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Kaposi’s sarcoma-associated herpesvirus (KSHV) lytic infection increases the expression of viral and human
interleukin-6 (vIL-6 and hIL-6, respectively), an important factor for cell growth and pathogenesis. Here, we
report genome-wide analysis of viral RNA targets of KSHV ORF57 by a novel UV-cross-linking and immuno-
precipitation (CLIP) assay. We identified 11 viral transcripts as putative ORF57 targets and demonstrate that
vIL-6 mRNA is an authentic target of ORF57. Disrupting the ORF57 gene in the KSHV genome leads to
inefficient expression of vIL-6. With transient transfection, the expression of vIL-6 could be enhanced greatly
in the presence of ORF57 in a dose-dependent manner. We found that the open reading frame (ORF) region
of vIL-6 RNA contains an MRE (MTA [ORF57]-responsive element) composed of two motifs, MRE-A and
MRE-B, and binding of ORF57 to these two motifs stabilizes vIL-6 RNA and promotes vIL-6 translation. We
demonstrate that vIL-6 MRE-B bears an miR-1293 binding site and that, mechanistically, ORF57 competes
with miR-1293 for the same binding site to interact with vIL-6 RNA, thereby preventing vIL-6 RNA from
association with the miR-1293-specified RNA-induced silencing complex (RISC). Consistent with this, ORF57
also interacts with an miR-608 binding site in the hIL-6 ORF and prevents miR-608 repression of hIL-6.
Collectively, our results identify a novel function of ORF57 in being responsible for stabilization of viral and
human IL-6 RNAs and the corresponding enhancement of RNA translation. In addition, our data provide the
first evidence that a tumor virus may use a viral protein to interfere with microRNA (miRNA)-mediated
repression of an miRNA target to induce cell proliferation and tumorigenesis during virus infection.

Kaposi’s sarcoma-associated herpesvirus (KSHV) or human
herpesvirus 8 (HHV-8) is a lymphotropic DNA tumor virus,
and when it infects B cells, it leads to development of body
cavity-based B cell lymphoma and multicentric Castleman’s
disease (11, 32). A hallmark indication of the infection is the
increased expression of both viral interleukin-6 (vIL-6) and
human interleukin-6 (hIL-6), which are used for clinical diag-
nosis and therapeutic targeting (2, 16, 31, 33, 36, 37). Although
the causes of increased expression of vIL-6 and hIL-6 during
KSHV infection are not fully understood, increased IL-6 ap-
pears to be important to maintain cancer cell proliferation (6)
and has been ascribed to transcriptional activation (6, 8, 9).
Other studies indicate that various RNA elements in the 3�
untranslated region (UTR) of hIL-6 mRNA contribute to
rapid decay of hIL-6 mRNA and regulate hIL-6 expression
primarily at the posttranscriptional level. These include an
AU-rich element (ARE) interacting with AUF1 (38) and tri-
stetraprolin (40), a non-ARE element interacting with
Zc3h12a endonuclease (30), and microRNA (miRNA) seed
matches binding let-7 (15) and miR-26 (17).

An miRNA is a noncoding RNA that finely regulates the
expression of target genes at the posttranscriptional level. In
general, miRNAs are 18 to 25 nucleotides in length and func-
tion in an RNA-induced silencing complex (RISC) by base
pairing with complementary nucleotide sequences (seed
matching) of target mRNAs (4) to inhibit translation (partial
matching) or to induce mRNA decay (complete matching) (3,
41). Although miRNA binding sites are common in the 5� and
3� UTRs of target RNAs, the open reading frame (ORF)
regions of vIL-6 and hIL-6 contain a binding site for miR-1293
and miR-608, respectively, and are subject to miRNA-medi-
ated regulation (J.-G. Kang et al., submitted for publication).

During lytic infection, the KSHV genome encodes a multi-
functional protein of 455 amino acid (aa) residues from its
open reading frame 57 (ORF57) that is essential for virus
production (13, 23, 27). ORF57 functions primarily at the
posttranscriptional level and enhances mRNA transcript accu-
mulation (thus giving ORF57 the name MTA) of intronless
viral RNAs (12, 18) and RNA splicing of intron-containing
viral RNAs (24). Previous studies, including those from our
lab, had demonstrated that KSHV ORF57 promotes the RNA
accumulation of intronless viral RNA transcripts of ORF8
(glycoprotein B), ORF47 (glycoprotein L), ORF59 (DNA
polymerase processivity factor), mCP (minor capsid protein),
and PAN (polyadenylated nuclear RNA) (5, 13, 18, 23, 25, 35)
and stimulates the expression of intron-containing viral RNA
transcripts of ORF50, ORF56, K8, and K8.1 (24). Through
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preferential interaction with low-abundance viral pre-mRNAs
and several components of cellular splicing machinery, ORF57
promotes viral RNA splicing (22, 24). Several studies have
suggested that ORF57 accumulates intronless viral RNAs by
enhancing RNA export through a CRM1-independent path-
way (28) or, more recently, by interacting with other compo-
nents in the TREX complex (transcription-export complex)
(5). However, the data from our lab (21, 25) and others (35)
indicate that the interaction between ORF57 and Aly/REF, an
essential component of TREX complex, is not necessary for
ORF57-mediated accumulation of ORF59 transcripts. Thus, it
remains to be understood how ORF57 accumulates intronless
viral RNA transcripts.

To better understand the function of ORF57 in the promo-
tion of viral gene expression, we searched for ORF57 targets by
conducting genome-wide UV-cross-linking and immunopre-
cipitation (CLIP) assays using an anti-ORF57 antibody to
identify viral RNA transcripts associated with ORF57 protein
in B cells with KSHV lytic infection. The principle supporting
this approach is that when a protein intimately binds to RNA,
an intermolecular cross-link can be generated by UV irradia-
tion, without chemical modification of either the RNA or the
protein. The cross-linking is performed by irradiating cells
containing native RNA-protein complexes with short-wave-
length UV light. Covalent cross-links form when the nucleo-
tides or amino acids in the RNA and protein are photochem-
ically converted to reactive species. In combination with
immunoprecipitation and cDNA clone screening, we were able
to specifically pull down RNA-protein complexes cross-linked
with ORF57 and, thereby, identify unique RNA motifs that
interact with ORF57 protein. In this study, we report the viral
RNA targets of ORF57 and demonstrate that ORF57 interacts
with an miRNA binding site on the vIL-6 RNA and prevents
miRNA-mediated RNA degradation and translational repres-
sion of vIL-6. Thus, we provide functional evidence as to how
ORF57 regulates the expression of vIL-6 during KSHV lytic
infections of B cells.

MATERIALS AND METHODS

Cells. HEK293 and HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum (FBS). HCT116 cells were cultured in
McCoy’s 5A medium with 10% FBS. JSC-1 cells (KSHV�/Epstein-Barr virus
positive [EBV�]) and BCBL-1 cells (KSHV�) were cultured in RPMI 1640
containing 10% FBS and were induced with sodium butyrate (3 mM) for lytic
infection. HEK293 cell lines stably harboring the KSHV Bac36 wild-type (wt) or
Bac36 �57 null genome (23) were induced with 1 mM valproate (VA) or sodium
butyrate (3 mM) for lytic infection. Doxycycline (DOX)-inducible TREx BCBL-1
RTA and vector control cell lines were cultured as described previously (34).

