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A Lytic Viral Long Noncoding RNA Modulates the Function of a
Latent Protein

Mel Campbell,a,b Kevin Y. Kim,a,b Pei-Ching Chang,d Steve Huerta,a,b Bogdan Shevchenko,a,b Don-Hong Wang,a,b Chie Izumiya,a,b

Hsing-Jien Kung,b,c,e,f Yoshihiro Izumiyaa,b,c

Department of Dermatology,a UC Davis Cancer Center,b and Department of Biochemistry and Molecular Medicine,c University of California, Davis, California, USA; Institute
of Microbiology and Immunology, National Yang-Ming University, Taipei, Taiwand; National Health Research Institutes, Maioli, Taiwane; Taipei Medical University, Taipei,
Taiwanf

Latent Kaposi’s sarcoma-associated herpesvirus (KSHV) episomes are coated with viral latency-associated nuclear antigen
(LANA). In contrast, LANA rapidly disassociates from episomes during reactivation. Lytic KSHV expresses polyadenylated nu-
clear RNA (PAN RNA), a long noncoding RNA (lncRNA). We report that PAN RNA promotes LANA-episome disassociation
through an interaction with LANA which facilitates LANA sequestration away from KSHV episomes during reactivation. These
findings suggest that KSHV may have evolved an RNA aptamer to regulate latent protein function.

Kaposi’s sarcoma-associated herpesvirus (KSHV; also called
human herpesvirus 8) is a gammaherpesvirus linked to Kapo-

si’s sarcoma (KS) and two lymphoproliferative disorders, primary
effusion lymphoma (PEL; also called body cavity B lymphoma
[BCBL]) and a subset of multicentric Castleman’s disease (1). Per-
vasive transcription, which generates a wide variety of transcripts
with little apparent protein-coding potential, has been observed
on a genome-wide scale in beta- and gammaherpesviruses, in-
cluding human cytomegalovirus (HCMV) (2) and KSHV (3, 4),
during lytic growth. One class of noncoding RNAs, called long
noncoding RNAs (lncRNAs), are defined as RNA polymerase II
(Pol II)-transcribed noncoding RNAs greater than 200 nucleo-
tides in length (5). KSHV encodes a viral lncRNA known as poly-
adenylated nuclear RNA (PAN RNA), an abundant early gene
product. Although PAN RNA was first described 17 years ago (6),
its discovery predated the widespread recognition of noncoding
RNAs. However, recent studies have begun to focus on the role of
PAN RNA in the KSHV life cycle. PAN RNA has been reported to
play a role in KSHV gene expression, replication, and immune
modulation (7–9). PAN RNA binds the transcription factor IRF4
(8), lysine demethylases UTX and JMJD3, and the lysine methyl-
transferase MLL2 (9), in support of the notion that, similar to
cellular lncRNAs, PAN RNA interacts with transcriptional regu-
lators and chromatin modifiers to modulate viral gene expression.
Moreover, recent mapping studies have found widespread PAN
RNA interaction sites on the KSHV episome as well as the host
genome, and PAN RNA expression is required for optimal expres-
sion of the entire KSHV lytic gene expression program (10).

Previously, we performed a large-scale coimmunoprecipita-
tion (co-IP) analysis to identify latency-associated nuclear antigen
(LANA)-interacting protein partners using stably LANA-express-
ing HeLa cells (11). In the experiment, RNA-binding factors such
as hnRNPs, SF3B1, THRAP3, and DHX15 were found to be
among LANA-interacting proteins. The result raised the ques-
tions of whether LANA possesses the property of RNA binding
and whether LANA interacts with PAN RNA. To address this, the
ability of LANA to interact with PAN RNA was evaluated in vitro
and in vivo. In order to perform in vitro interaction analyses, full-
length LANA was expressed using recombinant baculovirus and
purified by FLAG-M2 resin (Flag-LANA) (Fig. 1A). Purified Flag-

