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Open reading frame 57 (ORF57) of gamma-2 herpesviruses is a key regulator of viral gene expression. It has
been reported to enhance the expression of viral genes by transcriptional, posttranscriptional, or translational
activation mechanisms. Previously we have shown that the expression of gH and gL of rhesus monkey
rhadinovirus (RRV), a close relative of the human Kaposi’s sarcoma-associated herpesvirus (KSHV), could be
dramatically rescued by codon optimization as well as by ORF57 coexpression (J. P. Bilello, J. S. Morgan, and
R. C. Desrosiers, J. Virol. 82:7231–7237, 2008). We show here that ORF57 coexpression and codon optimization
had similar effects, except that the rescue of expression by codon optimization was temporally delayed relative
to that of ORF57 coexpression. The transfection of gL mRNA directly into cells with or without ORF57
coexpression and with or without codon optimization recapitulated the effects of these modes of induction on
transfected DNA. These findings suggested an important role for the enhancement of mRNA stability and/or
the translation of mRNA for these very different modes of induced expression. This conclusion was confirmed
by several different measures of gH and gL mRNA stability and accumulation with or without ORF57
coexpression and with or without codon optimization. Our results indicate that RRV gH and gL expression is
severely limited by the stability of the mRNA and that ORF57 coexpression and codon optimization indepen-
dently induce gH and gL expression principally by allowing accumulation and translation of these mRNAs.

Rhesus monkey rhadinovirus (RRV) is a gamma-2 herpes-
virus that is closely related to human Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV). The genomic organization of
RRV is quite similar to that of KSHV; most of its genes are in
corresponding locations and have the same polarity between
the two viruses (1, 11, 36). ORF57 orthologues are expressed
early in the lytic phase of herpesvirus replication (24, 28) and
are conserved in all herpesviruses, reflecting an indispensable
role in viral replication (15, 25). Although ORF57 orthologues
have different nomenclatures among different viruses (MTA or
ORF57 for KSHV, SM for Epstein-Barr virus, ICP27 for her-
pes simplex virus, etc.), they all function to enhance the ex-
pression of delayed-early and late genes of the virus (27, 30,
40). The deletion or interruption of ORF57 orthologues is
deleterious for infectious virion production, demonstrating
their critical role for virus replication (15, 25). However, de-
spite similar activity in inducing viral gene expression, a wide
variety of different mechanisms have been reported for the
different ORF57 orthologues, ranging from transcription to
posttranscription to translation.

KSHV ORF57 activates the de novo expression of viral
genes in a promoter-specific manner, including genes for ori-
Lyt (L), kaposin, ORF57, and thymidine kinase (TK) (33). The
transcriptional activation of these promoters could be accom-
plished by ORF57 protein alone, or it could be further en-
hanced by the cooperation with the ORF50 gene product (also

known as RTA) (20, 28, 33). However, as the name MTA
(mRNA transcript accumulation) in KSHV implies, a posttran-
scriptional mechanism of activation by ORF57 orthologues has
been studied and documented most extensively (4, 14, 21, 29).
It has been reported that increased expression appears to be
achieved in many cases via the facilitation of the nuclear export
of target mRNAs (4, 6, 8, 29, 41). Many herpesviral mRNAs,
most of which are intronless and therefore do not undergo
splicing, seem to be poor substrates for nuclear export by the
regular cellular transport machineries. The facilitation of nu-
clear export may be achieved at least in part by the subversion
of cellular RNA export machineries for the efficient expression
of viral genes (8, 17, 21, 41). ORF57 binds to RNA export
factor (REF; also known as ALY), which is one component of
the transcription export (TREX) complex. Subsequently, it
recruits the complete TREX complex and Tip-associated pro-
tein (TAP; also known as NFX1) to the vicinity of its target
mRNA (4, 7, 8, 29). As a result, many intronless herpesviral
mRNAs can form ribonucleoprotein (RNP) particles and be
efficiently exported to the cytoplasm.

ORF57 also has been reported to enhance the accumulation
of target mRNA levels. KSHV ORF57 has been shown to
enhance, by as-yet unknown mechanisms, mRNA levels of
ORF59 and nut-1/polyadenylated nuclear (PAN) RNA (20,
26). However, it has been difficult to demonstrate experimen-
tally that this enhancement of mRNA accumulation is inde-
pendent of nuclear export. Still, the fact that nut-1/PAN RNA,
which always localizes to the nucleus and is not exported to the
cytoplasm (9, 39), is enhanced by ORF57 (15, 20, 25) supports
the idea that enhanced RNA accumulation in this case is in-
dependent of nuclear export (35). Furthermore, the nuclear

* Corresponding author. Mailing address: New England Primate
Research Center, 1 Pine Hill Drive, Box 9102, Southborough, MA
01772-9102. Phone: (508) 624-8002. Fax: (508) 460-0612. E-mail:
ronald_desrosiers@hms.harvard.edu.

