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The ORF57 gene of Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes a nuclear protein expressed
during the lytic phase of KSHYV replication. An ORF57 homolog is present in all known human herpesviruses
and many animal herpesviruses. Many of these proteins have been demonstrated to have essential transcrip-
tional and posttranscriptional regulatory functions. ORF57 enhances expression of reporter genes posttran-
scriptionally in vitro and may synergize with transcription factors to enhance gene transcription. However, the
biologic role of ORF57 in KSHYV replication has not been established. In this study, we demonstrate that
ORFS57 is essential for productive KSHV lytic replication by constructing a recombinant KSHV in which
ORF57 expression has been specifically inactivated. The ORF57-null KSHV recombinant was unable to
produce virion progeny or fully express several other lytic KSHV genes except when ORF57 was provided in
trans. The Epstein-Barr virus (EBV) homolog of ORF57, SM, was unable to rescue lytic KSHYV virion produc-
tion, although EBV SM does enhance KSHYV lytic gene expression from the ORF57-null mutant. Conversely,
ORF57 did not rescue an SM-null recombinant EBV, indicating the existence of virus-specific functions for the

ORF57 family of genes.

The Kaposi’s sarcoma-associated herpesvirus (KSHV, also
called human herpesvirus 8) ORF57 gene product is a member
of a highly conserved family of proteins present in most mam-
malian herpesviruses (1, 2, 6, 10, 16, 24). It is not known
whether ORF57 is essential for lytic KSHV replication. In
three human herpesviruses where the question has been di-
rectly addressed by recombinant molecular genetics, the
ORF57 homologs Epstein-Barr virus (EBV) SM, varicella-
zoster virus (VZV) ORF4, and herpes simplex virus (HSV)
ICP27 have been shown to be essential for lytic virus replica-
tion (11, 15, 33). Although each human herpesvirus expresses
a homologous protein that is important in the life cycle of the
virus, the structure and function of these proteins vary signif-
icantly, and each protein has unique properties that are specific
to the biology of the virus. For example, the EBV SM protein
induces specific cell genes that facilitate EBV replication, and
it is incapable of fully substituting for the HSV ICP27 homolog
(3, 27). In addition, there is a significant amount of functional
and sequence divergence among the different homologs en-
coded by the human herpesviruses, including differences in
mechanism of action and varying effects on splicing and tran-
scription (28, 37, 43, 44). Thus, it is likely that ORF57 has
unique functions related to KSHV replication and pathogen-
esis.

The ORF57 gene, which is expressed early during lytic
KSHYV replication, has a regulatory function. ORF57 posttran-
scriptionally enhances expression of KSHV intronless genes
and represses several intron-containing genes in reporter as-
says (2, 16, 20). The ORF57 protein appears to have synergistic
effects with the KSHV immediate-early transcriptional activa-
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tor ORF50 in reporter assays, enhancing expression of ORF50-
dependent genes, although the exact mechanism of this effect
remains to be established (20, 22). ORF57 may also possess
gene specificity in its enhancing function, differentially increas-
ing expression of selected cellular and viral target genes (16,
20). Furthermore, it has been reported that ORF57 interacts
with the cellular export factor Ref/Aly and may thereby facil-
itate export of intronless mRNAs (23). Based on these prop-
erties, it is likely that ORF57 has specific effects on gene
expression, preferentially stimulating intronless lytic KSHV
genes and inhibiting or activating particular host cell genes.
Such a process is hypothesized to be essential for the orderly
progression of the lytic cycle from latency to early and late lytic
replication. However, the role of ORF57 in lytic replication in
the context of actual KSHV infection has not been studied.

In order to study the role of the ORF57 protein in KSHV
replication and in regulating gene expression, we generated a
recombinant KSHV in which the ORF57 gene was specifically
interrupted. The production of this recombinant KSHV mu-
tant allowed us to determine whether the ORF57 protein was
required for KSHYV lytic gene expression and infectious virion
production. The KSHV ORF57-null mutant recombinant virus
should be useful in further analysis of the role of ORF57 in
KSHYV replication and pathogenesis.

MATERIALS AND METHODS

Cells and plasmids. 293 cells are human embryonic kidney cells transformed
with adenovirus type 5 DNA (14). The Vero cell line was originally initiated from
the kidney of a normal adult African green monkey (39).

