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Murine gammaherpesvirus 68 (MHV-68), Kaposi’s sarcoma-associated herpesvirus (HHV-8), and Epstein-
Barr virus (EBV) are all members of the gammaherpesvirus family, characterized by their ability to establish
latency in lymphocytes. The RTA protein, conserved in all gammaherpesviruses, is known to play a critical role
in reactivation from latency. Here we report that HHV-8 RTA, not EBV RTA, was able to induce MHV-68 lytic
viral proteins and DNA replication and processing and produce viable MHV-68 virions from latently infected
cells at levels similar to those for MHV-68 RTA. HHV-8 RTA was also able to activate two MHV-68 lytic
promoters, whereas EBV RTA was not. In order to define the domains of RTA responsible for their functional
differences in viral promoter activation and initiation of the MHV-68 lytic cycle, chimeric RTA proteins were
constructed by exchanging the N-terminal and C-terminal domains of the RTA proteins. Our data suggest that
the species specificity of MHV-68 RTA resides in the N-terminal DNA binding domain.

Gammaherpesviruses are distinguished by their ability to
establish latency in lymphocytes and are associated with ma-
lignancies, such as various B-cell lymphomas (1-3, 31, 33) and
Kaposi’s sarcoma (5, 20, 22, 24). Murine gammaherpesvirus 68
(MHV-68) is classified as a type 2 gammaherpesvirus and is
currently used as a mouse model for human gammaherpesvi-
ruses Kaposi’s sarcoma-associated herpesvirus/human herpes-
virus-8 (HHV-8) and Epstein-Barr virus (EBV) (11, 21, 27, 29).
The knowledge gained from the use of MHV-68 is instrumen-
tal in understanding human gammaherpesvirus pathogenesis.

RTA is an immediate-early viral transactivator protein con-
served among gammaherpesviruses (14, 18, 30, 37). The RTA
protein of HHV-8 has been shown to be necessary and suffi-
cient for reactivation of HHV-8 in latently infected cells (18,
30). Ectopic expression of MHV-68 RTA is sufficient and nec-
essary for reactivation of MHV-68 from latency and for acti-
vation of the lytic cycle of MHV-68 during de novo infection
(36, 37). This is in contrast to EBV, a type 1 gammaherpesvi-
rus, which generally requires the cooperativity of two viral
proteins, Zebra and RTA, for lytic replication and reactivation
(6-8, 12, 38). To define the functional similarity or difference
among these RTA proteins, we tested whether the RTA pro-
tein of HHV-8 or EBV could activate MHV-68 lytic promoters
and reactivate MHV-68 from latency. The comparison of these
three RTAs has allowed us to determine which domains of
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RTA are necessary for reactivation of MHV-68 and transacti-
vation of viral lytic promoters.

Activation of heterologous promoters by the RTA proteins.
All three RTAs are known to activate their respective autolo-
gous RTA promoters in addition to the promoters of down-
stream lytic viral genes (9, 10, 13, 15-17, 25, 28). In order to
determine if the RTA proteins also have the ability to trans-
activate promoters from heterologous viruses, we tested the
ability of HHV-8 RTA and EBV RTA to transactivate two
MHV-68 lytic promoters in a reporter assay. A 1.2-kb fragment
of the MHV-68 RTA promoter was cloned into pGL3 Basic
(pMRP1.2kb) and tested alongside the ORF57/Mta promoter
construct in pGL2 Basic (p57Luc) (16). 293T cells (10°) and 5
X 10* BHK-21 cells were transfected with 50 ng of the
pMRP1.2kb or p57luc construct and increasing amounts of
pFLAG RTA expression vectors MHV-68 RTA (M/RTA),
HHV-8 RTA (H/RTA), EBV RTA (E/RTA), or pFLAG-
CMYV alone. Luciferase results were assayed 24 h posttrans-
fection by using a dual luciferase reporter system (Promega,
Madison, Wis.). Figure 1A shows that H/RTA activates
pMRP1.2kb to the same degree as M/RTA. E/RTA, however,
activates the promoter to a much lower level. In Fig. 1B,
H/RTA was also able to activate the MHV-68 ORF57 pro-
moter, although to a lower level than did MHV-68 RTA.
E/RTA did not activate the promoter to a significant level.
Thus, H/RTA had the ability to activate two MHV-68 lytic
promoters, whereas E/RTA did not.

