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Abstract
Kaposi’s sarcoma-associated herpesvirus (KSHV) causes Kaposi’s sarcoma, primary effusion lymphoma, and multicentric 
Castleman disease. The tegument is a structure that is unique to herpesviruses that includes host and viral proteins, including 
the viral ORF42 and ORF55 proteins. Alphaherpesvirus tegument proteins have been well studied, but much is unknown 
regarding KSHV. Here, we report an interaction between the ORF42 and ORF55 proteins. ORF55 interacted with and 
recruited ORF42 from the nucleus to the cytoplasm. When ORF42 and ORF55 were expressed simultaneously in cultured 
cells, the expression level of these two viral proteins was higher than when either was expressed independently. ORF55, 
but not ORF42, was polyubiquitinated, suggesting that an unidentified regulatory mechanism may be present. A recombi-
nant virus with an ectopic stop codon in ORF42 exhibited normal replication of genomic DNA, but fewer virus particles 
were released with the recombinant than with the wild-type virus. A unique R136Q mutation in ORF42, which is found in 
a KSHV strain that is prevalent on Miyako Island, Okinawa Prefecture, Japan, further increased the expression of ORF42 
and ORF55 when these proteins were expressed simultaneously. However, the ORF42 R136Q mutation did not affect the 
localization pattern of ORF42 itself or of ORF55. In addition, experiments with a recombinant virus possessing the ORF42 
R136Q mutation showed lower levels of production of the mutant virus than of the wild-type virus, despite similar levels of 
genome replication. We suggest that the R136Q mutation in ORF42 plays an important role in ORF55 protein expression 
and virus production.

Introduction

Kaposi’s sarcoma-associated herpesvirus (KSHV), also 
known as human herpesvirus 8, belongs to the species Rha-
dinovirus humangamma8 of the subfamily Gammaherpes-
virinae, family Orthoherpesviridae [1]. This virus infects 
various cell types in vivo, including B lymphocytes, mono-
cytes, endothelial cells, epithelial cells, and keratinocytes, 
and causes Kaposi sarcoma, primary effusion lymphoma, 
and multicentric Castleman disease [2–5]]. KSHV has a 
double-stranded DNA genome containing more than 90 open 
reading frames (ORFs) and encoding various microRNAs 
[5].

KSHV, like other herpesviruses, exhibits two phases 
of infection in its replication cycle: latent and lytic. In the 
latent phase, the KSHV genome is maintained as a non-inte-
grated extrachromosomal episome in the nucleus of infected 
cells without virus production [6]. Only a limited number 
of genes, including those encoding latent nuclear antigen, 
vCyclin, and viral FLICE inhibitory protein, are expressed. 
These genes play a role in maintaining the latent state and 
are called "latency-associated genes".

Various stimuli induce the expression of the viral trans-
activator encoded by ORF50 and trigger the lytic phase 
of infection. In this phase, almost all the viral genes are 
activated. According to their temporal expression patterns, 
genes are classified into three categories: immediate early 
(IE), early (E), and late (L). IE genes encode transactiva-
tors such as the ORF50 protein, E genes encode the viral 
polymerase and related proteins, which contribute to viral 
genome replication, and L genes encode structural proteins 
that make up the KSHV virion [5, 7–9].

Herpesvirus virions consist of a genome, capsid, tegu-
ment, and envelope. The viral genome is enclosed in the 
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capsid shell to constitute the nucleocapsid core, which is 
further wrapped with an envelope from which various viral 
glycoproteins are extruded. The area between the nucleocap-
sid and envelope is called the tegument and is unique to her-
pesviruses. Various cellular and viral proteins are present in 
this region [10, 11]. The ORF42 and ORF55 gene products 
are considered tegument proteins; however, their functions 
remain to be elucidated. Using an ORF42-deficient recom-
binant virus with an ectopic stop codon in the ORF42 gene, 
Butnaru et al. demonstrated that the ORF42 protein has the 
ability to modulate the expression of various genes, includ-
ing immediate-early, early, and late genes, to some extent 
[12]. They also demonstrated that ORF42 is exclusively pre-
sent in the cytoplasm and is required for intracellular virion 
production [12]. The viral Bcl-2 homolog (vBcl2) of KSHV 
binds to the ORF55 protein and is involved in the incorpora-
tion of the ORF55 protein into virions [13], suggesting that 
ORF55 could be a key protein for viral particle formation.