LANA was incubated with PAN RNA that had been biotinylated in
vitro. The interaction was captured using avidin-coated magnetic
beads followed by immunoblot detection of precipitated LANA
with anti-Flag antibody (Fig. 1B, panel a). As shown in Fig. 1B
(panel b), an interaction between LANA and PAN RNA was de-
tected in vitro. LANA exhibited a preference for sense (S) PAN
RNA over antisense (AS) PAN RNA, and there was no interaction
of LANA with streptavidin beads. We then searched for an endog-
enous interaction between PAN RNA and LANA in naturally in-
fected BCBL-1 cells using RNA cross-linking immunoprecipita-
tion (RNA CLIP) (Fig. 1C, panel a). Before and after reactivation,
BCBL-1 cells were fixed with 0.3% formaldehyde, and RNA/
LANA complexes were precipitated with anti-LANA antibody.
Several other antibodies, including preimmune (PI) rabbit IgG,
were also used in these experiments. The amount of precipitated
PAN RNA was measured by reverse transcription-quantitative
PCR (RT-qPCR) after reverse cross-linking and purification of
RNA from the protein-RNA complexes. The results clearly
showed that PAN RNA interacts with LANA during reactivation
(Fig. 1C, panel b). There was also an interaction between PAN
RNA and K-Rta; however, no PAN RNA interaction was detected
using PI, SUMO-1, SUMO-2/3, or K-bZIP antibodies. The RNA
CLIP uses RT-qPCR to detect coprecipitating RNAs, so due to the
high sensitivity of the assay, we can detect other RNAs in LANA
RNA immunoprecipitations (RIPs). However, we compared the
RIP/input ratio for several RNAs in LANA RIPs and found that the
RIP/input ratio for PAN RNA is three times greater than for
GAPDH mRNA, five times greater than for K-bZIP mRNA, and
three times greater than for LANA mRNA. The PAN RNA binding
domain of LANA was then determined. A series of glutathione
S-transferase (GST)-LANA deletion proteins were incubated with
biotinylated PAN RNA and interacting GST fusion proteins were
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probed with anti-GST antibody. PAN RNA predominantly cap-
tured the extreme N and C termini of LANA in pulldown assays
(Fig. 1D, panel a), regions previously identified as LANA chromo-
some-binding domains (12, 13). The reciprocal analysis was also
performed, in which the amount of PAN RNA that was captured
by a given GST-LANA deletion was quantified. Following the in
vitro incubation with LANA deletions, precipitated PAN RNA was
measured by RT-qPCR. The N-terminal region of LANA (residues
1 to 70) but not the portion of LANA encoding residues 20 to 71
precipitated PAN RNA more than 600-fold compared with the
GST control (Fig. 1D, panel b). These results suggest that the N-

terminal 20 amino acids of LANA are crucial for PAN RNA inter-
action and that N-terminal residues 1 to 70 contain an RNA-
binding domain of LANA. Although less robust, the C terminus of
LANA also captured 10-fold more PAN RNA than the GST con-
trol (Fig. 1D, panel b). These results suggest that there are inde-
pendent N- and C-terminal LANA RNA-binding domains. By us-
ing a series of biotinylated PAN RNA deletions and full-length
LANA, the interacting region of PAN RNA was then mapped to
RNA segments toward the 3= end of PAN contained within nucle-
otides 750 to 1062 (Fig. 1D, panel c). Using ChIP (chromatin
immunoprecipitation)-on-KSHV chip approaches, our lab previ-

