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Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes ORF57, which promotes the accumulation of
specific KSHV mRNA targets, including ORF59 mRNA. We report that the cellular export NXF1 cofactors
RBM15 and OTT3 participate in ORF57-enhanced expression of KSHV ORF59. We also found that ectopic
expression of RBM15 or OTT3 augments ORF59 production in the absence of ORF57. While RBM15 promotes
the accumulation of ORF59 RNA predominantly in the nucleus compared to the levels in the cytoplasm, we
found that ORF57 shifted the nucleocytoplasmic balance by increasing ORF59 RNA accumulation in the
cytoplasm more than in the nucleus. By promoting the accumulation of cytoplasmic ORF59 RNA, ORF57
offsets the nuclear RNA accumulation mediated by RBM15 by preventing nuclear ORF59 RNA from hyper-
polyadenylation. ORF57 interacts directly with the RBM15 C-terminal portion containing the SPOC domain
to reduce RBM15 binding to ORF59 RNA. Although ORF57 homologs Epstein-Barr virus (EBV) EB2, herpes
simplex virus (HSV) ICP27, varicella-zoster virus (VZV) IE4/ORF4, and cytomegalovirus (CMV) UL69 also
interact with RBM15 and OTT3, EBV EB2, which also promotes ORF59 expression, does not function like
KSHV ORF57 to efficiently prevent RBM15-mediated nuclear accumulation of ORF59 RNA and RBM15’s
association with polyadenylated RNAs. Collectively, our data provide novel insight elucidating a molecular

mechanism by which ORF57 promotes the expression of viral intronless genes.

Kaposi’s sarcoma-associated herpesvirus (KSHV) ORF57 is
a viral early protein. Like its homologues herpes simplex virus
type 1 (HSV-1) ICP27 (38), Epstein-Barr virus (EBV) EB2
(40), human cytomegalovirus (HCMV) UL69 (47), and vari-
cella-zoster virus (VZV) IE4/ORF4 (32), KSHV ORF57 reg-
ulates virus gene expression at the posttranscriptional level
(23). The KSHV genome with a disrupted ORF57 gene cannot
efficiently express a subset of viral lytic genes (20). ORF57
functions as a viral splicing factor and promotes viral RNA
splicing (19, 21, 23). ORF57 also promotes the expression of
viral intronless genes, such as ORF59, a viral DNA polymerase
processivity factor. The specific ORF57 interactions with its
targeted RNAs are facilitated by cellular proteins (23). It has
been proposed that ORF57 stimulates RNA export via its
interaction with Aly/REF, a cellular RNA-binding protein
serving as an adaptor for the nuclear RNA export receptor
NXF1/TAP (24). However, recent reports indicate that Aly/
REF-ORF57 interaction does not play an important role in the
ORF57-mediated enhancement of ORF59 expression, since
Aly/REF knockdown in host cells did not affect the function of
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ORF57 (22, 29). In contrast, a recent study indicates that
ORF57 appears to recruit the entire TREX through its inter-
action with Aly/REF to facilitate the export of a viral late
transcript, ORF47 (2). Since ORF57 specifically binds to
ORF59 RNA only in the presence of cellular proteins, it is
thought that the cellular adaptors may act as cofactors. In
support of this, the posttranscriptional regulator EB2 of EBV,
a member of the gammaherpesvirus subfamily, was reported to
interact with OTT3 (also referred to as RNA binding motif
protein 15B [RBM15B]) and OTT3 was shown to have post-
transcriptional regulatory function (6).

OTT3 (6, 26), RNA binding motif protein 15 (RBM15
[OTT1]) (16, 26), and SHARP (SMRT/HDACI-associated re-
pressor protein) (30, 41) are members of the SPEN (split ends)
protein family. These nuclear proteins share a domain struc-
ture comprising three highly conserved N-terminal RNA-bind-
ing motifs (RNA recognition motif [RRM]) and a highly con-
served C-terminal SPOC (Spen paralogue and orthologue
C-terminal) domain, with 52%, 68%, and 82% sequence iden-
tity for RRM1, RRM2, and RRM3, respectively, and 58%
amino acid (aa) sequence identity in their SPOC domain (6,
16, 37, 50). SPEN homologs are conserved in eukaryotes and
are found from Caenorhabditis elegans to humans but show
distinct functional properties (6, 13, 49). While SHARP (3,664
aa residues) acts at the transcriptional level (3, 10, 12, 30, 31,
39, 41) and has also been found in association with spliceo-
somes (51), both of the two smaller proteins, RBM15 (957 to
977 aa residues for the different isoforms) and OTT3 (890 aa



VoL. 85, 2011

residues), act at the posttranscriptional level (6, 13, 49). We
and others have reported that the SPOC-containing C-termi-
nal region of RBM15 and OTT3 mediates the RNA export
function (6, 13, 49), while SHARP lacks this function, support-
ing divergent functions of RBM15 and OTT3. Ectopically ex-
pressed OTT3 was reported to act as a splicing regulator (6).
RBM15 was determined to bind directly to the RNA transport
element (RTE) (13), which is exported via the NXF1 pathway
(42). RTE is present in murine intracisternal A-particle retro-
elements (28, 43) and is essential for the activity of the retro-
transposon (52). RBM15 and OTT3 were shown to promote
the export and expression of RTE-containing transcripts (13,
49). Both proteins localize to the nucleus and associate with
the splicing factor compartment (SC35-containing speckles)
and the nuclear envelope but do not shuttle to the cytoplasm
(6, 13, 49). Both proteins can also interact with each other (49).
RBM15 and OTT3 act as cofactors to the nuclear export re-
ceptor NXF1 and interact directly with NXF1 via the C-termi-
nal region (13, 49). We recently reported that RBM15 also
provides a direct molecular link between NXF1 and DEAD
family RNA helicase DBP5 (53), supporting the model in
which RBM15 acts locally at the nuclear pore complex, facil-
itating the recognition of NXF1-mRNP complexes by DBP5
during translocation and thereby contributing to efficient
mRNA export. Genetic knockout of RBM15 is embryonic le-
thal in homozygous mice (35, 36, 49), indicating that OTT3
cannot compensate for the loss of RBM15. These findings
support the model that, in addition to shared functions, these
factors have distinct biological roles in animal development. In
the study presented herein, we demonstrated that both
RBM15 and OTT3, like KSHV ORF57, promote KSHV
ORF59 expression. We identified the direct interaction of
KSHV ORF57 with RBM15 and OTT3 and showed that the
interaction with RBM15 and OTT3 is conserved among
ORF57 homologs of four other herpesvirus family members.

MATERIALS AND METHODS

Cell cultures and cotransfection. HEK293 and HeLa cell lines from ATCC
(Manassas, VA) were cultivated in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum as described before (22). The cells, at 2.5 X
10° per ml in a 60-cm dish, were cotransfected with plasmid DNA at 20, 50, or
100 ng for the ORF57 expression vector, at 20 or 100 ng for the RBM15
expression vector, at 100 ng for the OTT3 expression vector, and at 300 ng for the
ORF59 expression vector in the presence of Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) or Fugene HD (Roche Applied Science, Indianapolis, IN).

Plasmids. Vector pEGFP-N1 was obtained from Clontech (Mountain View,
CA). All other plasmids used in this study were previously described, as follows:
pVM18 (FLAG-tagged KSHV ORF59), pVM68 (3XFLAG-tagged KSHV
ORF57), pVM90 (3XFLAG-tagged KSHV ORF57 mutant mtNLS2 + 3), pVM8
(green fluorescent protein [GFP]-tagged wild-type [wt] ORF57) and its mutant
pVM36 (mtNLS2 + 3) (22), FLAG-tagged RBM15 and OTT3 or hemagglutinin
(HA)-tagged OTT3, as well as their truncation mutants (13, 49), or HA-tagged
Refl-IT (53). Enhanced GFP (EGFP)-tagged ICP27 (a gift from R. Sandri-
Goldin), Myc-tagged EB2 (a gift from S. Swaminathan), VZV IE4-V5 (a gift
from C. Sadzot), and FLAG-tagged UL69 (a gift from T. Stamminger) were
used.