Cross-linking immunoprecipitation (CLIP) assay. Approximately 1 � 107

JSC-1 cells were induced with 3 mM butyrate for 24 h and were washed twice
with 1� phosphate-buffered saline (PBS) before UV-cross-linking at 480,000
�J/cm2 as described previously (25, 44). Briefly, a cell lysate containing protein-
RNA complexes was prepared from the cell pellet by direct lysis in 1 ml of 1�
radioimmunoprecipitation assay (RIPA) buffer. Protein A agarose beads (Up-
state Biotechnology, Lake Placid, NY) were washed with 1� immunoprecipita-
tion (IP) buffer (25 mM HEPES [pH 7.5], 150 mM NaCl, 0.5 mM EDTA, 1 mM
EGTA, 10% glycerol, 0.1% NP-40, 1 mM NaF, 1 mM 2-glycerophosphate, 1 mM
Na3VO4, 1� Complete Mini EDTA-free protease inhibitor cocktail [Roche,
Indianapolis, IN]) and were coated with an anti-ORF57 antibody (25) or control
IgG. The cell lysates were precleaned 3 times with the control IgG-coated beads
and immunoprecipitated with anti-ORF57 antibody-coated beads at 4°C over-
night. The protein-RNA complexes on the beads after IP were washed 3 times
with 1� IP buffer and were briefly (for a few seconds) digested with RNase T1

(0.005 U; Ambion, Austin, TX), followed by treatment with proteinase K (0.2

mg/ml; Roche). RNA was extracted with a phenol-chloroform mixture and pre-
cipitated in ethanol. RNA was dephosphorylated with Antarctic phosphatase
(NEB, Ipswich, MA) and ligated to a 3� linker (oNP21; 5�-rUrUrUAACCGCG
AATTCCAG/3AmMC6/-3�; IDT, Coralville, IA) which was labeled with
[�-32P]ATP using T4 polynucleotide kinase (Invitrogen, Carlsbad, CA). The
linker-ligated RNA was resolved in a 15% denaturing polyacrylamide gel
(PAGE) and eluted from the gel in probe elution buffer (Ambion). Smart reverse
transcription (RT) was performed using BD Power Script reverse transcriptase
(Clontech, Mountain View, CA) and a random primer (Applied Biosystems) in
the presence of Smart primer (5�-AAGCAGTGGTATCAACGCAGAGTACG
CGGG-3�) as instructed by Clontech’s protocol. The cDNAs were amplified by
PCR, cloned into pCR II-Topo vectors (Invitrogen), and sequenced by Agen-
court Bioscience Corporation (Beverly, MA). The inserted sequences were ex-
tracted and aligned against the KSHV genome sequence (39).

CLIP and RT-PCR. CLIP assays were conducted for butyrate-treated (3 mM
for 24 h) JSC-1 cells with or without UV irradiation as described above in the
CLIP assay, with omission of RNase T1 digestion in order to recover the targeted
RNAs as full-length RNAs. Total RNA used as an input control was isolated
from the corresponding cell lysates used for IP after cross-linking. Reverse
transcription-PCR (RT-PCR) was performed by using a vIL-6-specific primer
pair (oNP35, 5�-TACTCAGGATCC/CTTATCGTGGACGTCAGGAGTCA-3�,
and oNP29, 5�-CTGGTCGGTTCACTGCTGGT-3�) or an hIL-6-specific primer
pair (oJGK24, 5�-ATACGACGCGGCCGCACC/ATGAACTCCTTCTCCACA
AG-3�, and oJGK27, 5�-TCAGAAGCTC/CACAGCTCTGGCTTGTTCCT-3�)
on DNase-treated RNAs which were isolated from the input cell lysates or from
the CLIP complexes obtained with an anti-ORF57 antibody or rabbit IgG (a
negative control).

Plasmids. pEGFP-N1 (Clontech) was used for green fluorescent protein
(GFP) expression. ORF57-FLAG (pVM7) was used for ORF57 expression (25).
vIL-6-3�FLAG (pNP4), miR-re vIL-6-3�FLAG (pJGK10), and hIL-6-
3�FLAG (pJGK6) plasmids were used for vIL-6, mutant vIL-6, and hIL-6
expression, respectively (Kang et al., submitted). The various vIL-6 deletion
mutants were constructed from pNP4 by overlapping PCR and expressed as
3�FLAG-tagged proteins from the p3�FLAG-CMV-14 vector: plasmid pJGK1
for �B, pJGK2 for �C, pJGK3 for �D, and pJGK5 for �E. The hemagglutinin
(HA)/FLAG-human Ago2 (hAgo2) plasmid was purchased from Addgene
(Cambridge, MA). All plasmids were confirmed by sequencing.

Western blot analysis. Protein samples were prepared by lysis of cells in 1�
RIPA buffer and the same volume of 2� SDS-protein sample buffer containing
freshly added 2-mercaptoethanol. The following antibodies were used in the
Western blot analysis: rabbit polyclonal or mouse monoclonal anti-ORF57 an-
tibodies against synthetic peptide (amino acids 119 to 132 of ORF57), monoclo-
nal anti-vIL-6 antibody kindly provided by Giovanna Tosato (NCI/NIH), poly-
clonal anti-vIL-6 antibody from John Nicholas (Johns Hopkins University),
polyclonal anti-Ago2 (Upstate Biotechnology), monoclonal anti-�-tubulin
(Sigma), and monoclonal anti-FLAG (M2; Sigma), together with corresponding
horseradish peroxidase-conjugated secondary antibodies (Sigma). The signal on
blots was detected with a West Pico or Femto chemiluminescence substrate
(Thermo Scientific, Rockford, IL).

Northern blotting. Total RNA was isolated from butyrate-induced JSC-1 and
BCBL-1 cells and VA-induced Bac36 stable cells with a wild-type (wt) or
ORF57-null (�57) KSHV genome. Each sample, containing 5 �g of total RNA,
was mixed with NorthernMax formaldehyde load dye (Ambion), denatured at
75°C for 10 min, separated on a 1% agarose gel, and transferred onto a nylon
membrane. After 1 h of prehybridization, hybridization was carried out for 24 h
at 42°C in Super-Hyb hybridization buffer (Sigma). The antisense oligonucleo-
tides oNP28 (5�-TGGGTGGACTGTAGTGCGTC-3�) for vIL-6 and oZMZ270
(5�-TGAGTCCTTCCACGATACCAAA-3�) for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) RNA were labeled with [�-32P]ATP and were used for
the hybridizations. After hybridization, the membrane was washed once with a
2� SSPE (1� SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH
7.7])-0.5% SDS solution for 5 min at room temperature and twice with 0.2�
SSPE-0.1% SDS for 20 min at 42°C and exposed to a phosphorimager screen.

Transient cotransfection and protein purification. Cells were cotransfected
with the indicated combinations of plasmids in each figure using Lipofectamine
2000 (Invitrogen) for Western blot analysis 24 h after transfection. Pre-miR-1293
was transfected using siPORT-NeoFX (Ambion). To purify human Ago2
(hAgo2), the plasmid expressing HA/FLAG-tagged hAgo2 (Addgene) was trans-
fected into HEK293 cells, and a cell lysate was prepared 48 h after transfection
in 1� RIPA buffer. HA/FLAG-hAgo2 was immunopurified first with an anti-HA
affinity gel and then by elution with HA peptide (Sigma).