FIG 1 LANA-PAN RNA interaction. (A) Flag-LANA expression. Flag-LANA was produced from baculovirus-infected Sf9 cells. LANA was purified on
FLAG-M2 resin and analyzed by SDS-PAGE with Coomassie brilliant blue staining. (B) In vitro LANA-PAN RNA interaction. (a) Illustration of the reaction. (b)
Purified Flag-LANA was incubated with biotinylated S or AS PAN RNA. The interaction was captured with streptavidin magnetic beads and probed with
anti-Flag. “beads” indicates the incubation of streptavidin beads plus Flag-LANA. (C) In vivo LANA-PAN interaction analyzed by RNA CLIP. (a) Illustration of
the reaction. (b) Before (�) and after (�) 24 h chemical reactivation, BCBL-1 cells were fixed with 0.3% formaldehyde, and RNA-LANA complexes were
precipitated with the indicated antibodies. After the reversal of cross-links and purification of RNA from the protein-RNA complexes, the amount of precipitated
PAN RNA was measured by RT-qPCR using PAN RNA-specific primers. Values are the means and standard deviations (SD) from 3 determinations. (D)
Mapping the LANA- and PAN RNA-interacting domains. (a) LANA-interacting domain. GST pulldown (PD)-protein capture. GST-LANA deletion fusion
proteins were produced in Escherichia coli, purified on glutathione Sepharose, and eluted from the beads with glutathione. The fusion proteins were incubated
with in vitro-transcribed biotinylated PAN RNA, and complexes were isolated with magnetic streptavidin beads. Captured protein was detected with anti-GST
antibody (top). Purified proteins used in these reactions are shown by staining with Coomassie (middle) and immunoblotting with anti-GST (bottom). (b)
GST-PD-RNA capture. After PD and washing, the GST fusion beads were processed for quantification of bound RNA. Captured PAN RNA was quantified by
RT-qPCR. LANA amino acid residues in each deletion are listed in panels a and b. (c) Mapping of PAN RNA nucleotides that interact with LANA. PD was carried
out with full-length Flag-LANA plus in vitro-transcribed, biotinylated PAN RNA fragments. The endpoints of each PAN RNA are given. Anti-Flag analysis of the
pull-down (top) and denaturing agarose gel-ethidium bromide staining of the in vitro transcribed RNAs utilized (bottom) are shown.
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ously demonstrated that KSHV LANA occupies a large portion of
the KSHV episome during latency and this association is rapidly
lost during the initial stages of K-Rta-mediated reactivation (14).
The overlapping kinetics of PAN RNA expression (15) and LA-
NA-episome disassociation (14), in addition to the extremely
abundant nature of PAN RNA expression (6, 15), prompted us to
ask whether PAN RNA is involved in LANA-episome sequestra-
tion. First, using an in vitro approach, we found that PAN RNA
inhibits the interaction of purified LANA with histone H3 (Fig.
2A, panel a). As controls, we examined the effect of PAN RNA on
H3 binding by the histone-modifying proteins EHMT2 (16) and
KDM5A (17), which are known to interact directly with H3. We
confirmed that the effect of PAN on protein-H3 interaction is not
universal, as PAN RNA had little or no effect on H3 binding by
EHMT2 or KDM5A (Fig. 2A, panel a). In addition, when assayed

over a range of PAN RNA concentrations that inhibited the LA-
NA-H3 interaction, a mutant PAN RNA fragment that did not
interact with LANA in vitro (PAN nucleotides 300 to 450) (Fig.
1D, panel c) was without effect on LANA-H3 binding (Fig. 2A,
panel b). Enforced expression of PAN RNA in latent 293T/rK-
SHV.219 cells (Fig. 2B, panel b) also resulted in a reduction in
LANA occupancy at several KSHV promoters in vivo (Fig. 2B,
panel a). Moreover, mutant PAN RNA was not as effective as
full-length PAN RNA in removal of LANA from latent KSHV
episomes (Fig. 2B, panel a). The dynamic nature of the LANA-
episome interaction that was previously determined by hybridiza-
tion (14) was also confirmed by ChIP analyses with anti-LANA
antibody. By using K-Rta-inducible BCBL-1 cells (18), the
amount of precipitated viral DNA was measured by qPCR ampli-
fication before reactivation and at 8 h postreactivation, and several

FIG 2 PAN RNA influences LANA-histone interaction in vitro and in vivo. (A) In vitro. (a) Histone binding reactions (14) were carried out using the purified
proteins indicated. Biotinylated histone H3 (Active Motif) was used as the binding substrate. � and �, presence and absence of unlabeled PAN RNA competitor.
Complexes were captured with streptavidin beads and analyzed by immunoblotting. (b) Mutant PAN lacks activity. Histone binding reaction mixtures with Flag
LANA beads and histone H3 contained 0, 0.5, 5, 50, or 500 nM in vitro-transcribed, unlabeled PAN RNA or a non-LANA-interacting PAN RNA fragment (PAN
nucleotides 300 to 450). After washing, bound H3 was analyzed by immunoblotting. (B) In vivo. (a) Latent 293T/rKSHV.219 cells were nucleofected (Lonza
Nucleofector) with in vitro-transcribed PAN RNA or mutant PAN RNA (PAN nucleotides 300 to 450) (0.5 �M RNA), and an ORF57 expression vector DNA.
Eighteen hours later, the cells were fixed as described in the Fig. 1 legend and processed for LANA ChIP, and eluted DNA was analyzed by qPCR. The amount of
immunoprecipitated, amplified DNA relative to input is listed for 4 KSHV genomic loci (means and SD from 3 determinations). Chemical reactivation (3 mM
sodium butyrate [NaB] and 20 ng/ml 12-O-tetradecanoylphorbol acetate [TPA]) was used as a positive control. (b) Nucleofected PAN RNA expression. Prior to
fixation for ChIP, a small amount of each cell culture was harvested for RNA isolation. cDNA was prepared and analyzed for PAN or mutant PAN RNA expression
by qPCR (MNE, mean normalized expression; reference, �-actin).
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KSHV genomic loci were selected for analysis (Fig. 3A). As a con-
trol, we examined the total amount of LANA by immunoblotting.
The results showed that the overall level of LANA protein did not
decrease during the period of LANA-episome disassociation (Fig.
3B, panel a). In addition, detection of lytic gene expression pro-
vided confirmation of ongoing reactivation (Fig. 3B, panel b).
Taken together, these results (Fig. 1 to 3) suggest that (i) PAN
RNA interacts with LANA, (ii) LANA disassociates from the
KSHV genome during lytic replication, and (iii) the PAN-LANA
interaction is important for this partitioning. We then employed a