RNA interference (RNAi). Hela cells were transfected with 40 nM ON-
TARGETplus SMARTpool small interfering RNA (siRNA) (Thermo Scientific,
Waltham, MA) targeting endogenous RBM15 protein or a nonspecific siRNA.
At 24 h after siRNA transfection, the cells were transfected with 500 ng of
ORF59 expression vector (pVM18) and incubated for an additional 24 h. Total
protein and RNA were isolated as described previously (22) for Western and
Northern blot analysis, respectively.
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Western blot analysis. Protein extracts were prepared by direct cell lysis in
SDS protein sample buffer and analyzed in Western blots as described previously
(22). The following monoclonal antibodies were used in the study: anti-GFP (BD
Biosciences, Mountain View, CA), anti-FLAG (Sigma, St. Louis, MO), anti-myc
(Sigma), anti-HA (Sigma), anti-tubulin (Sigma), anti-RBM15 (Protein Tech
Group, Chicago, IL), anti-V5 horseradish peroxidase (HRP) (Invitrogen), and
anti-ORF59 (Advanced Biotechnologies, Columbia, MD). Rabbit anti-ORF57
was previously described (20).

Isolation of nuclear and cytoplasmic RNA. Cytoplasmic and nuclear total
RNAs were fractionated as described previously (22). Briefly, after transfection,
the cells were trypsinized, washed with phosphate-buffered saline (PBS), and
resuspended in cold buffer A (50 mM Tris, pH 8.0, 140 mM NaCl, 1.5 MgCl,,
0.2% NP-40, 1 mM dithiothreitol [DTT], and 200 U RNasin). After 5 min of
incubation on ice, the nuclei were pelleted by spinning for 2 min at 3,000 X g at
4°C. Both the supernatant for the cytoplasmic fraction and the pellet for the
nuclear fraction were collected for RNA isolation by using TRIzol reagent
(Invitrogen).

Northern blot analysis. RNA (~5 pg) was separated in agarose gel and
analyzed in Northern blots as described previously (22). The following oligonu-
cleotide probes labeled with y-3?P were used in this study: oVM73 (5'-GTCCA
CCCTGACCCCATAGT-3') for ORF59, 0ZMZ270 (5'-TGAGTCCTTCCACG
ATACCAAA-3") for glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
oVM11 (5'-CTCGTCTTCCAGTGTCGGTG-3") for ORF57, and oST197 (5'-
AAAATATGGAACGCTTCACGA-3") for U6 snRNA. The hybridization sig-
nal was captured using a Molecular Dynamics PhosphorImager Storm 860 and
analyzed with ImageQuant software.

Indirect immunofluorescence staining. For indirect immunofluorescence
staining (IFA), cells growing on coverslips were fixed with 4% paraformaldehyde
for 15 min at room temperature, permeabilized for 10 min at room temperature
with 0.5% Triton X-100, and blocked with 2% bovine serum albumin (BSA) in
PBS with the addition of 0.02% Tween 20 (blocking buffer) for 1 h at 37°C.
Primary antibodies were diluted in blocking buffer and incubated with samples
for 1 h at 37°C, followed by 3 washes with PBS. Secondary antibodies conjugated
with Alexa Fluor 546 dye (Molecular Probes, Eugene, OR) were diluted 1:500 in
blocking buffer and incubated for 1 h at 37°C. After a final 3 washes with PBS,
the cell nuclei were stained with DAPI (4’,6’-diamidino-2-phenylindole) and all
samples were mounted in ProLong Gold mounting medium (Invitrogen). Con-
focal fluorescence images were collected using a Zeiss LSM510 META (Carl
Zeiss Microlmaging, Inc., Thornwood, NY) laser scanning microscope, and
colocalization analysis was performed using the colocalization module of Imaris
version 6.0 software (Bitplane) as described previously (21).

Immunoprecipitation. For coimmunoprecipitation (co-IP) assays, HEK293
cells were transfected with the indicated expression constructs and harvested 2
days later. The cells were extracted under stringent conditions (400 mM NaCl, 50
mM KCl, 0.2% Triton X-100, 15 mM HEPES, pH 7.9, 10% glycerol, protease
inhibitors) (13). The extracts were treated with RNase A (0.5 mg/ml) for 10 min
at room temperature, incubated with anti-FLAG M2 or anti-HA antibody beads
for 1 h, and subsequently washed with lysis buffer containing 2 M urea, as
described previously (49). Co-IPs under physiological conditions were performed
in the same buffer (0.2% Triton X-100, 15 mM HEPES, pH 7.9, 10% glycerol,
protease inhibitors) containing 150 mM NaCl, using a wash buffer which did not
contain urea. The protein complexes were eluted by boiling the beads in SDS-
PAGE loading buffer. The complexes were subjected to Western blot analysis,
and the blots were probed with anti-GFP, anti-FLAG, anti-HA, anti-V5, or
anti-myc antibodies. In vitro protein binding assays were performed (48) using
Escherichia coli-expressed purified glutathione S-transferase (GST)-tagged
RBM1S5 (aa 530 to 977), GST-tagged OTT3 (aa 488 to 890), or GST only and
metabolically labeled, reticulocyte-produced ORF57, UAP56, or firefly lucifer-
ase protein, respectively.

RNase H digestion. The length of the mRNA poly(A) tail was determined by
RNase H digestion as described by Murray and Schoenberg (27), with small
modifications. Briefly, 10 pg of RNA in a total volume of 7 pl was denatured for
5 min at 85°C. Two microliters of 5 nmol oligo(dT,s) (Applied Biosystems,
Carlsbad, CA) was added to RNA and annealed for 10 min at 42°C. Each RNA
sample was supplemented with 1 pl of 10X RNase H buffer (200 mM Tris, pH
8.0, 500 mM KCl, 100 mM MgCl,, 10 mM DTT) and split into two tubes (5 ul
each). One tube of the RNA was digested with 10 U of RNase H (Fermentas,
Glen Burnie, MD) for 30 min at 30°C, and the other tube of the RNA served as
an undigested RNA control. After digestion, 15 pl of formaldehyde loading dye
was added directly to each sample and the samples were incubated for 15 min at
75°C and then analyzed by Northern blotting as described above.

UV cross-linking and isolation of polyadenylated RNA. The detection of
proteins associated with polyadenylated RNAs was performed as described pre-
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viously (33). Briefly, transfected cells washed with PBS were exposed to UV light
(4,800 mJ/cm?) and resuspended in PBS. One third of the cell suspension was
spun, and the cell pellet was lysed directly in SDS protein sample buffer to serve
as an input control. The rest of the cells were used for the isolation of polyade-
nylated RNAs using an Illustra QuickPrep micro mRNA purification kit (GE
Healthcare, Piscataway, NJ) according to the manufacturer’s instructions. The
eluted mRNA-protein complexes were treated with RNase T1 (5 U/sample) at
37°C for 15 min and analyzed by Western blotting.

UV cross-linking and immunoprecipitation (CLIP). HEK293 cells (5 X 10°
cells/well in a 6-well plate) were cotransfected with RBM15-FLAG and ORF59-
FLAG, 500 ng each, in the presence or absence of ORF57-GFP. At 24 h after
cotransfection, the cells were washed with PBS and UV irradiated (4,800 mJ/
cm?). Total cell extracts after UV cross-linking were prepared by lysis directly in
radioimmunoprecipitation (RIPA) buffer with protease inhibitors added. Pro-
tein-RNA complexes were immunoprecipitated as previously described (22) us-
ing anti-FLAG M2 mouse monoclonal antibody. Nonspecific mouse IgG was
used as a negative control. Immunoprecipitated RNA digested by proteinase K
was amplified by RT-PCR with ORF59-specific oligonucleotides (5’ primer
0ST179, 5'-TAATACGACTCACTATAGG/GTCACCTGATTGGCAGCC-3',
and 3’ primer 0ST180, 5'-AACGCATCGAG/CGGTGACTGTGTCTGTCAG
C-3'; slashes separate the nonspecific sequences from the specific viral se-
quences) or with GAPDH-specific oligonucleotides (21) and analyzed in agarose
gel.