Mammalian herpesviruses have about 40 genes in com-
mon, termed ”core genes” and these are believed to have 
been inherited from a common ancestor [14]. ORF42 and 
ORF55 are core genes that are expressed as L genes [9, 14]. 
Herpes simplex virus (HSV)-1 UL7 and Epstein-Barr virus 
(EBV) BBRF2 are homologs of KSHV ORF42, whereas 
HSV-1 UL51 and EBV BSRF1 are homologs of KSHV 
ORF55 [15]. Both UL51 and BSRF1 are palmitoylated and 
membrane-associated [16, 17]. HSV-1 UL51 binds to UL7 
and glycoprotein E and recruits them to the cytoplasmic 
membrane [18]. EBV BBRF2 complexes with BSRF1. Dele-
tion of BBRF2 reduces viral infectivity [19].

The ORF42 and ORF55 proteins of KSHV exhibit limited 
sequence similarity to their homologs in EBV, BBRF2, and 
BSRF1, with 35.8% and 46.4% amino acid sequence iden-
tity, respectively, although EBV and KSHV both belong to 
the subfamily Gammaherpesvirinae. We therefore investi-
gated whether these two proteins have the same function(s) 
as their homologs in other herpesviruses. We found that 
ORF55 interacts with and affects the cellular localization 
of ORF42. Furthermore, using a recombinant virus lacking 
ORF42, we confirmed that ORF42 is necessary for efficient 
production of virus particles. These observations provide 
insights into the functions of ORF42 and ORF55 during 
viral infection.

Materials and methods

Cell culture and reagents

293T and HeLa cells were cultured in DMEM containing 
10% fetal bovine serum and penicillin/streptomycin (growth 
medium). iSLK cells were cultured in growth medium con-
taining 1 μg of puromycin (FUJIFILM Wako) and 250 μg of 

G418 (Nacalai Tesque) per mL. Mouse anti-FLAG mono-
clonal antibody (mAb; clone 1E6: FUJIFILM Wako), mouse 
anti-HA mAb (clone 4B2; FUJIFILM Wako), rabbit anti-HA 
polyclonal antibody (pAb; Proteintech: 51064-2-AP), rab-
bit anti-ubiquitin pAb (GeneTex: GTX128826), and mouse 
anti-beta-tubulin mAb (clone 10G10; FUJIFILM Wako) 
were purchased. Polyethyleneimine (PEI MAX, MW 40,000; 
Polysciences ) was dissolved at a concentration of 2 mg/
mL in distilled water, filter-sterilized, and used for plasmid 
transfection.

Plasmids

The expression plasmid pCI-blast has been described previ-
ously [20]. pCI-blast-FLAG-ORF42, pCI-blast-HA-ORF55, 
and pCI-blast-FLAG-ORF55 were generated using PCR by 
BCBL-1 DNA as template. Truncation mutants of ORF42 
were obtained using overlap extension PCR. The primers 
used in this study are listed in Table 1.

Coprecipitation and immunoblotting

Expression plasmids were transfected using PEI MAX. 
Transfected cells were harvested at 24 h post-transfection 
by scraping with cold phosphate-buffered saline (PBS). 
Cell pellets were resuspended in lysis buffer (10 mM Tris, 
pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP-40, and 
1% (v/v) EDTA-free protease inhibitor cocktail [Nacalai 
Tesque]) and incubated on ice for 30 min. The sample was 
then centrifuged at 20,000 × g at 4°C for 30 min, and the 
supernatant was collected. Mouse anti-FLAG or mouse anti-
HA mAb and protein A-agarose beads (Santa Cruz Biotech-
nology) were added to the supernatants, and the mixtures 
were incubated with rotation at 4°C. After incubation, the 
beads were washed five times with lysis buffer without the 
protease inhibitor cocktail. The supernatant was removed, 
and the beads were resuspended in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading 
buffer and boiled for 5 min. Samples were separated by SDS-
PAGE in 10% or 12.5% polyacrylamide gels and transferred 
onto polyvinylidene fluoride membranes. Subsequently, the 
membranes were blocked with PBS containing 0.1% Tween-
20 (PBS-T) and 5% (w/v) non-fat milk powder for 1 h at 
room temperature and then incubated with the primary anti-
body (1:1000) for 1 h at room temperature. After washing 
with PBS-T, the blots were incubated with a horseradish 
peroxidase-conjugated secondary antibody (1:10,000) for 
1 h at room temperature. The membrane was treated with 
EzWestLumi plus (ATTO), and the chemiluminescent signal 
was exposed to an X-ray film (FUJIFILM Wako). The devel-
oped X-ray film was scanned, and ImageJ software (version 
1.54 d) was used to quantify the signal intensity.
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Protein degradation assay

Plasmids for expression of FLAG-ORF42 or FLAG-
ORF55 were introduced by transfection into 293T cells. 
The cells were treated with or without 10 μM MG132, a 
proteasome inhibitor, for 3 h, and the culture medium was 
replaced with medium containing 10 μM MG132 and 50 
μM cycloheximide (CHX). At 0, 2, 4, and 6 h after CHX 
treatment, protein samples were prepared as above.