The ORF57 coding region was cloned in the cytomegalovirus (CMV) promoter-
driven expression vector pCDNA3 (Invitrogen) as previously described (16). The
KSHV ORF59 open reading frame (ORF) was amplified from BCBLI1 cells (29),
sequenced, and cloned in pCDNA3. The ORF50 expression plasmid DD267, in
which ORF50 is cloned in pCDNA3, has been previously described (19).
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ORF57-null KSHV construction. (i) Construction of the ORF57-targeting
cassette. A DNA fragment comprising the Tn5 prokaryotic promoter and the
kanamycin phospho-transferase gene flanked by 60 bp of ORF57 coding se-
quence was amplified from the vector PCR 2.1-TOPO (Invitrogen) using primers
with the sequence 5'-ATGATAATTGACGGTGAGAGCCCCCGCTTCGACG
ACTCGATCATCCCCCGGGGCGCAAGGGCTGCTAAAGG-3" and 5'-TGA
CCTCGCCAAGAAGGTTACATGCCTCTACTAAGCGGTTTCCCATCGCT
TCAGAAGAACTCGTCAAGAAG-3'. The 5’ portions of these primers are
derived from nucleotides 82717 to 82766 and 83229 to 83278 of the KSHV
genome. The remaining 20 bp of each primer consists of the beginning and end
of the Kan" cassette derived from bp 989 to 1009 and 2093 to 2113 of the PCR
2.1 sequence. Insertion of this cassette into the KSHV genome by homologous
recombination is predicted to result in truncation of ORF57 and fusion of the
first 197 amino acids of ORF57 to 23 adventitious amino acids from the sequence
upstream of the Kan® coding region. Amplified DNA was gel purified prior to
electroporation into bacteria containing KSHV BACmid.

(ii) Generation of ORF57-null recombinant BACmid in Escherichia coli. A
BACmid containing the wild-type (wt) KSHV genome and hygromycin and
chloramphenicol resistance genes (BAC36), which was previously constructed
and characterized, was kindly provided by S. J. Gao (45). The BAC36 BACmid
also expresses green fluorescent protein (GFP), allowing direct visualization of
BACmid-infected cells by microscopy. Rec(-) bacteria carrying BAC36 were trans-
formed with the plasmid pGETREC, which encodes the bacteriophage N recE
recombinase and ampicillin resistance (26). The X recombinase in pGETREC is
under the control of an arabinose-inducible promoter. Bacteria carrying pPGETREC
therefore become recombination proficient in the presence of arabinose. Bacte-
ria containing BAC36 and pGETREC were grown to the exponential growth
phase with the addition of 0.2% (wt/vol) L-arabinose during the final 40 min of
growth. Cells were then washed and made electrocompetent.

Electrocompetent bacteria, which remain recombination proficient for a pe-
riod of several hours after withdrawal of L-arabinose, were electroporated with
0.2 ng of the ORF57-targeting cassette DNA fragment and briefly grown in
liquid culture in the absence of ampicillin to promote loss of the pPGETREC
plasmid and expression of kanamycin resistance. The cultures were then plated
on plates with chloramphenicol and kanamycin to select for clones carrying
BACmids which had undergone recombination.

Kanamycin- and chloramphenicol-resistant colonies were dispersed in double-
distilled H,O and analyzed by PCR with one primer from the ORF57 ORF
upstream of the targeted region and one primer from the Kan" ORF designed to
yield a diagnostic 700-bp fragment only if homologous recombination between
the targeting cassette and the wt BACmid had occurred. Positive colonies were
restreaked on kanamycin-chloramphenicol plates, and BACmid DNA was pre-
pared by a modification of the alkaline lysis method in which cleared lysates were
digested sequentially with RNase A and protease K followed by phenol extrac-
tion and column purification.

Transfection and adenovirus infection. Transfections were performed with
Lipofectamine Plus (Invitrogen) as per the manufacturer’s protocol. All trans-
fections were performed with equal amounts of DNA normalized with empty
vector DNA. Adenovirus expressing ORF50 (Ad50; kind gift of Don Ganem)
was grown in 293 cells and purified from concentrated supernatant over CsCl
gradients, and titers were determined. Infections were performed at a multiplic-
ity of infection of 1,000 per cell by incubation for 3 h in medium with 2% fetal
calf serum. Cells were then washed twice and reincubated in medium with 10%
fetal calf serum.

For generation of stably BACmid-infected cell lines, Vero cells were trans-
fected with ORF57-null BACmid using Lipofectamine Plus. Two days after
transfection, cells were examined with a fluorescence microscope and the num-
ber of GFP-expressing cells was determined. Cells were trypsinized, and approx-
imately 100 green cells were plated per 100-mm tissue culture dish in growth
medium with 100 to 200 pg/ml hygromycin B. Medium was changed every 3 days
until discrete colonies of hygromycin-resistant cells were identified. Single GFP-
expressing colonies were transferred using glass cloning cylinders and expanded
under hygromycin selection.

Induction of lytic gene expression and virus replication. To induce lytic rep-
lication of KSHYV lytic gene expression or virus production in Vero and 293 cells,
ORF57-null KSHV-infected cells were either transfected with ORF50 expression
vector or infected with Ad50 as described above. As appropriate, ORF57 plasmid
or empty vector was included in the transfection. Sodium butyrate was added to
the growth medium at a concentration of 2 mM the day after transfection to
enhance lytic replication. Cells were harvested for either immunofluorescence or
RNA isolation 48 h after transfection. For virus passage, supernatant was har-
vested from the cultures 5 days after transfection, cleared by centrifugation twice,
and filtered through a 0.45-wm cellulose acetate filter. Uninfected Vero cells
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were infected by incubation in virus-containing supernatant for a minimum of 4
hours. Cells were examined daily and photographed under fluorescence micros-
copy to detect GFP expression in newly infected cells.