RNA-protein pulldown assay. RNA oligomers labeled with biotin at the 5� end
(synthesized by IDT) were immobilized on NeutrAvidin beads (Thermo Scien-
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tific). The sequences of the RNA oligomers are presented in Fig. 3A. oJGK50
(5�-biotin-AAGAAUCUAGAUGCAAUAACCACCCCUGA-3�) is an RNA
oligomer harboring a putative MRE of hIL-6. The cell lysates indicated in each
figure were applied to oligomer-immobilized beads in 1� binding buffer (20 mM
Tris [pH 7.5], 200 mM NaCl, 6 mM EDTA, 5 mM potassium fluoride, 5 mM
2-glycerophosphate, and 1 tablet of protease inhibitors [Roche]/10 ml). Pulldown
was conducted at 4°C overnight with rotation. Samples were washed 3 times with
1� binding buffer. SDS sample buffer was directly applied to the beads.

IP. For immunoprecipitation (IP) using anti-FLAG or anti-HA affinity gel
(Sigma), a lysate of HEK293 cells ectopically expressing vIL-6–FLAG, ORF57-
FLAG, and HA/FLAG-hAgo2 was prepared in 1� RIPA buffer. Other IP
conditions were the same as described for the CLIP assay.

In vitro transcription. DNA templates for in vitro transcription of full-length
vIL-6 were amplified from pNP4 by PCR using a primer pair of T7 chimeric
oJGK46 (5�-TAATACGACTCACTATAGGG/AACAGCCACC/ATGTGCTG
GTTCAAGTTG-3�) and oJGK47 oligomer dT (T30/2 stop codons/vector se-
quence, 5�-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT/TCACTA/CTTGTCA
TCGTCATCCTT-3�), which provides a poly(A) tail in mRNA. The 3� halves of
wt and deletion mutant vIL-6 were prepared for in vitro transcription with the
Riboprobe system (Promega, Madison, WI) from individual plasmids by PCR
using a T7 chimeric primer pair, oJGK48 (5�-TAATACGACTCACTATAGGG/
AACAGCCACCATG/TCAGTGATAAACGTGGACG-3�) and oJGK47.

In vitro translation assay. In vitro translation in the presence of an miRNA
duplex was performed using a modification of previously published protocols (29,
45). The 5� ends of the miR-1293 duplex and the nonspecific control small
interfering RNA (siRNA; Dharmacon, Lafayette, CO) were phosphorylated with
T4 kinase (Invitrogen). Equal amounts (12.5 nM each) of vIL-6 mRNA and
firefly luciferase mRNA were mixed with 12.5 nM miRNA duplex, denatured at
70°C for 3 min, and cooled down to room temperature to anneal the miRNA to
the target mRNA. Firefly luciferase mRNA served as an internal control. Trans-
lation mix (nuclease-treated rabbit reticulocyte lysate [Promega], RNase inhib-
itor, amino acids [�Met] mix, and [35S]Met [Perkin-Elmer, Shelton, CT]) was
added in accordance with the manufacturer’s instructions. The total reaction
volume was 10 �l. Translation was performed at 30°C for 20 min and stopped on
ice by the addition of SDS sample buffer. Translated proteins were resolved in a
4%-12% SDS-PAGE gel (Invitrogen) and transferred onto a membrane for
capturing images on a phosphorimager screen or X-ray film.

Quantitative RT-PCR (qRT-PCR). The primer pair for vIL-6 amplification
was previously described (47). The primer pair oZMZ269 and oZMZ270 (24)
was used for GAPDH amplification. First-strand cDNA was synthesized from
100 ng of total RNA using random hexamers and SuperScript II reverse trans-
criptase (Invitrogen). The quantitative PCR (qPCR) was carried out using Plat-
inum SYBR green qPCR SuperMix-UDG (Invitrogen) and a Cepheid Smart
Cycler (Sunnyvale, CA).

For detection of endogenous miR-1293, a TaqMan microRNA assay (Applied
Biosystems) was used in accordance with the manufacturer’s protocol. The
threshold cycle (CT) values of qRT-PCR data from 3 repeats were analyzed by
the 2���CT method (20) and are presented as bar graphs with means 	 standard
deviations (SD).

Confocal microscopy. Cells grown on glass coverslips were fixed with 4%
paraformaldehyde and permeabilized with 0.5% Triton X-100 in PBS. After
being washed in PBS, cells were blocked with 2% bovine serum albumin (BSA)
in PBST (PBS containing 0.05% Tween 20). Indicated antibodies were applied in
blocking solution. Alexa Fluor dye-conjugated secondary antibodies were used.
Fluorescence images were collected using a fluorescence microscope or a con-
focal microscope. Confocal fluorescence optical slices, 2.0 �m in thickness, were
acquired using a Zeiss LSM510 Meta (Carl Zeiss MicroImaging, Inc., Thorn-
wood, NY) microscope equipped with a 20� plan-apochromat (numerical ap-
erture [NA], 0.8) object lens.

Protein transfection. Protein transfection was carried out using Chariot re-
agent (Active Motif, Carlsbad, CA) according to the manufacturer’s instructions.
Briefly, cells at 5 � 105 cells were transfected with 2 �g of protein. Samples were
collected 24 h after transfection. After being washed twice in PBS buffer, the
number of cells was determined. Protein and RNA were isolated from the same
number of cells (4 � 105) using the Paris kit (Ambion) and examined by Western
blotting and by real-time RT-PCR, respectively.

Enzyme-linked immunosorbent assay (ELISA). Before the assay, the medium
from KSHV-infected cells was cleared by centrifugation. The levels of individual
cytokines in the supernatant were determined by single- or multianalyte ELIS-
Array kits (SABiosciences, Frederick, MD).

RESULTS

Identification of genome-wide viral RNA targets of KSHV
ORF57 by CLIP assays. To search for genome-wide viral RNA
targets of ORF57 in KSHV-infected cells, we established a
very reliable and efficient CLIP assay modified from our pre-
vious publication where we reported that ORF57 protein as-
sociates with a viral ORF59 RNA and can be cross-linked to
the associated ORF59 RNA in cells by UV irradiation (25). In
this study, the RNA-protein complexes pulled down with anti-
ORF57 antibody in the modified CLIP assay were briefly di-
gested with RNase T1 to remove the protein-free parts of the
RNAs within the complexes and then thoroughly digested with
proteinase K to remove ORF57 protein from the remaining
RNA fragments. The resultant ORF57-bound RNA fragments
protected from RNase digestion were extracted and ligated to
a 32P-labeled 3� adaptor. Following gel purification, the ligated
RNA fragments were reverse transcribed, amplified, and
cloned for sequence analysis (Fig. 1). After screening nearly
9,500 bacterial clones, we found a cDNA insert in 5,791 clones,
and 199 of them came from 30 viral transcripts (Table 1; see
also Table S1 in the supplemental material). We chose viral
transcripts with the same sequence cloned twice or more as
putative viral targets of ORF57. With this cutoff, we were

FIG. 1. Isolation of RNAs in ORF57-RNA complexes obtained
from butyrate-activated JSC-1 cells. (A) Key steps of the ORF57 CLIP
assay. Chemically induced JSC-1 cells were UV irradiated. The pro-
tein-RNA complexes cross-linked in the cell lysates were pulled down
by an anti-ORF57 antibody and partially (for a few seconds) digested
with RNase T1, followed by proteinase K digestion. ORF57-bound
RNA remaining from the RNase digestion was extracted, dephosphor-
ylated, ligated to a 32P-labeled 3� RNA adaptor, gel purified, amplified,
cloned, and sequenced. (B) ORF57 in the pulldown assay. One percent
of the input and 3% of the immunoprecipitate were separated in the
gel. The lower band indicates a caspase-7-cleaved ORF57 (22).
(C) RNAs in the ORF57 pulldowns performed by 3� RNA ligation
assay (indicated by a vertical line on the gel) that were used to create
a cDNA library.
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able to identify 11 viral transcripts as putative ORF57 tar-
gets. Among them, ORF56, ORF59, and PAN RNA were
authentic ORF57 targets previously reported in other stud-
ies (18, 25, 26).

