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ABSTRACT Kaposi’s sarcoma-associated herpesvirus (KSHV) ORF57 is an RNA-bind-
ing posttranscriptional regulator. We recently applied an affinity-purified anti-ORF57
antibody to conduct ORF57 cross-linking immunoprecipitation (CLIP) in combination
with RNA-sequencing (CLIP-seq) and analyzed the genome-wide host RNA transcripts
in association with ORF57 in BCBL-1 cells with lytic KSHV infection. Mapping of the
CLIP RNA reads to the human genome (GRCh37) revealed that most of the ORF57-
associated RNA reads were from rRNAs. The remaining RNA reads mapped to several
classes of host noncoding and protein-coding mRNAs. We found that ORF57 binds
and regulates expression of a subset of host long noncoding RNAs (lncRNAs), includ-
ing LINC00324, LINC00355, and LINC00839, which are involved in cell growth. ORF57
binds small nucleolar RNAs (snoRNAs) responsible for 18S and 28S rRNA modifica-
tions but does not interact with fibrillarin or NOP58. We validated ORF57 interactions
with 67 snoRNAs by ORF57 RNA immunoprecipitation (RIP)-snoRNA array assays.
Most of the identified ORF57 rRNA binding sites (BS) overlap the sites binding
snoRNAs. We confirmed ORF57-snoRA71B RNA interaction in BCBL-1 cells by ORF57
RIP and Northern blot analyses using a 32P-labeled oligonucleotide probe from the
18S rRNA region complementary to snoRA71B. Using RNA oligonucleotides from the
rRNA regions that ORF57 binds for oligonucleotide pulldown-Western blot assays,
we selectively verified ORF57 interactions with 5.8S and 18S rRNAs. Polysome profil-
ing revealed that ORF57 associates with both monosomes and polysomes and that
its association with polysomes increases PABPC1 binding to polysomes but prevents
Ago2 association with polysomes. Our data indicate a functional correlation with
ORF57 binding and suppression of Ago2 activities for ORF57 promotion of gene
expression.

IMPORTANCE As an RNA-binding protein, KSHV ORF57 regulates RNA splicing, stabil-
ity, and translation and inhibits host innate immunity by blocking the formation of
RNA granules in virus-infected cells. In this study, ORF57 was found to interact with
many host noncoding RNAs, including lncRNAs, snoRNAs, and rRNAs, to carry out
additional unknown functions. ORF57 binds a group of lncRNAs via the RNA motifs
identified by ORF57 CLIP-seq to regulate their expression. ORF57 associates with
snoRNAs independently of fibrillarin and NOP58 proteins and with rRNA in the
regions that commonly bind snoRNAs. Knockdown of fibrillarin expression decreases
the expression of snoRNAs and CDK4 but does not affect viral gene expression.
More importantly, we found that ORF57 binds translationally active polysomes and
enhances PABPC1 but prevents Ago2 association with polysomes. Data provide
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compelling evidence on how ORF57 in KSHV-infected cells might regulate protein
synthesis by blocking Ago2’s hostile activities on translation.

KEYWORDS Ago2, ORF57, Kaposi’s sarcoma-associated herpesvirus, lincRNA, snoRNA,
polysomes, rRNA

Kaposi’s sarcoma-associated herpesvirus (KSHV), or human herpesvirus 8 (HHV-8), is
a DNA tumor virus of lymphotropic gammaherpesvirus subfamily (1, 2). KSHV is the

causative agent for the development of Kaposi’s sarcoma (KS), primary effusion lym-
phoma (PEL), and multicentric Castleman’s disease (MCD) (3–5). KSHV displays two
phases of infection: a short lytic phase and a persistent latent infection (6). During the
latent infection, a few viral proteins are expressed to maintain the KSHV genome in the
infected cells. However, the lytic KSHV infection can be reactivated from the cells with
latent KSHV infection under a hypoxia or redox condition or by chemical induction.
Expression of a viral replication and transcription activator (RTA; ORF50) during reacti-
vation induces the cascaded expression of viral lytic genes (7, 8), including KSHV
ORF57, for viral DNA replication and efficient virus production (9–11).

KSHV ORF57, also called mRNA transcript accumulation (MTA), comprises 455 amino
acid residues and has been characterized as an RNA-binding protein (RBP) for posttran-
scriptional regulation. ORF57 is present in the cytoplasm of infected cells but localizes
primarily in the nucleus, where it is enriched in the nuclear speckles containing pre-
mRNAs and spliceosomal components (12, 13). Structurally, KSHV ORF57 protein has
two domains, a disordered N-terminal domain (NTD) and a highly structured a-helix-
rich C-terminal domain (CTD). The ORF57 NTD bears three nuclear localization signals
(NLSs) and phosphorylation sites and is required for various interactions with target
RNAs and cellular cofactors (14–16). The ORF57 CTD functions mainly for ORF57 dimeri-
zation and stability (14–16).

As a posttranscriptional regulator, ORF57 regulates RNA stability, splicing, and trans-
lation (10–12, 14, 17). ORF57 stabilizes viral polyadenylated nuclear (PAN) RNA by bind-
ing to an MTA-responsive element (MRE) in the PAN RNA 59 end via interaction with
PABPC1 [poly(A)-binding protein cytoplasmic 1] (18, 19). ORF57 promotes the splicing
of K8 pre-mRNA by interacting with the splicing factor SRSF3 (serine/arginine-rich splic-
ing factor 3 or SRp20), small nuclear RNAs (snRNAs), and other factors (13, 20). ORF57
enhances viral interleukin-6 (vIL-6) translation by preventing microRNA (miRNA)-medi-
ated vIL-6 RNA degradation and translation inhibition (21, 22). ORF57 interacts with
protein kinase R (PKR) and PACT to block phosphorylation of eIF2a (a subunit of the
eukaryotic translation initiation factor) and stress granule formation, and interacts with
Ago2, GW182, and RNA helicase A to inhibit P-body formation and host innate immune
responses during lytic KSHV infection, thus promoting robust KSHV replication and vi-
rion production (23, 24).

The ribosome is a macromolecular machine comprised of ;80 proteins and four
species of rRNA (5S, 5.8S, 18S, and 28S rRNA) (25, 26). Ribosome biogenesis is regulated
by transcription, processing, and modification of rRNAs and, finally, assembly of these
components. The rRNAs are extensively chemically modified during their transcription
and subsequent maturation in the nucleolus, nucleus, and cytoplasm (26). Chemical
modifications of rRNA pseudouridylation (W) and 29-O-methylation (29-Ome) are guided,
respectively, by box H/ACA small nucleolar RNAs (snoRNAs) and box C/D snoRNAs (26).
These two groups of snoRNAs are also involved in various physiological and pathological
cellular processes (27), including pre-mRNA splicing (28, 29) and development of cancers
(30–32).