Immunofluorescence microscopy, immunoblotting, and RNA analysis. Cells
for immunofluorescence microscopy were grown on glass coverslips. Where
indicated, cells were transfected 48 h prior to fixation. Cells were washed and
fixed in 100% methanol at —20°C for 10 minutes, air dried, and stored at —20°C.
Fixed cells were blocked with 20% goat serum and stained with monoclonal
antibody to ORF59 protein and AlexaFluor 594-conjugated anti-mouse immu-
noglobulin G antibodies to visualize ORF59 protein or polyclonal rabbit anti-
ORF57 antibodies and Texas Red-conjugated goat anti-rabbit immunoglobulin
G. Nuclei were counterstained, and slides were mounted for microscopy with
ProLong Gold antifade reagent (Molecular Probes).

RNA was isolated from washed cell pellets using QITAGEN RNeasy columns
as per the manufacturer’s protocols. Five micrograms of RNA was electropho-
resed in denaturing formaldehyde-agarose gels and transferred to charged nylon
membranes prior to hybridization with 3>P-labeled probes. Gene-specific probes
were generated by gel purification of fragments excised from gene expression
plasmids described above or by specific amplification of ORFs from BCBL1
DNA. Probes were *?P labeled using random primers and Klenow DNA poly-
merase and column purified. Northern blotting was performed as previously
described (32).

Southern blotting was performed exactly according to published protocols
(34). Briefly, restriction digests of BACmid DNA were electrophoresed, depuri-
nated, denatured, neutralized, transferred to membrane, cross-linked, and hy-
bridized with a probe generated from the ORF57 ORF.

Immunoblotting was performed with polyclonal anti-ORF57 antibodies and
horseradish peroxidase-conjugated secondary antibody followed by chemilumi-
nescence detection (Amersham).

RESULTS

Construction of an ORF57-null KSHV. In order to investi-
gate the role of ORF57 in KSHYV replication, we constructed
recombinant KSHV with ORF57 functionally deleted. The
ORF57 gene was interrupted by the insertion of a kanamycin
phosphotransferase gene into the KSHV genome. The recom-
bination strategy employed a previously described KSHV
BACmid (45). Briefly, a targeting cassette was generated by
PCR amplification of the kanamycin resistance gene with a
prokaryotic promoter from a commercially available cloning
vector. The primers were constructed to be complementary to
the Kan" gene at their 3’ ends and to ORF57 sequence at their
5" ends. These primers generated a 1,227-bp fragment contain-
ing the Kan" cassette flanked by 60 bases of the ORF57 gene
on either side (Fig. 1). The flanking sequences in the targeting
construct were located 561 bp apart, so that homologous re-
combination between the targeting cassette and the KSHV
genome would result in deletion of approximately 560 bp of
the ORF57 gene and replacement with the Kan" gene.

In order to regulate the extent of recombination in bacteria,
an inducible recombinase system was employed (18, 26). The
targeting cassette was purified to avoid contamination with the
kanamycin-resistant parent plasmid and then electroporated
into Rec(-) bacteria carrying an arabinose-inducible recombi-
nase. These bacteria were rendered temporarily recombination
proficient by arabinose induction prior to being made compe-
tent for electroporation. Bacteria containing potential recom-
binant KSHV were selected by plating electroporated bacteria
on chloramphenicol (to select for the KSHV BACmid) and
kanamycin (to select for integration of the ORF57-targeting
cassette). DNA was isolated from viable colonies and screened
by PCR using one primer from the ORF57 gene and another
within the Kan" gene. Clones that were verified by PCR were
further analyzed by restriction enzyme digestion and Southern
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FIG. 1. Strategy for generation of ORF57-null mutant KSHV
BACmid. A DNA fragment capable of homologous recombination
with the endogenous ORF57 gene was generated by PCR amplification
of a kanamycin resistance cassette using primers incorporating ORF57
sequence at the 5’ termini (dark gray). The fragments were electro-
porated into E. coli carrying a KSHV BACmid (BAC36) to allow
homologous recombination mediated by transiently expressed \ bac-
teriophage recombinases. Recombinants that had incorporated the
targeting cassette were selected by plating on chloramphenicol-kana-
mycin plates. BAC36 also encodes GFP, hygromycin resistance, and
chloramphenicol resistance, as shown.

blotting. In the wild-type BACmid, the probe hybridizes to two
HindIIT fragments of approximately 2 and 3 kb in which
ORF57 is encoded. Due to the insertion of the Kan" cassette in
the mutant ORF57-null BACmid, the 2-kb fragment becomes
approximately 1 kb larger (Fig. 2).

ORF57 is required for KSHV replication. In order to ask
whether ORF57 is required for KSHV replication, we at-
tempted to passage infectious KSHV from cells transfected
with ORF57-null KSHV. A variety of cell types were trans-
fected with the ORF57-null BACmid and an ORF50 expres-
sion plasmid. Parallel transfections were performed with the
addition of an ORF57 expression plasmid to rescue the ORF57-
null BACmid. Supernatants were harvested at various times
from 48 to 120 h after transfection and used in an attempt to
infect monolayers of target cells. Despite testing a variety of
manipulations and conditions, only occasional passage of virus
was detected by microscopic examination of the target cells for
GFP expression from the recombinant KSHV (data not
shown). Notably, such occasional positive cells were only de-
tected in supernatant from ORF57 transfected cells.