Identification of viral IL-6 RNA as a major target of ORF57.
Interestingly, we found that one of the major ORF57 targets
was viral IL-6 (vIL-6 or K2) (Table 1), the viral homolog of
hIL-6. This result is intriguing because vIL-6 is a critical factor
for maintaining tumor cell proliferation during KSHV infec-
tion (2, 16, 31). The interaction between vIL-6 mRNA and
ORF57 was verified using CLIP/RT-PCR (Fig. 2A), where
vIL-6 RNA was specifically pulled down by using an anti-
ORF57 antibody under UV-cross-linking conditions. In con-
trast, an abundant cellular RNA, coding for GAPDH, was not
associated with ORF57. Similarly to results reported previ-
ously (36, 42), vIL-6 expression at both RNA and protein levels
was increased in lymphoma-derived B cell lines JSC-1 and
BCBL-1 (Fig. 2B) with lytic KSHV induction. Bac36 wt cells
with stable transfection of a wt KSHV genome also responded
to virus induction for vIL-6 expression, whereas Bac36 �57
cells stably transfected with an ORF57-null KSHV genome
(23) did not (Fig. 2B). These results were confirmed further by
vIL-6 immunofluorescence assays (Fig. 2C), showing a remark-
able number of cells being activated for vIL-6 expression in

Bac36 wt cells but only a few in Bac36 �57 cells (Fig. 2C, bar
graph). We found that cells expressing vIL-6 in the cytoplasm
always coexpressed ORF57 in the nucleus (Fig. 2D). These
data indicate that vIL-6 expression in viral lytic infection is
associated with ORF57.

Next, we demonstrated that ORF57 promotes vIL-6 expres-
sion. The ORF57-mediated enhancement of vIL-6 expression
is independent of other viral factors as indicated by cotrans-
fection of several human epithelial cell lines. From our CLIP
assays, we found that ORF57 interacts with the coding region
of vIL-6; therefore, when designing expression vectors for
vIL-6, we included only the coding region of vIL-6 mRNA.
When cotransfecting these expression vectors with ORF57, we
found that ORF57 by itself was capable of efficiently promot-
ing vIL-6 production in HEK293 (Fig. 2E) and HeLa and
HCT116 (Fig. 2F) cells but not the production of the GFP
control (Fig. 2E). We also found, in HEK293 cells, that the
increase in vIL-6 production was dependent on the amount of
ORF57 present (Fig. 2G). The direct effects of ORF57 protein
on vIL-6 expression in vivo were also examined by transfection
of recombinant ORF57 protein into BCBL-1 and JSC-1 cells.
Similarly, direct transfection of ORF57 protein into these cells
stabilized vIL-6 RNA and increased vIL-6 protein expression
(see Fig. S1A and B in the supplemental material), whereas the
control (transfection of �-galactosidase protein) had no effect
on vIL-6 expression. Although the transfected ORF57 protein
appeared toxic to the cells as indicated by tubulin level (Fig.
S1A), we observed a 2-fold increase in both vIL-6 RNA and
protein levels due to the presence of ORF57 protein compared
to the �-galactosidase controls. Together, these data indicate
that the enhanced expression of vIL-6 depends on viral
ORF57.

vIL-6 RNA has an ORF57-responsive element that contains
two ORF57 binding sites, one of them overlapping an miR-
1293 seed match. We then set out to determine the vIL-6
sequence that ORF57 specifically interacts with. Our ORF57
CLIP assay allowed us to identify an RNA sequence protected
by bound ORF57 protein from partial RNase digestion, and
therefore, we could determine the specific vIL-6 region that
interacts with ORF57 (Fig. 3A). We named this sequence of
the vIL-6 RNA an MTA-responsive element (MRE). Subse-
quent RNA folding analysis indicated that the vIL-6 MRE is
composed of two separate stem-loop structures, MRE-A and
MRE-B (Fig. 3B). Therefore, we designed a series of RNA
oligomers (oNP41 to oNP44) covering the majority of the
MRE and examined each RNA oligomer for its binding affinity
to ORF57 protein. When ORF57 was expressed in either
HEK293 or JSC-1 cells, it was observed to interact with oNP42,
oNP43, and oNP44 but not with oNP41 (Fig. 3C). As oNP43
covers a partial sequence of oNP44 and showed only a weak
affinity for ORF57, we designated the vIL-6 RNA sequences
covered by oNP42 and oNP44 active MRE-A (indicated in
blue) and MRE-B (indicated in red) motifs, respectively. In-
terestingly, the MRE-B motif was also identified as an miR-
1293 binding site that regulates vIL-6 expression and shows no
similarity to any other cellular miRNA seed matches (J.-G.
Kang and Z.-M. Zheng, unpublished observation). Together,
these data suggest that vIL-6 RNA has at least two distinct sites
for ORF57 binding and that the MRE-B motif is a dual binding
site for both miR-1293 and ORF57.

TABLE 1. Genome-wide viral RNA targets of ORF57 identified
from CLIP assaysa

Gene name No. of clones

ORF4 ............................................................................................... 1
ORF6 ............................................................................................... 1
ORF8 ............................................................................................... 2b

ORF9 ............................................................................................... 1
K2 (vIL-6)........................................................................................ 18
K4 ..................................................................................................... 9
K6 ..................................................................................................... 2b

PAN.................................................................................................. 91
ORF17 ............................................................................................. 6
ORF25 ............................................................................................. 2b

ORF29a............................................................................................ 1
ORF35 ............................................................................................. 1
ORF37 ............................................................................................. 1
ORF38 ............................................................................................. 1
ORF43 ............................................................................................. 1
ORF44 ............................................................................................. 1
ORF46 ............................................................................................. 1
ORF50 ............................................................................................. 2
ORF52 ............................................................................................. 6
ORF56/57 ........................................................................................ 4
K9 ..................................................................................................... 4
K10 ................................................................................................... 2b

vIRF-2 .............................................................................................. 1
ORF58/59 ........................................................................................ 9
ORF61 ............................................................................................. 2b

ORF62 ............................................................................................. 1
ORF63 ............................................................................................. 1
Kaposin ............................................................................................ 21
ORF73 ............................................................................................. 5
K14 ................................................................................................... 1

Total .................................................................................................199

a The viral RNA sequences associated with ORF57 in CLIP assays were
cloned, sequenced, and aligned against the KSHV genome. Results in the table
are from 5 CLIP assays.

b Two different sequences from different regions of the same transcript (see
Table S1 in the supplemental material).
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The vIL-6 MRE is crucial for RNA stability and translation.
To further analyze the function of the newly discovered
vIL-6 MRE motifs, various deletion mutants of vIL-6 (Fig.
4A) were compared with a wt vIL-6-expressing vector in
response to the presence of ORF57 in HEK293 cells. As
shown in Fig. 4B to D, deletion of the entire MRE (�B)
exhibited vIL-6 RNA instability and reduced vIL-6 expres-
sion in the presence of ORF57. This instability of vIL-6
RNA in the �B mutant and unresponsiveness to ORF57
were gradually reversed when the deletion was narrowed
down to only MRE-B (Fig. 4B to D). The data indicate that

the MRE functionally mediates ORF57-enhanced vIL-6 ex-
pression, with MRE-A functioning specifically to stabilize
vIL-6 RNA. Unexpectedly, we noticed that deletions 5� to 3�
of the MRE increased vIL-6 protein expression, regardless
of whether ORF57 was present in cells. This was most no-
ticeable in regard to the �D mutant, which carries a deletion
of the MRE-B sequence. Even in the absence of ORF57, the
�D mutant exhibited a remarkable amount of vIL-6 protein
that was almost comparable to the level observed in the
presence of ORF57 (Fig. 4B and C). This result indicates
that MRE-B is mainly involved in translational repression of