Widespread involvement of snoRNAs in virus-host interactions has been reported
with regard to host cell susceptibilities to virus infection or virus-induced cell death
(33, 34). Knockdown of expression of individual snoRNAs in host cells has shown their
roles in both DNA and RNA virus infections (33, 35). In addition to snoRNAs, virus infec-
tions and viral proteins that regulate rRNA biogenesis have been well documented
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(36–39). Epstein-Barr virus (EBV) and its relative rhesus lymphocryptovirus encode a vi-
ral snoRNA, v-snoRNA1, a C/D box-like snoRNA (40). Human cytomegalovirus (HCMV)
(41) and herpes simplex virus 1 (HSV-1) (42, 43) inhibit or stimulate rRNA gene tran-
scription or modulate pre-rRNA maturation by interaction of viral proteins with rRNAs.
KSHV infection stimulates 45S rRNA gene transcription and its level of pseudouridyla-
tion in endothelial cells (44). KSHV lytic infection also alters nuclear and nucleolar archi-
tectures in iSLK-Bac16 cells (45).

To identify host RNA targets of ORF57, we first applied UV cross-linking and immu-
noprecipitation (CLIP) with an anti-ORF57-specific antibody to detect ORF57-associated
RNAs in BCBL-1 cells with lytic KSHV infection. This approach had successfully detected
ORF57-associated ORF59 RNA (12). Subsequently, we applied this technique in combi-
nation with cloning and Sanger sequencing to identify KSHV RNA targets of ORF57. We
showed that ORF57 in lytic KSHV infection is associated with more than 11 different vi-
ral RNA transcripts, including PAN RNA, vIL-6, and ORF56 (19, 21, 22, 46). In the present
study, we combined ORF57 CLIP with high-throughput RNA sequencing (CLIP-seq) (47)
to analyze genome-wide host RNA targets of ORF57 in BCBL-1 cells with lytic KSHV
infection. We discovered ORF57 association with various classes of host RNAs during
KSHV lytic infection. Further analysis showed ORF57 binding to not only host coding
RNAs but also numerous noncoding RNAs, including rRNAs, snoRNAs, and long non-
coding RNAs (lncRNAs). We demonstrated that ORF57 associates with snoRNAs inde-
pendently of fibrillarin and NOP58 proteins and with rRNA in the regions that com-
monly bind snoRNAs. More importantly, we found that ORF57 association with PABPC1
and translationally active polysomes prevents Ago2 association with polysomes, indi-
cating a role for ORF57 in regulation of protein translation.

RESULTS
Identification of genome-wide host RNA targets of KSHV ORF57 by CLIP-seq.

We and others previously showed that ORF57 functions as an RNA processing regula-
tor of KSHV gene expression (12, 13, 21, 46, 48–52). However, host RNA targets of
ORF57 have not been described carefully owing to use of a low-quality anti-ORF57
antibody in high-throughput transcriptome sequencing (RNA-seq) studies (50, 53). We
therefore performed ORF57 CLIP-seq (47) with our affinity-purified, highly specific anti-
ORF57 antibody to identify the entire repertoire of host RNAs associated with ORF57
during KSHV lytic infection (Fig. 1A). As diagrammed in Fig. 1A, BCBL-1 cells with KSHV
lytic infection were UV irradiated to covalently cross-link RNA-protein complexes in the
cells. The cell lysates were then subjected to anti-ORF57 immunoprecipitation. The
ORF57-RNA complexes pulled down by anti-ORF57 antibody were treated with RNase
A/T1 mixture to remove the RNA regions without the binding of ORF57 or ORF57-asso-
ciated proteins, followed by dephosphorylation with recombinant shrimp alkaline
phosphatase (rSAP) and proteinase K digestion to remove ORF57 protein from the
remaining RNA fragments. The resultant ORF57-bound RNA fragments protected from
RNase digestion were extracted, ligated with a 39 linker, reverse transcribed, circulated,
and then amplified for library preparation and RNA-seq.

To check the anti-ORF57 CLIP quality, a small fraction of the extracted RNA frag-
ments was end labeled with 32P, resolved in a denaturing urea-PAGE gel, and autora-
diographed. The results showed the enriched RNA fragments in various sizes from anti-
ORF57 CLIP over the control IgG CLIP, a negative control (Fig. 1B). We conducted three
independent anti-ORF57 CLIP experiments (CLIP-1, CLIP-2, and CLIP-3) and constructed
three separate RNA-seq cDNA libraries for sequencing by using an Illumina HiSeq 2500
platform. In total, the three ORF57 CLIP-seq experiments generated 52,921,010 paired
reads with high quality (NCBI Gene Expression Omnibus [GEO] accession number
GSE179726). Using STAR aligner, we aligned 44,097,906 paired reads (83.3%) to rRNA
(GenBank accession number U13369; human ribosomal DNA complete repeating unit),
4,279,184 paired reads (8.1%) to the other parts of the human genome, and 131,161
paired reads (0.3%) to the KSHV genome (GenBank accession number U75698.1) (Fig.
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1C). By Pearson's correlation efficient analysis, we found that the three sets of CLIP-seq
data were very consistent with an R value of $0.96, indicating the high quality of anti-
ORF57 CLIPs and cDNA library construction and sequencing (Fig. 1D).

ORF57 interacts with both host protein-coding and noncoding RNA transcripts
by binding to a specific RNA region. By mapping all reads to the human genome
using STAR aligner in combination with Piranha software for peak calling (54), we were

FIG 1 Identification of ORF57-associated RNAs in BCBL-1 cells using CLIP-seq. (A) Schematic illustration of ORF57
CLIP-seq procedure. BCBL-1 cells treated with valproic acid were UV irradiated and ORF57-RNA complexes were
immunoprecipitated with an affinity-purified, highly specific anti-ORF57 antibody. The unbound RNA regions were
digested by RNase A and T1, followed by dephosphorylation of ORF57-bound RNA with recombinant shrimp
alkaline phosphatase (rSAP). Proteinase K was used to digest ORF57 to release the RNA from the complexes for
RNA extraction. The obtained RNA fragments were then ligated with a 39 linker, reverse transcribed, circularized,
and amplified by PCR to generate RNA-seq libraries for high-throughput sequencing. The obtained sequence reads
were then mapped to the chimeric GRCh37-KSHV genome. (B) Autoradiogram of 32P-labeled RNA cross-linked to
ORF57 and identified by anti-ORF57 CLIP, with nonspecific IgG serving as a negative control. (C) After being
mapped to rRNA, the paired reads from three separate ORF57-CLIP-seq repeats (CLIP-1, CLIP-2, and CLIP-3) were
mapped to the chimeric GRCh37-KHSV genome. (D) Correlation of the mapped reads from three separate ORF57
CLIP-seq experiments in a 3D scatterplot. Each dot represents a single gene, with coordinates showing a number of
reads in each sample mapped to that gene obtained using RSEM software (RNA-Seq by Expectation Maximization).
The R value (Pearson’s correlation efficient) is $0.96.
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able to determine the regions (peaks) significantly enriched with RNA strand-specific
sequence reads over a background model and thus identify the regions as the ORF57
binding sites (BS) from the CLIP-seq data. By annotation of all obtained ORF57 peaks
against the annotated genes in the human genome, we identified a total of 5,145
ORF57 BS, of which 3,425 were mapped to the RNAs from 918 protein-coding genes
and 1,720 to the RNAs from 890 noncoding genes (Fig. 2A). The determined peaks
were in a broad range of size, from most prevalent small peaks at the minimal size of
50 nucleotides (nt) to fewer common peaks larger than 950 nt. We next focused on the
peaks in the size less than or equal to 150 nt supported by 15 or more reads as a more
defined ORF57 BS for further analyses and validation (Fig. 2B). With these criteria, we
identified 821 BS mapped to 544 protein coding genes and 1,036 peaks to 727 non-
coding genes (Fig. 2A and C and Table S1 in the supplemental material). The higher
number of ORF57 BS than mapped RNAs was caused by multiple ORF57 BS found in a
particular set of RNAs. In the rest of this report, we focus only on the ORF57 interac-
tions with noncoding RNA transcripts; the coding gene transcripts associated with
ORF57 will be reported elsewhere.

