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Herpesviruses occur in two distinct forms of infection, lytic replication and latent persistence. In this study,
we investigated the molecular mechanisms that govern the latent-lytic switch in the prototype gamma-2
herpesvirus, herpesvirus saimiri (HVS). We utilized a persistently HVS-infected A549 cell line, in which HVS
DNA is stably maintained as nonintegrated circular episomes, to assess the role of the open reading frame 50
(ORF 50) (Rta) proteins in the latent-lytic switch. Northern blot analysis and virus recovery assays determined
that the ORF 50a gene product, when expressed under the control of a constitutively active promoter, was
sufficient to reactivate the entire lytic replication cycle, producing infectious virus particles. Furthermore,
although the ORF 50 proteins of HVS strains A11 and C488 are structurally divergent, they were both capable
of inducing the lytic replication cycle in this model of HVS latency.

Herpesviruses are characterized by two distinct forms of
infection, lytic replication and latent persistence. An important
aspect of herpesvirus biology, which is still relatively poorly
understood, is the switch from latency to the lytic replication
cycle. Among gammaherpesviruses, the molecular mechanisms
that govern the latent-lytic switch have been most widely stud-
ied in B cells latently infected with Epstein-Barr virus (EBV).
EBV encodes two immediate-early (IE) proteins that regu-
late initiation of the lytic replication cycle, namely, Zta (also
termed BZLF1, Zebra, and Z) and Rta (also termed BRLF1
and R) (reviewed in reference 16). Expression of Zta, in tran-
sient transfection experiments, is sufficient to reactivate lytic
gene expression from latently EBV-infected cells (3, 6, 27, 29),
and consequently Zta has been implicated as the molecular
switch for reactivation. However, recent analyses have demon-
strated that transient expression of Rta, although not always
sufficient to disrupt latency, activates lytic gene expression in
certain cell lines latently infected with EBV (25, 26, 37). Fur-
thermore, expression of the Kaposi’s sarcoma-associated her-
pesvirus (KSHV) and murine gammaherpesvirus 68 (MHV-
68) open reading frame 50 (ORF 50) (Rta) homologues has
been shown to disrupt the latent state and induce the lytic
replication cycle in B cell lines latently infected with KSHV (5,
20, 28) and MHV-68 (35), respectively.

Herpesvirus saimiri (HVS), the prototype gamma-2 herpes-
virus, establishes an asymptomatic infection in its natural host,
the squirrel monkey (Saimiri sciureus), but causes fatal T-cell
lymphomas and lymphoproliferative diseases in other species
of New World primates (1, 4). Little is known regarding the
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molecular mechanisms that govern the HVS latent-lytic switch,
which is due partly to the lack of a suitable tissue culture model
of HVS latency. Although growth-transformed human T cells
harbor the viral genome of HVS strain C488 (a subgroup C
strain) as nonintegrating episomes in high copy number with-
out production of virus particles (2, 15), chemical inducing
agents are unable to reactivate the lytic replication cycle (17).
Furthermore, the small detectable amounts of ORF 50 tran-
scripts in stimulated HVS-transformed human T cells are not
sufficient to induce virus replication (17, 30). Other cell types,
such as various kidney cell lines, are relatively permissive for
HVS. We recently reported the development of a system in
which the genome of HVS strain All (a subgroup A strain) is
stably maintained as nonintegrated circular episomes in the
human lung carcinoma cell line A549 (12). Northern blot anal-
ysis has shown that a set of genes encoding ORFs 71 to 73 are
strongly expressed in this persistently infected cell line, in con-
trast to transformed human T cells. Moreover, the full lytic
replication cycle, producing infectious virions, can be reacti-
vated in A549 cells by chemical inducing agents including tet-
radecanoyl phorbol acetate (TPA) and n-butyrate (12). There-
fore, we believe this model provides a useful system for further
study of the molecular mechanisms of the latent-lytic switch in
HVS and gamma-2 herpesviruses in general.