In order to confirm that the H/RTA and E/RTA constructs
are transcriptionally active, they were tested on autologous
HHV-8 or EBV lytic promoters in reporter assays. The abili-
ties of the pFLAG constructs to express HHV-8 RTA or EBV
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FIG. 1. Activation of MHV-68, EBV, and HHV-8 promoters by homologous RTA proteins. A reporter construct consisting of either the
MHV-68 ORF50 promoter (pMRP1.2kb) (A), the MHV-68 ORF57/Mta promoter (p57luc) (B), the EBV BHLF1 promoter (C), or the HHV-8
PAN promoter (pPAN-69luc) (D) was cotransfected with each construct or pPFLAG-CMYV in the amounts indicated. All transfections were done
in BHK-21 or 293T cells. Cell lysates were harvested at 36 h posttransfection and assayed for luciferase activity.

RTA were confirmed by Western blotting (see Fig. 3B). In Fig.
1C and D, various amounts of pFLAG-H/RTA or pFLAG-E/
RTA were transfected into 293T cells along with 50 ng of the
indicated promoter construct. The H/RTA construct was trans-
fected with pPAN-69luc, a promoter construct consisting of 69
bp of the PAN promoter cloned into pGL3 Basic (28), and the
E/RTA construct was transfected with an EBV BHLF1 pro-
moter cloned into pGL3 basic (19). The results show that both
H/RTA and E/RTA are transcriptionally active on their autol-
ogous promoters. The inability of E/RTA to activate the
MHV-68 RTA and ORF57 promoters is therefore not due to
the production of inactive protein.

Reactivation of MHV-68 from latency. Based on the reporter
assay data, we determined whether H/RTA could reactivate
MHV-68 from latency. S11-E cells (107) (an MHV-68-latently
infected B-cell lymphoma cell line [34]) were electroporated
with 10 pg of the M/RTA, H/RTA, or E/RTA construct or
pFLAG-CMYV alone. By use of Western blotting, we deter-
mined that all of the pFLAG-CMV RTA constructs were ex-
pressed to similar levels in S11-E cells (data not shown). Cells
were harvested at 12, 24, and 48 h posttransfection, and whole-
cell extracts were analyzed for viral protein expression by
Western blotting, using a rabbit hyperimmune serum against
MHV-68-infected rabbit cells (32) (Fig. 2A). Extract from 10°
cells was compared, along with extract from 10* MHV-68-
infected BHK-21 cells as a positive control (+). A murine
monoclonal antibody against actin was used as a control for
protein loading. As expected, M/RTA transfection resulted in
lytic protein expression with the peak of production at 24 h