ORF57 is associated with several classes of host noncoding RNAs with distinct
functionality. Among 727 ncRNAs containing ORF57 BS (Fig. 2C), 319 (44%) were
pseudogene transcripts, 249 (34%) were snoRNAs, 117 (16%) were lncRNAs (lincRNAs,
antisense RNAs, and intronic RNAs), and 42 (6%) were other small ncRNAs, including

FIG 2 ORF57 binds both host protein-coding and noncoding RNAs. (A) Workflow used to identify host RNAs as ORF57
targets. Reads from three ORF57 CLIP-seq experiments were combined to increase the probability of read peak
identification. Peak-calling was performed by using Piranha software. Obtained peaks were annotated to the human
genome GRCh37. Peaks of #15 reads were excluded from further consideration. (B) Size distribution and frequency of
the peaks detected by Piranha software. The red dashed line indicates a threshold (#150 nt) used to define an ORF57
binding site (BS). (C) Pie chart showing noncoding and protein-coding RNAs containing the ORF57 BS. (D) Distribution
of the ORF57 BS in various species of noncoding RNAs. The pie plot shows the number and percentage of ORF57 RNA
targets in each category.
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small nuclear RNAs (snRNAs), miRNAs, and misc_RNAs (miscellaneous small RNAs),
such as RNY (Ro-associated Y RNAs) and vault RNAs (vtRNAs) (Fig. 2D, left pie). Among
249 snoRNAs bound to ORF57, 158 (64%) were C/D box snoRNAs, 80 (32%) were H/ACA
box snoRNAs, and 11 (4%) were small Cajal body-associated RNAs (scaRNAs) (Fig. 2D, right
pie, and Table S1).

Pseudogene transcription and function remain largely unknown, although some
pseudogenes may have regulatory effects (55, 56); lncRNAs have been deliberated in
recent years to be involved in both nuclear and cytoplasmic functions (57–60). Thus,
by anti-ORF57 RIP and reverse transcription-PCR (RT-PCR), we selectively verified in
BCBL-1 cells under KSHV lytic infection the three of four lncRNAs which are associated
with cell growth and contain 1 to 3 well-defined ORF57 BS (Fig. 3A and B). LINC00355
expressed from an intergenic region of chromosome 13 promotes cell proliferation
and tumor progression (61–63). LINC00839 is derived from an intergenic region of
chromosome 10, and LINC00324 (C17orf44) is expressed from an intergenic region of
chromosome 17. They have been shown to regulate cell proliferation, invasion and
migration, and possibly tumorigenesis (64–68). LINC00152 (C2orf59) is highly
expressed in gastric and colorectal cancer tissues and myeloma cells from the chromo-
some 2p11.2 region and promotes cell cycle progression and cell proliferation (69, 70).
We identified three ORF57 BS with up to 1,900 reads at the second exon and intron of
LINC00324 and a single ORF57 BS with a depth of 20 to 23 reads at the 59 end of
LINC00355 and LINC00839 (Fig. 3A). Although LINC00152 also showed two ORF57 BS
with up to 30 reads, we found that a notable proportion of the mapped reads had
color-coded mutations and were unable to verify LINC00152 association with ORF57 in
the cells by anti-ORF57 RIPs and RT-PCR (Fig. 3A and B). RNA-seq (Fig. 3C), RT-quantita-
tive PCR (RT-qPCR), and RT-PCR (Fig. 3D) analyses of total cellular RNA extracted from
BCBL-1 cells showed a relative decrease (;2-fold) of LINC00324 but an increase (;2.5-
fold) of LINC00355 RNA expression in KSHV lytic infection compared with latent infec-
tion, whereas LINC00839 showed only minimal, not significant, change between the
two infection phases (data not shown). Subsequently, we verified by RT-qPCR and RT-
PCR the decreased expression of LINC00324 during lytic KSHV infection in iSLK/Bac16
cells (Fig. 3E). This decreased expression of LINC00324 expression in both BCBL-1 and
iSLK/Bac16 cells with viral lytic infection was specific to ORF57. We found that ectopic
wild-type (wt) ORF57, but not its dysfunctional mutant (mt ORF57), in HEK293T cells
decreases the expression of LINC00324 (Fig. 3F).

KSHV ORF57 is associated with snoRNAs in BCBL-1 cells with viral lytic
infection. Given that snoRNAs were the second largest group of the ncRNA species
bound to ORF57 in ORF57 CLIP-seq, we applied the nrStar human snoRNA PCR array to
verify the ORF57-bound snoRNAs in BCBL-1 cells with KSHV lytic infection. This array
contains a panel of 359 snoRNAs and 7 snRNAs, of which 207 and 4 were identified,
respectively, by ORF57 CLIP-seq. To obtain the ORF57-associated snoRNAs and snRNAs,
we performed anti-ORF57 RIP, with nonspecific IgG as a negative RIP control. The
extracted RNAs from the RIP pulldowns after proteinase K digestion were directly used
for the snoRNA array analysis. With this approach, we found a total of 97 snoRNAs and
4 snRNAs significantly enriched in the ORF57 RIP over the IgG RIP control (Fig. 4A,
green and red dots) with a fold change (FC) of $2 (P value # 0.05, Student’s t test).
This included 67 (27.3%) of 249 snoRNAs identified by ORF57 CLIP-seq (Fig. 4A, red
dots), of which snoRD80, snoRD3@ (including all five human snoRD3A-D) (34), and
snoRD105B showed 15-fold, 10-fold, and 9-fold enrichments, respectively, in the anti-
ORF57 RIP over the IgG control (Table S2). The ORF57 RIP-snoRNA array also identified
additional 30 snoRNAs in association with ORF57, which were missed in our ORF57
CLIP-seq (Fig. 4A, green dots). The omission of RNase digestion in isolation of ORF57-
associated RNAs in the RIP and a higher input of radioimmunoprecipitated RNAs in the
snoRNA array might contribute to this detection discrepancy from the CLIP-seq in addi-
tion to the different filtering parameters being applied to the calculation in two differ-
ent methods.