Gene expression during the HVS lytic replication cycle is
controlled by the products of the two major transcriptional
regulatory genes encoded by ORFs 50 and 57; no homologue
of the Z protein has as yet been identified (1, 24, 32-34). We
have shown previously that the ORF 50 gene encodes two
products which activate delayed-early (DE) transcription di-
rectly following interactions with promoters containing a spe-
cific ORF 50 recognition sequence (24, 31, 32). Furthermore,
ORF 50 contains a well conserved carboxy-terminal activation
domain required for ORF 50 transactivation and for interac-
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tion with the general cellular transcription factor TATA-bind-
ing protein (TBP) (11). Surprisingly, we have observed consid-
erable sequence divergence between the ORF 50 genes of
HVS strains A1l and C488, which may lead to altered trans-
activation properties (30).

In this study, we utilized the persistently HVS-infected cell
line A549 to investigate the role of the HVS ORF 50 proteins
in the latent-lytic switch. Transient transfection assays were
performed with a range of ORF 50 expression constructs.
Northern blot analysis and virus recovery assays determined
that the spliced ORF 50a gene product, when expressed under
the control of a constitutively active promoter, was sufficient to
reactivate the entire HVS lytic replication cycle. Furthermore,
although the HVS A and C strain ORF 50 proteins are struc-
turally divergent, they are both capable of inducing the lytic
replication cycle in this model of HVS latency.

HVS ORF 50 (Rta) protein reactivates late viral gene ex-
pression in the persistently HVS-infected cell line A549. To
determine whether the HVS ORF 50a or 50b protein can
induce late viral gene expression in the persistently HVS-in-
fected cell line A549, reactivation studies and Northern blot
analysis were performed. HVS-infected A549 cells remained
uninduced, were incubated in the presence of either 3 mM
n-butyrate (Sigma, Dorset, United Kingdom) or 20 ng of TPA
(Sigma) per ml, or were transfected with 2 g of either
pORF50aA (a plasmid expressing the strain A1l ORF 50a
coding region under the control of its own promoter [32]),
pHinclIIA (a plasmid expressing the strain A11 ORF 50b cod-
ing region under the control of its own promoter [32]), or
pCMV50aA or pCMVS50bA (which are under the control of
the cytomegalovirus [CMV] IE enhancer-promoter [Fig. 1a]).
All transfections were performed using 2 pg of the appropriate
DNA in conjunction with the Lipofectamine transfection re-
agent (Life Technologies), as directed by the manufacturer.
Transfection efficiency was normalized by using a control plas-
mid, pCMVB (Clontech), expressing B-galactosidase. In order
to generate pCMV50aA and pCMVS50bA, the coding regions
of strain A11 ORF 50a and ORF 50b were PCR amplified
from pORF50aA with the following sets of forward and re-
verse primers: S0aF (5" AAA CTG CAG GCA ACA ACA
ATG ACA CAC AAG), 50bF (5" AAA CTG CAG TAT ATC
ATG CAG CGC CTIT GTA), and 50R (5" AAA CTG CAG
CCT TCA TCA TCT ACA TCA GTG). These oligonucleo-
tides contain PstI restriction sites for convenient cloning of
these products into the eukaryotic expression vector pcDNA3.1
to derive pCMV50aA and pCMVS50bA. The integrity of all
constructs was confirmed by DNA sequencing. After 30 h, total
RNA was isolated and reverse transcription (RT)-PCR and
Northern blot analysis were performed. RT-PCR was utilized
to confirm the expression of the ORF 50 gene products. First-
strand cDNA was reverse-transcribed using Superscript II
reverse transcriptase (Life Technologies) and an oligo(dT)
primer; cDNA was then amplified by PCR using the ORF 50
gene-specific primers S0bF and S0R. The results demonstrated
that ORF 50a or 50b gene products were expressed in all
transfection experiments (data not shown). In order to deter-
mine whether the HVS ORF 50 (Rta) proteins can induce late
viral gene expression in the persistently HVS-infected A549
cell line, RNA was separated by electrophoresis on a 1% de-
naturing formaldehyde agarose gel, transferred to Hybond-N

NOTES 4009
a
H-DNA L-DNA EcoD H-DNA
(LI B [T
[ |
[ |
63020 ATG 77574
ORF 50a e
ORF 50b >
69%78 71188 70858
(Putative)