Because rescue of infectious virus production by transient
transfection of BACmid into 293 cells was relatively inefficient,
we wished to determine whether significant expression of
KSHYV lytic replicative genes was achieved under these condi-
tions. We therefore transfected 293 cells with ORF57-null
BACmid and ORF50 plasmid, with or without ORF57 rescue.
RNA was harvested from the cells 48 h after transfection and
analyzed by Northern blotting to measure ORF59 expression.
ORFS59 was chosen as a representative early lytic gene, since it
is expressed within 6 hours after initiation of the lytic cycle and
encodes the DNA polymerase processivity factor, a protein
critical for DNA replication (46). As shown in Fig. 3, ORF59
mRNA is detectable in BACmid-transfected cells, but only
when ORF57 is expressed. A similar result was obtained with
Vero cells (Fig. 3B). The length of time required to obtain a
similar degree of intensity on the autoradiograms was signifi-
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FIG. 2. Screening and verification of recombinant ORF57-null vi-
rus. A. DNA from bacterial colonies isolated by chloramphenicol and
kanamycin selection was screened for the presence of sequences diag-
nostic of an insertion of the Kan" cassette into ORF57 by PCR ampli-
fication, with one primer in ORF57 and one primer in Kan". Amplifi-
cation of a 700-bp fragment is shown in DNA from three independent
isolates (lanes 2 to 4), and molecular weight markers are shown in lane
1. B. Restriction analysis of recombinant BACmids was performed
with HindIII digestion and electrophoresis. In addition to the presence
of all expected fragments, recombinant BACmids contain a 3-kb HindIII
fragment, as seen in lane 3 (arrow), instead of a 2-kb fragment seen in
wild-type BACmid digests () (lanes 2 and 4), consistent with insertion
of the Kan" cassette in ORF57. C. Southern analysis of DNA from
recombinant BACmid clones was used to verify correct insertion of
Kan" into ORF57. There is a HindIII site in the ORF57 gene which
results in two fragments that hybridize to the ORF57 probe in wt
KSHYV (lanes 2 to 5). Homologous recombination and insertion of
Kan" into the smaller fragment result in two fragments approximately
3 kb in size (lane 1). Molecular weight standards from a HindIII digest
of bacteriophage lambda DNA are shown in lane 1.

cantly shorter with mRNA from Vero cells than with 293 cells,
although transfection was performed under identical condi-
tions. These findings suggested that ORF57 was likely to be
required for lytic KSHV replication and that rescue of infec-
tious KSHV from ORF57-null BACmid-infected cells should
be possible, especially in Vero cells.

With the aim of increasing the efficiency of virus production,
we generated Vero cell lines stably infected by recombinant
KSHYV with ORF57 deleted. Vero cells were transfected with
recombinant ORF57-null KSHV BACmid and selected with
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FIG. 3. Expression of an early Iytic gene (ORF59) by ORF57-null KSHV. A. 293 cells were transfected with an ORF57-null KSHV BACmid in
combination with either empty vector (C), an ORF50 expression vector (50), or both ORF50 and ORF57 expression vectors (50/57). RNA was harvested
and analyzed by Northern blotting with an ORF59 probe. RNA from transfections with two independent BACmid isolates is shown. Blots were probed
with glyceraldehyde-3-phosphate dehydrogenase probes as a loading control (bottom panels). B. Vero cells were transfected with ORF57-null BACmid
and either empty vector (C), ORF50 (50), or ORF50 and ORF57 plasmids (50/57) and analyzed as for panel A.

hygromycin. Individual clones were expanded and verified to
be 100% GFP positive. To confirm that these ORF57-null
mutants did not express any detectable ORF57, we examined
the cells by immunofluorescence microscopy, Northern blot-
ting, and immunoblotting. In parallel, we examined Vero cells
infected with the parental wt ORF57 KSHV. Cells were first
induced into lytic replication by transfection of ORF50 or
empty vector as a control. As shown in Fig. 4A and B, wt
ORF57-infected cells express ORF57 protein and mRNA
when transfected with ORF50, whereas ORF57 mutant in-
fected cells do not. After transfection with ORF50, approxi-
mately 5% of wt ORF57-infected cells were ORF57 positive by
immunofluorescence, but no ORF57 expression was detectable
in any of four independently derived ORF57 mutant-infected
cell lines. Representative micrographs are shown in Fig. 4C.