The ORF57 RIP-snoRNA array also identified U1 (RNU1), U3 (RNU3), U4 (RNU4), and
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FIG 3 Association of ORF57 with noncoding RNAs and its possible roles in regulation of their
expression. (A) ORF57 in BCBL-1 cells with lytic KSHV infection is associated with the selected host
long intergenic noncoding RNAs (lincRNAs). IGV visualization and distribution of ORF57 CLIP-seq
reads in green along with selected lincRNAs: LINC00324 (L-324), LINC00355 (L-355), and LINC00839 (L-
839). The read peaks identified by Piranha software are marked with vertical red lines. Numbers in
the upper left corners represent CLIP-seq read coverage depths. The names and locations of the
oligonucleotide primers used in RT-PCR detections (B) are shown below each lincRNA diagram. (B)
Validation of ORF57 association with the selected three host LINCRNAs in BCBL-1 cells with viral lytic
infection. The RT-PCR in the absence (-) or presence (1) of reverse transcriptase (RT) was carried out
using RNA isolated from ORF57 RIPs. IgG served as a negative RIP control. Total RNA from BCBL-1
cells induced with valproic acid (VA; 1 mM) for 24 h was used as an input control. *, a nonspecific
band identified by Sanger sequencing. (C and D) lincRNAs associated with ORF57 are differentially
expressed during viral lytic infection. RNA-seq read coverage maps by the integrative genomics
viewer (IGV) (C) show the expression of LINC00324 and LINC00355 in BCBL-1 cells under viral lytic (green)
over latent (pink) infection. Numbers in the upper left corners represent read coverage depths.
Representative validation of differential expression of the selected host lincRNAs L-324 and L-355 was
performed by TaqMan RT-qPCR (D, bar graphs on the left) and semiquantitative RT-PCR (D, gel images on
the right) with the primer pair shown below each lincRNA diagram (C). RT-PCR in the absence or presence
of reverse transcriptase was carried out using RNA isolated from BCBL-1 cells with viral latent or lytic
infection induced by 24 h of VA treatment. (E) Differential expression of L-324 was also confirmed by
TaqMan RT-qPCR (bar graphs on the left) and semiquantitative RT-PCR (gel images on the right) of total
RNA isolated from iSLK/Bac16 cells with latent or lytic infection induced by 48 h of Dox and butyrate
treatment as described for panel D. (F) Ectopic wild-type (wt) ORF57, but not its dysfunctional mutant (mt),
in HEK293T cells regulates the expression of L-324. Total RNA was extracted from HEK293T cells 24 h after
Flag-tagged ORF57 plasmid transfection for RT-PCR (gel images on the left) and RT-qPCR (bar graphs on
the right) detection of L-324 as described for panels D and E. Western blotting with total cell lysate

(Continued on next page)

KSHV ORF57 and Noncoding RNAs Journal of Virology

February 2022 Volume 96 Issue 3 e01782-21 jvi.asm.org 7

https://jvi.asm.org


U6 (RNU6) snRNA in interaction with ORF57, with U1 and U3 being the strongest
ORF57 binders (FC = ;12) (Table S2). These data were consistent with our previous
report (13).

Two functional classes of snoRNAs are associated with KSHV ORF57. snoRNAs
are mostly nucleolus, nonpolyadenylated ncRNAs and are classified by highly conserved
“box” sequences into either box C/D- or box H/ACA-containing snoRNAs (Fig. 4B). The
snoRNA with an additional CAB box are called scaRNAs (71). The box C/D snoRNAs medi-
ating 29-O-methylation (29-Ome) (Fig. 4B, left diagram) of the target RNAs represent the
largest group, 1,391 reported members, followed by the box H/ACA snoRNAs, with 651
members to mediate pseudouridylation (Fig. 4B, right diagram) of target RNAs (snoRNA
Atlas [http://snoatlas.bioinf.uni-leipzig.de/]) (72). The scaRNAs involved in snRNA modifi-
cations are the smallest group, with 32 members. A primary role of box C/D and H/ACA
snoRNAs is serving as a molecular “guide” for posttranscriptional chemical modifications
of other host RNAs, primarily rRNAs, tRNAs, and snRNAs (25, 73, 74). To uncover a possi-
ble connection of snoRNAs in ORF57 binding and snoRNA-mediated RNA modifications,

FIG 4 Validation of ORF57 association with snoRNAs by ORF57 RIP-snoRNA array analysis. (A) Volcano
plot showing the snoRNAs enriched in ORF57 RIP over IgG RIP from snoRNA array analyses based on
three independent experiments. The threshold shown by the blue line indicates statistically significant
change (P # 0.05, Student’s t test), and the pink lines indicate at least 2-fold change. Highlighted in
green are snoRNAs significantly enriched in ORF57 RIP-snoRNA array analyses. Highlighted in red are
snoRNAs significantly enriched in both ORF57 CLIP-seq and ORF57 RIP-snoRNA array analyses. (B)
Structural features of box C/D and H/ACA snoRNAs and their association with rRNA.

FIG 3 Legend (Continued)
and anti-Flag antibody was used to detect both wt and mt ORF57 protein (below the bar graph). GAPDH
served as a protein sample loading control. Densitometry analysis was performed for RT-PCR by
normalizing to each internal GAPDH RNA loading control, with the RNA band intensity in latent or
vector control as 100%. All gel images are one representative of three biological replicates, and
statistical analysis for RT-qPCR was performed by two-tailed Student’s t test. **, P , 0.01; ***, P , 0.001.
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we classified the ORF57-bound snoRNAs based on their target RNAs. As expected, we
found that a majority of the box C/D and H/ACA snoRNAs (Fig. 4B) associated with
ORF57 target rRNAs.

As summarized in the snOPY database (http://snoopy.med.miyazaki-u.ac.jp/), the
posttranscriptional modifications in 28S rRNA are guided by 134 snoRNAs (77 C/D and
57 H/ACA), in 18S rRNA by 116 snoRNAs (55 C/D and 61 H/ACA), and in 5.8S rRNA by 5
snoRNAs (3 C/D and 2 H/ACA). Among 67 snoRNAs identified both by ORF57 CLIP-seq
and by nrStar snoRNA array that targets rRNA, snRNAs, and others, we found that 31
target 28S rRNA (23 C/D, and 8 H/ACA), 25 target 18S rRNA (15 C/D and 10 H/ACA),
and 1 H/ACA snoRNA targets 5.8S rRNA (Fig. 5A). As predicted, more C/D snoRNAs
than H/ACA snoRNAs were proportionally associated with ORF57. IGV visualizations of
individual snoRNA reads distribution from ORF57 CLIP-seq are selectively shown in Fig.
5B to E. We also observed a characteristic binding pattern across all snoRNAs associ-
ated with ORF57, similar to the previous study in which photoactivatable-ribonucleo-
side-enhanced CLIP (PAR-CLIP) was performed with the snoRNP core proteins fibrillarin,
NOP58, and dyskerin (75). These data indicate that ORF57 interacts predominantly with
the snoRNAs which are associated with rRNA modifications.

