were harvested 3 days p.i. and 

virus titrated on GPL cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GPCMV major immediate early (MIE) locus encodes IE1 and IE2
(i) Schematic representation of the GPCMV BAC genome and major immediate-early region 

with HindIII sites indicated. (ii) The GPCMV MIE WT locus is located within the HindIII 
‘B’ fragment and encodes exons 1 to 5 on the antisense strand under the control of the MIE 

promoter (GPCMV MIEp) (purple). (iii) GPCMV IE1 and IE2 are splice variants that share 

exons 2 and 3, but are distinct in unique exon 4 (IE1, GP123) and 5 (IE2, GP122). Exon 1 is 

not translated. (iv) GP123Km (A–B) and GP122Km (C–D) mutant BACs were separately 

transfected onto GPL cells to generate virus. Each BAC was transfected individually (A and 

C) or in combination with a rescue plasmid encoding a WT IE1 or IE2 locus (B and D). 

Images taken 20 days post transfection.
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Figure 2. Transient expression and cellular localization of GPCMV IE1 and IE1 truncation 
mutants
Schematic representation of epitope tagged ORFs of full length and truncated GPCMV IE1 

GFP- and FLAG-tagged expression constructs. All expression constructs are under the 

control of the immediate early CMV promoter (Pro) and contain a SV40 polyadenylation 

signal (polyA). Nuclear localization signal (NLS, grey box). Protein expression confirmed 

by western blot analysis and immunofluorescence. A–C, transient expression and 

localization of full-length GFP-IE1. D–F, transient expression and localization of GFP-

IE1Cdel. G–I, transient expression and localization of FLAG-IE1Ndel. J–L, transient 

expression and localization of FLAG-IE1NCdel. M–O, transient expression and localization 

of GFP-IET. FLAG-IE1Ndel and FLAG-IE1NCdel detected by primary anti-epitope 

antibody and secondary anti-mouse IgG-FITC (immunofluorescence) or anti-mouse IgG-

HRP (western blot). GFP-IE1, GFP-IE1Cdel, and GFP-IET were detected by fluorescence 

and specific epitope antibody (western blot). Lane 1 in A, D, G, J, and M are individual 

transfected constructs also visualized in B, E, H, K, and N. Lane 2 are mock transfected 

GPL cells. Panels C, F, I, L, and O are DAPI overlays.
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Figure 3. Transient expression and nuclear localization of GPCMV IE2 with IE1
(i) Schematic representation of GFP- and FLAG-tagged IE2 fusion protein expression 

constructs. Expression constructs are under the control of the CMV immediate early 

promoter (Pro) and contain a SV40 polyadenylation signal (polyA). Nuclear localization 

signal (NLS, grey box). (ii) A–C, transient expression and localization of GFP-IE2. Lane 1, 

individually transfected GFP-IE2 visualized in B. Lane 2, mock transfected cell lysate. D–F, 

transient expression and localization of FLAG-IE2. Lane 1, individually transfected FLAG-

IE2 visualized in E. Lane 2, mock transfected cell lysate. (iii) G–I, co-localization of FLAG-

IE1 and GFP-IE2. G and H represent individually transfected GFP-IE2 (G) and FLAG-IE1 

(H) respectively. I is the merge of G and H overlaid with DAPI. J–L, co-localization of 

GFP-IE1 (J) and FLAG-IE2 (K). L represents the merge of J and K overlaid with DAPI. (iv) 
M–O, FLAG-IE1 (N) in the presence of GPCMV (M). O, merge of M and N overlaid with 

DAPI. P–R, GFP-IE2 (Q) in the presence of GPCMV (P). R, overlay with DAPI. (v) S–U, 

FLAG-IE2 (T) in the presence of GPCMV (S). U is overlay of S and T. (vi) V–X, GPCMV 

IE2 (W). X, overlay with DAPI. FLAG-IE1 and FLAG-IE2 detected by primary anti-FLAG 

Ab and secondary anti-mouse IgG-TRITC (immunofluorescence) or anti-mouse IgG-HRP 

(western blot). GFP-IE1 and GFP-IE2 were detected by fluorescence and specific epitope 

Ab (western blot). GPCMV IE2 was detected via IE2-specific antisera. Arrows indicate 

accumulation of IE2.
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Figure 4. Transient expression and nuclear localization of guinea pig ND10 components
Transient expression of ND10 fusion proteins in GPL cells confirmed by western blot 

analysis and immunofluorescence. Lane 1, individually transfected plasmids. Lane 2, mock 

transfected GPL cells. Lane 3, GPCMV infected cells plus gpPML. A–C, transient 

expression and localization of gpPMLmyc. A shows levels of gpPMLmyc in transiently 

transfected GPLs in the absence or presence of GPCMV. Mock infected cells or cells 

infected with GPCMV (1.5 MOI) were transiently transfected with gpPMLmyc expression 