posttransfection. H/RTA transfection also resulted in MHV-68
protein production, although the number and intensity of ex-
pression were less than those for M/RTA. This indicates that
M/RTA reactivates MHV-68 more efficiently than H/RTA. No
detectable MHV-68 lytic protein expression was seen after
transfection of E/RTA, suggesting that E/RTA is incapable of
inducing MHV-68 reactivation. There was also no evidence of
MHV-68 lytic proteins in the transfection of pFLAG-CMV.
In order to determine whether the induction of MHV-68
viral lytic proteins by H/RTA resulted in viral DNA replication
and processing, a terminal repeat assay was performed as pre-
viously described (23, 37). This assay allows linear replicated
and processed viral genomes (a 1.2-kb DNA ladder) to be
distinguished from latent, circular genomes (~50 kb). Total
cellular DNA was extracted from 10° S11E cells transfected as
for Fig. 2A. The DNA was digested with HindIII and subjected
to Southern analysis. Equal loading of DNA was determined
by ethidium bromide staining of the agarose gel (data not
shown). A probe corresponding to nucleotides 118314 to
117560 of the MHV-68 genome (a unique region of the
MHV-68 genome next to the terminal repeats) was labeled
with [a->*P]dCTP by random priming. After hybridization, ra-
dioactivity was detected with a phosphor-imaging system. Fig-
ure 2B shows that transfection of S11E cells with M/RTA or
H/RTA resulted in viral DNA replication and processing. Con-
sistent with the Western blot analysis, M/RTA transfection
resulted in higher levels of viral DNA replication than with
H/RTA, especially at the 24-h time point. E/RTA and pFLAG-
CMV transfection failed to induce viral DNA replication.
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FIG. 2. Transfection of homologous RTA proteins into MHV-68-
latently infected cells. (A) MHV-68-latently infected S11-E cells were
electroporated with pFLAG-CMV (V), pFLAG-M/RTA (M),
pFLAG-H/RTA (H), or pFLAG-E/RTA (E). Protein from 10* MHV-
68-infected BHK-21 cells (+) was included as a positive control, and S
is the protein marker standard (Bio-Rad). Western analysis was per-
formed with rabbit hyperimmune serum against MHV-68-infected rab-
bit cell lysates and a murine monoclonal actin antibody as a control for
protein loading. (B) MHV-68-latently infected S11-E cells were elec-
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To determine whether H/RTA was able to drive viral repli-
cation of MHV-68 to completion, infectious virions in super-
natants from S11E transfections were quantitated by plaque
assay as previously described (37). Figure 2C shows that trans-
fection of either M/RTA or H/RTA results in the production
of infectious MHV-68 virions. Consistent with the previous two
assays, the production of virions by H/RTA is similar to that by
M/RTA, varying only by approximately 1.8-fold. This result
was not necessarily expected, since HHV-8 RTA and EBV
RTA share only 16.4 and 13.1% amino acid identity with
MHV-68 RTA, respectively (35), predominantly in the N-ter-
minal DNA binding domain (DBD) (30). In contrast to results
with H/RTA, transfection of E/RTA produced extremely low
levels of infectious MHV-68, comparable to the level of
pFLAG-CMYV vector alone.

Determination of the functional domains of RTA. Our data
show that transactivation of MHV-68 promoters in reporter
assays and reactivation of MHV-68 from latency occur with
various efficiencies with the homologous RTA proteins (effi-
ciency of M/RTA is greater than or equal to that of H/RTA,
which is very much greater than that of E/RTA). In order to
determine which domains of M/RTA, H/RTA, and E/RTA are
necessary for reactivation, we made chimeric RTA constructs
in pFLAG-CMYV by fusing the DBD of each RTA protein with
the C-terminal activation domain from the others (Fig. 3A).
The correct sequence, size, and expression of each protein
were verified by Western blotting, using a monoclonal antibody
against FLAG (Sigma) (Fig. 3B). We then assayed the abilities
of the chimeric proteins to transactivate three gammaherpes-
virus lytic promoters in reporter assays. Increasing amounts of
each construct along with 50 ng of the indicated promoter were
transfected into 293T cells by the calcium phosphate method
(Fig. 3C, D, and E). Figure 3C shows that both the M-H/RTA
and H-M/RTA chimeric proteins were able to activate the
MHV-68 ORF57 promoter, which is consistent with the fact
that both M/RTA and H/RTA are able to significantly activate
MHV-68 p57luc. In Fig. 3D and E, only the chimeric proteins
that had the DBD domain of the autologous RTA protein were
able to significantly activate transcription.