Quantitative RT-PCR and RNA stability analysis. RNA samples obtained
from CLIP assays were treated with Turbo DNase I (Ambion, Austin, TX)
according to the manufacturer’s instructions and subjected to TagMan quanti-
tative reverse transcription-PCR (qRT-PCR) using TagMan reverse transcrip-
tion reagents and TagMan universal master mix (Applied Biosystems). KSHV
ORF59 transcripts were amplified and detected by using the following TagMan
primers: ORF59 probe (5" 56-FAM-AAACCGATCTGTGTCTGCCGAGG-
3IABKFG 3'), ORF59 primer 1 (5" TTAGAAGTGGAAGGTGTGCC 3'), and
ORF59 primer 2 (5" TCCTGGAGTCCGGTATAGAATC 3'). After back-
ground subtraction, the cycle threshold (C;) values of the qRT-PCR data from
2 repeats, each in triplicate, were analyzed by the 27227 or 2747 method (14)
and are presented as bar graphs with means * standard deviations.

For RNA stability assays, HEK293 cells were transfected with ORF59 expres-
sion vector pVM18 plus FLAG-tagged ORF57 expression vector pVM7, FLAG-
tagged RBM15 or empty pFLAG-CMV-5.1 vector control. Since the expression
level of ORFS59 is very low in the absence of ORF57 or RBM15, HEK293 cells
(1 x 10°) in 60-mm dishes were cotransfected with 2 ug of ORF59 expression
plasmid plus the appropriate amount of pFLAG-CMV-5.1 vector to keep the
ratio as 5:1 or 15:1 as a control for the ORF57 or RBM15 expression vectors,
using FuGene HD (Roche). Eighteen hours after transfection, actinomycin D
(ActD) was added to the cells at a final concentration of 10 wg/ml, and total cell
RNA was extracted at the designated time points by using an RNeasy kit (Qia-
gen), followed by poly(A) mRNA enrichment with an Oligotex mini mRNA kit
(Qiagen). Approximately 100 to 200 ng of poly(A) mRNA was reverse tran-
scribed with a poly(T) oligonucleotide. Real-time PCR for ORF59 RNA and
GAPDH RNA was carried out on the cDNA in duplicates by using TagMan
Universal Master mix (Applied Biosystems). The GAPDH RNA level in each
reaction mixture, determined by using TagMan GAPDH control probes (catalog
number 402869; Applied Biosystems), served as a loading control and was used
to quantify the ORF59 RNA. The relative level of expression of ORF59 was
determined using the C; method as described above and converted to a per-
centage, with the amount at the moment of the addition of ActD (time zero), set
as 100%, representing the percentage of remaining mRNA. A nonlinear regres-
sion analysis on the raw data (fold percent) was performed, choosing an expo-
nential decay model {[fold % = « - exp(P - f)], where « is the intercept at time
zero B is the decay rate, and ¢ is time}. The a was constrained to be either less
than or equal to 100% («a = 100%) or equal to 100% (o = 100%), and the B to
be less than or equal to zero (B = 0). Weighted linear regression results were
graphed, and a regression curve was employed for half-life calculation. Compar-
ison of parameter estimates ({3 only if « equals 100%, and « and B if o is less than
or equal to 100%) between the treatments was performed by using a model with
a dummy variable.

RESULTS

RBM15 promotes ORF59 protein expression in the absence
or presence of ORF57. As ORF57 promoted intronless ORF59
expression in our previous studies (19, 20, 22), we tested
whether RBM15 and OTT3 would potentiate ORF57 to en-
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FIG. 1. Ectopic RBM15 promotes and cooperates with ORF57 in
ORF59 expression. HEK293 cells at 2.5 X 10° per ml were cotrans-
fected with 20 ng of RBM15-FLAG expression vector in combination
with 300 ng of ORF59-FLAG expression vector in the absence or
presence of an increased amount of ORF57-FLAG expression vector
as indicated. Protein and RNA samples were prepared 24 h after
cotransfection and analyzed, respectively, by Western blot (WB) and
Northern blot (NB) assays. Tubulin served as a protein loading control
for Western blotting, and GAPDH RNA served as an RNA loading
control for Northern blotting. (A) RBM15 regulation of ORF59 ex-
pression in the absence or presence of ORF57. Relative ORF59 pro-
tein levels (fold) were quantified based on each band’s density after
normalization to that of tubulin as a sample loading control, with the
ORF59 protein level in lane 1 being set as 1. (B) Bar graphs show
relative level of ORF59 RNA in each sample from Northern blot
analysis in panel A after being normalized to the level of the corre-
sponding GAPDH RNA for each sample loaded. Shown above the bar
graph is the relative ratio of ORF59 RNA in the presence versus the
absence of RBM15 for each pair of samples.

hance ORF59 expression upon cotransfection of HEK293
cells. Unexpectedly, we found that cotransfection of the
ORF59 plasmid with RBM15 alone led to increased levels of
both ORF59 protein and RNA in the absence of ORF57 (Fig.
1A and B, compare lanes 1 and 2 as well as the corresponding
bar graphs of RNA levels). The enhanced expression of
ORF59 protein and RNA was observed in cells transfected
with 20 ng of the RBM15 expression vector. Comparing the
exogenous to the endogenous RBMI15 levels in transfected
HEK?293 cells showed that the level of exogenous RBM15 with
the 20-ng transfection was about 30% less than its endogenous
level in our experimental conditions (see Fig. S1 in the sup-
plemental material). Our data indicate that ectopic RBM15
near its endogenous level was enough to further augment
ORF59 expression in the absence of ORF57.

We next tested whether RBM15 at this low dose (20 ng)
could synergize with ORF57 to further augment ORF59 ex-
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pression in HEK293 cells by cotransfection. As expected,
ORF57 alone was found to promote the expression of both
ORF59 protein and RNA (Fig. 1A and B, compare lane 1 with
lanes 3, 5, and 7 and the corresponding bar graphs of RNA
levels) in a dose-dependent manner. ORF57 at 20 ng was
better than RBM15 in promoting ORF59 protein expression,
but the opposite was true for RBM15 in the increase of ORF59
RNA (Fig. 1A, compare lane 3 to lane 2). These data indicate
that a proportion of RBM15-enhanced ORF59 RNA was not
translated. Although RBM15 at the tested dose was found to
synergize with ORF57 in promoting ORF59 expression, this
synergy at both the protein and the RNA level was only mod-
erate and became diminished with increasing ORF57 levels
(Fig. 1A and B, compare lane 2 with lanes 4, 6, and 8 and the
corresponding protein levels and bar graphs of RNA levels).
Interestingly, this synergy may reflect a modulation by RBM15
of ORF57 expression, as expected (18). Under our experimen-
tal conditions, we found that RBM15 could slightly increase
the expression of ORF57 protein and RNA in each ORF57
dose tested (Fig. 1A and B, compare lanes 3, 5, and 7 with
lanes 4, 6, and 8).