To maximize induction of lytic replication, these stably in-
fected cells were infected with Ad50 and transfected with ei-
ther empty vector plasmid or ORF57 plasmid. Supernatants
were harvested from cells 5 days after induction of lytic repli-
cation and used to infect Vero cell monolayers. Infected mono-
layers were examined daily for GFP expression, indicating suc-
cessful passage of ORF57-null KSHV. Infected cells were
easily detected 48 h after infection by supernatants from wt-
infected cells transfected with empty vector. In contrast, no
infected cells could be derived from supernatants of any
ORF57-null-infected cells transfected with empty vector. How-
ever, transfection of ORF57-null-infected cells with ORF57
yielded supernatant that gave rise to GFP-positive cells after
incubation with uninfected Vero monolayers (Fig. 5). Overall,
when measured by passage to uninfected Vero cells, superna-
tant from wt ORF57-infected cells yielded approximately 15%
GFP-positive cells. Supernatant from ORF57-null-infected
clones yielded 3 to 5% GFP-positive cells. Thus, the level of
reconstitution by ORF57 transfection was 20 to 30% of wt
ORF57 virus but undetectable in the absence of ORF57, indi-
cating that ORF57 was required for production of infectious
KSHV. In no case was virus passage observed without Ad50
infection (data not shown).

KSHYV lytic gene expression is ORF57 dependent. The de-
pendence of infectious KSHV virion production on ORF57
expression suggested that one or more stages of lytic KSHV
replication were ORF57 dependent. We therefore examined
the expression of early and late lytic genes in the presence and
absence of ORF57. Vero/ORF57-null KSHV cells were in-
duced by transfection with ORF50 and transfected with either
empty vector or ORF57 plasmid. We then assessed ORF59
protein expression from ORF57-null virus in the presence or
absence of ORF57 by immunofluorescence microscopy after
fixation and staining with monoclonal antibodies specific for
ORF59 protein (kind gift of B. Chandran) (5). Only Vero/
ORF57-null cells transfected with ORF57 expressed charac-
teristic ORF59 nuclear staining. These results were repeated
with four independent ORF57-null mutant-infected cell lines,
and results from two representative experiments are shown in
Fig. 6. By comparison, wt ORF57-infected cells expressed
ORF59 upon transfection with ORF50 alone (Fig. 6E).

Another lytic KSHV gene product whose expression is po-
tentially regulated by ORF57 is the small polyadenylated nu-
clear RNA PAN (nut-1; T1.1). In cotransfection assays, PAN
expression is highly activated by ORF50 at the transcriptional
level, and the PAN promoter has been shown to be ORF50
dependent (42). It has also been reported that ORF57 acts
synergistically with ORF50 to increase PAN expression (20). It
has been suggested that the synergy is based on a physical
interaction between ORF57 and ORFS50 proteins, leading to
increased PAN transcription. However, it is not known
whether the levels of PAN RNA are actually affected by
ORF57 in KSHV-infected cells. The ORF57 mutant we con-
structed allowed us to directly examine the dependence of
PAN expression on ORF57. Lytic expression was induced in
Vero/ORF57-null cells by either ORF50 transfection or Ad50
infection, and PAN expression was compared with or without
ORF57 rescue. As shown in Fig. 7, although PAN RNA is
transcribed when ORF50 alone is expressed, PAN accumula-
tion is significantly increased by ORF57 expression.
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FIG. 4. ORF57 is not expressed in cells infected with ORF57-null KSHV. A. Vero cells stably infected with either wt KSHV derived from the
parent BACmid (wt) or infected with ORF57-null KSHV (57KO) were transfected with either empty vector (PC) or ORF50 expression vector (50).
Protein lysates were analyzed by immunoblotting with anti-ORF57 serum to detect ORF57 protein expression. Lysate from HeLa cells transfected
with ORF57 was used as a positive control. Cells are shown above the panel, and the transfected plasmids are shown below it. B. RNA was prepared
from Vero cells stably infected with either wt ORF57 KSHV or ORF57-null KSHV and analyzed for expression of ORF57 by Northern blotting.
Lanes are labeled as for panel A. C. Cells from transfections in panel B were also analyzed by immunofluorescence microscopy for ORF57 nuclear
expression. ORF57 expression was only detected in wt ORF57 KSHV-infected cells (top right) and not in ORF57-null KSHV-infected cells

(bottom right). DAPI-stained cells are shown on the left.

ORF57 and its EBV homolog SM are functionally distinct.
The ability to rescue productive virus replication allows one to
determine whether various herpesvirus homologs are able to
complement each other or are functionally distinct. Attempts
to rescue mutant virus replication in other herpesviruses in
which the cognate ORF57 homologs are deleted have been
generally unsuccessful (3, 11, 15, 25). Since EBV is the human
herpesvirus most closely related to KSHV, we asked whether
SM, the EBV homolog of ORF57, could substitute for the
essential functions of ORF57. We attempted to rescue produc-
tive replication of ORF57-null KSHV by transfection of SM.
Vero cells carrying ORF57-null KSHV were transfected with
either empty vector, ORF57, or SM and induced into lytic
replication with Ad50. Supernatants were harvested and used
to infect uninfected target cells exactly as described above. SM
transfection did not yield infectious progeny detectable by
GFP expression in target cells, whereas ORF57 transfection
resulted in easily detectable infection, as shown above in Fig. 5.