Immunofluorescence assays

HeLa cells seeded on glass slides were transfected with 
expression plasmids using PEI-MAX. One day after trans-
fection, the cells were washed with PBS and fixed with 
methanol for 5 min at room temperature. The cells were 
then incubated with an anti-FLAG pAb and/or anti-HA 
mAb. After washing, the cells were incubated with Alexa 
Fluor 488– or fluorescein isothiocyanate–conjugated anti-
mouse IgG and Alexa Fluor 594–conjugated anti-rabbit 
IgG. Nuclei were stained with DAPI using ProLong Glass 
Antifade Mountant with NucBlue (Thermo Fisher Scien-
tific). Immunofluorescent images were obtained using an 
inverted confocal microscope (Nikon C2; Nikon).

Mutagenesis of KSHV BAC16

KSHV BAC16 (accession number: GQ994935) was kindly 
provided by Jae U. Jung, and KSHV BAC16 mutagenesis was 
performed according to the developer’s protocols [21]. Nucle-
otide positions for mutagenesis were according to GenBank 
accession no. GQ994935. The primers used for mutagenesis 
are listed in Table 1. The insertion and deletion of kanamycin-
resistance cassettes (KanR) in each mutant were analyzed by 
digestion with KpnI and agarose gel electrophoresis. The muta-
tions in each BAC clone were confirmed by Sanger sequencing.

Establishment of doxycycline‑inducible 
recombinant KSHV‑expressing cells

To obtain efficient recombinant KSHV-producing cells, 
tetracycline/doxycycline (Dox)-inducible (Tet-on) RTA/
ORF50-expressing SLK cells (iSLK) were used. KSHV 
wild-type BAC16 (WT-BAC16) and mutants (ORF42 
STOP-BAC16 and ORF42 R136Q-BAC16) were introduced 
into iSLK cells by transfection, using the calcium phosphate 
method. The transfected cells were treated with 1000 μg of 
hygromycin B (FUJIFILM Wako) per mL to select Dox-
inducible, recombinant KSHV-producing cell lines (iSLK-
WT, iSLK-ORF42 STOP, and iSLK-ORF42 R136Q cells).

Table 1   Primers used in this study

a Lowercase indicates a sequence with homology to the KSHV BAC16 sequence, underlined uppercase indicates a mutagenesis site, and upper-
case indicates the pEP-KanS squence.
b Underlined lowercase indicates a restriction enzyme site, and uppercase indicates the tag protein sequence.

Purpose and name Sequence (5'→3')

BAC mutagenesisa

S_ORF42-stop-EP ccaccctgtggtgccccgccttgtcctggaagtgcataggTaaaacaacgcactggttggaTAG​GGA​TAA​CAG​GGT​AAT​CGA​
TTT​

As_ORF42-stop-EP gacattttgggggtattgcttccaaccagtgcgttgttttAcctatgcacttccaggacaaGCC​AGT​GTT​ACA​ACC​AAT​TAACC​
S_ORF42-R136Qmyk-EP accgagctctgctgcctgttatcgatgctcgagaactgtcAagacatgtcaccaacgttttTAG​GGA​TAA​CAG​GGT​AAT​CGA​TTT​
As_ORF42-R136Qmyk-EP gcgactaataatagatctcaaaaacgttggtgacatgtctTgacagttctcgagcatcgatGCC​AGT​GTT​ACA​ACC​AAT​TAACC​
Cloning expression plasmidb

2S_EcoRI_FLAG_KSHV-ORF42 catgaattcATG​GAT​TAC​AAG​GAC​GAC​GAT​GAC​AAGatgtccctggaaaggg
As_KSHV-ORF42_NotI caaaataagcggccgcttattttgaaaaaagggaaacaatg
S_EcoRI_KSHV-ORF55 catgaattcatgtcgtctccatggtacac
As_KSHV-ORF55_HA_XhoI tagctcgagctaTGC​ATA​ATC​CGG​AAC​ATC​ATA​CGG​ATAtgtcgaacctatcgcg
S_EcoRI_FLAG_KSHV ORF55 catgaattcATG​GAT​TAC​AAG​GAC​GAC​GAT​GAC​AAGatgtcgtctccatggtac
As_KSHV ORF55_NotI gcggccgcttatgtcgaacctatcgcgctttc
ORF42 truncated mutant constructionb