FIG. 1. ORF 50 induces late gene expression from the persistently
HVS-infected cell line A549. (a) Schematic representation of the in-
tron-exon structure of the HVS strain A11 ORF 50 gene products. (b)
HVS-infected A549 cells incubated in control medium were uninduced
(mock) or incubated in the presence of 3 mM n-butyrate or 20 ng of
TPA/ml or were transfected with 2 wg of pORF50aA, pHincllA,
pCMV50aA, or pPCMVS50bA. After 30 h, total RNA was isolated and
separated by electrophoresis on a 1% denaturing formaldehyde aga-
rose gel. RNA was transferred to Hybond-N membranes and hybrid-
ized with *?P-radiolabeled probes specific for the HVS MCP (ORF 25)
(i) and gB (OREF 8) (ii) coding regions. Hybridization loading controls
are shown with a glyceraldehyde-3-phosphate dehydrogenase probe (iii).

membranes, and hybridized with a **P-radiolabeled probe spe-
cific for the HVS late major capsid protein (MCP) (ORF 25)
or gB (ORF 8) coding sequences (Fig. 1b). The results of
Northern blot analysis suggest that, in contrast with the small-
er, unspliced ORF 50b construct, expression of the larger,
spliced ORF 50a gene product, under the control of the con-
stitutively active CMV IE enhancer-promoter, is sufficient to
reactivate late gene expression in the HVS-infected A549 cell
line. Interestingly, no reactivation was observed when ORF
50a was expressed from its cognate promoter elements. This
suggests that regulation of the ORF 50a promoter itself may be
a factor governing reactivation of the HVS lytic cycle.
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FIG. 2. ORF 50 reactivation is dependent on viral DNA synthesis. HVS-infected A549 cells incubated in control medium were uninduced
(mock) or incubated in the presence of 3 mM n-butyrate or 20 ng of TPA/ml or were transfected with 2 ug of pPCMV50aA. The leftmost four lanes
in each panel remained untreated, whereas the rightmost four lanes were incubated in the presence of PAA (200 wg/ml). Total RNA was harvested
at 12 h (a) and 30 h (b) postinduction and separated by electrophoresis on a 1% denaturing formaldehyde agarose gel. RNA was transferred to
Hybond-N membranes and hybridized with **P-radiolabeled probes specific for the HVS mDBP (ORF 6) (i) and MCP (ORF 25) (ii) coding
regions. Hybridization loading controls are shown with a glyceraldehyde-3-phosphate dehydrogenase probe (iii).

HVS OREF 50 (Rta) reactivation is dependent on viral DNA
synthesis. To elucidate the kinetics of lytic gene expression
activated by ORF 50, RNA was harvested at various times
postinduction and Northern blot analysis was performed using
probes specific for DE and late genes. HVS-infected A549 cells
remained uninduced, were incubated in the presence of either
n-butyrate or TPA, or were transfected with pCMV50aA, as
previously described. Total RNA was harvested at 12 and 30 h
postinduction, and Northern blot analysis was performed using
32P-radiolabeled probes specific for the DE major DNA-bind-
ing protein (mDBP) (ORF 6) and the late MCP (ORF 25). At
12 h postinduction, the DE mDBP gene was stimulated ap-
proximately fourfold; however, the late MCP transcript was
absent. In contrast, at 30 h a marked induction of late gene
expression was clearly evident (Fig. 2). This suggested that
reactivation by ORF 50a leads to the appropriate temporal
regulation of lytic virus gene expression.

Furthermore, to confirm the kinetics of late gene expression
upon ORF 50 reactivation, phosphonoacetic acid (PAA), an
inhibitor of viral DNA synthesis, was utilized. The above ex-
periment was repeated in the presence of PAA. Results showed
that expression of DE ORF 6 gene expression was unaffected
by the presence of PAA. However, PAA inhibited late capsid
gene expression in both induced and ORF 50-transfected cells
(Fig. 2). This indicates that viral DNA synthesis is required for
ORF 50-induced late gene expression.