Distinct effects of ORF57 and RBM15 in the promotion of
ORF59 RNA accumulation. To examine whether ORF57 and
RBM15 act on ORF59 expression using a similar mechanism,
we compared a dose response to ORF57 and RBM15 for
ORF59 expression by Western and Northern blot analyses.
Ectopic ORF57 and RBM15 were found to increase the levels
of ORF59 protein and mRNA in a dose-dependent manner for
ORF57 but not RBM15 (Fig. 2A and C), which is likely due to
saturating levels reached above the endogenous RBM15 levels
(see Fig. S1 in the supplemental material). Analysis of the
fractionated RNAs revealed two distinct profiles for ORF57
and RBM15 in the accumulation of ORF59 RNA. ORF57
promoted more prominent cytoplasmic than nuclear accumu-
lation of ORF59 RNA in two tested concentrations (Fig. 2B),
whereas RBM15 enhanced the accumulation of ORF59 RNA
more prominently in the nucleus than in the cytoplasm (Fig.
2D). When the relative cytoplasmic versus nuclear (C/N) ratio
of ORF59 RNA was taken into account, we did not see a
noticeable effect of ORF57 on ORF59 RNA export at any dose
(Fig. 2B). However, we found that ectopic RBM15 led to a
greater increase of nuclear ORF59 RNA than of cytoplasmic
ORF59 RNA (Fig. 2D). Although both RBM15 and ORF57
act by increasing the nuclear and cytoplasmic ORF59 mRNA
levels, the presence of exogenous RBM15 led to preferential
nuclear accumulation of ORF59 RNA. RNA decay analyses
after actinomycin D suppression of polymerase II transcription
indicate that ORF57 was capable of stabilizing ORF59 RNA
and RBM15 was not. In the presence of ORF57, the ORF59
RNA half-life increased from 1.7 h to 4.1 h (P value, <0.0001;
see Fig. S2 in the supplemental material).

OTT3, a close member to RBM15 in the family, when used
for cotransfection with ORFS59, displays a function similar to
that of RBM15 in the promotion of ORF59 expression. We
found that OTT3 upon cotransfection noticeably enhanced the
expression of both ORF59 protein and RNA (Fig. 3A). RNA
fractionation analyses revealed that OTT3-enhanced ORF59
RNA, consistent with the observations when using RBM15,
preferentially accumulated in the nuclear fraction (Fig. 3B,
compare lanes 7 and 8 with lanes 5 and 6 and the correspond-
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FIG. 2. Distinct effects of ORF57 and RBM15 in promotion of
ORF59 expression. HEK293 cells were cotransfected with an ORF59-
FLAG expression vector (300 ng) together with the indicated amount
of ORF57-FLAG or RBM15-FLAG vector. Total protein and RNA,
as well as fractionated RNA, were prepared and analyzed, respectively,
by Western blot (WB) and Northern blot (NB) assays. (A and C)
Dose-dependent effect of ORF57 but not RBM15 on the expression of
ORF59 protein and RNA. Bar graphs show relative level of ORF59
RNA in each sample from Northern blot analysis after being normal-
ized to the level of GAPDH RNA for sample loading. (B and D)
ORF57 promotes ORF59 RNA accumulation both in the cytoplasm
and in the nucleus, but RBM15 preferentially promotes ORF59 RNA
accumulation in the nucleus. Bar graphs below each Northern blot
show the relative level of ORF59 RNA in each sample after normal-
ization to the level of the corresponding GAPDH for sample loading.
U6 results indicate the nuclear fractionation efficiency. The cytoplas-
mic-to-nuclear RNA ratio (C/N ratio) of ORF59 RNA in each pair of
samples from the Northern blot assay was calculated after normaliza-
tion to the level of the corresponding GAPDH loading control and is
shown above the bar graph.

ing bar graphs), whereas the majority of ORF57-increased
ORF59 RNA was found in the cytoplasmic fraction (Fig. 3B,
lanes 3 and 4 and the corresponding bar graphs). Analysis of
the relative C/N ratio of ORF59 indicated an efficient RNA
export for ORF57-enhanced ORF59 RNA but a considerable
export inefficiency for RBM15- or OTT3-increased nuclear
ORF59 RNA (Fig. 3B).

Endogenous RBM15 and intact RBM15 are important for
ORF59 expression. To further confirm the dependence of
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FIG. 3. OTT3 functions like RBM15 in promotion of ORF59 ex-
pression. (A) ORF59 expression in HEK293 cells 24 h after cotrans-
fection with 300 ng of ORF59 and 100 ng of ORF57, RBM15, or
OTT3. Bar graphs show relative level of ORF59 RNA in each sample
from Northern blot analysis after being normalized to the level of
GAPDH RNA for sample loading. (B) OTT3, which functions like
RBM15, preferentially promotes ORF59 RNA accumulation in the
nucleus. Bar graphs below each Northern blot show relative level of
ORF59 RNA in each sample after normalization to the level of the
corresponding GAPDH for sample loading. U6 results indicate nu-
clear fractionation efficiency. The C/N ratio of ORF59 RNA in each
sample set calculated from the Northern blot is shown above the bar
graph.

ORF59 on RBMIS, we investigated whether endogenous
RBM15 at its physiological level could affect ORF59 expres-
sion. RNAi was conducted to knock down endogenous RBM15
expression from the cells transfected with an ORF59 expres-
sion vector. Protein and RNA analyses of the cell samples
demonstrated that the cells with RBM15 knockdown expressed
lower levels of ORF59 protein and RNA than the cells receiv-
ing a nonspecific siRNA (Fig. 4A). This appeared not to be an
off-target effect, as the siRNA knockdown of RBM15 did not
affect the expression of tubulin and GAPDH. Together, these
data indicate that endogenous RBM15 plays an important role
in ORF59 expression and that endogenous OTT3 cannot fully
substitute for RBM15. Due to the lack of an anti-OTT3 anti-
body, we were unable to perform the same experiment for
OTT3.

The study of deletion mutants showed that only the full-
length forms of RBM15 and OTT3 were able to enhance
ORF59 expression (Fig. 4B and C). Neither the N-terminal
half of RBM15 or OTT3 which contains three RNA binding
motifs nor their C-terminal half which interacts with proteins
had any enhancement activity for ORF59 expression.

Wild-type ORF57 but not its mutant reduces RBM15 accu-
mulation of nuclear ORF59 RNA. Given the fact that both
ORF57 and RBM1S5 increase the levels of ORF59 RNA (Fig.
1) with cell compartment preference (Fig. 2) and display some
functional synergy in the promotion of ORF59 expression (Fig.
1), we compared wt ORF57 to its inactive mutant with point
mutations in nuclear localization signals 2 and 3 (mtNLS2 +
3) in the regulation of RBM15 activity. As shown by the
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FIG. 4. Endogenous RBM15 and full-length RBM15 or OTT3 are
essential to promote ORF59 expression. (A) Endogenous RBM15 is
required for ORF59 expression. HeLa cells, with or without knock-
down of RBM15 expression by RNAI, were transfected with 500 ng of
ORF59 expression vectors for 24 h and then examined for ORF59 and
RBMI15 expression by Western blot (WB) or Northern blot (NB)
assays. The numbers below the Northern blots show the relative level
of ORF59 RNA in each sample after normalization to the level of the
corresponding GAPDH for sample loading. NS, nonspecific. (B and C)
Full-length RBM15 and OTT3 are essential for ORF59 expression.
HEK?293 cells were cotransfected with 300 ng of ORF59-FLAG and
100 ng of full-length, N-terminal, or C-terminal RBM15-FLAG (B) or
OTT3-HA (C). Protein samples were prepared 24 h after transfection
and blotted with anti-FLAG or anti-HA antibodies. *, nonspecific.
Tubulin served as sample loading control.

results in Fig. 5A, RBM15 (lane 2) and ORF57 (lane 5)
alone promoted the expression of ORF59 protein and RNA.
When cotransfected, wt ORF57 (lane 3) but not its inactive
mutant mtNLS2 + 3 (lane 4), which remains as a nuclear
protein (22), exhibited a weak additive effect on the
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FIG. 5. ORF57 offsets the nuclear RNA accumulation activity of
RBM15 in promoting ORF59 expression. (A) ORF57 coordinates with
RBM15 to additively promote ORF59 expression. (B) ORF57 pro-
motes ORF59 RNA accumulation in the cytoplasm by offsetting the
nuclear RNA accumulation mediated by ectopic RBM15. HEK293
cells were cotransfected with 300 ng of ORF59-FLAG in combination
with or without 20 ng of RBM15-FLAG in the presence or absence of
the indicated ORF57-GFP expression vector (100 ng). mtNLS2 + 3
(mt2 + 3), an inactive ORF57 mutant with point mutations in its
nuclear localization signals 2 and 3, served as a control. A GFP-only
plasmid was used as a vector control. Protein samples, total RNA, and
fractionated RNA were prepared 24 h after cotransfection. Protein
samples were examined by Western blot (WB) assay with anti-FLAG
and anti-GFP antibodies (A, upper panel). Tubulin served as sample
loading control. All RNA samples were analyzed by Northern blot
(NB) assay (A, lower panel; B, upper panel). Bar graphs below each
Northern blot in panels A and B show the relative level of ORF59 RNA
in each sample after normalization to the level of the corresponding
GAPDH for sample loading. U6 results show nuclear fractionation effi-
ciency. Relative C/N ratio of ORF59 RNA in each sample set calculated
from the Northern blot in panel B is shown above the bar graph.

