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Kaposi’s sarcoma-associated herpesvirus (KSHV [human herpesvirus 8; HHV-8]) open reading frame 57 (ORF57) is a viral early
protein participating in posttranscriptional regulatory events, such as splicing, RNA stabilization, and protein expression. Re-
cent data suggest that ORF57 recruits the transcription and export (TREX) complex to viral RNA and exports these transcripts to
the cytoplasm. In this study, we show that although ORF57 promotes expression of a selection of KSHYV viral intronless RNAs, it
is not a bona fide export factor.

aposi’s sarcoma-associated herpesvirus (KSHV) open reading  on the mRNA, namely, the exon-junction complex (EJC) and the
frame 57 (ORF57) is a viral lytic protein and is essential for ~human transcription and export (hTREX) complex (5, 23, 24, 27).
virus replication (3, 6, 9, 15, 20). The major roles of ORF57 occur
posttranscriptionally, where it regulates splicing, stability, and ex-

pression of a subset of viral mRNAs (3, 6, 11, 12, 16, 17, 22), and Received 8 March 2012 Accepted 10 September 2012

whether ORF57 regulates RNA export directly remains debatable Published ahead of print 19 September 2012

(2, 18, 21, 26). Posttranscriptional control is essential for expres- Address correspondence to Barbara K. Felber, feloerb@mail.nih.gov.
sion of cellular and viral mRNAs, involving complex interactions G.RP.and V.M. contributed equally to this article.

of messenger RNPs (mRNPs) with transport receptors and com- Copyright © 2012, American Society for Microbiology. All Rights Reserved.
ponents of the nuclear pore complex. The regulation of splicing doi:10.1128/JV1.00606-12

results in the deposition of two distinct multiprotein complexes
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FIG 1 KSHV ORF57 promotes preferentially nuclear accumulation of KSHV ORF47 RNA. (A) The KSHV ORF47-FLAG fusion vector pYM80 contains the ORF47
coding region (nt 69415 to 69930; GenBank accession no. KSU75698 [28]) from Bac36-wt DNA (15) inserted into pFLAG-CMV-5.1 (Sigma, St. Louis, MO). (B and C)
HEK293 cells (5 X 10° cells/well in a 6-well plate) were cotransfected with 1 ug of pVM80and 0.5 pg of empty pFLAG vector (negative control) or ORF57-FLAG (pVM7)
expression vector and harvested 24 h later in SDS-protein sample buffer with 10% 2-mercaptoethanol. The expression of ORF47-FLAG protein in the absence or
presence of ORF57-FLAG was detected by Western blot analysis using anti-FLAG antibody (B). Cellular 3-tubulin was used as a loading control. Northern blot analysis
was used to examine ORF47 RNA expression in the absence and presence of ORF57 (C). Total RNA (5 pg/lane) isolated by TRIzol reagent (Invitrogen) was separated
on an agarose gel, and ORF47 RNA was detected with the **P-labeled oligoprobes oVM190 (nt 69770 to 69790; 5 -GCGAAGTGGATAGAGTGGACC-3’) for KSHV
ORF47, 0ZMZ270 (5'-TGAGTCCTTCCACGATACCAAA-3") for GAPDH (glyceraldehyde-3-phosphate dehydrogenase), and 0ST197 (5'-AAAATATGGAAC
GCTTCACGA-3') for U6 snRNA, and fold values were normalized to GAPDH. (D) Subcellular distribution of ORF47 RNA in the presence or absence of ORF57
expression. The cytoplasmic and nuclear RNA fractions were isolated using buffer A or the Ambion PARIS kit, respectively. Five micrograms of each RNA
preparation was analyzed in the Northern blot for the expression of ORF47 RNA. GAPDH served as a loading control. The fractionation efficiency was
determined by the presence of U6 snRNP in the Northern blot, and 45S and 32S rRNA precursors were visualized by ethidium bromide staining.
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FIG 2 KSHV ORF57 does not promote RNA export of KSHV ORF47 RNA. (A) Subcellular localization of KSHV ORF47 and KSHV ORF57 transcripts
determined by RNA FISH. HeLa cells (2.5 X 10° cells/well in a 6-well plate) were cotransfected by KSHV ORF47 and ORF57 expression vectors.
Twenty-four hours after transfection, the cells were fixed and subcellular localizations of KSHV ORF47 (green color) and KSHV ORF57 (red color)
transcripts were visualized by RNA FISH using corresponding antisense RNA probes (upper panel). The corresponding sense probes (lower panel) served
as controls for probe specificity. The probes were transcribed using the FISH Tag RNA multicolor kit (Life Sciences), respectively, from a pcDNA3.0
vector-derived plasmid, pYM91 (KSHV ORF47 nt 69415 to 69930), and plasmid pVM92 (KSHV ORF57 nt 82069 to 82586). The nuclei were counter-
stained with Hoechst dye (blue). (B) Single-cell image of KSHV ORF47 transcripts in ORF57-coexpressing cells. A representative cell coexpressing ORF47
and ORF57 was hybridized with corresponding antisense probes as described in panel A. AU, arbitrary units. The histogram on the right shows intensity
levels of each probe signal and Hoechst nucleus staining measured by Image J software along with a white dashed line crossing over the entire cell on the