� Published ahead of print on 25 May 2011.

7810



and cytoplasmic fractionation of KSHV ORF59 RNA showed
no sign of enhancement of nuclear RNA export (32).

Apart from transcriptional enhancement, another unique
function of ORF57 orthologues is the enhancement of trans-
lation. In a tethered function assay of Xenopus oocytes, herpes
simplex virus (HSV) ICP27 has been shown to activate trans-
lation (22). Also, KSHV ORF57 activated the translation of
intronless mRNAs through direct interaction with PYM, sub-
sequently recruiting 48S preinitiation complex onto newly ex-
ported mRNAs (5). Thus, the detailed action of ORF57 or-
thologues seems to be quite different depending not only on
the viral origin but also on the individual target gene.

In a previous study from our group, it was shown that RRV
glycoproteins gH and gL are difficult to express from a stan-
dard expression cassette and that this blockage can be over-
come either by codon optimization or by the coexpression of
RRV ORF57 (3). Here, we studied the detailed aspects of gH
and gL induction by RRV ORF57 and by codon optimization.
By directly transfecting RNA, we have been able to bypass the
step of nuclear RNA egress. By so doing, we have been able to
demonstrate direct effects of ORF57 and codon optimization
on allowing high levels of gL mRNA translation. Our addi-
tional studies demonstrate that RRV ORF57 greatly enhances
steady-state levels of RRV RNAs, corresponding with high
levels of gH and gL protein expression. By comparing the
degradation kinetics of codon-optimized gH RNA in the ab-
sence/presence of ORF57, we further show that RRV ORF57
greatly enhances the target RNA level by slowing down its
degradation. Our results demonstrate the role of RRV ORF57
in target RNA stabilization and subsequent translation inde-
pendently of RNA egress from the nucleus.

MATERIALS AND METHODS

Plasmids, cell culture, and transfection. The cDNA sequences encoding gly-
coprotein gH and gL of RRV strain 26-95 and codon-optimized (c.o.) versions of
the sequences were cloned in a pCDNA6-v5-hisA vector (Invitrogen). The
cDNA sequences encoding ORF57 of KSHV, HSV, and RRV (2, 12, 27) were
cloned in pEF1-v5-hisA (Invitrogen). The prespliced form of the ORF57 se-
quence was amplified directly from the viral genome of the RRV 26-95 strain and
cloned into pEF1-v5-hisA. The pEFIRES-p vector (16) was used to generate a
C-terminal FLAG-tagged version of RRV ORF57.

For the insertion of an intron in the middle of the coding sequence of gH, gL,
c.o. gH, and c.o. gL, the first intron (130 bp) of human beta-globin (NCBI
accession number NG_000007) was amplified from HEK293T cells using
Intron-F (GTTGGTATCAAGGTTACAAGACA) and Intron-R (CTAAGGGTGG
GAAAATAGACCAA) primers. To preserve the original splicing donor and
acceptor sites (AG2gt and ag2G, respectively) of the beta-globin gene, the
amplified intron DNA fragment was inserted at base pair 694/695 of gH and c.o.
gH and at base pair 294/295 of gL and c.o. gL by overlapping PCR mutagenesis.

Plasmid pNL1.5ERTEm26CTE, the parental plasmid that contains the
RTEm26/CTE nuclear export sequence (37), was a kind gift of Barbara Felber
(NIH). The RTEm26/CTE sequence was amplified as a blunt-end fragment using
Pfx DNA polymerase (Invitrogen) and RTE-F (CCGTGGGGTGCGAGGC
TAAGC) and CTE-R (CAAATCCCTCGGAAGCTGCGC) primers. The
RTEm26CTE fragment was inserted into the 3�-untranslated region (UTR) of
pEF1-v5-hisA vector using the PmeI restriction enzyme to yield the pEF1-v5-
hisA-RTEm26/CTE vector. The cDNA encoding gH, gL, c.o. gH, or c.o. gL was
cloned into the pEF1-v5-hisA-RTEm26/CTE vector using EcoRI and NotI re-
striction enzymes and then subcloned into a pCDNA6-v5-hisA vector using
EcoRI and AvrII restriction enzymes to assess the role of the RTEm26/CTE
cis-acting sequence element.