According to the snOPY database, 3 snoRNAs (snoRA16, snoRA53, and snoRD3@)
associated with ORF57 in our study have no annotated RNA targets. snoRD3A, 3B-1, 3B-2,
-3C, and -3D, derived from a snoRD3@ (previously called U3 snoRNA) cluster region, are
highly homologous and were abundant in ORF57 CLIP-seq (Fig. 6A). The snoRD3@ tran-
scribed by RNA polymerase II functions as a scaffold during early ribosome assembly and
can be processed to produce miRNA miR-U3 (76). To validate the ORF57-snoRD3@ interac-
tion, we extracted total RNA from BCBL-1 cells with viral lytic infection and examined anti-
ORF57 immunoprecipitated RNAs by Northern blotting using an antisense oligonucleotide
probe specific to all members of snoRD3@. As shown in Fig. 6B, Northern blotting con-
firmed the specific ORF57-snoRD3@ binding. This ORF57-snoRD3@ interaction in BCBL-1
cells with lytic KSHV infection could be verified by anti-ORF57 RIP and RT-PCR (Fig. 6C),
where ORF57 was found to specifically interact with transcription elongation RNA regula-
tor RN7SK (77) as identified by ORF57 CLIP-seq (Table S1) (Fig. 6C). The specific ORF57-
snoRD3@ interaction was further determined in HEK293T cells by ectopic expression of
ORF57 by anti-ORF57 RIP and RT-PCR (Fig. 6D), thus excluding possible involvement of
other viral proteins in the identified ORF57-snoRD3@ interaction during KSHV lytic
infection.

Relationship of ORF57 in snoRNA binding and expression with snoRNA-binding
proteins NOP58 and fibrillarin. To determine whether the snoRNAs associate with
ORF57 indirectly through ORF57 interactions with snoRNA-associated proteins such as
NOP58 and fibrillarin, we performed ORF57 coimmunoprecipitation (co-IP) experi-
ments using the proteins extracts from BCBL-1 cells with lytic KSHV infection or
HEK293T cells with ectopic expression of ORF57. By Western blotting of the proteins in
anti-ORF57 co-IP pulldowns, we demonstrated the interaction of ORF57 with nucleolin,
a protein previously proved to be an ORF57-interacting protein (16), but did not find
interaction of ORF57 with fibrillarin or NOP58 in BCBL-1 or HEK293T cells (Fig. 7A and
B), indicating that ORF57 interacts with the snoRNAs independently of these two
snoRNA-binding proteins. However, we showed by anti-ORF57 RIP, as expected, that
ectopic ORF57 in HEK293T cells was capable of interacting with snoRA64, snoRA71B,
snoRD80, and snoRD105B as examined. The ORF57 interactions with snoRNAs
appeared not to affect snoRNA expression. In a comparison of the expression levels of
snoRA71B and snoRD105B in iSLK/Bac16 cells with lytic KSHV infection, there was no
difference in expression levels of these two snoRNAs from the cells containing a wt
KSHV genome and the cells with an ORF57-null genome (Fig. 7E). Interestingly, knock-
down of fibrillarin expression in iSLK/Bac16 cells with lytic KSHV infection was found to
reduce the expression of snoRA71B, snoRD105B, and surprisingly CDK4 RNA and pro-
tein but did not affect the expression of viral ORF57 and ORF59 RNAs or of ORF57 and
RTA proteins (Fig. 7F and G). These data suggest that in contrast to host RNAs, viral
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FIG 5 ORF57-associated snoRNAs target rRNAs. (A) A table showing the type and number of predicted RNA targets from snoRNAs
associated with ORF57. snoRNA type and target RNA were obtained from the snOPY database http://snoopy.med.miyazaki-u.ac.jp/. (B
and C) IGV visualization of read distribution of selective box C/D (B) and H/ACA (C) snoRNAs guiding 18S rRNA modifications which
bind to ORF57. The snoRNAs shown were identified by ORF57 CLIP-seq with a P value of #1 � 10215 and number of reads of $70
and also validated by ORF57 RIP-snoRNA array analyses. ENSEMBL transcript annotation tracks (blue lines) shown at the bottom
indicate the orientation (white arrows 59 to 39) and size in nucleotides of each snoRNA. Values on the y axis represent the scale of
ORF57 CLIP-seq read counts. (D and E) IGV visualization of read distribution of selective box C/D (D) and H/ACA (E) snoRNAs guiding
28S rRNA modification which bind to ORF57. See other details described for panels B and C.
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RNA and protein expression in the infected cells is relatively resistant to snoRNA-medi-
ated regulation.

ORF57 associates with host rRNAs mainly through the regions interacting with
the ORF57-bound snoRNAs. Considering that ORF57 preferentially binds the snoRNAs
that mediate rRNA modifications (Fig. 5) and ORF57 CLIP-seq also identified a high num-
ber of rRNA reads (Fig. 1C), we investigated the possible connection of ORF57-snoRNAs
to rRNAs. We visualized the rRNA read distribution along the entire 18S, 5.8S, and 28S
rRNAs by IGV and then overlaid the rRNA read peaks with the rRNA regions that bind
snoRNAs. As showed in Fig. 8A, we found that the majority of the rRNA read peaks iden-
tified by ORF57 CLIP-seq were the regions that bind snoRNAs, suggesting that these
rRNA regions with the bound snoRNAs were co-associated with ORF57 and thus both
were protected from RNase digestion during anti-ORF57 CLIP. Some selected snoRNA-
binding sites are shown in Fig. 8A, including snoRA66, snoRD44, snoRA71B, snoRD103B,
snoRD36A, snoRA44, snoRD70, snoRD98, snoRA14A, snoRD82, snoRA72, snoRD26,
snoRD21, snoRD81, snoRD18A, snoRD37, snoRD35A and -35B, snoRD91B, snoRA80,
snoRA37, and snoRA64. All of these snoRNAs were detected by both ORF57 CLIP-seq
and ORF57 RIP snoRNA array.

Subsequently, we performed Northern blot analyses to confirm these snoRNAs
pulled down from BCBL-1 cells with lytic KSHV infection by ORF57 RIP using a 32P-