left.

Herpesviruses express several intronless RNAs requiring a regula-
tion independent of the splicing process, and the mechanism
whereby these RNAs are controlled is being elucidated. ORF57
regulates the expression of intronless viral RNAs (1-3, 16, 20);
however, its exact mechanism of function remains under investi-
gation. We recently found that ORF57 interacts with RBM 15 and
OTTS3, two cofactors of the nuclear export receptor NXF1/TAP
(10, 13, 30, 32), thereby providing a link to the export machinery
(16). Importantly, this interaction is preserved among the ORF57
homologs (16), including ICP27 in herpes simplex virus 1 (HSV-
1), EB2 in Epstein-Barr virus (EBV), and UL69 in human cyto-
megalovirus (HCMV) (1, 4, 7, 29). ORF57 was also reported to
bind to intronless viral mRNAs (2, 11, 18, 22) and to recruit the
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hTREX complex to assemble an export-competent viral ribonu-
cleoprotein particle via interaction of ORF57 and the Aly/REF
component of the hTREX complex (2). ORF57 was implied to
provide direct export function to the intronless viral mRNA (2).
In the present study, we show that although KSHV ORF57 is a
potent posttranscriptional regulator of selected viral RNAs,
ORF57 is not a bona fide export factor.

First, we examined the effect of ORF57 on the expression of
KSHV ORF47 encoding viral glycoprotein L (gL). Expression of
ORF47-FLAG (pVM80) (Fig. 1A) was tested in the absence and
presence of the ORF57-FLAG vector (pVM7) (19) by Western
blot analysis (Fig. 1B). Coexpression of ORF57 greatly increased
the expression of ORF47 protein (lane 1 versus lane 2), confirming
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the ORF57 regulation of expression of ORF47, a glycosylated pro-
tein migrating as multiple bands.

We further tested the effect of ORF57 on the overall level of the
ORF47 transcript in total RNA. Northern blot analysis using an
ORFA47-specific probe revealed that coexpression of ORF57 re-
sulted in ~130-fold-increased levels of ORF47 RNA (Fig. 1C, lane
1 versus lane 2). These data are in sharp contrast with those from
a previous report (2), which stated that ORF57 did not affect the
level of ORF47 RNA, but only increased the export of ORF47
RNA. To test the export effect, we analyzed the subcellular levels of
ORF47 RNA in the absence or presence of ORF57 by Northern
blot analysis (Fig. 1D) using two different fractionation protocols:
buffer A (18) in lanes 1 to 4 and the PARIS kit (2) in lanes 5 to 8.
The buffer A protocol uses mild conditions (50 mM Tris [pH 80],
140 mM NaCl, 1.5 mM MgCl,, 0.2% NP-40, 200 U/ml RNasin)
followed by a low-speed spin to lyse the cells and collect the cyto-
plasmic fraction and the nuclear pellet. Using the buffer A
method, detectable levels of both cytoplasmic and nuclear ORF47
RNA were found only in the presence of ORF57 (Fig. 1D, compare
lanes 1 and 3 and lanes 2 and 4), in agreement with the data shown
in Fig. 1C. In the presence of ORF57, the majority of ORF47 RNA
was retained in the nuclear fraction (lane 4; ~330-fold in the
nucleus). To avoid any discrepancies due to RNA fractionation
with the reported data (2), we performed the same experiments
using the PARIS kit as in reference 2 and obtained the same results
as with buffer A (Fig. 1D, lanes 5 to 8). Under both experimental
conditions in the absence of ORF57, ORF47 RNA was barely de-
tectable. To support the subcellular fractionation data, we per-
formed RNA fluorescent in situ hybridization (FISH) analysis on
ORF47 RNA when expressed in the presence of ORF57. Similar to
the Northern blot data, in the presence of ORF57 protein, ORF47
RNA was found almost exclusively in the nucleus of cells, while
ORF57 RNA, which is efficiently exported as reported (16), ap-
peared in both the nucleus and the cytoplasm (Fig. 2A). These data
were confirmed by analyzing the signal intensity of a single cell,
which confirmed the strong overlap in signals for ORF47 and the
Hoechst nuclear stain (Fig. 2B).