We next determined which domain of RTA is the determi-
nant for the functional differences in reactivation efficiency.
S11-E cells (107) were electroporated with 10 wg of each RTA
expression vector or pPFLAG-CMYV alone, and reactivation was
assayed by Western blotting as before (Fig. 4A). M-H/RTA
was able to induce MHV-68 lytic viral protein expression. M-
H/RTA was also the only chimeric construct able to induce
lytic replication and processing of viral DNA (data not shown)
and the production of infectious virions (Fig. 4B). Thus, the
domain-swapping results suggest that the specificity of M/RTA

troporated with of pFLAG (V), pFLAG-M/RTA (M), pFLAG-H/
RTA (H), or pFLAG-E/RTA (E). Total DNA from transfected cells
was harvested at the indicated time points posttransfection. The DNA
was digested with HindIII and subjected to Southern analysis with a
probe derived from a 0.8-kb region adjacent to the terminal repeat
region of MHV-68. (C) Supernatants from the transfected S11E cells
were collected at the time points indicated, and the viral titer was
measured by plaque assay.
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FIG. 3. Construction of chimeric RTA proteins and their activation of gammaherpesvirus promoters. (A) The DBD and activation domain
(AD) are indicated for the three RTA proteins. The activation domains of the proteins were swapped as indicated in the diagram, and the amino
acid sequences that were used are labeled. (B) 293T cells were transfected with pFLAG (V), pFLAG-H/RTA (H), pFLAG-M/RTA (M),
pFLAG-E/RTA (E), pFLAG-M-H/RTA (M-H), pFLAG-H-M/RTA (H-M), pFLAG-E-M/RTA (E-M), or pFLAG-E-H/RTA (E-H). Cell lysates
were harvested 24 h posttransfection, and a Western blot was performed, using a monoclonal antibody against FLAG (Sigma). The lane marked
S is the protein marker standard (Bio-Rad). A reporter construct consisting of either the HHV-8 Pan promoter (E), the EBV BHLF1 promoter
(D), or the MHV-68 ORF57 promoter (C was cotransfected with each construct or pPFLAG-CMV in the amounts indicated into 293T cells. Cell
lysates were harvested at 36 h posttransfection and assayed for luciferase activity.

to transactivate MHV-68 promoters and reactivate MHV-68
resides in the DBD domain.

Our data indicate that the RTA protein of HHV-8 has the
ability to activate the entire lytic cycle of MHV-68 in S11-E
cells. This suggests either that H/RTA is able to directly bind
and transactivate MHV-68 lytic promoters or that H/RTA is
upregulating the expression of MHV-68 RTA, leading to re-
activation of MHV-68 from latency. However, the ability of

H/RTA to transactivate MHV-68 lytic promoters in a reporter
assay in the absence of M/RTA suggests that H/RTA may be
able to drive lytic gene expression of MHV-68 independently
of MHV-68 RTA. In order to address this issue, we utilized a
BAC clone that contains an MHV-68 RTA-deficient virus that
was obtained from a transposon-mediated signature tag mu-
tagenesis study performed in our lab (M. J. Song, S. Hwang, W.
H. Wong, T.-T. Wu, S. Lee, H. Liao, and R. Sun, submitted for
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FIG. 4. Transfection of chimeric RTA proteins into MHV-68-la-
tently infected cells. (A) MHV-68-latently infected S11-E cells were
electroporated with pFLAG (V), pFLAG-H/RTA (H), pFLAG-M/
RTA (M), pFLAG-E/RTA (E), pFLAG-M-H/RTA (M/H), pFLAG-
H-M/RTA (H/M), pFLAG-E-M/RTA (E/M), or pFLAG-E-H/RTA
(E/H). Protein from 10* MHV-68-infected BHK-21 cells (+) was in-
cluded as a positive control, and lane S is the protein marker standard
(Bio-Rad). Western analysis was performed with rabbit hyperimmune
serum against MHV-68-infected rabbit cell lysates. (B) Supernatants
from the transfected S11E cells were collected at the time points
indicated, and the viral titer was measured by plaque assay. The per-
centage of reactivation was determined by comparing the amount of
virions produced by each construct to the amount of virions produced
by electroporation of pFLAG-M/RTA, which was set at 100%.