FIG 6 ORF57 binds the snoRD3@ with unknown RNA targets. (A and B) Distribution of ORF57 CLIP-
seq reads mapped to snoRD3@ (A) and Northern blot verification of snoRD3@ interaction with ORF57
in BCBL-1 cells by anti-ORF57 antibody RIP and then by 32P-labeled antisense DNA oligonucleotide
probe oBAH135, specific to all members of snoRD3@ (B). IgG served as a RIP control. (C) RT-PCR of
ORF57 immunoprecipitated RNAs from BCBL-1 cells with VA-induced KSHV lytic infection in the
absence or presence of reverse transcriptase. IgG served as a negative RIP control. Total RNA
extracted from the cells with latent or lytic KSHV infection was examined for relative levels of
snoRD3@ and RN7SK RNAs, and the RNA from the cells with KSHV lytic infection also served as a lytic
RNA input control. (D) RT-PCR in the absence or presence of reverse transcriptase using ORF57
immunoprecipitated RNAs from HEK293T cells with ectopic ORF57 expression. IgG served as a
negative RIP control. Total RNA from HEK293T cells 24 h after ORF57 plasmid transfection was used
as an input control. The following primer pairs were used: oBAH198 and oBAH199 for detection of
snoRD3@ and oBAH192 and oBAH193 for detection of RN7SK. Northern blot or RT-PCR band intensity
representing the immunoprecipitated RNA was calculated after normalized to the corresponding
input, with IgG control as 100%.
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FIG 7 Relationship of ORF57 in snoRNA binding and expression with snoRNA-binding proteins fibrillarin and NOP58.
(A) ORF57 does not interact with fibrillarin or NOP58 in BCBL-1 cells with KSHV lytic infection. Total cell extract from
BCBL-1 cells under viral lytic infection was immunoprecipitated with an anti-ORF57 antibody, and the ORF57
complexes in the IP pulldowns were resolved by SDS-PAGE for detection of ORF57, fibrillarin (FBL), and NOP58 by
Western blotting with the corresponding antibodies. Nucleolin (NCL) served as a positive control of cointeraction with
ORF57. (B) Total cell extract from HEK293T cells transfected with an ORF57 expressing vector (pVM7) was also used for
the co-IP and Western blotting as performed for panel A. (C and D) Ectopic ORF57 in HEK293T cells interacts with
selective snoRNAs. (C) Representative Western blot of immunoprecipitated ORF57 from HEK293T cells expressing ORF57
by mouse monoclonal anti-ORF57 antibody. (D) RT-PCR for detection of snoRA64, snoRA71B, snoRD80, and snoRD105B
in the absence or presence of reverse transcriptase (RT) using ORF57 immunoprecipitated RNAs from HEK293T cells with
ectopic ORF57 expression for 24 h. IgG served as a negative RIP control. Total RNA from HEK293T cells expressing ORF57
served as an input control. See Table 1 for primer pair details for individual snoRNA detection. RT-PCR band intensity
representing the immunoprecipitated RNA was calculated after normalization to the corresponding input, with IgG
control as 100%. (E) ORF57 expression in iSLK/Bac16 cells does not affect the expression of snoRA71B (RA71) or
snoRD105B (RD105). Total RNA isolated from iSLK/Bac16 cells bearing a wild-type KSHV genome or an ORF57-null
genome (ORF57 knockout [KO]) (11) in viral latent or lytic infection induced by Dox and sodium butyrate for 48 h was
used for RT-qPCR to detect the expression of representative snoRA71B and snoRD105B. GAPDH RNA served as an
internal control to normalize the quantification of each snoRNA level. (F and G) Knockdown of fibrillarin expression in
iSLK/Bac16 cells carrying a wt KSHV genome led to reduce the expression of snoRA71B and snoRD105B and CDK4 but
not the expression of viral ORF57, ORF59, or RTA. The iSLK/Bac16 cells were first treated with a siRNA specific for
fibrillarin (siFBL) or a nontargeting control siRNA (siNS) for 36 h and then induced for lytic KSHV infection for 12 h by
Dox and sodium butyrate treatment before total RNA and protein extraction. Total protein lysates were blotted for viral
RTA and ORF57 and host CDK4, FBL, and GAPDH by the individual corresponding antibodies. GAPDH protein served as a
sample loading control (F). Total cell RNA was examined by RT-qPCR for the expression of snoRA71B, snoRD105B, viral
ORF57 and ORF59, and host CDK4 (G). The bar graphs in panels E and G show means 6 SD from three separate
experiments, with latent RNA (E) and siNS RNA (G) as 1. Statistical analysis for RT-qPCR in panels E and G was performed
by two-tailed Student’s t test. **, P , 0.01; ***, P , 0.001. NS, no significance.
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FIG 8 ORF57 association with host rRNA and snoRNAs in BCBL-1 cells with lytic infection. (A) Distribution of the ORF57 CLIP-seq reads
mapped to 18S, 5.8S, and 28S rRNAs from three combined experiments. Red dotted lines indicate the read peak sites where ORF57 and
snoRNA co-bind. Black arrows and dotted lines indicate the synthetic biotinylated RNA oligonucleotides from the indicated peaks used
for oligonucleotide pulldown of ORF57 and Western blot assays. (B) Northern blot verification of the enriched snoRNAs in ORF57 RIP
over control IgG RIP. U6 served as a positive control in interacting with ORF57 in BCBL-1 cells (13). Both snoRA42 and snoRD93 not
binding to ORF57 both in the ORF57 CLIP-seq and in ORF57 RIP-snoRNA array analyses served as two negative snoRNA controls.
Northern blotting was performed with a 32P-labeled oligonucleotide antisense to the region of individual snoRNAs binding to rRNA. (C)
Verification of ORF57 binding to 5.8S rRNA in the ORF57 RIP over the control IgG RIP by Northern blotting using a 32P-labeled
oligonucleotide antisense to the 5.8S rRNA region overlapping snoRA72 binding. (D and E) Verification of ORF57 binding to rRNA by
RNA oligonucleotide pulldown-Western blot assays. Biotinylated RNA oligonucleotides shown in panel A and colored oligonucleotides
oNS11 to -13, whose positions on 18S rRNA are shown in panel D, were mixed with total protein lysate from BCBL-1 cells with 24 h of
lytic KSHV infection and pulled down by avidin-coated beads. The amount of ORF57 protein associated with each RNA oligonucleotide
in the pulldown was detected by an anti-ORF57 antibody. RNA oligonucleotides oNP41 and oNP42, derived from KSHV vIL-6 (22),
served, respectively, as negative and positive controls for ORF57-RNA interaction. A region from 18S rRNA (oNS24) not enriched in
ORF57 CLIP-seq also served as an additional negative control.
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labeled antisense oligonucleotide to individual snoRNAs as a probe. snoRA71B and
snoRD82 were selected for Northern blotting because they were detected by both
ORF57 CLIP-seq and snoRNA array, whereas snoRA42 and snoRD93 served as two neg-
ative controls because they were not associated with ORF57 in our study. Similar to the
binding of ORF57 to U6 (13), we found a specific interaction of ORF57 with snoRA71B,
but not with snoRD82 (Fig. 8B). As expected, we did not find ORF57 binding to
snoRA42 and snoRD93 (Fig. 8B). By using an antisense oligonucleotide probe to the
snoRA72 binding site in 5.8S rRNA, we also demonstrated by Northern blotting ORF57
binding to this small rRNA in BCBL-1 cells (Fig. 8C). The snoRA71 family has four mem-
bers, snoRA71A to -D, of which all share the identical complementary sequence to 18S
rRNA to guide the same modification. Thus, using this complementary sequence as a
32P-labeled probe would allow us to detect all three snoRA71 members (snoRA71A, -B,
and -D) identified by ORF57 CLIP-seq (Table S1). The negative detection of snoRD82 by

FIG 9 ORF57 association with polysomes enhances PABPC1 binding to, but prevents Ago2 association with, polysomes
by polysome profiling of HEK293T cytoplasmic fractions. HEK293T cells were transfected with or without an ORF57-
expressing vector (pVM7). At 24 h posttransfection, cytoplasmic fractions (after nucleus removal) were analyzed for
polysome profiling across a 4.5% to 45% sucrose density gradient. The A254 absorption spectrum of the fractions was
automatically collected using a fractionator attached to the spectrophotometer to show a distinct pattern of peaks of free
RNPs, monosomal 40S, 60S, and 80S, and polysomal complexes (A). The input and collected sample fractions (2 to 10)
were used for RNA extraction and rRNA detection by 1.5% agarose gel electrophoresis using ethidium bromide staining (B).
Total protein from each fraction was immunoblotted for detection of PABPC1, Ago2, ORF57, TIA-1, and PYM by the
corresponding antibodies (C). Panels show one representative of three independent experiments. RNPs, ribonucleoproteins.
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Northern blotting indicates that ORF57 binds to this region of 18S rRNA presumably
free of snoRD82 in addition to its low abundance in the cells (Table S1).