We performed similar experiments using another ORF57 tar-
get, KSHV ORF56 (Fig. 3A), encoding a viral primase. Similar to
results with ORF47, ORF56 protein (Fig. 3B) and ORF56 total
RNA (Fig. 3C) were only readily observed upon cotransfection
with ORF57. ORF57 also promoted accumulation of ORF56 RNA
in both fractions, with a greater (~14.6-fold) increase in the nu-
clear fraction than in the cytoplasmic fraction (~6.6-fold) (Fig.
3D, compare lane 3 to lane 4).

To further assess the RNA export capabilities of ORF57, we
used the export reporter assay pDM128/B (31). The reporter
mRNA comprises the chloramphenicol acetyltransferase (CAT)
gene embedded within the HIV-1 env intronic sequence followed
by six copies of the lambdoid phage p22-derived RNA-binding
site (box B), serving as binding site for the phage lambda 20-
amino-acid (aa) RNA-binding sequence (N-peptide) (Fig. 4A, top
panel). Tethering of an export factor via the N-peptide to the
reporter RNA will result in the cytoplasmic transport of the un-
spliced reporter RNA, resulting in CAT production. The CAT
reporter plasmid was cotransfected with a plasmid expressing the
fusion of the N-peptide with ORF57, and as positive controls, the
previously reported plasmids expressing the fusion proteins N-
Rev, N-NXF1, and N-RBM15-hemagglutinin (HA) (13, 30, 31)
were included. Comparison of the levels of CAT production
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FIG 3 KSHV ORF57 promotes preferentially nuclear accumulation of
KSHV ORF56 RNA. (A) Diagram of KSHV ORF56-FLAG fusion vector
pVMOY. (B and C) HEK293 cells (1.5 X 10° per 60-mm dish) were cotrans-
fected with 1,800 ng of ORF56-FLAG vector (pVM9) and 600 ng of empty
vector (pFLAG, negative control) or ORF57-FLAG (pVM7) expression
vector and harvested 24 h later for protein and RNA preparation. The
FLAG-tagged ORF56 and ORF57 proteins were immunoblotted by anti-
FLAG antibody (B). B-Tubulin served as a loading control. Faster-migrat-
ing forms of ORF56-FLAG in the presence of ORF57-FLAG most likely
represent degradation products. Total RNA (5 pg/lane) was separated on
an agarose gel, and ORF56 RNA was detected by Northern blotting with the
*2P-labeled oligoprobe 0VM24 (nt 81676 to 81654; 5'-AGTGTCGTATGC
TTTATCCCAAA-3") (C). GAPDH in the Northern blot served as a loading
control for normalization of the ORF56 RNA level. (D) Effect of ORF57 on the
accumulation of ORF56 RNA in cytoplasmic and nuclear fractions. The cyto-
plasmic and nuclear RNA fractions were isolated using buffer A. Fractionated
RNAs (5 pg/lane) were analyzed by Northern blotting for the expression of
ORF56 and GAPDH (loading control). U6 snRNA was detected in the North-
ern blot together with 45S and 32S rRNA precursors, which were visualized by
ethidium bromide staining and used as an indication of fractionation effi-
ciency.