The converse experiment was performed by transfection of
293 cells carrying SM-null EBV (SM-KO EBV) (15) to deter-
mine whether ORF57 could functionally replace SM in rescu-
ing EBV replication. SM-null EBV-infected cells were trans-
fected with either SM, empty vector, or ORF57, and the EBV

immediate-early transactivator Z (Zta; BZLF1) was included
in all transfections to induce lytic EBV replication. The super-
natant was used to infect EBV-negative Raji cells, and passage
was monitored by examination of the target cells for GFP
expression by microscopy. Although SM transfection resulted
in the release of numerous infectious EBV progeny, no GFP
expression was detected in cells incubated with supernatant
from ORF57-transfected cells (data not shown). These exper-
iments indicate that although similar in transactivation func-
tion in reporter assays, EBV SM and KSHV ORF57 are unable
to substitute for each other in rescuing virus production. One
possible reason for the failure of ORF57 and SM to cross-
complement each other could have been inadequate expression
of one of these proteins on transfection of the heterologous mu-
tant-infected cells. We therefore compared SM expression in
ORF57-null KSHV-infected Vero cells and vice versa, ORF57
expression in SM-KO-infected 293 cells. As shown in Fig. §,
both proteins were expressed in similar amounts in both types
of cells.

EBV SM is capable of enhancing accumulation of essential
KSHYV lytic transcripts. The mechanism of gene activation by
ORF57 has been reported to be primarily posttranscriptional
but gene specific (16, 20). The basis by which ORF57 discrim-
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FIG. 5. Rescue and passage of ORF57-null KSHYV to uninfected cells. Vero cells stably infected with ORF57-null KSHV or wt ORF57 KSHV
were induced to permit lytic replication by infection with Ad50 and treatment with sodium butyrate. Cells were also transfected with either empty
vector or ORF57 expression plasmid. Five days after induction, cell supernatant was harvested and incubated with Vero cell monolayers. Infected
cells were observed and photographed 48 hours after infection. A. GFP expression from ORF57-null KSHV was only observed when cells were
infected with supernatant from ORF57-transfected cells (left panel), not from cells transfected with empty vector (right panel). B. Infected cells
from passage of ORF57-null KSHV are shown at higher magnification (left panel) and a corresponding phase-contrast view (right panel). C.
GFP-expressing virus detected in supernatants of wt ORF57 KSHYV cells infected with Ad50 and transfected with empty vector (left panel), with

the corresponding phase-contrast view at right.

inates among genes to enhance the accumulation of some
genes but not others remains under investigation. Since the
inability of SM to replace ORF57 in rescuing replication might
have been due to an inability of SM to act on KSHV gene
targets, it was of interest to determine the effect of SM on
accumulation of lytic KSHV mRNAs. We therefore measured
the effects of SM on the expression of early and late lytic
KSHYV genes, which are likely to be required for the produc-
tion of infectious virions, and compared them to the effects of
ORF57. Lytic virus replication was induced in Vero cells car-
rying ORF57-null KSHV by transfection with ORF50. Cells
were also transfected with either empty vector, SM, or ORF57,
exactly as was done in the virus passage experiments. First,
ORF59 expression was examined by immunofluorescence of
ORF57-null KSHV-infected cells. Cells were transfected with
empty vector, ORF50, ORF 50 plus ORF57, or ORF50 plus
SM. As expected, no ORF59 was detected with vector or
ORF50 alone, consistent with previous experiments. However,
when either ORF57 or SM was transfected in addition to

ORF50, ORF59 expression was detectable in approximately 1
to 3% of cells (Fig. 9).

We also measured expression of minor capsid protein (mCP,
a late gene) and ORFY, the KSHV DNA polymerase (another
early gene) by Northern blotting. In order to maximize lytic
gene expression, cells were induced by infection with Ad50 and
transfected with either empty vector, ORF57, or SM. These
experiments revealed that while mCP was detectable with
ORF50 alone, ORF57 significantly enhanced mCP expression
(Fig. 10). Somewhat surprisingly, EBV SM was similar to
ORF57 in its ability to enhance mCP expression under these
same conditions. Furthermore, SM appeared to be superior to
ORF57 in enhancing expression of ORF9, the KSHV DNA
polymerase. Finally, since ORF57 has been suggested to en-
hance PAN transcription by a specific interaction with ORF50,
it was of interest to ask whether SM could also replace ORF57
in enhancing PAN expression. We therefore examined the
effect of SM on PAN levels in ORF57-null KSHV-infected
cells. Northern analysis of RNAs as performed in the previous
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FIG. 6. Expression of ORF59 protein by ORF57-null KSHV. Vero
cells stably infected with ORF57-null KSHV were induced to permit lytic
replication by transfection with ORF50. Cells were also transfected with
either empty vector or ORF57 plasmid. Cells were fixed and stained with
anti-ORF59 monoclonal antibody and visualized by immunofluorescence
microscopy. In ORF57-null cells, ORF59 expression was only detected
when ORF57 was provided by transfection (A and B). Typical punctate
nuclear expression of ORF59 is seen at higher power (C). In contrast,
ORF57-null cells transfected with ORF50 and empty vector did not ex-
press ORF59 (D). wt ORF57 cells transfected with ORF50 and empty
vector, however, did express ORF59 (E).
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FIG. 7. Expression of lytic PAN RNAs by ORF57-null KSHV.
Vero cells stably infected with ORF57-null KSHV were induced to
permit lytic replication by either transfection with ORF50 (left) or
infection with Ad50 (right). Cells were also transfected with either
empty vector (PC) as a control or ORF57 (57) to provide ORF57 in
trans. RNA was harvested from transfected cells 24 and 48 h after
transfection and analyzed by Northern blotting with a probe specific
for PAN transcripts. Northern blotting with a glyceraldehyde-3-phos-
phate dehydrogenase probe is shown in the bottom panel as a loading
control.