Next, we performed RNA oligonucleotide pulldown assays using biotinylated RNA
oligonucleotides derived from three rRNA read peaks, one each from 18S, 5.8S
(oNS14), and 28S (oNS15) rRNAs, to validate ORF57-rRNA interaction and three oligo-
nucleotides (oNS11, -12, and -13) running over the entire 18S peak region binding to
snoRD82. We used a region from 18S rRNA with low ORF57 CLIP-seq read coverage as
a negative control (oNS24), together with previously described KSHV vIL6 RNA oligonu-
cleotides (oNP41, a negative control, and oNP42, an ORF57-binding positive control)
with well-defined features of binding to ORF57 (22). The RNA oligonucleotides were
mixed with total cell extracts from BCBL-1 cells with lytic KSHV infection, and the rela-
tive amount of ORF57 protein in the oligonucleotide pulldowns was measured by
Western blotting. As shown in Fig. 8D and E, we observed ORF57 binding to various
RNA oligonucleotides, with the strongest binding of ORF57 to the RNA oligonucleotide
oNS12 from 18S rRNA and the RNA oligonucleotide oNP42 from vIL-6 but only weak
binding to oNS24 and oNP41, as expected. These data further suggest that ORF57
binding to an rRNA motif containing a snoRNA binding site could have been either in
complex with a snoRNA or free of the snoRNA in the cells when the CLIP-seq was
performed.

ORF57 associates with polysomes along with PABPC1 and prevents Ago2 from
association with polysomes. Findings of ORF57 association with rRNAs and interac-
tion with ribosomal proteins L3 and L4 in our previous study (16) prompted us to fur-
ther investigate the possible association of ORF57 with translating ribosomes. We con-
ducted polysome profiling analyses for HEK293T cells with or without ectopic ORF57
expression and examined the translation-related proteins associated with translating
ribosomes in the presence or absence of ORF57. To do so, we obtained HEK293T cell
cytoplasmic fractions 24 h after transfection of ORF57 and analyzed for the polysome
profiling across a 4.5% to 45% sucrose density gradient.

As shown in Fig. 9A, the A254 absorption spectrum of the obtained fractions showed
a distinguishable profile of peaks representing free ribonucleoproteins (RNPs), mono-
somal 40S, 60S, and 80S, and polysomal complexes in the presence or absence of
ORF57. Ethidium bromide staining of total RNA isolated from each fraction further con-
firmed the presence of monosomal forms in the lighter, low-density fractions as
defined by 18S rRNA and polysomal complexes in the heavy density (up to 45%) frac-
tions as defined by the presence of both 28S and 18S rRNAs (Fig. 9B). When the total
protein from each fraction was analyzed by Western blotting, we discovered the dra-
matic difference of polysomal RNA-binding protein composition from the absence to
the presence of ORF57 (Fig. 9C).

PABPC1 [poly(A)-binding protein cytoplasmic 1] is a cytoplasmic protein involved in
mRNA translation initiation and stability (78). Ago2 is a core component of the RNA-
induced silencing complex (RISC) responsible for small interfering RNA (siRNA)- and
miRNA-mediated translational suppression and degradation of targeted mRNAs (79,
80). We found that ORF57, despite having no effect on PABPC1, Ago2, and two other
translational regulators, TIA-1 (81) and PYM (82), associated with 40S ribosomes in frac-
tions 2 to 4, enhanced PABPC1, but simultaneously prevented Ago2 association with
the translationally active polysomes (Fig. 9C, compare lanes 7 to 10 in the absence and
presence of ORF57). These data are consistent with our previous findings that ORF57
promotes RNA translation and stability by blocking miRNA-mediated Ago2 binding to
mRNA (21, 22).

DISCUSSION

As an RNA-binding protein responsible for the posttranscriptional regulation of viral
RNA transcripts during viral lytic infection, KSHV ORF57 in BCBL-1 cells in this study
was found to interact with host noncoding RNAs, including lncRNAs, snoRNAs, and
rRNAs, to execute additional novel functions. Importantly, we found that ORF57 is asso-
ciated with translationally active polysomes and, together with PABPC1, prevents Ago2
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from association with polysomes, by which ORF57 facilitates its role in promoting pro-
tein translation.

Seeking specific RBP-interacting RNAs is vital for our understanding of RBP func-
tions in various cell types and tissues, but it has been very challenging in the context
of physiological and diseased conditions. Various CLIP assays using a specific antibody
were developed to identify RNA targets of each RBP and its specific binding site(s) on
the targeted RNAs under cell culture conditions (83–85). By using these techniques, we
and others previously demonstrated some of viral and host RNAs specifically interact-
ing with ORF57 in KSHV-infected cells (18, 19, 21, 22, 47, 50, 53). Although most CLIP-
seq studies focus on the protein-coding RNAs, we found that the noncoding RNA reads
in our ORF57 CLIP-seq represented a large proportion of ORF57-associated RNAs. RBP
binding to noncoding RNAs with known or unknown functions, such as rRNAs, snRNAs,
and lncRNAs, was also reported for more than 70% of RBPs in enhanced CLIP (eCLIP)-
seq or other CLIP-seq techniques (86, 87). In many studies, rRNA reads were often con-
sidered contaminants and discarded, and thus, the biological significance of these
interactions was often ignored.