(Fig. 4A, bottom panel) revealed that N-Rev, N-NXF1, and N-
RBM15 led to the expected export and expression of the CAT
reporter RNA, while N-ORF57 (both 300 ng and 150 ng) did not
promote CAT production. Northern blot analysis confirmed
that N-ORF-57-HA did not affect the unspliced cat gene en-
coding transcript (Fig. 4B), whereas N-NXF1 increased its cy-
toplasmic level, as expected. This experiment also addressed
ORF57’s reported splicing enhancer function (14, 17, 20),
which might affect the splicing of the reporter transcript and
thereby remove the cat gene. The Northern blot (Fig. 4B) con-
firmed that the N-ORF57 fusion protein did not alter the level
of the spliced CAT RNA, and hence it did not affect the splicing
of the cat reporter RNA. We further confirmed that the N-pep-
tide did not affect the localization of N-ORF57 fusion protein
using fluorescence microscopy analysis and found that the
N-ORF57-HA fusion protein and ORF57-HA showed similar
nuclear localization (Fig. 4C). To control for a possible nega-
tive effect of the N-peptide on ORF57 function, the ability of
the N-ORF57 fusion protein was examined on a known target
of ORF57, KSHV ORF59 expression (18). These data showed
that the N-ORF57-HA promoted expression of ORF59 and
thus is functional (Fig. 4D), although we noted that the N-
ORF57 fusion protein is slightly impaired (~10-fold) in acti-
vating its natural target RNA. We further compared the expres-
sion levels of N-ORF57-HA with those of the positive control
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FIG 4 KSHV ORF57 is not a bona fide export factor. (A) The diagram of pDM128/B CAT RNA shows the splice sites (SD, donor site; SA, acceptor site). HEK293
cells (1 X 10° cells per 60-mm plate) were cotransfected with 30 ng pDM128/B (31), and 300 ng of plasmids expressing the fusion proteins consisting of the phage
N-peptide and the indicated export factors (N-Rev of HIV-1, N-NXF1, and N-RBM15 [13, 31]) and N-ORF57, and 48 h later, the cells were harvested and
analyzed by CAT enzyme-linked immunosorbent assay (ELISA). Both N-RBM 15 and N-ORF57 fusion proteins contain a C-terminal HA tag. N-ORF57-HA was
expressed from an RNA-optimized N-ORF57 gene unit, and 150 and 300 ng were used. A green fluorescent protein (GFP) expression vector (100 ng pFRED25
per plate) was cotransfected to control for transfection efficiency (right panel). Raw CAT and GFP values are presented. ffu, firefly units. (B) Subcellular
distribution of CAT-BoxB reporter RNA. A parallel set of plates from the HEK293 transfections (A) with 100 ng pDM128/B and 300 ng of plasmids expressing
the fusion proteins was harvested for nuclear and cytoplasmic RNA isolation using the PARIS kit (Life Technologies). An equivalent amount of each RNA
preparation was DNase I treated, poly(A) selected (Invitrogen), and analyzed by Northern blotting. A **P-labeled random-primed probe was produced against
the 3" untranslated region (UTR) of the pDM128/B RNA. GAPDH served as the loading control. (C) Nuclear localization of N-peptide ORF57 fusion protein and
ORF57. Plasmids (150 ng) expressing HA-tagged ORF57 and N-ORF57 were transfected into 2 X 10° HeLa cells seeded in glass-bottomed plates, fixed in 4%
paraformaldehyde 1 day later, incubated with anti-HA (a-HA) primary antibody followed by Alexa Fluor 488-labeled secondary antibody, and visualized on a
Zeiss Observer Z1 fluorescence microscope. DAPI, 4',6-diamidino-2-phenylindole. (D) Function of N-ORF57 fusion protein. HEK293 cells (1 X 10° cells per
60-mm plate) were cotransfected for 24 h with ORF59-FLAG DNA (pVM18, 300 ng) with 75 ng of N-ORF57-HA and ORF57-HA DNA, respectively, and cell
extracts were analyzed on Western blots. ORF59 production was detected by anti-FLAG (a-FLAG) antibody. N-ORF-57-HA and ORF57-HA expression was
detected by anti-HA antibody. B-Tubulin was used as a loading control. (E) Comparison of N-ORF57-HA and N-RBM15-HA. HEK293 cells (1 X 10° cells per
60-mm plate) were transfected with the indicated plasmids, and Western blot analysis was performed by anti-HA antibody. B-Tubulin was used as a loading
control.

N-RBM15-HA, and Western blot analysis confirmed similar
levels (Fig. 4E). Therefore, the inability of N-ORF57 to pro-
mote export and expression of the cat reporter was not due to
lack of expression or function or putative splicing enhancer
activity but rather was due to its lack of having a bona fide
export function.