RBM15-enhanced expression of both ORF59 protein and
RNA. The RNA fractionation analysis shown in Fig. 5B
exhibited a similar correlation of the cytoplasmic ORF59
RNA level with the observed ORF59 protein and total RNA
expression shown in Fig. SA in response to RBM15 and/or
ORF57. Despite the RBM15-mediated accumulation of nu-
clear ORF59 RNA, as expected (Fig. 5B, lane 2), the cells
cotransfected with RBM15 and ORF57 showed that a large
proportion of ORF59 RNA was accumulated in the cyto-
plasm in the presence of wt ORF57 but not in the presence
of its inactive mutant mtNLS2 + 3 (Fig. 5B, compare lane 3
to lane 4 and the corresponding bar graphs), which does not
interact with RBM15 and OTT3 (see Fig. 8 below). Analysis of
the relative ORF59 RNA C/N ratio indicates that ectopic RBM15
specifically led to more nuclear ORF59 RNA (Fig. 5B), as shown
in Fig. 2D, but the presence of ORF57 reversed the C/N ratio
back to normal. These data clearly indicate that one of KSHV
ORF57’s functions is to reduce ectopic-RBM15-mediated nu-
clear accumulation of ORF59 RNA.

ORF57 prevents RBM15-induced accumulation of hyper-
polyadenylated nuclear ORF59 RNA. Investigating how ec-
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topic expression of RBM15 could lead to nuclear accumulation
of ORF59 RNA, we noticed in our Northern blot analyses that
the RBM15- or OTT3-induced nuclear ORF59 RNA migrated
more slowly than its counterpart in the cytoplasm in electro-
phoresis (Fig. 3B, lanes 6 and 8, and Fig. 5B, lanes 2 and 4),
indicating that the accumulated nuclear ORF59 RNA is of a
larger size. Interestingly, ORF57 was found not only to reduce
the RBM15-mediated nuclear accumulation of ORF59 RNA
but also to eliminate the heterogeneity of ORF59 RNAs,
thereby leading them to migrate as its normal size in electro-
phoresis (Fig. 5B, compare lane 3 to lane 5). We hypothesized
that the longer nuclear ORF59 RNAs that are accumulated in
the presence of RBM15 might be hyperpolyadenylated RNAs.
To determine whether hyperpolyadenylation was a cause of the
increase in length of nuclear ORF59 RNA, we extracted total
or fractionated ORF59 RNAs from HEK293 cells 24 h after
cotransfection with ORF59 and RBM15 or ORF57 and con-
ducted RNase H digestion analyses after RNA hybridization
with an oligo(dT,4). As revealed by their slow migration in
electrophoresis, shown in Fig. 6, the RBM15-accumulated nu-
clear ORF59 RNAs in the total RNA preparation (Fig. 6B,
lane 5, top blot) and the nuclear fractionated RNA prepara-
tion (Fig. 6B lane 5, middle blot) had a larger size than
ORF57-enhanced ORF59 RNAs (compare lanes 5 with lanes
3). However, all ORF59 RNAs analyzed by RNase H diges-
tion, including total RNA and the fractionated nuclear ORF59
RNA, migrated by electrophoresis at the same position after
the RNA poly(A) tail removal mediated by oligo(dT,¢) and
RNase H digestion, indicating that the more slowly migrating
nuclear ORF59 RNA was indeed hyperpolyadenylated in the
presence of ectopic RBM15. RBM15’s hyperpolyadenylation
effect on ORF59 RNA in the nucleus also occurred with the
inactive ORF57 mtNLS2 + 3, whose expression could be in-
creased by ectopic RBM15 (see Fig. S3 in the supplemental
material), but this effect did not occur with GAPDH RNA
(Fig. 6B, compare lane 5 with lane 3 for total ORF59 and
GAPDH RNA).

ORF57 colocalizes and interacts with RBM15 and OTT3.
Since ORF57, RBM15, and OTT3 are nuclear proteins (7, 22,
49), we visualized their expression and localization in cotrans-
fected HeLa cells. Consistent with other reports (6, 7, 13, 49),
we show that the majority of RBM15 and OTT3 localized to
the nucleus. In support of the findings described above, we
found that ORF57 colocalized with RBM15 and OTT3 in
distinct, speckle-like nuclear structures (Fig. 7A). The inactive
ORF57 mutant (mtNLS2 + 3) lacking the ability to promote
ORFS59 expression (22) exhibited a diffuse distribution in the
nucleus and did not display much colocalization with RBM15
(Fig. 7B). Thus, the cellular colocalization results suggest the
presence of biochemical interaction of functional ORF57 with
RBM15 and OTTS3.

Next, we examined the possible interaction of ORF57 pro-
tein with RBM15 and OTT3. We first immunoprecipitated
tagged ORF57 protein from extracts of transfected HEK293
cells. The extracts were digested with RNase A prior to IP to
exclude the possibility of RNA-mediated protein-protein in-
teraction in the IP pull-down assays. We found that, in
HEK293 cells under physiological conditions (150 mM salt),
ORFS57 was associated with endogenous RBM15 (Fig. 8A) but
not with endogenous UAP56 (data not shown), as reported
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FIG. 6. Determination of the RBM15-mediated hyperpolyadenyla-
tion of nuclear ORF59 RNA. (A) Strategy to determine RNA
poly(A) tail length by RNase H digestion assay. Oligo(dT,s) was an-
nealed to purified RNAs, and poly(A) tails of RNAs were removed by
incubation with RNase H, specifically digesting the RNA within the
double-stranded DNA/RNA region. The digested RNA was separated
in agarose gel and analyzed by Northern blotting. Undigested RNA
served as a control. Bold lines represent mRNA transcripts with an
m’G RNA cap (filled circle) on the 5’ end and a poly(A) tail
(AAAAAAA) on the 3’ end. (B) Northern blot analyses of RNase
H-digested total and fractionated nuclear RNA (5 pg/lane) extracted
from HEK293 cells 24 h after cotransfection with 300 ng of ORF59-
FLAG vector and 100 ng of ORF57, RBM15, or an empty vector.
ORFS59 transcripts were detected with a *?P-labeled oligonucleotide
probe. Total GAPDH RNA served as a control RNA in the digestion.
A, transcript with poly(A) tail; A, transcript without poly(A) tail.
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previously (2). Further studies by cotransfection of HEK293
cells showed that ORF57 was capable of interacting with both
RBM15 and OTT3 tagged proteins (Fig. 8B, lanes 9 and 10).
Next, we used previously characterized ORF57 mutants with
point mutations in one of three nuclear localization signal
(NLS) motifs (active mutants), as well as the inactive ORF57
mutant with a mutation in both NLS2 and NLS3 (mtNLS2 +
3) (22). As shown in Fig. 8B, the inactive ORF57 mutant
(mtNLS2 + 3), which expresses as a nuclear protein, failed to
interact with RBM15 and OTT3 (compare lanes 9 and 10 to
lanes 12 and 13), confirming a correlation between ORF57
activity and its RBM15 binding capability. In contrast, the
active ORF57 mutants (22) with single mutations in any one of
the three individual NLS motifs also interacted with RBM15 or
OTT3 (data not shown). These interactions appear to be spe-
cific to ORF57. Cellular RNA export factor Refl-II, similar to
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FIG. 7. ORF57 colocalizes with RBM15 and OTT3 in vivo. (A and
B) The confocal images were taken from HeLa cells 24 h after co-
transfection with an equal amount (500 ng each) of wt ORF57-GFP
(A) or its inactive mutant mtNLS2 + 3 (mt2 + 3) (B) and FLAG-
tagged RBM15 or OTT3 constructs. Cells were stained with anti-
FLAG antibody in immunofluorescent staining to visualize FLAG-
tagged proteins. Cell nuclei were counterstained by DAPI. Scale bar,
10 pM.