HYVS ORF 50 (Rta) induces infectious virus particle produc-
tion from persistently HVS-infected A549 cells. As demon-
strated above, expression of ORF 50 reactivates viral lytic gene
expression. To determine whether expression of ORF 50 is
sufficient to induce the entire lytic replication cycle, leading to
production of infectious virus particles in the persistently HVS-
infected A549 cell line, virus recovery assays were performed.
HVS-infected A549 cells remained uninduced, were incubated
in the presence of either n-butyrate or TPA, or were trans-
fected with 2 pg of pCMV50aA or pPCMVS50bA, as previously
described. After 96 h, serial dilutions of the harvested super-

natants were used to infect permissive OMK cells. After 1 h at
37°C, the supernatants were removed and replaced with me-
dium supplemented with 2% fetal calf serum and 0.45% (wt/
vol) high-viscosity carboxymethyl cellulose (Sigma). The mix-
tures were transferred to dishes and incubated at 37°C for 5 to
7 days postinfection. The infected cells were subsequently fixed
in formol-saline solution (0.85% [wt/vol] NaCl and 10% [vol/
vol] formaldehyde) and stained with 0.1% (wt/vol) Gentian
violet, and plaques were counted (Fig. 3). The results demon-
strate that a significant increase in PFU was observed from su-
pernatants taken from the chemically induced and pCMV50aA-
transfected cell lines. A very low level of virus production was
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FIG. 3. ORF 50 reactivates infectious virus production from the
persistently HVS-infected cell line A549. HVS-infected A549 cells
incubated in control medium were uninduced (mock) or incubated in
the presence of 3 mM n-butyrate or 20 ng of TPA/ml or were trans-
fected with 2 pg of pCMV50aA or pCMVS50bA. After 96 h of induc-
tion, virus recovery assays were performed. Numbers of plaques
formed are shown graphically, and the variations between three rep-
licated assays are indicated.
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FIG. 4. The divergent ORF 50 of subgroup C strains can induce
infectious virus production in the persistently HVS-infected cell line
A549. (a) Sequence divergence between ORF 50 genomic regions of
HVS strains A1l and C488. (b) HVS-infected A549 cells incubated in
control medium were uninduced (mock) or incubated in the presence
of 3 mM n-butyrate (lane 2) or 20 ng of TPA/ml or were transfected
with 2 pg of pCMV50aA, pCMVS50bA, pCMV50aC, or pCMV50bC.
After 96 h of induction, virus recovery assays were performed. Num-
bers of plaques formed are shown graphically, and the variations be-
tween three replicated assays are indicated.

observed in the uninduced cell line, suggesting that weak spon-
taneous replication occurs in the persistently infected A549
cell line, as previously reported (12). However, the induction
experiment clearly suggested that in HVS-infected A549 cells,
ORF 50a expression can induce reactivation, leading to infec-
tious virus production.

The divergent C strain ORF 50 (Rta) protein reactivates the
complete lytic replication cycle from persistently HVS-infected
A549 cells. We previously demonstrated a pronounced struc-
tural divergence between the ORF 50 genes of HVS strains
All and C488 (Fig. 4a) (30). To assess whether expression of
the divergent C488 ORF 50 could also induce reactivation
from the persistently infected A549 cell line, virus recovery
assays were performed as described above. The ORF 50a and
OREF 50b genes of strain C488 were inserted into a eukaryotic
expression vector under the control of the CMV IE promoter.
The coding region of the spliced ORF50a cDNA from C488
was amplified by RT-PCR using the oligonucleotide prim-
ers HF317 (5" ATG ACA CAC AAG CCT G [forward]) and
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HF377 (5" GCT TTA TTC ATC AGT TAC TAA ATC [re-
verse]) and Pwo polymerase (Roche Diagnostics, Mannheim,
Germany). The ORF 50a cDNA fragment was first cloned into
the pCR-Blunt vector (Invitrogen, Groningen, The Nether-
lands) and, after sequence confirmation, was subcloned into
the expression vector pcDNA3.0 (Invitrogen). The unspliced
ORF50b fragment was amplified using the primers HF458 (5’
GGT ACC GCC ACC ATG GGA CTA GGA AAA GAA
ATA AC [incorporating a Kpnl cleavage site]) and HF436 (5
GCG GCC GCT TAT TCA TCA GTT ACT AAA TC [in-
cluding a NotI cleavage site]) and sequenced after being cloned
into the pSTBlue-1 AccepTor vector (Novagen, Madison,
Wis.). The KpnI-Notl fragment was subcloned into pcDNA3.0,
yielding the expression plasmid pCMV50bC. HVS-infected
A549 cells were transfected with 2 pg of either pCMV50aC or
pCMV50bC, as previously described. RT-PCR was utilized to
confirm the expression of the ORF 50 A and C strain gene
products with ORF 50 A and C strain-specific primers, as pre-
viously described. The supernatants were then harvested at
96 h posttransfection and used in virus recovery assays. Chem-
ically induced pCMV50aA- and pCMV50bA (A strain)-trans-
fected cells were also used as suitable controls and, as ex-
pected, resulted in a significant increase in infectious virus
production in all cases except with pCMVS50b. Furthermore,
transfection with pCMV50aC resulted in reactivation and in-
fectious virus production from the persistently HVS-infected
A549 cells (Fig. 4b). This suggests that, although divergent, the
ORF 50a genes between HVS A and C strains are functionally
homologous and are sufficient for reactivation of the entire
lytic replication cycle.