Next, we tested the export function of ORF57 using a derivative
of the previously described HIV-1-based gag reporter assay (8, 25,
30) that contains the KSHV ORF59 gene (one of the reported
targets of ORF57 [15, 16, 18]) inserted between the gag gene and
the poly(A) signal (Fig. 5A). Gag expression was determined from
the NLgag-ORF59 hybrid plasmid cotransfected in the absence or
presence of plasmids expressing ORF57 or RBM15, as a positive
control. Similar to the CAT reporter assay, ORF57 was unable to
promote expression of the ORF59-containing Gag hybrid tran-
script, underscoring its lack of export function; while ectopic ex-
pression of RBM15 promoted Gag expression from the hybrid
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transcript, consistent with the previously reported specific activa-
tion of ORF59 expression by RBM15 (16) (Fig. 5A). Since ORF57
has been proposed to increase intronless gene expression, we also
tested the expression of a nonspliceable variant produced from the
NLgag-ORF59 reporter plasmid, pNL-C-gag-ORF59. Figure
5B shows that ORF57 was also unable to promote expression of
the intronless gag RNA reporter, while the positive control
RBM15 promoted expression of the gag reporter RNA. Subcel-
lular fractionation of the pNL-C-gag-ORF59 RNA confirmed
that ORF57 did not affect the gag RNA levels, while RBM15
increased its nuclear and cytoplasmic levels (Fig. 5C). These
data show that ORF57 is unable to promote expression from
either an intron-containing or non-intron-containing gag re-
porter transcript.

Together, several studies do not support directed RNA ex-
port function of ORF57. First, ORF57 promoted expression of
KSHV nuclear noncoding PAN RNA without promoting its
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FIG 5 KSHV ORF57 cannot export the HIV-1 gag-ORF59 chimeric RNA. (A)
The KSHV ORF59 gene was cloned into the pNLgag plasmid downstream of
the gag ORF, to produce pNLgagORF59. Briefly, pNLgag consists of the HIV-1
5’ long terminal repeat (LTR) and the 5" untranslated region containing the
major splice donor (SD) site of HIV-1 followed by the gag gene (nt 1 to 2621 of
NL4-3 starting with the first nucleotide of U3 as +1) and the HIV-1 sequence
from nt 8886 (Xhol) to the end of the 3" LTR (nt 9709) including a cryptic
splice acceptor (SA) site. (B) The KSHV ORF59 gene (without AUG and ter-
minator of translation) was cloned into a nonspliceable pNLgag reporter plas-
mid (pNL-C-gag) lacking the major SD of HIV-1, downstream of gag, to pro-
duce pNL-C-gagORF59. HEK293 cells (1 X 10° cells per 60-mm plate) were
cotransfected with the pNLgag-KSHV ORF59 chimeric construct (A) or pNL-
C-gagORF59 (B) in the presence or absence of an ORF57-HA or RBM15-HA
expression vector, and 48 h later, the cells were harvested and analyzed by HIV
p248*¢ ELISA. Gag expression in the absence of cotransfected putative activa-
tors was normalized to 1, and the fold expression in the presence of ORF57 or
RBM15 is shown. The cotransfected GFP plasmid (100 ng pFRED25 per plate)
was used to measure the transfection efficiency by fluorescent measurement of
the extract with a microplate reader, and the raw values are given. (C) Subcel-
lular distribution of the NL-C-gagORF59 reporter RNA. A parallel set of plates
from the HEK293 transfections (B) was harvested for nuclear and cytoplas-
mic RNA isolation using the PARIS kit (Life Technologies), DNase I
treated, poly(A) selected (Invitrogen), and analyzed by Northern blotting.
A *?P-labeled random-primed probe was produced against the NL-C-
gagORF59 RNA. GAPDH RNA served as a loading control for cytoplasmic
RNA. The nuclear and cytoplasmic RNA samples were run on the same gel.
Western blot analysis using anti-HA antibody shows expressions of
RBM15-HA and ORF57-HA, and the B-tubulin levels were visualized to
confirm equal loading.
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export (12, 15, 22). Second, despite increased cytoplasmic ac-
cumulation of the KSHV ORF59 transcript upon coexpression
of ORF57, the presence or absence of ORF57 did not change the
distribution of ORF59 RNA, as measured by the RNA C/N ratio
(16, 18). Third, the ORF57-mediated accumulation of its target
RNAs was not dependent on the hTREX core component Aly/
REF (18, 26). Fourth, as shown in this report, ORF57 mediated
the accumulation of intronless ORF47 and ORF56 transcripts
in the nucleus as well as in the cytoplasm and promoted their
expression. Fifth, ORF57 was unable to export either intron-
containing or intronless reporter transcripts and thereby lacks
bona fide export function. Finally, these data provide strong
evidence that ORF57, although very capable of promoting ex-
pression of many KSHV genes, is not able to provide the spe-
cific RNA export function, as previously suggested (2, 21). Al-
though not a bona fide export factor, ORF57, like its
homologous proteins, plays a critical role in the posttranscrip-
tional regulation of many viral genes and remains essential for
the production of the virus.
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