UAP56 (13) and Y14 and 9G8 (53), was unable to coimmu-
noprecipitate with RBM15 or OTT3 (see Fig. S4 in the sup-
plemental material). Mapping studies of RBM15 and OTT3
further revealed the interaction of both full-length proteins
with ORF57 under high-stringency conditions (400 mM salt).
We noted a relatively weaker binding of OTT3 to ORF57 (Fig.
8C, compare lane 13 to lane 10). The domain binding to
ORF57 was mapped to the C-terminal region of RBM15 (Fig.
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FIG. 8. ORF57 interacts with RBM15 and OTT3. (A) ORF57 interacts with endogenous RBM15 in vivo. ORF57-FLAG expressed in HEK293
cells at 24 h after transfection was immunoprecipitated (IP) with anti-FLAG antibody. The proteins in the IP pulldowns were blotted with a
polyclonal anti-RBM15 antibody or anti-ORF57. (B) RBM15 and OTT3 interact with the N-terminal nuclear localization signals (NLS) 2 and 3
of ORF57. HEK293 cell lysates were prepared 2 days after transfection and immunoprecipitated using anti-FLAG antibody. The IP complexes
were blotted with anti-GFP for ORF57 or anti-FLAG antibody for RBM15 and OTT3. Shown at the top are diagrams of ORF57 proteins without
(wt) or with (mtNLS2 + 3) mutation of NLS2 and NLS3. Lower panel shows interaction of wt ORF57 but not the inactive mutant mtNLS2 + 3
(mt2 + 3) with RBM15 and OTT3 in cotransfected HEK293 cells by IP-Western blotting. (C) Mapping of ORF57 interaction domains of RBM15
and OTT3. Shown at the top are the structures of wt RBM15 and OTT3 or their deletion mutant proteins. Both RBM15 and OTT3 contain an
N-terminal portion with three RRMs (RNA recognition motifs) and a C-terminal SPOC domain. Shown for each protein, at a, b, and ¢ for RBM15
and d, e, and f for OTT3, are diagrams of full-length (FL; a, d), N-terminal (b, €), and C-terminal (c, f) mutants that were cloned into a 3XFLAG
vector. Numbers represent amino acid positions. Lower panel shows that RBM15 and OTT3 interact with ORF57. HEK293 cells were cotrans-
fected with an ORF57-GFP expression vector in combination with an RBM15- or OTT3-FLAG expression vector. See more details for IP-Western
blot assay in the description for panel B. (D) In vitro direct binding of ORF57 to the SPOC domain of RBM15 and OTT3. ORF57 and control
proteins (UAP56 and firefly luciferase) that were expressed and metabolically labeled in reticulocyte extracts were tested for binding to E.
coli-produced, purified GST-RBM15 (aa 530 to 977), GST-OTT3 (aa 488 to 890), or GST only. The **S-radiolabeled proteins in the bound (GST
pull-down) fractions and 1% aliquots of the respective input (load) and unbound fractions were analyzed by SDS-PAGE and autoradiography.

8C, lane 12). Similarly, interaction of OTT3 with ORF57 via its further verified by in vitro GST pulldown assays using reticu-
C-terminal region was also found when analyzed under phys- locyte-produced ORF57, UAP56, or luciferase protein and E.
iological ionic strength (150 mM salt) (data not shown). coli-expressed, purified GST-tagged RBM15 (aa 530 to 977),

The direct interaction between RBM15 and ORF57 was GST-tagged OTT3 (aa 488 to 890), or GST alone. We con-
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FIG. 9. ORF57 affects RBM15-RNA interactions in vivo. (A and
B) ORF57-RBM15 SPOC domain interaction interferes with
RBM15’s association with polyadenylated RNA. HEK293 cells (5 X
10°/well in a 6-well plate) were cotransfected with the following ex-
pression vectors (500 ng each): FLAG-tagged ORF59, FLAG-tagged
full-length RBM15 (A) or SPOC domain deletion mutant (aa 1 to 530)
(B) and GFP-tagged wild-type ORF57 (wt) or NLS2 + 3 mutant (mt).
Empty vector pEGFP-NI1 served as an ORF57 negative control. At
24 h after transfection, the cells were UV irradiated, and the poly-
adenylated [poly(A)] RNA transcripts were isolated. After RNase
digestion, the proteins associated with poly(A) RNAs were detected by
Western blotting by using anti-FLAG antibody for RBM15. Total cell
lysates prior to poly(A) RNA selection served as input for each sample
in Western blotting. (C to F) ORF57 interaction with RBM15 affects
the binding of RBM15 to ORF59 RNA. HEK293 cells 24 h after
cotransfection with RBM15 and ORF59 in the absence or presence of
wt or mutant ORF57 were examined by poly(A) selection (C) or CLIP
assays (D to F) followed by Western blot (C) or RT-PCR (D to F)
analysis. (C) RBMI15 protein but not ORF59 associates with
poly(A) RNAs, which is preventable by wt ORF57. Lanes 3 and 4
contain cell lysate input prior to poly(A) mRNA selection, showing
ectopic expression of FLAG-tagged RBM15 and ORF59. (D) RBM15
protein binds ORF59 RNA in the absence of ORF57. The RBM15-
ORF59 RNA complex in the CLIP assay, after proteinase K digestion,
was analyzed by RT-PCR analysis for ORF59 RNA or GAPDH RNA
as a nonspecific RNA control. Preimmune rabbit serum IgG served as
an IP control. RT, reverse transcriptase; M, 100-bp DNA ladder;
DNA, ORF59 plasmid DNA for size control. (E and F) Coexpression
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firmed that ORF57, like NXF1 (49), interacted specifically
with RBM15 and OTT3, whereas UAP56 or luciferase protein
did not (Fig. 8D). Collectively, these data indicate that ORF57
acts by promoting ORF59 mRNA expression through direct
protein-protein interactions with RBM15 and OTT3.

The ORF57-RBM15 interaction interferes with RBM15
RNA binding. To determine whether the ORF57 colocaliza-
tion and interaction with RBM15 would affect RBM15 binding
to ORF59 RNA and thereby prevent ORF59 RNA from hy-
perpolyadenylation in the nucleus, we took two different ap-
proaches. First, we examined whether ORF57 could affect
RBM15’s association with polyadenylated mRNAs in HEK293
cells. As shown in Fig. 9A, FLAG-tagged RBM15 could be UV
cross-linked to polyadenylated mRNAs in the cells (compare
lane 1 to lane 2), but the RBM15 cross-linking to the poly-
adenylated mRNAs appeared reduced in the presence of wt
ORF57 over the presence of mutant ORF57 (compare lane 3
to lane 4). When a truncated RBM15 (aa 1 to 530), lacking a
C-terminal SPOC domain and deficient in ORF57 interaction
(Fig. 8C) but bearing all three RRMs, was used in the assay,
this mutant RBM15 had the same RNA binding activity
whether in the presence of wt or mutant ORF57 (Fig. 9B,
compare lane 3 to lane 4). These data indicate that the ORF57
reduction of RBM15-mRNA interaction requires ORF57-
RBML15 interaction. This reduction appeared to be unrelated
to ORF59 protein. We found that only RBM15, and not
ORF59, could be pulled down along with polyadenylated
mRNAs (Fig. 9C). The associated RBM15 level on polyade-
nylated mRNA was reduced in the presence of wt ORF57
compared to the level in the presence of the mutant ORF57
that was incapable of interacting with RBM15 (Fig. 9C, com-
pare lane 5 to lane 6).