publication). We cotransfected 100 ng of the BAC clone (STM
8-42) with 300 ng of each of the RTA constructs or pPFLAG-
CMV alone into BHK-21 and 293T cells. Six days posttrans-
fection, DNA was extracted from the cells and digested with
Dpnl to remove the transfected BAC DNA. Real-time PCR,
using QIAGEN Quantitect SYBR Green PCR master mix and
primers against MHV-68 M1, was performed on 40 ng of DNA
per sample. The samples were quantitated as previously de-
scribed (26). Only the M/RTA and M-H/RTA constructs were
able to produce an increase in viral genome copy number in
comparison to results with the BAC transfected with pFLAG-
CMV alone (Fig. 5A). Similar results were seen with BHK-21
cells (data not shown).

These data suggest that the mechanism behind MHV-68
reactivation by H/RTA is that H/RTA activates the MHV-68
RTA promoter, producing MHV-68 RTA, and it is MHV-68
RTA that is activating downstream genes to drive the lytic
cycle. The H-M/RTA construct was able to activate the
MHV-68 pS7 promoter but was unable to reactivate MHV-68
or complement the MHV-68 RTA-deficient virus. Therefore,
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FIG. 5. Cotransfection of a recombinant MHV-68 RTA-deficient
virus with each of the RTA constructs. (A) A BAC clone containing a
recombinant MHV-68 RTA-deficient virus was cotransfected with
pFLAG (V), pFLAG-H/RTA (H), pPFLAG-M/RTA (M), pFLAG-E/
RTA (E), pFLAG-M-H/RTA (M-H), pFLAG-H-M/RTA (H-M),
pFLAG-E-M/RTA (E-M), or pFLAG-E-H/RTA (E-H) into BHK-21
(shown) or 293T cells. Six days posttransfection, DNA was extracted
from these cells and real-time PCR was performed with M9 primers
and probe. (B) An MHV-68 ORF50 promoter construct (pMRP1.2kb)
was cotransfected with each construct or pPFLAG-CMYV in the amounts
indicated. All transfections were done with 293T cells. Cell lysates
were harvested at 36 h posttransfection and assayed for luciferase
activity.
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we tested the abilities of all of the chimeric constructs to
activate the MHV-68 RTA promoter (pMRP1.2kb). The trans-
fections and luciferase assays were carried out as described
previously. In Fig. 5B, the constructs that have the ability to
activate the MHV-68 RTA promoter to the highest level are
M/RTA, H/RTA, and M-H/RTA, which correlates with the
reactivation data (Fig. 4). The H-M/RTA construct is able to
activate the RTA promoter but at a much lower level. Thus, its
ability to activate the MHV-68 RTA promoter may be below
the threshold amount needed to activate the RTA promoter of
the viral genome, produce MHV-68 RTA, and drive the lytic
cycle. A chimeric HHV-8 RTA construct consisting of the
DNA binding domain of HHV-8 RTA fused with the activa-
tion domain of VP16 has the ability to activate the lytic cycle of
HHV-8 (4). Therefore, the specificity of H/RTA for reactiva-
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tion of MHV-68 may also lie in the DNA binding domain. The
rest of the constructs were not able to significantly activate the
promoter, which is consistent with the previous data.

These results suggest that the mechanism of reactivation is
conserved between HHV-8 and MHV-68. The homologous RTA
protein of EBV was not able to reactivate MHV-68 or signifi-
cantly activate MHV-68 promoters in reporter assays, which is
consistent with the current phylogenic grouping of HHV-8 and
MHV-68 in the gamma-2 subfamily and that of EBV in the
gamma-1 subfamily of herpesviruses, although the difference in
sequence homology between the RTA proteins is not significant.
The results obtained from a comparison of these three proteins by
domain swapping suggest that the DBD domain of MHV-68
RTA contributes more to viral specificity than the activation do-
main for transactivation of viral lytic promoters and reactivation
of MHV-68. These results also indicate that MHV-68 will be an
invaluable model for studying common mechanisms of viral rep-
lication and pathogenesis for HHV-8.
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