previously described knockdown (KD) procedure using 2=-O-
methyl- and phosphothioate-substituted modified antisense oli-
gonucleotides and endogenous RNase H activity to target PAN
RNA. As previously noted (7), KD of PAN RNA is complicated
due to the overlapping nature of the K7/survivin transcript (19)
(Fig. 3C), and we confirmed that PAN RNA KD also results in K7
KD (Fig. 3D). To distinguish between the effects of PAN RNA and
the K7/survivin protein, an additional oligonucleotide that specif-
ically targets the K7 transcript, upstream of the overlapping re-
gion, was utilized as a control. The K7 antisense oligonucleotide

FIG 3 LANA-episome dynamics. (A) KSHV episome-LANA dynamics during reactivation. Anti-LANA and control IgG ChIP DNAs were prepared from
K-Rta-inducible BCBL-1 cells at 0 and 8 h after K-Rta-mediated reactivation. The immunoprecipitated DNA was analyzed by qPCR using primer pairs against
the KSHV ORFs listed. Values are the percentage of input DNA. Values are derived from the ratio of the threshold cycle (CT) values of the amplified DNA
immunoprecipitated with each antibody relative to the amount of input DNA amplified. (B) (a) LANA protein levels during the early stages of reactivation.
K-Rta-inducible BCBL-1 cell lysates were prepared at the indicated times, immunoprecipitated with the indicated antibodies, and probed with anti-LANA
antibody. (b) Verification of reactivation. K-Rta-inducible BCBL-1 cell lysates were prepared at the indicated times. Immunoblots were probed with the indicated
antibodies. (C) KSHV PAN RNA genomic organization. An expanded view of the K7/PAN locus is shown, and the positions of K7 KD (gray arrowhead) and PAN
RNA KD oligonucleotides (black arrowheads) are shown. (D to F) PAN RNA KD alters LANA occupancy of KSHV episomes and viral gene expression. (D) PAN
RNA and K7 knockdown. iSLK/rKSHV.219 cells were nucleofected with PAN or K7 antisense oligonucleotides and reactivated by doxycycline addition. At 48 h
postreactivation, PAN and K7 gene expression was analyzed by qPCR. PAN RNA KD affects both K7 and PAN RNA transcript levels; K7 knockdown affects only
K7 mRNAs. The expression level relative to that obtained with mock nucleofection is shown. (E) LANA ChIP. BCBL-1 cells were nucleofected with antisense PAN
RNA or K7 control oligonucleotides 24 h prior to chemical reactivation. Cells were fixed with 0.3% formaldehyde after 24 h chemical reactivation, and chromatin
was immunoprecipitated with control IgG or rat anti-LANA IgG. The immunoprecipitated DNA was isolated and quantitated by qPCR. The amount of
immunoprecipitated DNA relative to input is listed for each KSHV locus examined. Values are the means and SD from 3 determinations. (F) KSHV gene
expression array. After PAN/K7 KD and reactivation, RNA was harvested at 24, 48, and 72 h and reverse transcribed, and cDNAs were analyzed with a KSHV gene
expression array. A clustergram was generated from the data set using nonsupervised hierarchical clustering. A heat map depicting relative expression levels with
dendrograms is shown. RNA prepared from mock nucleofected, nonreactivated BCBL-1 cells served as the latent (0-h) control (normalized expression; green,
low; red, high).
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decreases K7 mRNA but not PAN RNA expression (Fig. 3D).
BCBL-1 cells were nucleofected with antisense PAN RNA or K7
control oligonucleotides 24 h prior to chemical reactivation with
sodium butyrate and phorbol myristate acetate. After the 24-h
reactivation, each culture was fixed with 0.3% formaldehyde and
processed for ChIP. The LANA ChIP (Fig. 3E) showed that PAN
RNA KD resulted in greater recovery of KSHV DNA at several
distinct KSHV loci relative to the K7 control KD or mock nucleo-
fection controls. This result is consistent with the notion that op-
timal levels of PAN RNA are needed for LANA sequestration away
from KSHV episomes during the early stages of reactivation. The
low level of ORF64 DNA amplified in the LANA ChIP is consistent
with a low level of LANA occupancy observed in this region dur-
ing latency (14). Next, the effect of PAN RNA KD on viral gene
expression was examined at 24 to 72 h postreactivation following
the KD/reactivation regime described above. We utilized KSHV
PCR arrays (20, 21) to cover all KSHV open reading frames. As
shown in Fig. 3F, PAN RNA KD resulted in an overall decrease of
viral gene expression at each time point compared to K7 KD con-
trols. We have also conducted this KD experiment using iSLK/
rKSHV.219 cells (22) using inducible K-Rta expression as a means
of reactivation and have obtained results similar to those obtained
with chemical reactivation (data not shown). This suggests that
LANA-episome disassociation is not simply the result of changes
in histone acetylation patterns.