As_A1_KSHV ORF42_NotI ttgcggccgcttactccaccaggc
S_EcoRI_FLAG_ORF42_del(1-279) catgaattcATG​GAT​TAC​AAG​GAC​GAC​GAT​GAC​AAGcacgaagacatggtgac
As_ORF42_del(559-837)_SalI cgattaagtcgacttaatcgtccacggacagct
S_A3_EcoRI_FLAG_KSHV ORF42 catgaattcATG​GAT​TAC​AAG​GAC​GAC​GAT​GAC​AAGcatttcagggccac
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Measurement of virus production and viral DNA 
replication

To evaluate virus production, the KSHV genome in the 
culture supernatant was quantified as described previ-
ously [22–24]. Briefly, iSLK cells (iSLK-WT, iSLK-
ORF42 STOP, and iSLK-ORF42 R136Q cells) were 
treated with 0.75 mM sodium butyrate (NaB) and 4 μg 
of Dox per mL for 72 h to induce lytic replication of 
recombinant KSHV, and the culture supernatants were 
harvested. The supernatants (150 μL) were treated with 
DNase I (New England Biolabs) to obtain only enveloped 
and encapsidated viral genomes. Total DNA was extracted 
from 100 μL of the DNase-I-treated culture supernatant 
using a QIAamp DNA Blood Mini Kit (QIAGEN). For 
quantification of the viral DNA, SYBR Green real-time 
PCR was performed using KSHV-encoded ORF11-spe-
cific primers. The values obtained were normalized to the 
sample volume. To measure genome replication, iSLK 
cells were treated with Dox and NaB for 48 h to induce 
lytic replication. Total cellular DNA was extracted using 
a QIAamp DNA Blood Mini Kit. The number of cellular 
KSHV genome copies was determined using SYBR Green 
real-time PCR and normalized to the amount of DNA 
used for the real-time PCR.

Results

ORF42 forms a complex with ORF55

Viruses of the family Herpesviridae share 43 “core 
genes” believed to be inherited from a common ances-
tor. KSHV ORF42 and ORF55 are core genes [14]. The 
amino acid sequence of KSHV ORF42 is 35.8% identi-
cal to that of EBV BBRF2, and that of KSHV ORF55 is 
46.6% identical to that of BSRF1. KSHV and EBV are 
members of the subfamily Gammaherpesvirinae, and the 
amino acid sequence similarity in these proteins is the 
highest among the human herpesviruses. Previous reports 
have shown that the homologs of KSHV ORF42 (HSV-1 
UL7 and EBV BBRF2) interact with those of ORF55 
(HSV-1 UL51 and EBV BSRF1) [19, 25]. Therefore, we 
examined whether ORF42 interacts with ORF55, using 
a co-immunoprecipitation assay (Fig. 1). As shown in 
Fig. 1, a C-terminally HA-tagged ORF55 was efficiently 
coprecipitated with an N-terminal FLAG-tagged ORF42. 
Unexpectedly, multiple HA-ORF55 bands were observed, 
some corresponding to a higher molecular weight than 
predicted for the full-length protein. These data suggest 
that KSHV ORF42 and ORF55 form complexes similar 
to those of other herpesviruses [19, 25].

ORF42 associates with ORF55 via multiple parts

To investigate which part of ORF42 is necessary for interaction 
with ORF55, we divided ORF42 into three parts, tagged each 
with a FLAG epitope at its N-terminus (Fig. 2a), and examined its 
interaction with ORF55 using a co-immunoprecipitation assay. All 
of the mutants were coprecipitated with FLAG-ORF55 (Fig. 2b, 
lanes 4-6), although the A3 mutant was co-immunoprecipitated 
with ORF55 with low efficiency. Signals above the main signals of 
ORF55, which were most significant in A2, were also detected. The 
data showed that ORF42 binds to ORF55 in more than three parts.