FIG. 2. vIL-6 expression depends on viral ORF57. (A) ORF57 is associated with vIL-6 RNA during lytic KSHV infection. RT-PCR was
performed by using a vIL-6- or GAPDH-specific primer pair on RNA isolated from input lysates or from the CLIP complexes obtained with an
affinity-purified anti-ORF57 antibody from butyrate-treated JSC-1 cells. (B to D) Expression of vIL-6 mRNA and protein depends on ORF57
during lytic KSHV infection. Total RNA obtained from BCBL-1 and JSC-1 cells induced with butyrate (Bu, 3 mM) or from Bac36 cells with a wt
KSHV genome (Bac36 wt) and Bac36 �57 cells with an ORF57-null KSHV genome (23) induced with valproate (VA, 1 mM) was examined by
Northern blotting (NB) for vIL-6 mRNA (B, top). GAPDH mRNA served as a loading control. Total cell extracts from the corresponding cells
were examined by Western blotting (WB) with a polyclonal anti-vIL-6 antibody (B, bottom). Bac36 wt and Bac36 �57 cells (C) with or without
24 h of butyrate (3 mM) induction were stained for vIL-6 expression using a rabbit polyclonal anti-vIL-6 antibody and then anti-rabbit IgG Alexa
Fluor-546 and examined by confocal microscopy. As a Bac genome has a GFP gene insertion, all stable cells expressed GFP independently of
induction. Bar graphs below the confocal images indicate numbers of vIL-6� cells per 1,000 Bac36 cells with or without butyrate induction. Bars
represent means 	 SD (n 
 5). Bac36 wt cells after butyrate induction were also stained with a mouse monoclonal anti-ORF57 antibody in
combination with anti-mouse IgG Alexa Fluor-647 and examined by confocal microscopy for ORF57 and vIL-6 coexpression (D). ORF57 in panel
D was converted to green during the imaging process. Bars (D), 10 �m. (E and F) Induction of vIL-6 expression by ORF57 in HEK293 (E) and
HeLa and HCT116 (F) cells. Protein samples were immunoblotted 24 h after cotransfection of a control GFP plasmid or a vIL-6 plasmid in the
presence or absence of an ORF57 expression vector. (G) ORF57 promotes vIL-6 expression in a dose-dependent manner. HEK293 cells were
cotransfected with 100 ng of a vIL-6-expressing vector and an indicated amount of an ORF57-FLAG-expressing vector and immunoblotted with
anti-FLAG 24 h posttransfection. One representative gel of 3 repeats is presented. The bar graph shows relative levels of vIL-6 in each sample
found by Western blotting after being normalized to �-tubulin. Bars represent means 	 SD (n 
 3).
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vIL-6, in contrast to the role of MRE-A in vIL-6 RNA
instability.

An miR-1293 seed match in the vIL-6 MRE-B sequence is
required for efficient vIL-6 expression in response to ORF57.
To determine the importance of the vIL-6 MRE-B interaction
with ORF57 in modulating vIL-6 translation, we transiently
cotransfected HEK293 cells with ORF57 and either vIL-6 or
miR-re vIL-6 expression vectors. The miR-re vIL-6 expression
vector used in this assay contains a disrupted miR-1293 seed
match (Fig. 5A). As shown in Fig. 5B and C, disruption of the
miR-1293 seed match in vIL-6 RNA remarkably increased, in
the absence of ORF57, the miR-re vIL-6 protein expression
compared to that of wt vIL-6 when the same levels of mRNAs
were assayed. Despite the fact that ORF57 was capable of
promoting the expression of both wt vIL-6 and miR-re vIL-6
RNAs, it appeared more potent at increasing the production of
wt vIL-6 protein. Our results indicate the importance of miR-
1293 in modulating the translational repression of vIL-6. Given
that ORF57 stimulates IL-6 expression and interacts directly
with the vIL-6 MRE-B containing an miR-1293 binding site,
we find that ORF57 functions to disrupt the miR-1293-medi-
ated repression of vIL-6 translation.

Additional experiments further supported our findings: first,
we found that ORF57 enhanced vIL-6 expression in wt RKO

cells but not in RKOdicer� cells (see Fig. S2A in the supple-
mental material); second, ORF57 disrupts miR-1293-mediated
repression of vIL-6 translation in the cytoplasm (Fig. S2B to
D). By using a cytoplasmic version of the N-terminal half (aa 1
to 251) of ORF57, containing point mutations in all three of its
nuclear localization signals (25), we observed that this mutant
ORF57 stabilized vIL-6 RNA less efficiently than did the N-
terminal half of wt ORF57. However, the mutant ORF57 func-
tioned similarly to wt N-terminal ORF57 in terms of vIL-6
protein expression in relief of miR-1293-mediated repression
of vIL-6 translation when the protein/RNA ratio was taken
into account (Fig. S2B and C). In addition, the mutant ORF57
also increased vIL-6 translation in a dose-dependent manner
(Fig. S2D).

ORF57 prevents Ago2/miR-1293 binding to vIL-6 RNA in
vivo and in vitro. To understand the molecular mechanism by
which ORF57 disrupts miR-1293-mediated translational re-
pression of vIL-6, we performed a CLIP assay in cotransfected
HEK293 cells expressing HA-Ago2. In the assay an anti-HA
antibody was used to measure the vIL-6 RNA in miR-1293-
mediated association with Ago2, a major component of RISC.
The assay was performed either in the presence or in the
absence of ORF57. miR-re vIL-6, which lacks an miR-1293
binding site, served as a negative control. As expected, cotrans-

FIG. 3. Sequence motif of vIL-6 RNA in association with ORF57 protein. (A) Sequences of 18 vIL-6 cDNA clones from CLIP assays. Numbers
above the sequences are the nucleotide positions in the KSHV genome (39). Numbers in parentheses indicate the same sequences in multiple
clones. Lines immediately below the sequences, along with dotted vertical lines, are where biotin-labeled RNA oligomers oNP41 to oNP44 were
derived for RNA pulldown assays. (B) Secondary structure of the identified vIL-6 MRE. Colored lines on stem-loops of the MRE are the most
active regions (labeled as MRE-A and MRE-B) in ORF57 binding and functions. (C) The mapped regions of the MRE in vIL-6 RNA interact
with KSHV ORF57. Cell lysates from HEK293 cells transfected with an ORF57-FLAG expression vector or from JSC-1 cells induced with 3 mM
butyrate for 24 h were used for the RNA pulldown assays with each biotinylated RNA oligomer in panel A. ORF57 associated with RNA oligomers
in the pulldowns was immunoblotted using an anti-ORF57 antibody. RNA oligomers oNP42 and oNP44 marked with colors shown in their
corresponding MRE regions (B) are the two most active RNA regions mapped for ORF57 binding and functions, which were designated an active
MRE-A region and an active MRE-B region in this study, respectively.
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fection with ORF57 promoted the accumulation of both vIL-6
and miR-re IL-6 RNA, but cotransfection with a luciferase
vector did not (Fig. 5D). Strikingly, we found that vIL-6
mRNA was associated with Ago2 efficiently in the presence of
luciferase but much less efficiently in the presence of ORF57
(Fig. 5E; also compare with the corresponding level of total
vIL-6 RNA in Fig. 5D). In contrast, miR-re vIL-6 lacking an
miR-1293 binding site has no association with Ago2 either in
the presence of luciferase or in the presence of ORF57. As
miRNAs are tightly associated with RISC in vivo (43), our data
indicate that Ago2 association with vIL-6 is mediated specifi-
cally by cellular miR-1293 in HEK293 cells and that this asso-
ciation is disrupted in the presence of ORF57.