HEK293T cells were cultured and maintained in Dulbecco’s modified Eagle
medium (DMEM; Invitrogen) supplemented with 10% fetal calf serum (FCS;
Invitrogen), glutamine, and penicillin-streptomycin. Cells, seeded onto six-well

plates 1 day prior to transfection, were transfected with plasmid DNA using a
CalPhos mammalian transfection kit (Clontech).

Immunoblotting. Cells were harvested, resuspended, and lysed with lysis buffer
(50 mM Tris [pH 8.0], 150 mM NaCl, 0.5% Triton X-100) supplemented with
protease inhibitor cocktail (Sigma). After centrifugation (12,000 � g for 5 min),
the supernatants were transferred to new tubes and their protein levels were
measured using a bicinchoninic acid protein assay kit (Pierce). The total protein
for each sample was normalized to the lowest concentration among samples. An
equal volume of 2� SDS sample buffer was added to each lysate, and then the
samples were boiled for 5 min and separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). The proteins from the gels then
were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad
Laboratories) and subjected to immunoblotting. Briefly, the membranes were
blocked with phosphate-buffered saline (PBS) containing 5% skim milk for 30
min at room temperature and incubated with the appropriate primary antibody
for 2 h, followed by a 1-h incubation with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody. For loading controls, beta-actin antibody
(Abcam) was used. Specific signals were detected by an enhanced chemilumi-
nescence system using a SuperSignal West Pico chemiluminescent substrate
(Pierce).

In vitro transcription and RNA transfection. The DNA fragments containing
gL, c.o. gL, prespliced ORF57, and ORF57 coding sequences were amplified
from pCDNA6-gL-v5-hisA, pCDNA6-c.o. gL-v5-hisA, pEF1-pre-ORF57-v5-
hisA, and pEF1-ORF57-v5-hisA plasmids, respectively, using Pfx DNA polymer-
ase and T7-F (TAATACGACTCACTATAGGG) and Vitro-R (T40CAGA
TGGCTGGCAACTAGAA) primers. After PCR amplification, each DNA frag-
ment had, in addition to each coding sequence, a T7 priming site at the 5�
terminus and 40 stretches of T at the 3� terminus. Each DNA fragment was
purified after agarose gel electrophoresis (Qiagen gel purification kit) and used
as a template in an in vitro transcription reaction. The mRNAs encoding gL, c.o.
gL, prespliced ORF57, and ORF57 were synthesized from the aforementioned
template using a MessageMAX T7 ARCA-capped message transcription kit
(Epicentre Biotechnologies) according to the manufacturer’s instructions. RNAs
were quantified by measuring UV absorbance (NanoDrop; Thermo Scientific)
and checked by denaturing glyoxal agarose gel electrophoresis (Ambion).
HEK293T cells seeded onto a six-well plate were incubated for 1 day and
transfected with mRNA using a TransIT-mRNA transfection kit (Mirus).

Northern blotting. Total cellular RNA was isolated from transfected cells
using an RNeasy plus minikit (Qiagen). A Northern blot was performed accord-
ing to the procedure described in the NorthernMax-Gly kit manual (Ambion).
Briefly, �3 �g of total RNA isolated as described above was mixed with an equal
volume of glyoxal loading dye and incubated for 30 min at 50°C. The RNA was
separated on a 0.8% glyoxal denaturing gel (110 V, 100 min), transferred onto a
BrightStar-Plus nylon membrane (Ambion), and cross-linked with UV light. The
membrane was prehybridized for 1 h at 42°C in Ultrahyb solution (Ambion) and
incubated with 8 nM biotin-labeled antisense v5 probe (biotin-CGTAGAATCG
AGACCGAGGAGAGGGTTAGGGATAGGCTTACC-biotin) in Ultrahyb so-
lution overnight at 42°C. The next morning, the membrane was washed three
times, each time for 10 min, with NorthernMax high stringent wash buffer
(Ambion) at 42°C. The bands that hybridized to the probe were detected using
a chemiluminescent nucleic acid detection kit (Pierce) according to the manu-
facturer’s procedure.