Fig. 1   Interaction of ORF42 with ORF55. FLAG-tagged ORF42 and 
HA-tagged ORF55 were expressed in 293T cells. Immunoprecipita-
tion was performed using an anti-FLAG mAb, and the precipitates 
were analyzed by SDS-PAGE and immunoblot assay. Representative 
data from three independent experiments are presented

Fig. 2   Binding of ORF55 with multiple parts of ORF42. (a) Sche-
matic illustration of the ORF42 truncation mutants. (b) FLAG-tagged 
ORF42 truncation mutants were expressed together with HA-tagged 
ORF55 in 293T cells. The cell lysates were used for immunoprecipi-
tation assay using an anti-FLAG antibody, and the precipitates were 
analyzed by SDS-PAGE and immunoblot assay. Representative data 
from three independent experiments are presented
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ORF42 and ORF55 mutually increase protein 
expression

The signal intensity of ORF42 in the immunoblot analysis 
increased in the presence of ORF55. To compare the sig-
nal differences, the developed X-ray films were scanned, 
and the signal intensities were quantified using ImageJ 
software. When both proteins were expressed simultane-
ously, the signal intensities for ORF42 and ORF55 were 
approximately 3 and 1.5 times higher, respectively, than 
when each was expressed alone (Fig. 3a). Interestingly, 
upregulation of ORF55 expression was not observed when 
ORF42 truncation mutants were expressed simultaneously 
(Fig. 3b), indicating that full-length ORF42 is required 
for regulation of ORF55 expression. The A3 mutant was 
almost undetectable in the immunoblotting assay (Fig. 3b, 
lane 4, middle panel).

The ubiquitin-proteasome pathway is involved in protein 
degradation. To determine whether this pathway contributed 
to the difference in protein expression, we examined protein 
ubiquitination (Fig. 3c). Polyubiquitination was observed 
with ORF55 but not with ORF42. No polyubiquitination of 
ORF42 was observed, even after treatment with MG132, a 
proteasome inhibitor (data not shown).

MG132 stabilized ORF55 slightly after 6 h of treatment 
with CHX and MG132, indicating that the degradation of 
ORF55 was ubiquitin-dependent (Fig. 4a). Surprisingly, the 
proteasome inhibitor stabilized Flag-ORF42 significantly 
(Fig. 4b), indicating that ORF42 was degraded by protea-
somes. A small number of cellular proteins are under the 
control of ubiquitin-independent proteasomal degradation 
[26]. As we could not detect polyubiquitinated ORF42, this 
protein might be degraded by an unusual mechanism.

ORF42 is recruited to the cytoplasm by ORF55

Previous reports have indicated that the presence of the cor-
responding ORF55 homologs (HSV-1 UL51 or EBV BSRF1) 
causes relocation of the ORF42 homologs (HSV-1 UL7 or 
EBV BBRF2) to the Golgi apparatus [16, 19, 25]. Therefore, 
we examined the intracellular localization of these proteins 
using immunofluorescence microscopy. When expressed inde-
pendently, ORF42 was localised in the cytoplasm and nucleus, 
and a granule-like fluorescence pattern was seen in the nucleus. 
For ORF55, a major proportion of the protein was located in 
the cytoplasm, particularly in the perinuclear area (Fig. 5). The 
localization patterns of the two proteins were concordant with 
those reported previously [27]. We conclude that the distribu-
tion of ORF42 is altered in the presence of ORF55, that the 
majority of ORF42 colocalizes in the cytoplasm with ORF55, 
and that a small fraction of ORF42 remains in the nucleus.

Fig. 3   Effect of ORF42 and ORF55 interactions on protein expres-
sion levels. (a) Effect of coexpression. Cells were transfected with the 
indicated plasmids (1 µg each) and subjected to immunoblot analy-
sis the following day. The intensity of the signal was quantified using 
ImageJ software and normalized to the tubulin signal. Signal intensi-
ties of ORF42 and ORF55 expressed alone were set to 1.0. (b) Effect 
of truncation mutations. FLAG-tagged ORF42 truncation mutants 
were expressed together with HA-tagged ORF55 in 293T cells. Pro-
tein expression was analyzed by immunoblot and quantified. The sig-
nal intensity of ORF55 expressed alone was set to 1.0. (c) Detection 
of poly-ubiquitination signals. FLAG-tagged ORF42 or ORF55 was 
expressed in 293T cells. The proteins were immunoprecipitated, sepa-
rated by SDS-PAGE, and analyzed using an immunoblot assay. Rep-
resentative data from three independent experiments are presented
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The mutation R136Q in ORF42 increases 
the expression of both the ORF42 and ORF55 
proteins