To verify biochemically that the association of Ago2 with
vIL-6 RNA is miRNA specific and that ORF57 functionally
modulates this association, the influences of the MRE-A
(Fig. 5F) and MRE-B (Fig. 5G) RNA sequences of vIL-6 on
Ago2 binding were compared in RNA-protein pulldown as-
says by using HEK293 cell lysates with ectopically expressed
miR-NC or miR-1293. ORF57 protein was added to the cell
lysates before the RNA pulldown. The vIL-6 MRE-A motif,
which does not contain an miRNA binding site, exhibited a
minimal background level of binding to Ago2, indepen-
dently of a specific miRNA and ORF57 (Fig. 5F). In con-
trast, the MRE-B motif, which has an miR-1293 binding site,
exhibited strong binding of Ago2 only in the presence of

miR-1293. Not surprisingly, ORF57, which interacts with
the MRE-B RNA, could block this binding in a dose-depen-
dent manner (Fig. 5G).

We further examined the specific interaction of miR-1293
with vIL-6 seed match region by a RISC assembly and RNase
protection assay using in vitro-transcribed vIL-6 RNAs. The
protein-RNA complexes mediated by miR-1293 in HEK293
cell lysates containing HA-Ago2 were UV cross-linked, immu-
noprecipitated with an anti-HA antibody, digested by RNase

FIG. 4. The MRE in vIL-6 RNA is responsible for vIL-6 RNA
stability and translation regulation. (A) Diagrams of wt vIL-6 and its
mutants with the nucleotide positions in the KSHV genome (39) of the
deletions indicated. MRE-A (striped box) and MRE-B (black box) are
depicted. (B) Expression of wt vIL-6 and its deletion mutants in re-
sponse to ORF57. Total protein and RNA from HEK293 cells trans-
fected with a wt or a mutant vIL-6 expression vector were analyzed for
vIL-6 expression by Western (WB) and Northern (NB) blotting, re-
spectively. (C and D) Densitometry data for Fig. 3B were collected by
using Image J software (http://rsb.info.nih.gov/ij/) for Western blots
(C) and PhosphorImager for Northern blots (D). vIL-6 protein or
RNA level in each sample was normalized to �-tubulin (C) or rRNA
(D) for sample loading and is shown in the corresponding bar graph,
with the wt vIL-6 expression level set as 1 in the absence of ORF57.

FIG. 5. An miR-1293 seed match in vIL-6 MRE-B is responsible
for repression of vIL-6 expression and association with Ago2 and for
ORF57 to function. (A) The sequences of the miR-1293 seed match in
MRE-B of wt vIL-6 mRNA and its point mutations in the miR-re
vIL-6. (B and C) Disruption of the miR-1293 seed match in the vIL-6
mRNA increases vIL-6 expression and decreases ORF57 regulation of
vIL-6 production. The expression levels of vIL-6 protein (B) and RNA
(C) from a wt or miR-re vIL-6 expression vector are compared in
HEK293 cells in the absence and in the presence of ORF57. The bar
graph in panel C shows relative levels of vIL-6 RNA in panel B after
being normalized to GAPDH RNA (a sample loading control). Bars
represent mean 	 SD (n 
 3). (D and E) ORF57 prevents the asso-
ciation of Ago2 with vIL-6 mRNA in vivo. HEK293 cells were cotrans-
fected with HA-Ago2 plus the indicated expression vectors and UV
irradiated 48 h after cotransfection. The cell lysates were used as total
RNA to detect relative levels of vIL-6 mRNA (D) in transfected cells
or used for anti-HA pulldown assays to detect Ago2-associated vIL-6
mRNA (E) in the IP complexes by qRT-PCR. Bars represent mean 	
SD (n 
 3). (F and G) ORF57 affects the miR-1293-mediated Ago2
binding to the MRE-B RNA. RNA-protein pulldown assays were
conducted with a biotinylated RNA oligomer, oNP42 (MRE-A), which
contains no miRNA seed match (F), or oNP44 (MRE-B), which har-
bors a vIL-6 miR-1293 binding site (G). The cell lysates for the RNA
oligomer pulldown were prepared from HEK293 cells transfected with
miR-NC (a negative control) or miR-1293. An increased amount of
ORF57 protein was added to the cell lysate before the RNA pulldown.
ORF57 and endogenous Ago2 in the pulldowns were blotted with an
anti-ORF57 or anti-Ago2 antibody.
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T1, and finally incubated with proteinase K. We found, by gel
electrophoresis, that the vIL-6 RNA with the MRE-B region
was partially protected by association with HA-Ago2 only in
the presence of miR-1293 (Fig. 6A and B, compare RNA �D
to RNA �E), indicating that miR-1293 mediated specific as-
sociation of Ago2 with MRE-B. However, this specific associ-
ation could be inhibited by ORF57 (Fig. 6C). Collectively,
these data provide evidence that ORF57 prevents association
of miR-1293-specific RISC with vIL-6 RNA and, therefore,
disrupts miRNA-mediated translational repression of the tar-
get and leads to increased expression of vIL-6.

Ago2/miR-1293 competes with ORF57 for the same binding
site in MRE-B of vIL-6 RNA. We next used a reciprocal ap-
proach to confirm how ORF57 disrupts the miR-1293-medi-
ated translational repression of vIL-6 by competition with
miR-1293/Ago2 for the same binding site. We observed that
the endogenous miR-1293-mediated Ago2 association with
MRE-B of vIL-6 RNA prevents ORF57 from binding to the
MRE-B region. This was accomplished by using an anti-Ago2
antibody to deplete Ago2 from HEK293 cell lysates, and then
the binding of ORF57 to the MRE-B RNA was compared to
that with non-Ago2-depleted lysates in RNA pulldown assays.

By Western blotting (Fig. 7A), we observed that Ago2 binding
to the MRE-B RNA was reduced by 50% in the presence of
ORF57. Conversely, depletion of Ago2 (RISC) from the ly-
sates increased ORF57 binding to the MRE-B RNA by 70%,
indicating a competition between ORF57 and Ago2 (RISC)
for MRE-B RNA binding. The binding of miR-1293/Ago2 to
the MRE-B RNA of vIL-6 was also examined in RNA-protein
pulldown assays using HEK293 cell lysates with ectopically
expressed miR-1293 in the presence of BSA or ORF57. The
MRE-B RNA was found to be strongly bound by miR-1293-
associated endogenous Ago2, and this binding, as expected
(Fig. 5G), was reduced by 30% in the presence of ORF57 (Fig.
7B). Consistent with this result, miR-1293 binding to the
MRE-B RNA was also decreased by 30% in the presence of
ORF57 compared to the control BSA (Fig. 7C). Altogether,
these data provide further evidence that ORF57 competes with
the miR-1293-specific RISC for binding to vIL-6 RNA.