Fractionation of nuclear and cytoplasmic RNA. Cells grown on a 10-cm dish
were rinsed with PBS and detached using PBS containing EDTA (1 mM).
Roughly 1/6 of the cells were subjected to immunoblotting, and the remaining 5/6
of cells were subjected to fractionation. For fractionation, cells first were pelleted
by low-speed centrifugation (6,000 � g, 1 min), and then 1.0 ml of ice-cold cell
fractionation buffer (PARIS kit; Ambion) and 3 �l of RNase OUT (Invitrogen)
were added to the cell pellets. After incubation on ice with gentle mixing (10
min), the nuclear pellets and cytoplasmic supernatants were separated by cen-
trifugation for 3 min at 500 � g. For the cytoplasmic fraction, 0.3 ml of super-
natant was mixed with an equal volume of 2� lysis/binding buffer (PARIS kit),
and 0.3 ml of 100% ethanol was added to the mixture. For the nuclear fraction,
the nuclear pellet described above was lysed with 0.6 ml of RLT buffer (RNeasy
Plus miniprep kit) and passed through a QIAshredder and gDNA elimination
column (Qiagen). The total RNA from these nuclear and cytoplasmic fractions
was purified further using an RNeasy plus miniprep kit according to the manu-
facturer’s instructions.

Actinomycin treatment and measurement of RNA stability. HEK293T cells
were transfected with pCDNA6-c.o. gH-v5-hisA plasmid together with either
pEF1-v5-hisA empty plasmid or pEF1-ORF57-v5-hisA plasmid. At 36 h post-
transfection, cells were treated with 2 �M actinomycin (Sigma) to block de novo
mRNA synthesis for 0 to 8 h before harvesting. Total RNA was isolated using an
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RNeasy Plus miniprep kit, and the bands corresponding to c.o. gH RNA were
visualized by Northern blotting.

RESULTS

RRV ORF57 enhances the expression of c.o. gH, gH, c.o. gL,
and gL proteins. Bilello et al. showed that gH and gL protein
expression from a cassette driven by human EF1 promoter was
below the limit of detection (3). Similarly, we could not detect
any gH or gL expression from an expression cassette driven by
a cytomegalovirus (CMV) promoter at 23 (Fig. 1A, lane 3), 36
(Fig. 1B, lane 3), or 48 h (data not shown) posttransfection.
However, codon-optimized versions of gH and gL (c.o. gH and
c.o. gL, respectively) showed readily detectable levels of ex-
pression by 36 h (Fig. 1B, lane 1) posttransfection even in the
absence of RRV ORF57, confirming that codon optimization
alone could increase the poor expression of gH and gL. How-
ever, the expression of gH and gL as well as c.o. gH and c.o. gL
was greatly induced when RRV ORF57 also was expressed
(Fig. 1A and B, lanes 2 and 4).

In addition to RRV ORF57, we also tested whether ORF57
orthologues from other gamma-2 herpesviruses, KSHV and
herpesvirus saimiri (HVS), induced the expression of RRV
gH, gL, c.o. gH, and c.o. gL. As shown in Fig. 2, ORF57 from
KSHV and HVS also significantly induced the expression of
c.o. gL and gL. However, ORF57 from KSHV, unlike ORF57
from HVS and RRV, did not induce the expression of c.o. gH
and gH. Thus, there seems to be subtle differences among
ORF57 orthologues of gamma-2 herpesviruses with respect to
their target specificities. Interestingly, HVS ORF57 was even
more potent than RRV ORF57 in inducing RRV gH, gL, c.o.
gH, and c.o. gL expression.

Effect of intron and RTEm26/CTE cis-acting sequence on
the expression of gH and gL. The gH and gL genes of RRV,
like most other RRV genes, do not have introns that are
spliced out during mRNA processing. It has been shown that

TREX and the exon-junction complex (EJC) binds onto
mRNA in a splicing-dependent manner to facilitate the effi-
cient nuclear export of spliced mRNAs in eukaryotic cells (19,
23, 31). We asked whether the lack of appropriate ribonucle-
oprotein (RNP), due to a lack of splicing, was responsible for
the poor expression of gH and gL mRNAs. We introduced the
intron of the human beta-globin gene into the coding regions
of gH, gL, c.o. gH, and c.o. gL to mimic eukaryotic splicing.
The sites of intron insertion were carefully selected to closely
mimic the splicing donor and acceptor sites of the human
beta-globin gene (see Materials and Methods). The poor ex-
pression of gH and gL protein was not rescued by intron
insertion into these genes (Fig. 3A and B, lanes 7). Moreover,
the protein expression from c.o. gH and c.o. gL was not readily
detectable when the intron of the beta-globin gene was in-
serted into the coding region of these genes (Fig. 3A and B,
lanes 1 versus lanes 5). The intron that was inserted into the
c.o. gH and c.o. gL genes was at least partially functional, since
protein expression was detected from these in the presence of
ORF57 (Fig. 3A and B, lanes 5 versus lanes 6). Overall, the
introduction of a heterologous intron into the gH and gL genes
had an adverse effect on protein expression.