Eighteen percent of the inhabitants of Miyako Island, 
Okinawa Prefecture, Japan, who are over 50 years old are 
positive for KSHV, and the incidence of Kaposi′s sarcoma in 
people over 50 years of age in this area is around 1,000 times 
higher than that in mainland Japan [28]. The R136Q muta-
tion in ORF42 is unique to KSHV from Miyako Island [28]. 
We therefore tested whether this mutation in ORF42 affects 
its interaction with ORF55. As shown in Fig. 6a, the ORF42 
R136Q mutant was able to bind to ORF55. Next, we com-
pared the protein expression level of ORF55 coexpressed 
with wild-type ORF42 or ORF42 R136Q and also com-
pared the expression levels of wild-type ORF42 and ORF42 
R136Q when coexpressed with ORF55 (Fig. 6b). The data 
suggest that ORF42 R136Q stabilizes ORF55 and itself 
more efficiently than wild-type ORF42. Subsequently, we 
investigated whether the R136Q mutation affects the intra-
cellular localization of ORF42 and ORF55. When expressed 
alone, the R136Q mutant was located in the nucleus and 
cytoplasm with a granule-like appearance (Fig. 6b). In the 
presence of ORF55, the ORF42 mutant was mostly excluded 
from the nucleus and colocalized with ORF55 (Fig. 6c). The 
localization patterns of ORF55 and ORF42 R136Q were 
almost identical to those of the wild-type ORF42 (Fig. 5). 

Fig. 4   Degradation kinetics of FLAG-ORF55 and FLAG-ORF42. (a) 
and (b) FLAG-tagged ORF55 (a) or FLAG-tagged ORF42 (b) was 
expressed in 293T cells. After 3 h of treatment with MG132, the cells 
were cultured in the presence of CHX and MG132. At the indicated 
time points of CHX treatment, protein samples were prepared, ana-
lyzed by immunoblot, and quantified. The signal intensity of ORF42 
or ORF55 for cells not treated with MG132 and CHX was set to 1.0

Fig. 5   Subcellular localisa-
tion of ORF42 and ORF55 in 
HeLa cells. HeLa cells were 
transfected with the indicated 
expression plasmids, fixed 
at one day post-transfection, 
stained with anti-FLAG (red) 
and anti-HA (green) antibodies 
and DAPI (blue) and visualized 
by confocal laser microscopy at 
60× magnification. Representa-
tive data from three independent 
experiments are presented
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These data suggest that the ORF42 R136Q mutant, with or 
without ORF55, is similar to wild-type ORF42 in its intra-
cellular localization pattern.

Construction of ORF42‑deficient and ORF42 R136Q 
KSHV BAC

To elucidate the role of ORF42 and the effect of the R136Q 
mutation in ORF42 on viral replication, we constructed 
a recombinant virus using KSHV BAC16, i.e., ORF42 
STOP-BAC16 and ORF42 R136Q-BAC16, using a two-step 
markerless red recombination system [21, 29] (Fig. 7a). For 
ORF42 STOP-BAC16, adenine (nt 62,949) was replaced by 
thymine to introduce an ectopic stop codon, which resulted 
in the generation of immature ORF42 polypeptides. To gen-
erate ORF42 R136Q-BAC16, the arginine codon at position 
136 (nt 62,681-62,683) was converted to glutamine. Inser-
tions and deletions of the kanamycin resistance gene (KanR) 
were detected by KpnI digestion (Fig. 7b). The mutations 
were confirmed using Sanger sequencing (Fig. 7c).

Profiling of ORF42‑deficient and ORF42 R136Q 
KSHV‑producing cells

To efficiently induce recombinant KSHV, tetracycline/
Dox-inducible (Tet-on) RTA/ORF50- expressing SLK cells 
(iSLK) were used as the virus-producing cells [20]. iSLK 
cells harboring KSHV BAC16 did not produce infectious 
viruses without stimulation. Upon treatment with Dox and 
NaB, however, the lytic cycle was triggered to produce infec-
tious viruses.

We generated iSLK-WT, iSLK-ORF42 STOP, and iSLK-
ORF42 R136Q, which were stably transfected with KSHV 
BAC, ORF42 STOP-BAC16, and ORF42 R136Q-BAC16, 
respectively. These three cell lines were treated with Dox 
and NaB to induce lytic infection, and this resulted in a 
strong increase in replication of the viral genome, with the 
normalized genomic copy numbers being similar in the three 
iSLK cell lines (Fig. 8a). This indicated that the absence of 
ORF42 did not affect genome replication.

Subsequently, we measured the amount of recombinant 
virus in the culture supernatant of the stimulated cells. 