Next, we performed CLIP assays to examine the specific
effect of ORF57 on RBMI15-ORF59 RNA interactions.
HEK293 cells were cotransfected with FLAG-tagged RBM15
and FLAG-tagged ORF59 in the absence or presence of GFP-
tagged wt or mutant ORF57 and UV irradiated. The protein-
RNA complexes from the cells were coimmunoprecipitated by
anti-FLAG antibody and digested with proteinase K. The
RNAs in the digested complex were extracted and amplified by
RT-PCR for ORF59 RNA as described previously (22). Using
this strategy, we first confirmed that RBM15 binds ORF59
RNA in the cells in the absence of ORF57 (Fig. 9D, lane 2).
Further analysis demonstrated that RBM15 bound ORF59
RNA in the presence of mutant ORF57, but this protein-RNA
interaction was reduced in the presence of wt ORF57 (Fig. 9E,
right panel, compare lane 3 to lane 1). Quantitative analysis of
the ORF59 RNA levels from these two samples by qRT-PCR
indicated a significant (P value, 0.024) reduction of ORF59

of wt ORF57 with RBM15 reduces RBM15 binding to ORF59 RNA.
See other details in the panel D legend. (E, left) Results show the same
amount of ORF59 RNA from the input cell extracts as used for CLIP.
GAPDH RNA in the extracts served as a loading control. (E, right)
Results show that wt ORF57 but not ORF57 mtNLS2 + 3 prevents
RBM15 association with ORF59 RNA in CLIP assays. (F) Bar graphs
with means *+ standard deviations show the ORF59 RNA level from
each anti-FLAG CLIP, quantified by qRT-PCR and analyzed by two-
tailed Student’s ¢ test. n = 2, each in triplicate. Ab, antibody.
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FIG. 10. The interaction with RBM15 and OTT3 proteins is con-
served among ORF57 homologs. (A to C) Myc-tagged EBV EB2 (A),
GFP-tagged HSV-1 ICP27 (B), and VS5-tagged VZV IE4 (C) were
expressed in HEK293 cells alone or together with FLAG-tagged
RBM15 or OTT3, and the complexes were coimmunoprecipitated with
anti-FLAG antibody under stringent salt conditions (400 mM). The IP
complexes were blotted with anti-myc for EB2 (A), with anti-GFP for
ICP27 (B), with anti-V5 to detect IE4 (C), and with anti-FLAG for
RBM15 and OTT3 (A, B, and C, lower panels). (D) To determine the
interaction of CMV UL69 with RBM15 and OTT3 in vivo, HEK293
cells were cotransfected with FLAG-tagged UL69 and HA-tagged
RBM15 or HA-tagged OTT3. The protein complexes were coimmu-
noprecipitated with anti-FLAG antibody (UL69) under stringent salt
conditions (400 mM) and blotted with anti-HA to detect RBM15 and
OTT3 and with anti-FLAG to detect UL69.

RNA on RBM15 protein in the presence of wt ORF57 (Fig.
9F). Collectively, these data provide compelling evidence that
wt ORF57’s interaction with RBM15 affects the association of
RBM15 with ORF59 RNA.

The ORF57 homologs EB2, ICP27, UL69, and IE4 also in-
teract with RBM15 and OTT3. As EBV EB2 was reported to
interact with OTT3 and RBM15 (6), we examined whether the
interaction of KSHV ORF57 with RBM15 is a conserved func-
tion among other homologs in the herpesvirus family. We
transfected HEK293 cells with RBM15 or OTT3 expression
vectors in combination with EBV EB2 (6), HSV-1 ICP27 (38),
VZV 1E4 (32), or CMV UL69 (47) and analyzed the total cell
extracts by co-IP. We found that EB2 (Fig. 10A, lanes 5 and 6),
ICP27 (Fig. 10B, lanes 5 and 6), IE4 (Fig. 10C, lanes 6 and 8),
and UL69 (Fig. 10D, lanes 5 and 6), consistent with the results
for ORF57 (Fig. 8C, lanes 10 and 13), all interact with RBM15
and OTT3. As described for ORF57 (Fig. 8C) and consistent
with the report by Hiriart et al. (6), we found that EB2 inter-
acts with the C-terminal portion of RBM15 (data not shown).
These findings indicate that the interaction of RBM15 or
OTT3 with ORF57 is indeed a highly conserved function
among ORF57 homologs in the herpesvirus family.

EBV EB2 does not function like KSHV ORF57 to prevent
RBM15-mediated nuclear accumulation of ORF59. As EBV
EB2 is the closest homologue to KSHV ORF57, we examined
whether EB2 functions mechanistically like ORF57. We first
determined EB2 colocalization with RBM15 by transient
transfection of HelLa cells (Fig. 11A) and then compared EB2
with ORF57 and RBM15 in promoting ORF59 expression. We
found that EB2 protein in HEK293 cells exhibited a function
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similar to that of ORF57 and RBM15 in promoting ORF59
expression at both the protein and RNA level (Fig. 11B), as
described previously (22), despite the fact that EB2 does not
complement ORF57 function in an ORF57-null KSHV ge-
nome (4), nor does it complement ectopic RBMI1S in
Bac36A57 (our unpublished data). Further analyses of frac-
tionated nuclear versus cytoplasmic RNA revealed that EB2,
unlike ORF57, was unable to efficiently prevent RBM15-me-
diated accumulation of nuclear ORF59 RNA by cotransfection
(Fig. 11C, compare lane 4 to lanes 2 and 3). Furthermore, EB2
exhibited no effect on RBM15’s association with polyadeny-
lated RNAs (Fig. 11D). Together, these data indicate that
EB2, which interacts with RBM15 (Fig. 10A), may function
differently from ORF57 in the promotion of ORF59 expres-
sion.

DISCUSSION

RNA transport from the nucleus to the cytoplasm is an
essential step in the expression of mammalian and viral genes
and requires several nuclear export proteins, including UAP56,
URH49, Aly/REF, SRp20, 9G8, SF2/ASF, RBM15, OTT3,
and the RNA export receptor NXF1/TAP (5, 8, 9, 11, 34, 46).
These RNA binding and export factors, which function as
RNA export adaptors, have been identified in two nuclear
protein complexes, including the spliceosome and TREX com-
plexes, to interact with the NXF1/p15 heterodimer, a major
RNA exporter. Together, these complexes deliver the bound,
export-ready RNA to the nuclear pore complex and, therefore,
are responsible for the tightly coupled events of RNA tran-
scription, splicing, and export in eukaryotic gene expression
(15, 25, 45, 51). In this study, KSHV ORF57 was found to
interact with the cellular RNA export cofactors RBM15 and
OTTS3. This protein-protein interaction affects the RNA bind-
ing activity of RBM15 in the nucleus and prevents RBM15-
mediated nuclear accumulation of hyperpolyadenylated, in-
tronless viral ORF59 RNA.

We have found that RBM15 and OTT3 themselves can
function similarly to KSHV ORF57 to promote the expression
of KSHV ORF59. The observed ability of RBM15 to promote
the accumulation of ORF59 RNA in both cytoplasmic and
nuclear fractions in the absence of ORF57 was unexpected
since RBM15, and the related OTT3, were reported to partic-
ipate in RNA export (6, 13, 49, 53). In contrast to ORF57,
which promotes ORF59 expression in a dose-dependent man-
ner, the maximum effect of ectopic RBM15 on ORF59 expres-
sion was found at a tested low dose (20 ng) that produced
about 70% more RBM15 than the endogenous RBM15 level in
HEK293 cells. Because RBM15 at the tested low dose also
showed a moderate effect on ORF57 expression, the synergis-
tic effect of ORF57 with RBM15 on ORF59 expression ob-
served in this study could be the result of RBM15’s effect on
ORF57 expression, consistent with our previous observation
that ORF57 expression depends on endogenous RBM15 and
OTTS3 (18). However, the function of ORF57 in ORF59 RNA
expression differs from that of RBM15. The former accumu-
lates more ORF59 RNA in the cytoplasm, but the latter accu-
mulates the RNA more in the nucleus than in the cytoplasm.
Therefore, ORF57 has a greater effect than RBM15 on the net
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FIG. 11. EBV EB2 does not prevent RBM15-mediated nuclear accumulation of ORF59 RNA and does not block RBM15-RNA interactions.