The introduction of a cis-acting sequence was another ap-
proach we have taken to attempt to rescue the poor expression
of intronless gH and gL mRNAs. RTEm26/CTE has been
shown to enhance by several hundredfold the expression of
subgenomic gag and env genes from human immunodeficiency
virus (HIV) and simian immunodeficiency virus (SIV) (37).
Thus, the RTEm26/CTE sequence was introduced into the
3�-UTR region of the gH and gL expression cassettes, and
protein expression levels were compared to those of each pa-
rental vector (Fig. 4). The introduction of RTEm26/CTE se-
quence into gH mRNA failed to rescue gH protein expression
(Fig. 4A, lane 3), while it did rescue gL protein expression (Fig.
4B, lane 3). The insertion of the RTEm26/CTE sequence into
the 3�-UTR of the gL gene caused the significant accumulation
of gL RNA in both the cytoplasm and the nucleus (Fig. 4D,

FIG. 1. Induction of target gene expression by RRV ORF57. Plas-
mids encoding RRV c.o. gH, gH, c.o. gL, and gL were cotransfected
with either the empty or the ORF57 expression plasmid, and the levels
of protein expressed were measured at 23 (A) or 36 h (B) posttrans-
fection by immunoblotting. The top band, but not the bottom band, of
the gH doublet appears to be an O-glycosylated form of gH on the
basis of Jacalin reactivity (38).

FIG. 2. Induction of RRV c.o. gH, gH, c.o. gL, and gL expression
by KSHV, HVS, and RRV ORF57. Plasmids encoding RRV c.o. gH,
gH, c.o. gL, and gL were cotransfected with the empty, KSHV ORF57,
HVS ORF57, or RRV ORF57 expression vector, and the level of
protein expression from each was measured at 36 h posttransfection by
immunoblotting.
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lanes 5 and 6). Upon the coexpression of RRV ORF57, the
levels of gL RNA in both compartments were greatly increased
(Fig. 4D, lanes 11 and 12). Greatly increased RNA levels of gL
and codon-optimized gL also were induced by RRV ORF57
(Fig. 4D, lanes 7 to 10). On the other hand, the levels of gH
RNA remained below the limit of detection by the insertion of
the same RTEm26/CTE sequence (Fig. 4C, lanes 5 and 6).
However, they were greatly increased by the coexpression of
RRV ORF57 (Fig. 4C, lanes 11 and 12). Similarly to the RNAs
of gL, RNAs from gH and the codon-optimized version of gH
were greatly increased by RRV ORF57 (Fig. 4C, lanes 7 to 10).
Overall, the gH and gL RNA levels both in the cytoplasm and
in the nucleus faithfully recapitulated the cognate protein ex-
pression presented in Fig. 4A and B. The main effect of RRV
ORF57 was to enhance the accumulated RNA levels of target
genes both in the cytoplasm and in the nucleus.

Translational activation by RRV ORF57. To assess the effect
of RRV ORF57 on translation, mRNAs of RRV gL, c.o. gL,
prespliced ORF57, and spliced ORF57 were synthesized in
vitro (Fig. 5A) and transfected into HEK-293T cells. The pre-
spliced ORF57 RNA serves as a negative control since it does
not express ORF57 in the absence of splicing inside the cell.
Both c.o. gL and gL expression were enhanced in the presence
of ORF57 protein (Fig. 5B, lanes 1 and 3 versus lanes 2 and 4),
indicating increased levels of translation by RRV ORF57 act-
ing directly on the transfected mRNA. Given that each mRNA
was synthesized in vitro and transfected directly into cells in
this assay, it is not likely that any events related to nuclear
export processes were involved. The increased levels of trans-
lation could result from the direct activation of translation by
ORF57 (5, 13, 22) or from the increased stabilization of the
RNA by ORF57 (see below). Increasing levels of ORF57
protein expression were achieved from increasing inputs of

ORF57 plasmid DNA. Under these conditions, both c.o. gL
and gL expression showed a concomitant increase, corrob-
orating the observations of Fig. 5B. It is noteworthy that the
transfection of gL mRNA yielded detectable levels of gL
protein even in the absence of ORF57 (Fig. 5B, lane 3, and
C, lane 4), while the transfection of gL plasmid DNA did not

FIG. 3. Insertion of an artificial intron does not rescue expression
of gH and gL. Intron1 of the human beta-globin gene was inserted into
the coding regions of c.o. gH, gH, c.o. gL, and gL, and protein expres-
sion from the resulting constructs (c.o. gH-I and gH-I [A], c.o. gL-I and
gL-I [B]) were measured together with the expression from the paren-
tal constructs in HEK293T cells at 36 h posttransfection by immuno-
blotting.