In the present study, we showed that lytic lncRNA is at least in
part responsible for the LANA-episome dissociation during reac-
tivation, which may have profound effects on viral gene expres-
sion (7, 9). PAN RNA knockdown during reactivation was accom-
panied by higher levels of episome-associated LANA and reduced
viral gene expression; this is consistent with a repressive role of
LANA in lytic gene expression in general (23). Of note, we also
noticed that a few viral gene expression patterns did not follow the
same trend in our PCR array analyses, which is consistent with a
previous report (10), indicating that PAN RNA may have other
functions. Importantly, similar to viral gene regulation, Af-
fymetrix human gene expression arrays showed that PAN RNA
also regulates cellular gene expression targeted by LANA (data not
shown). Using rKSHV.219 indicator cells, we noted that the in-
troduction of a bolus of PAN RNA (with or without ORF57 ex-
pression) or PAN RNA expression vectors in an otherwise latent
KSHV-positive cell is insufficient to induce viral reactivation (data
not shown). These results indicate that PAN RNA expression, per
se, cannot bypass the need for K-Rta to initiate reactivation. Inter-
estingly, using a PAN RNA deletion KSHV bacmid, Rossetto and
colleagues have shown that this recombinant virus cannot express
the entire KSHV lytic program, nor can complementation by K-
Rta overexpression be achieved (9, 10). Although PAN RNA is
considered to be a K-Rta-responsive downstream target, these re-
sults suggest that a certain low level of PAN RNA is required for
K-Rta expression to initiate the lytic program. It will be important
to examine whether PAN RNA directly regulates K-Rta transcrip-
tion function, as we observed that PAN RNA also interacts with
K-Rta during reactivation (Fig. 1C, panel b). Although the exact
structural elements of PAN RNA that are recognized by LANA are
unclear, we hypothesize that the extreme abundance of PAN RNA
(6, 15) as well as other PAN RNA-interacting proteins or specific
secondary structures of PAN RNA dictate the specificity of the
PAN RNA-LANA interaction. This idea is also supported by the
recent development of RNA aptamers, which are synthesized to

specifically recognize a particular target protein. It is possible that
the virus has naturally adapted the strategy and evolved a specific
RNA to dampen the latent protein function during its lytic phase.
A similar phenotype has also been reported with a cellular non-
coding RNA, GAS5, which specifically associates with the DNA-
binding domain of the glucocorticoid receptor (GR) to counteract
the GR transcription function (24). We propose that one of the
functions of PAN RNA is to modulate the activity of LANA as cells
switch from latency to lytic replication.
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