In this study, we have demonstrated that the HVS ORF 50a
(Rta) protein is sufficient for the disruption of latency in a
persistently HVS-infected A549 cell line in which the viral
genome remains as a circular nonintegrated episome. Interest-
ingly, only the larger, spliced transcript of HVS ORF 50 is
sufficient to initiate late gene expression and virus production.
Similar observations with other gammaherpesviruses, includ-
ing KSHV and MHV-68 (5, 20, 28, 35), have been made. In all
cases, ORF 50 is encoded by a spliced transcript containing the
first exon in or upstream of ORF 49 (5, 19, 20, 35). This is in
contrast to the EBV Rta gene product, which is encoded by an
unspliced transcript. Moreover, the EBV and KSHV ORF 50
transcripts are bicistronic and polycistronic, respectively, both
encoding the Zta gene product (10, 18, 23, 39). At present, no
Zta homologue in HVS has been identified (1). Thus, the
results herein suggest that the role of the ORF 50 gene product
is conserved in gammaherpesviruses.

We have previously shown that HVS ORF 50 encodes a
sequence-specific transcriptional activator (31, 32). Intrigu-
ingly, the gammaherpesvirus ORF 50 proteins all appear to be
distinct activators containing limited, if any, homology to
known cellular transcriptional activators. Both HVS and EBV
ORF 50 proteins have been shown to directly interact with
DNA, recognizing distinct response elements (7-9, 31). How-
ever, no obvious DNA-binding motif has yet been identified.
Sequence analysis demonstrates that the amino termini of the
OREF 50 proteins have more-pronounced similarity, and with
respect to EBV, this region is required for dimerization and
DNA binding (21). Moreover, the extreme carboxy terminus
contains a positionally conserved activation domain, which is
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required for interaction of the HVS and EBV ORF 50 proteins
with the general transcription factor TBP (11, 13, 14, 22). In
addition, it is interesting to note that although there is consid-
erable interstrain sequence divergence between the HVS ORF
50 proteins, their amino- and carboxy-terminal domains are
conserved, allowing these proteins to be functionally homolo-
gous (30). The conserved function of the divergent ORF 50
alleles in the reactivation of lytic virus replication suggests that
the structural and functional variations of this gene in sub-
group C HVS strains (30) might rather be related to the trans-
formation of T lymphocytes, supplementing the viral genes
STP-C and Tip, which are necessary for transformation.

The results herein also highlight the regulation of ORF 50
expression as a major factor of the molecular mechanism gov-
erning the latent-lytic switch. We have shown that expression
of the ORF 50 protein under the control of its cognate pro-
moter is insufficient to disrupt latency in the persistently HVS-
infected cell line A549. However, when expressed under the
control of the constitutively active CMV IE promoter, lytic
gene expression and virus production are activated. Therefore,
regulation of the ORF 50 promoter by cellular factors is cen-
tral in maintenance of the latent state or viral reactivation. A
similar hypothesis has been proposed for EBV (26). During
latency, both the Zta and Rta promoters are repressed by
cellular factors, chromatin structure, and/or the lack of specific
cellular activators. Upon induction, these cellular factors are
displaced and the chromatin structure is modified by activating
cellular factors, in addition to autostimulatory effects. For ex-
ample, the Zif268 and Spl factors have been implicated in
activation of the Rta promoter, leading to the induction of lytic
gene expression (36, 38). At present, identification of cellular
factors that regulate the HVS ORF 50 promoter is being un-
dertaken to determine their precise role in the onset of viral
pathogenesis.
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