Fig. 6   Characterisation of the R136Q mutation in ORF42. (a) 
Expression of FLAG-tagged ORF42 R136Q and HA-tagged ORF55 
in 293T cells. Immunoprecipitation was performed using an anti-
FLAG mAb. The precipitates were analyzed by immunoblot assay. 
Representative data from three independent experiments are pre-
sented. (b) Enhancement of ORF42 and ORF55 protein expression 
by the R136Q mutation. Whole-cell lysates of 293T cells transfected 
with expression plasmids were analyzed SDS-PAGE and immuno-

blot assay. The levels of the ORF42 and ORF55 proteins increased 
if ORF42 had the R136Q mutation. (b) Subcellular localization of 
ORF42 R136Q and ORF55 in HeLa cells. HeLa cells were trans-
fected with the indicated expression plasmids, fixed at one day post-
transfection, stained with anti-FLAG (red) and anti-HA (green) anti-
bodies and DAPI (blue) and visualized by confocal laser microscopy 
at 60× magnification. Representative data from three independent 
experiments are presented
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The supernatant was treated with DNase I, total DNA was 
harvested from the supernatant, and genomic DNA was 
quantified using real-time PCR. DNA that was resistant to 
DNase I treatment was considered to have originated from 
infectious viral particles. The genome copy number of the 
ORF42-deficient virus in the supernatant was approxi-
mately 4% of that of the parental virus. Moreover, the 

amount of ORF42R136Q virus in culture supernatant was 
approximately 15% of that of the parental virus (Fig. 8b).

The lack of ORF42 did not affect genome replication 
but reduced the amount of virus produced, suggesting that 
this protein contributes to virus assembly. The R136Q 
mutation exhibited similar effects on both genome repli-
cation and virus production, although its effect on virus 

Fig. 7   Mutagenesis scheme and construction of ORF42 STOP-
BAC16 and ORF42 R136Q-BAC16 based on KSHV BAC16 WT, 
using a two-step red recombination system. (a) Schematic illustra-
tion of the KSHV genome, showing the ORF42 coding region. For 
mutagenesis of ORF42 STOP-BAC16, the adenine at nt 62,949 
was changed to thymine to introduce an ectopic stop codon. For the 
generation of ORF42 R136Q-BAC16, the codon for arginine 136 

(nt 62,681–62,683) was replaced with a glutamine codon. (b) Elec-
trophoretic pattern of the recombinant KSHV BAC DNA digested 
with KpnI. The asterisks (*) indicate the insertion and deletion of a 
kanamycin-resistance cassette in each BAC clone. (c) DNA sequenc-
ing results for ORF42 mutagenesis sites in ORF42 STOP-BAC16 and 
ORF42 R136Q-BAC16
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production was milder than that observed when no ORF42 
was produced.

Discussion

Members of the family Herpesviridae have several “core 
genes” in common. KSHV ORF42 is a homolog of HSV-1 
UL7 and EBV BBRF2, and KSHV ORF55 is a homolog of 
HSV-1 UL51 and EBV BSRF1. Like their homologs, we 
found that these two proteins of KSHV interact with each 
other. When expressed alone, KSHV ORF42 was located in 
the nucleus and the cytoplasm, but when coexpressed with 
ORF55, it was relocated from the nucleus to the cytoplasm. 
Previous studies have shown that the homologs of KSHV 
ORF42 and ORF55 accumulate in the Golgi apparatus and 
play a role in secondary viral envelopment [19, 25] and that 
HSV-1 UL7, EBV BBRF2, and KSHV ORF42 are not abso-
lutely essential for virus replication but are necessary for 
efficient replication [12, 19, 30]. Butnaru et al. showed that 
cells infected with an ORF42-deficient recombinant virus 
released fewer infectious virions than those infected with 
the wild-type virus and that ORF42 was required for efficient 
production of intracellular virions [12]. In this study, we also 
observed that cells infected with the ORF42 STOP virus 
released less DNase-resistant DNA into the culture medium 
than those infected with wild-type virus. Although an 
ORF42-deficient recombinant virus with a nonsense muta-
tion in ORF42 at serine position 25 was shown in a previous 
study to express early genes such as ORF6, ORF59, and 