plasmid. B shows expression for gpPMLmyc, with C being the overlay of B with DAPI. D–
F, transient expression and localization of gpDaxxFLAG. D shows levels of gpDaxxFLAG 

in transiently transfected GPLs. E shows localization of gpDaxxFLAG, with F being the 

overlay of E with DAPI. G–I, transient expression and localization of gpSp100HA. G shows 

levels of gpSp100HA in transiently transfected GPLs. H shows localization of gpSp100HA, 

with I being the overlay of H with DAPI. J–L, transient expression and localization of 

gpATRXmyc. J shows levels of gpATRXmyc in transiently transfected GPLs. K shows 
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localization of gpATRXmyc, with L being the overlay of K with DAPI. gpPMLmyc, 

gpDaxxFLAG, gpSp100HA, and gpATRXmyc detected by primary anti-epitope Ab and 

secondary anti-mouse or anti-rabbit IgG-HRP (western blot) and anti-mouse or anti-rabbit 

IgG FITC (immunofluorescence).
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Figure 5. Nuclear co-localization of guinea pig ND10 components
Different combinations of epitope tagged ND10 components were co-expressed in GPL cells 

and cellular localization investigated by immunofluorescence. A–D, gpPMLmyc and 

gpDaxxFLAG co-localization. gpPMLmyc (A) and gpDaxxFLAG (B) separately within the 

same cell. C is the merged image for A and B. D is the overlay of C with DAPI. E–H, co-

localization of gpPMLmyc (E) and gpSp100HA (F), G merged image for E and F. H overlay 

with DAPI. I–L, colocalization of gpDaxxFLAG (I) and gpSp100HA (J), K merged image. 

L DAPI overlay. M–P, co-localization of gpDaxxFLAG (M) with gpATRXmyc (N). O 

merged image, P DAPI overlay. All immunofluorescent images were detected with primary 

anti-epitope Ab and secondary anti-mouse IgG-FITC or TRITC as described in materials 

and methods. Detection of GPCMV IE2 with anti-GPCMV IE2 as previously described.
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Figure 6. Nuclear co-localization of GPCMV IE1 with guinea pig ND10 components
gpPML, gpDaxx, gpSp100, and gpATRX were evaluated for its ability to interact with IE1 

by cellular co-localization (i) or GFP trap immunoprecipitation (ii-v). (i) A–D, localization 

of GFPIE1 (A) and gpPMLmyc (B) shown separately in the same cell. C is the merged 

image for A and B. D is the overlay of C with DAPI. E–H, GFP-IE1 (E) and gpDaxxFLAG 

(F). G merged image, H DAPI overlay. I–L, GFP-IE1 (I) and gpSp100HA (J). K merged 

image, L DAPI overlay. M–P, GFP-IE1 (M) and gpATRXmyc (N). O merged image, P 

DAPI overlay. gpPMLmyc, gpDaxxFLAG, gpSp100HA, and gpATRXmyc detected by 

primary anti-epitope Ab and secondary anti-mouse or anti-rabbit IgG TRITC. GFP-IE1 

detected by fluorescence. (ii) GFPIE1 and gpPMLmyc co-expression and IP. (iii) GFP-IE1 

and gpDaxxFLAG co-expression and IP. (iv) GFP-IE1 and gpSp100HA co-expression and 

IP. (v) GFP and gpPMLmyc co-expression and IP. GFP-IE1, gpPMLmyc, gpDaxxFLAG, 

and gpSp100HA detected by primary anti-epitope Ab and secondary anti-mouse or anti-
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rabbit IgG-HRP. Lanes 1 and 4, total cell lysate of transfected GPL cells. Lanes 3 and 6, IP 

reactions. Lanes 2 and 5, mock transfected GPL cells.
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Figure 7. Localization and interaction of gpPML with GPCMV IE1 mutants
(i) Co-localization of different IE1 truncation mutants and gpPMLmyc in GPL cells 

analyzed by immunofluorescence. A–D, GFP-IE1Cdel (A) and gpPMLmyc (B) shown 

separately in the same cell. C merged image for A and B. D overlay of C with DAPI. E–H, 

FLAG-IE1Ndel (E) and gpPMLmyc (F). G merged image, with H being DAPI overlay. I–L, 

FLAG-IE1NCdel (I) and gpPMLmyc (J). K merged image, with L being DAPI overlay. M–
P, GFP-IET (M) and gpPMLmyc (N). O merged image, with P being DAPI overlay. (ii) 
GFP-IE1Cdel and gpPMLmyc co-expression and IP. (iii) GFP-IET and gpPMLmyc co-

expression and IP. Lanes 1 and 4, total cell lysate of transfected GPL cells. Lanes 3 and 6, IP 

reactions. Lanes 2 and 5, mock transfected GPL cells. gpPMLmyc, FLAG-IENdel, and 

FLAG-IE1NCdel detected by primary anti-epitope Ab and secondary anti-mouse IgG FITC 

or TRITC (immunofluorescence) and anti-mouse IgG-HRP (western blot). GFP-IE1Cdel 
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and GFP-IET detected by fluorescence (cell localization) and specific epitope Ab (western 