FIG. 4. Tethering of RTEm26/CTE rescues gL but not gH expres-
sion. The RTCm26/CTE sequence was inserted at the 3�-untranslated
region of the gH and gL genes. The resulting plasmids (gH-R/C and
gL-R/C) as well as parental plasmids and the codon-optimized con-
structs were transfected into HEK293T cells together with either the
empty or the RRV ORF57 expression vector. The expression of c.o.
gH (lanes 1 and 4), gH (lanes 2 and 5), and gH-R/C (lanes 3 and 6)
(A) as well as c.o. gL (lanes 1 and 4), gL (lanes 2 and 5), and gL-R/C
(lanes 3 and 6) (B) were measured at 36 h posttransfection by immu-
noblotting. (C and D) HEK293T cells were transfected with different
combinations of plasmid DNAs as shown, and cells were harvested at
36 h posttransfection. The isolated RNAs from cytoplasm (C; 2 �g/
lane) and nucleus (N; 1 �g/lane) were analyzed by Northern blotting.
(C) Levels of c.o. gH (lanes 1, 2, 7, and 8), gH (lanes 3, 4, 9, and 10),
and gH-R/C (lanes 5, 6, 11, and 12) RNA were analyzed. (D) Levels of
c.o. gL (lanes 1, 2, 7, and 8), gL (lanes 3, 4, 9, and 10), and gL-R/C
(lanes 5, 6, 11, and 12) RNA were analyzed. The 28S and 18S as well
as the 45S and 32S rRNA bands from ethidium bromide staining are
shown as loading and fractionation controls.
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(Fig. 1 to 4). These data suggest that gL mRNA can be
translated as long as it exists above a certain threshold level
in the cytoplasm.

Accumulation of target RNAs: posttranscriptional control
by RRV ORF57. The ability to detect gL protein, at least to
some extent, when gL mRNA was transfected directly (Fig. 5)
suggested to us that there is a problem with RNA accumula-
tion when it is made from transfected plasmid DNA. We there-
fore examined the steady-state levels of RNA made from the
transfection of the plasmid DNA. Several observations are
worth noting from the data shown in Fig. 6. First, no detectable
levels of gH and gL RNAs were observed in both earlier (23 h)
(Fig. 6A, lane 3) and later (36 h) (Fig. 6B, lane 3) time points.
Given that they were driven by a strong CMV promoter, this is
surprising but consistent with our inability to detect protein
expression following the transfection of these expression cas-
settes. Second, we observed a very large increase in the amount
of each RNA in the presence of the ORF57 protein (Fig. 6A
and B, lanes 1 versus lanes 2 and lanes 3 versus lanes 4). Third,
no detectable levels of c.o. gH and c.o. gL RNA were observed
at 23 h posttransfection in the absence of ORF57; however,
they were detected at 36 h posttransfection at smaller amounts.
Overall, the RNA levels faithfully recapitulated the protein
levels presented in Fig. 1, indicating that the steady-state levels
of RNA were critical to the levels of protein expression.

The large increases of RNA levels in the presence of ORF57
protein are not likely to result from direct transcriptional ac-
tivation by ORF57. RRV ORF57 did not activate the tran-
scription of the renilla luciferase gene driven from the same
CMV promoter (data not shown). Furthermore, it has been
shown in previous reports that KSHV ORF57 did not activate
transcription from a CMV promoter (14, 20). We therefore

hypothesized that gH and gL mRNAs are naturally unstable
and that ORF57 allows gH, gL, c.o. gH, and c.o. gL mRNAs
to accumulate to much higher levels than they would oth-
erwise by inhibiting their degradation. To investigate this,
we compared the degradation rate of c.o. gH RNA in the
absence or presence of RRV ORF57. The c.o. gH was cho-
sen as a model because it allowed some levels of accumu-
lation even in the absence of ORF57 at 36 h posttransfection
(Fig. 6B, lane 1). HEK293T cells were transfected with c.o.
gH plasmid together with either the empty vector or the
ORF57 plasmid and subsequently were treated with actino-
mycin D to block de novo RNA synthesis. As shown in Fig.
7, the degradation of c.o. gH RNA was much faster in the
absence than the presence of ORF57. The c.o. gH RNA
seemed to be quite stable in the presence of ORF57 during
the 8-h assay period without any noticeable degradation
(Fig. 7, lanes 6 to 10).