experiments again demonstrated that SM rescues PAN accu-
mulation as efficiently as ORF57 itself. These data suggest that
ORF57 acts on both early and late KSHV lytic genes and that
the inability of SM to rescue ORF57-null KSHYV virus replica-
tion is not due to a general inability to act on KSHV target
mRNAs. Finally, although these cells were infected with Ad50
as a source of ORFS0 for lytic induction, to rule out the
possibility that the observed effects of ORF57 and SM might
have been mediated indirectly by enhancing ORF50 RNA ac-
cumulation, we directly measured the levels of ORF50 tran-
scripts in cells which had been transfected with either empty
vector, ORF57, or SM. As shown in Fig. 10, SM and ORF57
did not significantly affect ORF50 mRNA levels in these cells.

DISCUSSION

In this study, we have shown that ORF57 is essential for
KSHYV virion production and lytic gene expression after induc-
tion of the lytic cycle by constructing a KSHV recombinant in
which the ORF57 gene was insertionally inactivated. ORF57 is
the KSHV gene belonging to the herpesvirus gene family of
multifunctional gene regulatory proteins that also includes
HSV ICP27, EBV SM (Mta, EB2, and BMLF1), VZV ORF4,
CMV UL69, and herpesvirus saimiri ORF57 (for review, see

Cells: SMKO 57KO SMKO 57KO HelLa
anti-SM a Voo
PC PC sM SM SM
anti-ORF57 i — —_—
PC PC 57 57 57

FIG. 8. Expression levels of transfected SM and ORF57 proteins in
mutant virus-infected cells. 293 cells carrying SM-KO EBV and Vero
cells infected with ORF57-null KSHV were transfected with either
empty vector (PC), SM, or ORF57 expression vectors, and lysates were
immunoblotted with anti-SM antibodies (top panel) or anti-ORF57
antibodies (bottom panel). HeLa cells transfected with either SM or
ORF57 were included as a control.
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FIG. 9. Effect of EBV SM on expression of KSHV ORF59 protein in ORF57-null virus-infected cells. Vero cells stably infected with
ORF57-null KSHV were induced to permit lytic replication by transfection with ORF50. Cells were also transfected with either empty vector (C),
ORF57 (57), or EBV SM plasmid (SM). Cells were fixed and stained with anti-ORF59 monoclonal antibodies and visualized by immunofluores-
cence microscopy. ORF59 expression was only detected when either ORF57 or SM was provided by transfection. Typical punctate nuclear
expression of ORF59 is easily seen at higher power and was similar with ORF57 or SM transfection.

reference 37). The general importance of these genes in lytic
herpesvirus replication is suggested by the presence of an
ORF57 homolog in a large number of mammalian herpesvi-
ruses whose genomes have been sequenced, including ovine,
equine, bovine, alcelaphine, murid, and various primate spe-
cies. In addition, the requirement of these genes for virus
replication has been directly tested in VZV, HSV, and EBV
(11, 15, 33). In these three viruses and in KSHV, as we have
shown here, ORF57 or its homolog is essential. The ability of
ORF57 transfection to reconstitute virus production to only 20
to 30% of wt levels is likely due at least in part to the fact that,
whereas all wt KSHV-infected cells were transduced by
ORF50, only a fraction of cells was transfected by ORF57.
As we have shown here, early and late lytic KSHV gene
expression is highly dependent, at the mRNA level, on KSHV
ORF57. The essential character of the ORF57 family of genes
is likely to derive from their role in facilitating accumulation of
lytic mRNA transcripts. ICP27 and EBV SM have been shown
to interact with various components of the cellular export ma-
chinery, facilitating export of unspliced mRNAs (4, 7-9, 13, 17,
21, 30, 35, 36, 38, 41). The majority of early and late lytic
herpesvirus genes are intronless and may therefore lack the
ability to independently recruit components of the cellular

exon junction complex, a multiprotein complex deposited near
the exon junction of processed mRNAs (for review, see refer-
ence 12). Components of the exon junction complex, particu-
larly REF/Aly, interact with TAP, the primary mediator of
nuclear mRNA export, which interacts with the nuclear pore
complex and facilitates cytoplasmic mRNA transfer. Current
models for the mechanism of action of ORF57 include an
interaction of ORF57 with viral mRNA and recruitment of
REF/Aly by direct protein-protein interaction, and published
evidence indicates that one region of ORF57 directly binds to
REF/Aly (23).