ORF57 relieves translational repression of vIL-6 by miR-
1293 in an in vitro translation assay. To better separate
ORF57-mediated translational enhancement from ORF57-

FIG. 6. miR-1293-mediated specific association of Ago2 with
MRE-B in the context of vIL-6 mRNA is preventable in the presence
of ORF57. (A) The 3� halves of vIL-6 RNAs with deletion of MRE-B
(�D) or MRE-A (�E). (B) miR-1293-mediated Ago2 association with
MRE-B of vIL-6 RNA. The indicated RNA �D and �E were tran-
scribed in vitro and were mixed at 106 cpm with 300 nM miR-1293 or
a negative-control miRNA (NC) in the same volume of HEK293
lysates containing HA-Ago2. The mixture was incubated at 30°C for
2 h to allow miR-1293-associated RISC formation on its targeted vIL-6
RNA. After UV cross-linking, the protein-RNA complexes were im-
munoprecipitated with an anti-HA antibody and digested with RNase
T1 and then with proteinase K. The digested RNA was extracted and
resolved in a 15% denatured PAGE gel. (C) ORF57 inhibits the
specific association of Ago2 with MRE-B of vIL-6 RNA. The experi-
mental conditions and procedures are identical to those in panel B
except for the addition of BSA or ORF57 (10 �g) to the indicated
reaction mixtures and the use of in vitro-transcribed 3� halves of vIL-6
RNA (�E). A vertical line on the gel indicates a region used to
quantify the protected RNA fragments. M, 5- to 10-bp ladders.

FIG. 7. ORF57 competes with Ago2 and miR-1293 for binding to
vIL-6 MRE-B RNA. (A) Depletion of endogenous Ago2 from cell
lysates increases ORF57 binding to the miR-1293 binding site. Cell
lysates of HEK293 cells were prepared in 1� RIPA buffer containing
protease inhibitors and RNase inhibitors. After depletion of Ago2 by
three rounds of immunoprecipitation with an anti-Ago2 antibody, the
cell lysates with or without Ago2 depletion were compared for Ago2
and ORF57 binding to biotinylated oNP44 RNA, which contains an
miR-1293 binding site, in RNA pulldown assays in the presence or
absence of directly added ORF57. About 10% input and 40% pull-
down samples were resolved in a 4 to 12% SDS-PAGE gel and immu-
noblotted with anti-Ago2 and ORF57 antibodies. (B and C) ORF57
reduces the interaction of Ago2/miR-1293 with MRE-B. Biotinylated
oNP44 (MRE-B) RNA pulldown assays were performed with 25 nM
miR-1293-transfected HEK293 cell lysates prepared 48 h after trans-
fection. About 5 �g of BSA or recombinant ORF57 was mixed with the
cell lysates immediately before the pulldown. The relative levels of
Ago2 bound to oNP44 RNA oligomer in the presence of BSA or
ORF57 are quantified from 3 separate experiments and shown below
a representative Ago2 blot. Relative amount of miRNA-1293 detected
by qRT-PCR (C) in the corresponding pulldowns (B) after being
normalized to U6. Bars represent means 	 SD (n 
 3). ��, P � 0.01
(t test).
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mediated RNA accumulation, we examined whether ORF57
directly interferes with the miR-1293-mediated repression of
vIL-6 translation, using an in vitro translation assay in the
presence of purified human HA-Ago2. A firefly luciferase
RNA that has no miR-1293 binding site served as an internal
control in the study. We found that the translation of vIL-6
RNA in vitro, but not that of firefly luciferase RNA, could be
inhibited by 32% in the presence of miR-1293 (Fig. 8A and B).
When supplemented in the assays, ORF57 was found to re-
lieve, in a dose-dependent manner, the miR-1293-mediated
translational repression of a fixed amount of in vitro-tran-
scribed vIL-6 mRNA (Fig. 8A and B). Together, these data
confirm that ORF57 does exercise a major function in promot-
ing vIL-6 translation by disrupting miR-1293-mediated trans-
lational repression, which is separate from its function in pro-
moting vIL-6 RNA accumulation.

ORF57 enhances hIL-6 expression via a mechanism similar
to that for vIL-6 expression. Lytic KSHV infection also induces
hIL-6 expression in B cells (1, 10) and in TREx BCBL-1 RTA
cells (Fig. 9A and B). The interaction between hIL-6 RNA and
ORF57 in JSC-1 cells with lytic KSHV induction was detected
by CLIP/RT-PCR (data not shown). Consistent with this,
ORF57 itself promoted hIL-6 expression in cotransfection of
HEK293 cells (Fig. 9C). ORF57 protein transfection into
JSC-1 cells could also enhance hIL-6 expression (Fig. 9D).

These data suggest that, during KSHV infection, enhanced
hIL-6 expression is dependent on viral ORF57.

The hIL-6 ORF contains an miR-608 seed match in the
corresponding region of vIL-6 MRE-B, and its expression
could be greatly increased in RKOdicer� cells (Kang and
Zheng, unpublished); therefore, it seems plausible that hIL-6,
like vIL-6, could be an additional target of ORF57. To deter-
mine whether this seemed reasonable, a biotinylated RNA
oligomer (oJGK50) was synthesized based on the hIL-6 MRE
region containing an miR-608 seed match and was used for
RNA pulldown assays. The cell lysates for the pulldown assays,
either with or without ORF57, were prepared from HEK293
cells transfected with miR-NC (a negative control) or miR-608,
and the proteins in the pulldowns were examined by Western
blotting. As shown in Fig. 9E, ORF57 binds to the MRE RNA

FIG. 8. ORF57 prevents the miRNA-mediated translational re-
pression of vIL-6 in vitro. (A) A representative of multiple gels in in
vitro translation assays. The mRNA and miRNA duplex were dena-
tured at 70°C for 3 min and quenched on ice. hAgo2 (25 nM) with or
without ORF57 was then added and incubated at 30°C for 10 min.
Each reaction mixture was then mixed with translation mixture and
incubated at 30°C for 20 min. The reaction was stopped on ice by the
addition of SDS sample buffer. Translated proteins were resolved in a
4% to 12% SDS-PAGE gel and transferred onto a membrane for
capturing images on a phosphorimager screen or X-ray film. The
relative translation efficiencies in each reaction are shown below the
gel. Firefly luciferase RNA (FL) was included as an internal translation
control. (B) The bar graph shows relative levels of vIL-6 protein after
being normalized to firefly luciferase. Bars represent means 	 SD (n 

3). **, P � 0.01; *, P � 0.05 (t test).