Distribution of c.o. gH RNA in nucleus and cytoplasm. We
measured RNA amounts in the cytoplasm and nucleus after
fractionation following the transfection of plasmid DNA ex-
pression cassettes. In the absence of ORF57, cytoplasmic and
nuclear levels of c.o. gH RNA were barely detectable at 26 h
posttransfection (Fig. 8, lanes 1 and 2) and still very low at 36 h
posttransfection (Fig. 8, lanes 5 and 6). However, they were
readily detectable at both 26 and 36 h posttransfection in the
presence of ORF57 (Fig. 8, lanes 3, 4, 7, and 8). Since c.o. gH
RNA levels were much higher in the presence than in the
absence of ORF57 (about 4-fold at 26 h and 7-fold at 36 h),
it was difficult to accurately evaluate the effect of ORF57 on
nuclear export. However, the c.o. gH RNA in the cytoplasm
was increased about 2.4-fold from 26 to 36 h posttransfec-
tion (compare lane 7 to lane 3) in the presence of ORF57.
The increase of c.o. gH RNA in the cytoplasm during the
same time period was about 1.7-fold in the absence of
ORF57 (compare lane 5 to lane 1). While there was little

FIG. 5. Activation of translation by RRV ORF57. (A) RNA en-
coding c.o. gL, gL, prespliced ORF57, and spliced ORF57 were syn-
thesized in vitro and analyzed in a denaturing glyoxal agarose gel.
(B) Codon-optimized (c.o.) gL or nonoptimized (n.o) gL RNA was
transfected into HEK293T cells together with either prespliced (p.s) or
spliced (s.p) ORF57 RNA, and the expression of protein from each
RNA was measured at 36 h posttransfection by immunoblotting.
(C) An increasing amount of ORF57 plasmid DNA was transfected
instead of ORF57 RNA, and the expression of cognate proteins was
measured at 36 h posttransfection by immunoblotting.

FIG. 6. Accumulation of target RNAs by RRV ORF57. Plasmids
encoding RRV c.o. gH, gH, c.o. gL, and gL were cotransfected with
either the empty or the ORF57 expression vector. Total RNA was
isolated at 23 h (A) or 36 h (B) posttransfection, and an equal amount
of total RNA (4 �g) was loaded into each lane. The levels of each
target RNA were measured by Northern blotting. The 28S and 18S
rRNA bands from ethidium bromide staining are shown as loading
controls.
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increase between 26 and 36 h in the absolute amount of c.o.
gH RNA in the absence of ORF57, whether cytoplasmic or
nuclear, there was a large increase in the amount of c.o. gH
RNA in both compartments in the presence of ORF57.
These results again suggest a defect in the accumulation of
target RNA in the absence of ORF57.

DISCUSSION

Gamma-2 herpesviruses have elaborate systems to control
gene expression during the virus life cycle. The timing and
intensity of viral gene expression is orchestrated by compre-
hensive, interrelated regulatory mechanisms. ORF57 is ex-
pressed in the immediate-early phase of lytic replication (20,
24, 28) and is a key orchestrator of the viral lytic cycle by
inducing delayed early and late gene expression (15, 20, 25, 26,
32). The extremely low levels of expression of envelope glyco-
proteins until the final stage of lytic replication may serve in
part to limit any cytotoxicity of virus-encoded glycoproteins
and may also aid virus replication by limiting the exposure of
these antigens to the host immune response. RRV gH and gL
mRNAs, from which envelope glycoproteins are made in the
late phase of lytic replication, seem from our work here to be
quite unstable in nature. These transcripts were not above the
level of detection even when their synthesis was driven from a
strong CMV promoter.

In trying to pinpoint the site or sites of action of any ORF57
orthologue, it is important to realize the close linkage of some
cellular processes and the difficulty in distinguishing one site of
action from a closely linked process. Examples include trans-
lation and mRNA stability, the nuclear egress of mRNA and
mRNA stability, and the transcription and nuclear egress of
mRNA. In looking at the literature on ORF57 action, it is
often difficult to distinguish what is multifunctional activity
from what is a single activity manifest in different, linked,
functional processes (6, 17, 20, 26, 32). Similar difficulties can
be seen in the data reported here. gL protein synthesis was
significantly higher when gL mRNA was transfected in the
context of ORF57 expression (Fig. 5). Is this an effect of
ORF57 directly on the translation of mRNA or on the stability
of mRNA? Following the transfection of DNA expression cas-
settes, gH and gL RNAs accumulated to much greater extents
in the presence of ORF57 (Fig. 6 and 8). Is this an effect on
RNA egress from the nucleus or on RNA stability? Several
lines of evidence from our experiments argue for a major effect

FIG. 7. Posttranscriptional stabilization of c.o. gH RNA by RRV
ORF 57. Plasmid encoding c.o. gH was transfected into HEK293T cells
together with either the empty or the RRV ORF57 expression vector.
At 36 h posttransfection, cells were treated with 2 �M actinomycin D
for the indicated times. Total RNA was isolated, and an equal amount
of RNA (4 �g) was loaded into each lane. (A) The c.o. gH RNA was
detected by Northern blotting. The 28S and 18S rRNA bands from
ethidium bromide staining are shown as loading controls. (B) The
intensity of each band (AU) was analyzed using the Image Gauge
program (Fuji Film) and was graphically represented. (Note that the y
axis scale for c.o. gH RNA is 10 times greater in the presence of
ORF57 than in the absence of ORF57.)