(A) Colocalization of EB2-myc and RBM15-FLAG in HeLa cells by cotransfection. Scale bar, 10 pm. (B and C) EB2 promotes ORF59 expression
but does not prevent RBM15-mediated nuclear accumulation of ORF59 RNA. HEK293 cells (2.5 X 10° cells/ml) were transfected with 300 ng of
ORF59-FLAG with or without 20 ng RBM15-FLAG in addition to 100 ng empty vector, ORF57-FLAG, or EB2-myc. Twenty-four hours after
transfection, the cells were collected for total protein and RNA analyses by Western blot (WB) and Northern blot (NB) assays, respectively (B).
Fractionated cytoplasmic and nuclear RNA was also analyzed in Northern blot assays by using a *?P-labeled oligonucleotide probe specific for
ORF59 RNA (C). (D) EB2 does not prevent RBM15’s association with polyadenylated RNAs. HEK293 cells (5 X 10°) were transfected with 500
ng each of ORF59-FLAG and RBM15-FLAG vectors together with 500 ng of an empty FLAG vector, ORF57-FLAG, or EB2-myc. Twenty-four
hours after transfection, the cells were exposed to UV light and polyadenylated RNAs were isolated. RBM15 proteins bound onto polyadenylated
RNAs were analyzed by Western blotting. SE, short exposure; LE, long exposure.

outcome of ORF59 protein production when cotransfected at
20 ng.

As the increase of ORF59 RNA expression by RBM15 is at
the posttranscriptional level and RBM15 was unable to stabi-
lize ORF59 RNA in this study, the cytoplasmic accumulation
of ORF59 RNA by RBM15 could result from RBM15’s pro-
motion of RNA export (13, 18, 49). However, when ectopically
expressed beyond its physiological level in the absence of
ORF57, RBM15 adversely affects the RNA export machinery,
leading to nuclear accumulation of ORF59 RNA, while a small
proportion of the RNA remains exportable (Fig. 12). The
effect of overexpressed RBM15 on ORF59 RNA hyperpoly-
adenylation also occurred with the ORF57 mtNLS2 + 3, which
is a functionally inactive nuclear protein and lacks interaction
with RBM15 and OTT3 (Fig. 8B). Other studies show that
excess UAPS6, another RNA export factor, inhibits the re-
cruitment of Aly/REF to the spliced mRNP (15) and is toxic in
C. elegans (17) and yeast (44). The mechanism by which
RBM15 promotes the nuclear accumulation of ORF59 is now

partially understood due to the findings in this report. We
observed that the nuclear ORF59 RNA in the presence of
ectopic RBM15 migrated slightly more slowly in electrophore-
sis due to its hyperpolyadenylation. Although it remains to be
investigated whether this modification of ORF59 RNA is medi-
ated directly by RBM1S5 or is the consequence of RBM15-medi-
ated nuclear accumulation of ORF59 RNA, it is discernible that
ORF57 can prevent ORF59 RNA from hyperpolyadenylation in
the presence of ectopic RBM15 and reduce the RNA accumula-
tion in the nucleus (Fig. 5B). Given the facts that RBM15 and
OTT3 are RNA binding proteins (13, 49) and that the endog-
enous level of RBM15 promotes only limited expression of
ORF59 protein in the absence of ORF57, our data indicate
that RBM15 and OTT3 act as molecular links for ORF57,
consistent with our previous reports of ORF57 binding specif-
ically to its target RNAs only in the presence of cellular factors
(22, 23) (Fig. 12). The inherent advantage of studying the
KSHV ORF59 mRNA regulation rather than the previously
described RTE-containing transcript (13, 49) lies in the fact
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FIG. 12. Proposed model for the effects of RBM15 and ORF57 on
ORF59 expression. (A) RBM15 at physiological level promotes the
expression of ORF59 at the early stage of KSHYV lytic replication when
ORF57 is at low concentration. Although ORF57 promotes ORF59
expression, ORF57 expression is also dependent on RBM15 (18). At a
later stage of infection when ORF57 is high, its interaction with
RBM15 prevents RBM15’s association with ORF59 RNA and, conse-
quently, reduces the function of RBM15 to promote ORF59 RNA
export. ORF57 accumulates ORF59 RNA by increasing ORF59 RNA
stability by an unknown mechanism. (B) Overexpression of RBM15
preferentially increases the nuclear over the cytoplasmic level of
ORF59 RNA and stimulates hyperpolyadenylation of nuclear ORF59
RNA. In the presence of ORF57, ORF57 interacts with RBM15 and
prevents the RBM15-mediated nuclear accumulation of ORF59 RNA.

that the ORF59 mRNA requires both cellular (RBM15 and
OTT3) and viral (ORF57) factors, whereas RTE requires only
cellular factors (RBM15, OTT3, and NXF1), in order to effi-
ciently export from the nucleus. The ability to dissect the spe-
cific contributions of both the viral and cellular factors in
ORF59 regulation contributes to our understanding of RNA
export.

ORF57 protein interacts with RBM15 and OTT3. The N-
terminal NLS2 and NLS3 regions of ORF57 (22) are impor-
tant for the high-affinity interaction with full-length RBM15
and OTT3. ORF57 interacts with the C-terminal regions of
RBM15 and OTT3, which were previously shown to mediate
interaction with the nuclear RNA export receptor NXF1 (13,
49). Interestingly, in addition to the interaction of the RBM15
or OTT3 protein with KSHV ORF57 in this study and the
previously reported interaction with EBV EB2 (6), we found
that posttranscriptional regulators of the other herpesvirus
family members, such as the HSV-1 ICP27, the VZV IE4, and
the CMV ULG69, interact with the RBM15 or OTT3 proteins.
The conservation of these interactions further supports their
biological relevance. In vivo, we found ORF57 to colocalize
with RBM15 and OTT3, and several reports have shown that
these factors, when exogenously expressed, also colocalize with
SC35 (1, 21, 49). Our previous studies demonstrated that
ORF57 mainly associates with cellular protein-RNA com-
plexes (23). Recently, we showed that ORF57-RBM15 inter-
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action is required for ORF57 expression and functions in
KSHV-infected cells (18). However, RBM15 is incapable of
complementing ORF57’s function in stable Bac36A57 cells
containing an ORF57-null KSHV genome (our unpublished
data). In this report, the biological relevance of the ORF57
interaction with RBM15 or OTT3 was further supported by the
observation that ORF57-RBM15 interactions interfered with
RBM15 binding to polyadenylated mRNAs and ORF59 RNA
and, therefore, prevented the RBM15-/OTT3-mediated nu-
clear accumulation of ORF59 RNA. Interestingly, we found
that EBV EB2, although it interacts with RBM15 and OTT3,
does not function like KSHV ORF57 to prevent RBM15-RNA
interaction and, thereby, RBM15-mediated nuclear accumula-
tion of ORF59. Despite the fact that ORF57 interacts with
RNA export factors Aly/REF (2, 22, 24) and CBP80 (2) and
other cellular factors (23), the ORF57-Aly/REF interaction
was found not to be important for ORF57-mediated ORF59
expression (22, 29). Thus, the finding that ORF57 interacts
with RNA export cofactors RBM15 and OTT3 and offsets the
RBM15- and OTT3-mediated nuclear accumulation of ORF59
RNA provides further insight into how ORF57 promotes the
expression of intronless viral genes.
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