FIG. 9. ORF57 regulates hIL-6 expression by a mechanism similar
to that for vIL-6. (A and B) KSHV lytic infection increases the ex-
pression of both vIL-6 and hIL-6. TREx BCBL-1 RTA cells carrying an
episomal KSHV genome and a tetracycline-inducible RTA (ORF50)
expression vector were cultivated in the presence of doxycycline
(DOX; 1 �g/ml) to induce KSHV lytic infection. After 12 h of induc-
tion, the culture medium and cells were separated by centrifugation.
The pelleted cell lysates were immunoblotted for vIL-6, ORF57, and
�-tubulin (A). The levels of secreted hIL-6 and hIL-12 in the culture
medium were determined by using the multianalyte ELISArray kit (B).
(C) Induction of hIL-6 expression by ORF57 in HEK293 cells. Protein
samples were immunoblotted 24 h after cotransfection of an hIL-6
expression vector in the absence or presence of an ORF57 expression
vector as described for Fig. 2E. (D) ORF57 protein transfection en-
hances hIL-6 expression in JSC-1 cells. JSC-1 cells were transfected
with 2 �g of �-galactosidase (�-Gal, negative control) or ORF57-
FLAG protein. Samples were collected 24 h after transfection. The
level of secreted hIL-6 in the culture medium was determined by using
an hIL-6 analyte ELISArray kit as described for panel B. Bars repre-
sent means 	 SD (n 
 3). (E) hIL-6 has an MRE responsive to
ORF57. RNA-protein pulldown assays were conducted with a biotin-
ylated RNA oligomer (oJGK50) which harbors an hIL-6 miR-608
binding site. The cell lysates for the RNA pulldown assays were pre-
pared from HEK293 cells transfected with miR-NC (a negative con-
trol) or miR-608. Increasing amounts of ORF57 protein were added to
the cell lysate before the pulldown. ORF57 and endogenous Ago2 in
the pulldowns were blotted with an anti-ORF57 or anti-Ago2 antibody
as described for Fig. 5F and G.
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(oJGK50) of hIL-6 in a dose-dependent manner, regardless of
whether an HEK293 cell lysate with ectopically expressed
miR-NC or miR-608 was used in the RNA pulldown assays.
However, a high-affinity binding of Ago2 to the MRE RNA of
hIL-6 could be conferred only when HEK293 cell lysates with
ectopically expressed miR-608 were used in the assays. The
binding could be gradually diminished by increased amounts of
ORF57. In contrast, when HEK293 cell lysates containing
miR-NC were used, we observed a very-low-affinity interaction
(background) of Ago2 with the hIL-6 MRE. Overall, these
results indicate that ORF57 promotes hIL-6 expression by
modulating the interaction of miR-608-specific RISC with the
hIL-6 MRE.

DISCUSSION

A clearly demonstrated function of KSHV ORF57 is to
accumulate several intronless viral RNA targets in cells, with
some accumulating more in the nucleus and others accumu-
lating more in the cytoplasm (18, 23, 25). This accumulation
function of ORF57 appears to be independent of RNA export
since ORF57, in the context of the virus genome, promotes
accumulation of a noncoding nuclear viral RNA, PAN RNA
(23). In addition, this function is distinct from ORF57 associ-
ation with Aly/REF, because ORF57 functions well in the cells
with a deficiency of Aly/REF (25). Our findings that ORF57
interacts with an MRE region in specific viral transcripts of
KSHV-infected cells and that this interaction functions to sta-
bilize target RNAs and to disrupt miRNA-mediated transla-
tional repression of the targeted RNAs reveal a novel function
of ORF57.

In this report, we have characterized KSHV ORF57 as a
suppressor of miRNA-mediated repression of vIL-6 expres-
sion, highlighting an important function of ORF57 in promo-
tion of intronless vIL-6 production during KSHV lytic infec-
tion. By covering an miRNA binding site in both vIL-6 and
hIL-6 ORF regions, ORF57 competes for the same binding
site with miR-1293 or miR-608 exhibiting a constant level in
KSHV-infected B cells from latent to lytic infection (data not
shown) and, consequently, relieves the repressive action by
miR-1293 on vIL-6 and by miR-608 on hIL-6 (Fig. 10). Un-

doubtedly, in the presence of ORF57, vIL-6 mRNA became
more stable and translatable. Observations of functional
miRNA-mRNA interactions that extend from RNA 3� UTRs
to coding regions of targeted RNAs have been made recently
(7, 19). Moreover, a cellular protein has also been identified as
an RNA stabilizer against miRNA-mediated degradation (7).
Thus, our data provide the first evidence for a KSHV viral
protein responsible for modulating the function of cellular
miRNAs.

The CLIP assay used in this study included an affinity-puri-
fied anti-ORF57 antibody that allowed us to determine a spe-
cific RNA motif(s) interacting with ORF57 protein in living
cells. In these CLIP assays, we did not detect any KSHV
miRNAs in association with ORF57. The ORF57-interacting
MRE identified in the vIL-6 ORF region was examined for its
functional regulation of vIL-6 expression. The identified MRE
contains two ORF57 binding sites, MRE-A and MRE-B. Al-
though both MRE-A and MRE-B bind Ago2 and ORF57,
MRE-A has much less affinity for Ago2 and the association of
Ago2 and related protein(s) can be strengthened by other
factors bound to MRE-B (data not shown). In addition,
MRE-A does not have a seed match to any known miRNAs.
Although the exact function of MRE-A remains to be deter-
mined, the MRE-A–ORF57 interaction appears responsible
for stabilization of vIL-6 RNA, as shown by vIL-6 retaining an
MRE-A region being relatively stable in the presence of
ORF57 (Fig. 4). Compared to MRE-A, the function of vIL-6
MRE-B was carefully defined in this study. In addition to Ago2
and ORF57 binding, MRE-B also contains an miR-1293 bind-
ing site and the interaction with miR-1293 results in transla-
tional repression of vIL-6 RNA. Interestingly, we found that
the strong interaction of Ago2 with MRE-B is specifically me-
diated by miR-1293, which is attributed to the tight association
of miRNAs with RISC (43) exemplified by Ago2 being a major
component of RISC (14). Importantly, the miR-1293-mediated
interaction of MRE-B with Ago2 is disrupted by ORF57,
thereby freeing vIL-6 from association with Ago2/miR-1293 in
KSHV lytic infection and relieving miR-1293-mediated trans-
lational repression. Consistent with this, vIL-6 RNA with
MRE-B deletion confers an efficient translation in the absence
of ORF57.

The importance of ORF57 functioning in the suppression of
the miR-1293 interaction with vIL-6, and in promotion of
vIL-6 RNA stability and translation, was highlighted further by
discovery of a similar mechanism for ORF57 in regulation of
hIL-6 expression. KSHV infection also leads to an increase of
hIL-6 expression (1), which is attributed to viral RTA
(ORF50) transactivation of the hIL-6 promoter (8). The dis-
covery and characterization of an miR-608 seed match in hIL-6
ORF, rather than in the 3� UTR, indicate an important role of
miRNA-mediated posttranscriptional regulation in control of
hIL-6 expression. By binding to the miR-608 seed match se-
quence, ORF57 prevents miR-608 interaction with hIL-6 RNA
and promotes hIL-6 expression during KSHV infection. It is
possible that regulation by ORF57 applies to other miRNA-
targeted viral or cellular RNAs, but further studies will be
required to confirm whether this is a common regulatory func-
tion of ORF57. Our preliminary study showed that ORF57 in
cotransfection with miR-34a in HeLa cells had no effect on
miR-34a-mediated suppression of CDK4 expression or

FIG. 10. A simplified model of how ORF57 may prevent miRNA-
mediated inhibition of IL-6 expression. ORF57 prevents miRNA bind-
ing to IL-6 RNA (bottom) by competing with miR-1293 or miR-608 for
the same RNA binding site. ORF57 in living cells is always associated
with another RNA binding protein(s) in yellow.
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p18Ink4c (46), suggesting that the miR-34a binding site of
CDK4 or p18Ink4c is not a binding site for ORF57 to function.
Based on all results from this study, we conclude that KSHV
employs ORF57 to disrupt the miRNA-mediated suppression
of vIL-6 and hIL-6 expression during lytic infection of target
cells. Our findings shed light on how an oncogenic virus utilizes
an essential viral protein to evade the miRNA pathway to
promote viral and human IL-6 production and induce B cell
malignancies.
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