FIG. 8. Cellular localization of gH RNA. A plasmid encoding c.o. gH was transfected into HEK293T cells together with either the empty or
the RRV ORF57 expression vector. Cells were harvested at 26 or 36 h posttransfection and fractionated to separate the cytoplasmic (C) and
nuclear (N) RNA. (A) Cytoplasmic RNA (2.2 �g) and nuclear RNA (1.5 �g) were loaded into each corresponding lane, and c.o. gH RNA was
detected by Northern blotting. The 28S and 18S as well as the 45S and 32S rRNA bands from ethidium bromide staining are shown as loading and
fractionation controls. (B) The intensity of each band (in arbitrary units [AU]) was analyzed using Image Gauge (Fuji Film) and was graphically
represented.
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of RRV ORF57 on the stabilization of RRV gH and gL
mRNAs. By examining both mRNA and protein levels over
time following DNA transfection, we have demonstrated a
clear defect in gH and gL mRNA accumulation in the absence
of ORF57, while RRV ORF57 allowed high levels of the ac-
cumulation of gH and gL mRNAs (Fig. 6). It is noteworthy
that we did not observe any preferential accumulation of
mRNA in any specific cell compartment. Instead, we observed
higher levels of gH and gL total RNA, which seemed to be
contributed from both nucleus and cytoplasm proportionally in
the presence of ORF57. The preferential accumulation of tar-
get RNA in the cytoplasm has been used to support a role for
some ORF57s in the egress of RNA from the nucleus (4, 6, 29,
41). In our study, the overall increase of total RNA levels of
the target gene was contributed by nuclear and cytoplasmic
compartments (Fig. 8). This supports RNA stabilization in
both the nucleus and cytoplasm as a major site of action of
RRV ORF57.

It generally has been considered that the nuclear export of
cellular mRNA needs an active transport process (reviewed in
references 10 and 18). Therefore, the major increase of target
gene RNA in both the cytoplasm and nucleus in our study (Fig.
8) seems to be best explained by the posttranscriptional stabi-
lization of target RNA in the nucleus and subsequent nuclear
egress of that RNA. The notion of nuclear stabilization agrees
well with the cellular localization of ORF57, which resides
principally in the nucleus (14, 20, 34). Also, the stabilization of
target RNA in the nucleus by ORF57 has been well docu-
mented for KSHV PAN RNA (35). Since KSHV PAN RNA
always resides in the nucleus and is not exported to the cyto-
plasm, the stabilization process in this case appears to be in-
dependent of nuclear export. The enhanced levels of gH and
gL RNAs were not due to increased RNA synthesis. We con-
firmed that RRV ORF57 does not affect de novo transcription
from a CMV promoter, which also has been observed for other
ORF57s in previous reports (14, 20).

The introduction of the RTEm26/CTE sequence into the
3�-UTR of the gL gene rescued gL protein expression while it
did not rescue gH protein expression (Fig. 4). Since the intro-
duction of the RTEm26/CTE sequence into the gL transcript
raised the amounts of gL RNA from undetectable to readily
detectable levels in both nuclear and cytoplasmic compart-
ments, it seems likely that the RTEm26/CTE element stabi-
lized the accumulation of this RNA. In a previous study of
retroviral gag RNA and protein synthesis, the RTEm26/CTE
element was found to affect all steps of posttranscriptional
regulation, including nuclear export, stabilization, and transla-
tion (37).

KSHV ORF57 has been reported to cause a noticeable shift
of gL RNA distribution to the cytoplasm, indicating its major
role in the process of target RNA egress (4). In our results
described here, RRV ORF57 did not cause such a significant
change in the distribution of gL RNA between the nucleus and
cytoplasm. Instead, we observed great induction of total gL
RNA in the presence of RRV ORF57. Thus, the actions of
ORF57s from KSHV and RRV on their gL RNAs seem to be
different. Further work will be needed to discern whether this
reflects a true difference in the mode of action of those
ORF57s or whether these are different manifestations of the
same mode of action.
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