ORF68 at slightly lower levels [12], this did not appear not 
the cause of the lower production of cell-free viral genome 
of the ORF42-deficient recombinant virus [12]. Because the 
previously investigated ORF42-deficient recombinant virus 
and our ORF42 STOP virus exhibited levels of intracellu-
lar genomic DNA replication similar to that of the wild-
type (Fig. 8), ORF42 appears to be dispensable for viral 
genome replication. Considering that ORF42 is expressed 
late in infection [9], it is expected to play a role in virion 
assembly. Although ORF42 was exclusively expressed in 
the cytoplasm in virus-infected cells [12], a small amount 
of ORF42 accumulated in the nucleus when ORF42 and 
ORF55 were coexpressed by plasmid transfection (Fig. 5). 
This discrepancy might have been due to protein overexpres-
sion using a strong promoter. Taking these observations into 
consideration, KSHV ORF42 and ORF55 might play roles 
similar to those of their homologs. ORF55 also binds to 
vBcl2, and this interaction plays a role in the incorporation 
of ORF55 into virions [13]. Given that the vBcl2 homolog 
is conserved only among members of the subfamily Gam-
maherpesvirinae, the process of viral particle formation in 
KSHV- and EBV-infected cells could be different from that 
in HSV-1-infected cells.

In addition to HSV-1 UL7, HSV-1 UL51 interacts with 
glycoprotein gE. A recombinant HSV-1 lacking most of 
UL51 was shown to produce smaller plaques than viruses 
lacking gE [31]. This observation suggested that HSV-1 
UL51 may have other functions that affect virion production. 
Because members of the subfamily Gammaherpesvirinae do 
not have a gE gene, it is not known whether the function of 

Fig. 8   Profiling of ORF42-deficient and ORF42 R136Q KSHV-pro-
ducing cells. (a) KSHV DNA replication in iSLK-WT (WT), -ORF42 
STOP (ORF42 STOP), and -ORF42 R136Q (ORF42 R136Q) cells. 
The cells were cultured for 48 h with a medium containing NaB and 
Dox. Total DNA was purified from each cell line. The number of 
KSHV genome copies was determined using real-time PCR and nor-
malized to the total amount of DNA. (b) Virus production in iSLK 

cells. Each cell line was cultured for 72 h in a medium containing 
NaB and Dox. DNase-I-resistant DNA was purified from the culture 
supernatants, and the number of KSHV genome copies was deter-
mined using real-time PCR. The values obtained were normalized to 
the sample volume. Error bars indicate the standard deviation. Repre-
sentative data from three independent experiments are presented
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KSHV ORF55 is similar to that of HSV-1 UL51. Further-
more, Oda et al. reported that HSV-1 UL14, a component of 
the viral pre-initiation complex, is a binding target of HSV-1 
UL51 [32], suggesting that HSV-1 UL51 could affect late 
gene expression.

When expressed simultaneously, the levels of the KSHV 
ORF42 and ORF55 proteins were significantly higher than 
when expressed alone. ORF55 was found to be polyubiqui-
tinated, whereas ORF42 was not. In general, polyubiquit-
inated proteins are degraded by proteasomes. However, the 
interaction between these two proteins might prevent poly-
ubiquitinated ORF55 from undergoing proteasomal degrada-
tion. This interaction might also stabilize ORF42, account-
ing for its strong signal in immunoblot analysis. When the 
ORF42 truncation mutants and ORF55 were expressed 
simultaneously, none of the ORF42 mutants showed 
increased expression levels of ORF55. This suggests that 
full-length ORF42 is required for the increased expression 
of ORF55. Considering that we could not detect polyubiquit-
inated ORF42, ORF55 might have a quality control function 
that operates by a proteasome-independent mechanism. A 
small number of cellular proteins are known to be ubiqui-
tin-independent substrates of proteasomes [26], and further 
studies might clarify whether this is true of ORF42. Butnaru 
et al. reported that ORF42 affects viral gene expression in a 
post-transcriptional manner [12], and it is possible that this 
unknown mechanism could account for the enhancement 
of ORF55 expression. The regulatory function of ORF42 
is more apparent at later time points, and on late genes. It 
has been reported previously that the expression levels of 
some early and late genes in cells infected with an ORF42-
deficient virus at day 6 after lytic cycle induction are less 
than half of those in cells infected with the wild-type virus 
[12]. The significant reduction in the expression of several 
viral genes might be another cause of replication failure of 
ORF42-deficient virus at later time points in the lytic phase.

It has been reported that a KSHV strain that is preva-
lent on Miyako Island in Japan has an R136Q substitution 
in ORF42. This mutant retains the ability to interact with 
ORF55 and to be relocated from the nucleus to the cyto-
plasm when coexpressed with ORF55. Considering that 
this substitution resulted in enhanced ORF55 expression, 
the R136Q substitution might enhance the affinity of binding 
of ORF42 to ORF55. This led us to expect that this substitu-
tion would enhance virus production, but, on the contrary, 
the ORF42 R136Q mutant produced much less virus than 
the parental virus, indicating that the mutation had an overall 
negative effect on virus production.
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