We have also demonstrated that ORF57 and EBV SM are
each unable to substitute for the other in rescuing productive
replication of SM-null and ORF57-null recombinant viruses,
respectively. Although the ORF57 family proteins are homol-
ogous, there are significant differences in sequence and func-
tion, particularly among the alpha-, beta-, and gammaherpes-
viruses. In no case has one member of this family been able to
substitute for another in rescuing virus replication. EBV SM
has been inserted into an HSV genome with ICP deleted, and
the recombinant, although it does replicate, is almost as de-
fective in replication as the parent A27 mutant (3). Similarly,
CMV UL69 and ICP27 were not capable of trans-complement-
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FIG. 10. Effects of ORF57 and EBV SM on early and late lytic
KSHYV transcripts. Vero cells stably infected with ORF57-null KSHV
were induced to permit lytic replication by infection with Ad50. Cells
were also transfected with either empty vector (PC) as a control,
ORF57 (57), or SM expression vector. RNA was harvested from trans-
fected cells 48 h after transfection and analyzed by Northern blotting
with a probe specific for PAN, ORF9, ORF50, or mCP transcripts.
Blots were also probed with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) as a loading control.

ORF50

ing a recombinant EBV with SM deleted to efficiently rescue
virion production (15). This exclusive requirement for the spe-
cific regulatory gene of each virus also applies within herpes-
virus families, since VZV ORF4 mutants cannot be comple-
mented by HSV ICP27 (11, 25). Although these viral proteins
behave similarly in reporter assays, transactivating reporter
genes, they are clearly not equivalent in biologic function.
Somewhat surprisingly, EBV SM was as efficient as ORF57 in
enhancing expression of ORF57 and mCP genes from ORF57-
null virus and even more active than ORF57 on the ORF9
gene. The inability of SM to rescue infectious KSHV produc-
tion despite apparent activity on KSHV transcripts has also
been observed in other systems, where ICP27 cannot rescue
EBV SM or VZV ORF4 mutants despite activity on heterol-
ogous viral mRNAs.

These functional differences are likely to be due to one or
more aspects of the mechanism of action of ORF57 homologs.
Most importantly, there is some degree of specificity in terms
of the responsiveness of various target genes to the ORF57
family of proteins. Such differences have been observed both in
reporter assays and with viral genes (30). For example, some
EBYV lytic genes are more highly SM dependent than others
(15, 38). It is likely that these differences in target gene re-
sponsiveness are at least partly due to the regulatory proteins
having different affinities for different mRNA species, as sug-
gested by yeast three-hybrid experiments with ICP27, which
demonstrated that ICP27 has a preferential affinity for a subset
of HSV transcripts (40). Thus, although SM does act on several
essential KSHV lytic genes, it may be that its mRNA specificity
is distinctive enough that it does not permit appropriate accu-
mulation of all heterologous KSHV transcripts. This hypothe-
sis can now be directly tested by using the ORF57-null and
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EBV SM-null recombinants in combination with viral gene
arrays to examine the differences in viral transcript accumula-
tion when frans-complemented with the heterologous regula-
tory gene. It should be noted that the dependence of late lytic
genes on ORF57 and its homologs is complicated by the likely
involvement of these proteins in regulation of genes involved
in viral DNA replication. Thus, ORF57 and its homologs are
likely to affect late gene expression via both direct effects (on
mRNA levels) and indirect effects (on DNA template num-
bers).

A second important difference between the various herpes-
virus homologs that does not allow them to be functionally
interchangeable may lie in their effects on host cell gene ex-
pression. For example, EBV SM has significant growth-inhib-
itory effects, whereas we have not observed such an effect with
ORF57 (unpublished observations). In addition, SM induces a
specific subset of host cell genes, and some of these induced
gene products may be important in lytic EBV gene expression
(27, 31). Thus, the functional specificity of the various ORF57
homologous proteins may also derive from unique effects on
host cell gene expression that are required for efficient repli-
cation.

Finally, the utility of producing this specific ORF57-null
mutant is demonstrated by the ability to directly determine
whether ORF57 is involved in regulation of a specific pathway
or expression of a particular gene. It has been hypothesized
that ORF57 may be involved in regulation of PAN expression
(20, 22), and using the ORF57-null mutant, we have demon-
strated that maximal PAN expression during lytic replication
does in fact require ORF57. While this finding is compatible
with the interpretation that ORF57 synergizes with ORF50 to
stimulate PAN transcription, it is also possible that ORF57
enhances nuclear stability of PAN posttranscriptionally. The
actual role of a physical interaction between ORF57 and
ORF50 proteins in PAN gene transcription in vivo is also
called into question by the finding that EBV SM is as effective
in enhancing PAN accumulation from the ORF57-null KSHV
as ORF57 itself. The ORF57-null recombinant will allow us to
address these and other mechanistic questions regarding the
regulation of gene expression during lytic KSHV replication in
the context of the entire viral genome.
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