blot).
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Figure 8. Nuclear co-localization of GPCMV IE2 and guinea pig ND10 components
gpPML, gpDaxx, gpSp100, and gpATRX were evaluated for its ability to interact with IE2 

by cellular co-localization (i) or by GFP trap immunoprecipitation (ii-v). (i) A–D, co-

localization of GFP-IE2 (A) and gpPMLmyc (B) shown separately in the same cell. C is the 

merged image for A and B. D is the overlay of C with DAPI. E–H, GFP-IE2 (E) and 

gpDaxxFLAG (F). G merged image, H DAPI overlay. I–L, GFP-IE2 (I) and gpSp100HA (J). 

K merged image, L overlay with DAPI. M–P, GFP-IE2 (M) and gpATRXmyc (N). O 

merged image, P overlay with DAPI. gpPMLmyc, gpDaxxFLAG, gpSp100HA, and 

gpATRXmyc detected by primary anti-epitope Ab and secondary anti-mouse or anti-rabbit 

IgG TRITC. GFP-IE2 detected by fluorescence. (ii) GFP-IE2 and gpPMLmyc co-expression 

and IP. (iii) GFP-IE2 and gpDaxxFLAG co-expression and IP. (iv) GFP-IE2 and 

gpSp100HA co-expression and IP. (v) GFP and gpPMLmyc co-expression and IP. GFP-IE2, 

gpPMLmyc, gpDaxxFLAG, gpSp100HA detected by primary anti-epitope Ab and 
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secondary anti-mouse or anti-rabbit IgG-HRP. Lanes 1 and 4, total cell lysate of transfected 

GPL cells. Lanes 3 and 6, IP reactions. Lanes 2 and 5, mock transfected GPL cells.
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Figure 9. Dispersal of transiently expressed ND10 by WT HSV-1 and GPCMV
(i) GPL cells were infected with either IET or WT virus (0.1 MOI). Samples taken daily for 

6 or 11 days and titrated in duplicate on GPL cells. Results plotted as virus titer versus days 

post infection (p.i.). (ii-v) GPL cells were infected with HSV-1 or GPCMV (0.1 MOI) prior 

to transient transfection with the gpPMLmyc expression construct and analyzed for gpPML 

localization by immunofluorescence. (ii) A–D, expression of gpPMLmyc in the presence of 

vIET. gpPML redistributes throughout the nucleus (A) and into the cytoplasm (C). Panels B 

and D are overlays for A and C with DAPI respectively. (iii) E–H, expression of gpPMLmyc 

in the presence of GPCMV. gpPML redistributes throughout the nucleus (E) and into the 

cytoplasm (G). Panels F and H are overlays for E and G with DAPI. (iv) I–L, expression of 

gpSp100HA in the presence of GPCMV causes redistribution of gpSP100 in the nucleus (I) 

and into the cytoplasm (K). Panels J and L are overlays for I and K with DAPI. (v) M–P, 

expression of gpPMLmyc in the presence of HSV-1 seen in the nucleus (M) and into the 

cytoplasm (O). Panels N and P are overlays for M and O with DAPI respectively. 

gpPMLmyc and gpSp100HA detected by primary anti-epitope Ab and secondary anti-mouse 

IgG TRITC or anti-rabbit IgG FITC respectively.
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Figure 10. ICP0Δ and vIET mutant virus replication. (i)
GPL cells transiently transfected with gpPML (+) before being infected with ICP0Δ or IET 

mutant virus, WT HSV, or GPCMV (0.1 MOI). (−) indicates GPL cells with intrinsic 

gpPML only. Cell monolayers and supernatant were harvested 3 days p.i. and titrated on 

GPL cells. Results plotted as virus titer versus experimental condition. (ii) IFN-I 

susceptibility of vIET mutant compared to WT. Cells were incubated overnight in the 

absence or presence of 100 IU/ml (red) or 1000 IU/ml (green) human IFN-I prior to virus 

infection (0.1 MOI). After 72 hrs, supernatant and monolayer were harvested and titrated in 

duplicate on GPL cells. Results blotted as percentage of virus growth. (iii) GPL cells were 

grown in the absence (−) or presence (+) of ruxolitinib (10 μM) and IFN-I (100 IU/ml). Cells 

were pretreated 6 hrs prior to infection with vIET (0.1 MOI). Cells and supernatants were 

harvested 4 days p.i. and titrated on GPL cells. Results plotted as virus titer versus 

experimental condition. (iv) Complementation of ICP0Δ mutant virus by GPCMV. GPL 

cells were infected with either WT GPCMV (yellow) or vIET (green) (3×104 pfu) prior to 

being superinfected with ICP0Δ mutant virus (102 pfu). ICP0Δ mutant virus alone (red) 

served as control. Cells and supernatants were harvested after 3 days and titrated on U2OS 

cells. Results plotted as virus titer versus experimental condition.
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