Most of the known host and viral lncRNAs have been characterized as regulatory
RNAs, which function as chromatin modifiers or posttranscriptional regulators by their
specific sequence motifs to interact with DNA, RNA, or proteins (60, 88). Functional
lncRNA-protein interactions have been implied in diverse diseases, including virus
infection and cancer development (89–91). For example, KSHV lncRNA PAN RNA inter-
acts with viral and host proteins, including viral ORF57 and LANA and host PABPC1
and demethylases UTX and JMJD3, to regulate viral lytic reactivation and infection (18,
19, 92–97). On the other hand, host lncRNA GAS5 interacts with the hepatitis C virus
(HCV) NS3 protein to repress HCV replication (98). Hepatitis B virus (HBV) HBx protein
binds directly to lncRNA DLEU2 to modulate HBV replication (99). In this study, we
identified ORF57 interaction with 117 host lncRNAs by ORF57 CLIP-seq and selectively
verified ORF57 interactions with LINC00324, LINC00355, and LINC00839 by RIP during
lytic KSHV infection, all of which are involved in cell proliferation, migration, and inva-
sion (61, 62, 64, 100, 101). Furthermore, we demonstrated that these ORF57-lncRNA
interactions during KSHV lytic infection decrease the expression of LINC00324 but
increase the expression of LINC00355. Although lncRNAs are differentially expressed
from different cell types and tissues and not all types of cells express equal amounts of
certain lncRNAs, the altered lncRNA expression in our study appeared to be specific
only for wt ORF57 and not for a dysfunctional ORF57 mutant. Since both LINC00324
and LINC00355 are involved in promotion of cell proliferation, migration, and invasion
(61, 62, 64, 100, 101), the ORF57-induced decrease of host LINC00324 and increase of
LINC00355 expression might facilitate KSHV carcinogenesis and make viral ORF57 pos-
sibly play a tumorigenic role during KSHV infection.

snoRNAs are a growing family of noncoding RNAs highly concentrated in the nucle-
oli and mainly involved in rRNA biogenesis by guiding rRNA base modifications via for-
mation of a short duplex with rRNA (26, 102). The last step of rRNA maturation occurs
in the cytoplasm (103). Recent studies showed that snoRNAs in the nucleus and the
cytoplasm are also involved in regulation of host gene expression, RNA splicing and 39
end processing, the phosphatidylinositol 3-kinase (PI3K)-Akt pathway, production of
snoRNA-derived small RNAs, and interaction with Dicer (27, 31, 76, 104, 105). Many
snoRNAs were also reported being commonly associated with protein kinase R (PKR)
(87). Over the years, we have found that KSHV ORF57 interacts with host splicing fac-
tors, snRNAs, and PABPC1 to regulate RNA splicing and stability (14). Findings of
ORF57 interactions with a large number of snoRNAs independently of canonical
snoRNPs NOP58 and fibrillarin in this study suggest additional ORF57 regulation of
host cell functions probably through the interacting snoRNAs. In this study, despite
that these ORF57-snoRNA interactions do not affect the expression of snoRNAs, knock-
down of fibrillarin expression in iSLK/Bac16 cells with KSHV lytic infection reduced the
production of snoRNAs and the levels of host CDK4 RNA and protein, an important
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protein kinase for cell cycle control, but showed no effect on viral ORF57, ORF59, or
RTA expression. Data suggest that these viral RNAs are more tolerable than host CDK4
RNA for snoRNA-mediated regulation and the ORF57-snoRNA interaction might con-
tribute partially to the host shutdown during lytic KSHV infection. Although the major-
ity of snoRNAs are derived from the intron region of protein-coding and noncoding
transcripts, the snoRD3@ cluster has its own promoter and thus is produced uniquely
by its own transcripts. Functionally, the snoRD3@ serves as a scaffold for early ribo-
some assembly and was recently discovered as a source of miRNA miR-U3 to target
SNX27 mRNA (76). Demonstration of ORF57 association with snoRD3@ implies a poten-
tial role for ORF57 in the described snoRD3@ functions. Together, these findings pro-
vide a new path to investigate how other individual snoRNAs might be involved in
DNA and RNA virus infections (33, 35).

Herpesvirus infections, including HSV-1 (43), HCMV (41), and KSHV (44), dysregulate
rRNA biogenesis, but the mechanism of this dysregulation remains elusive. We found
that KSHV ORF57 in BCBL-1 cells with viral lytic infection and in HEK293T cells with ec-
topic expression is highly associated with rRNAs. We demonstrated ORF57 association
with rRNAs by ORF57 CLIP-seq, rRNA oligonucleotide pulldown assays, ORF57 RIP, and
polysome profiling. Interestingly, we found that many ORF57-binding sites on rRNAs
overlap the rRNA sites where individual snoRNAs bind during rRNA modifications (103,
106). Various modified CLIP-seq technologies have been applied to study RBP-associ-
ated RNA-RNA interactions (107–109). By Northern blotting using an oligonucleotide
probe with the rRNA sequence complementary to snoRA71B, we were able to detect
ORF57-bound snoRA71B after ORF57 RIP, suggesting that this rRNA region with bound
snoRNA71B could be co-associated with ORF57 and thus both were protected from
RNase digestion during anti-ORF57 CLIPs. However, we were unable to detect the
snoRD82 by Northern blotting with the same experimental approach (Fig. 8B), despite
the fact that the same rRNA region-derived RNA oligonucleotide was found to strongly
bind ORF57 (Fig. 8D and E). Although the Northern blot data could have resulted from
the abundances of individual snoRNAs, these data may imply that the rRNA-snoRNA
interactions are dynamic and that in many cases, these snoRNA binding sites on an
rRNA region might be free from snoRNA binding, particularly after completion of rRNA
modification. The finding of ORF57 association with snoRA71B is interesting because
snoRA71 interacts with endogenous PKR (87) and ORF57 interaction with PKR prevents
PKR activation (24).

KSHV ORF57 interacts with the RRM motifs of PABPC1 to regulate KSHV PAN RNA
expression (18, 19). ORF57 also interacts with the double-stranded RNA (dsRNA)-binding
domain of PKR to block the formation of stress granules involved in translational suppres-
sion (24) and with the N domain of Ago2 (23), a major component of RISC by which siRNA
and miRNA could mediate mRNA degradation and translation inhibition (79, 80), to inhibit
the formation of RNA P-bodies (processing bodies) (23) and enhance the production of IL-
6 during KSHV infection (21, 22). Consistently, our polysome profiling revealed that ORF57
associates with ribosomes from the beginning of ribosome assembly to the late, transla-
tionally active polysome stage. ORF57 association with 40S ribosomal subunits was
expected because one of the ORF57 functions is regulating translational initiation by inter-
action with PYM (82) and eIF4E (24) to recruit the preinitiation complex. We found PYM,
TIA-1, Ago2, and PABPC1 association with 40S ribosome subunits in the absence of ORF57,
but we did not see the related PYM to accompany with ORF57 (Fig. 9C) during ribosomal
assembly as suggested previously (82). Strikingly, our polysome profiling studies found
that the association of ORF57 with polysomes promotes recruitment of PABPC1, but not
Ago2, to the polysomes. Together, these observations provide compelling evidence that
ORF57 plays a functional role in protein translation by preventing Ago2 from association
with the translationally active polysomes.

MATERIALS ANDMETHODS
Cells. Renal carcinoma cell line-derived iSLK cells carrying a KSHV Bac16 genome (iSLK/Bac16 wt

cells) (110) or containing an ORF57-null KSHV genome from CRISPR-Cas9 knockout (iSLK/Bac16 clone
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2G1 cells) (11) and HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
high glucose and HEPES (12430054; Thermo Fisher Scientific, Waltham, MA). Primary effusion lymphoma
BCBL-1 cells carrying the KSHV genome were cultivated in RPMI 1640 medium (1879020; Thermo Fisher
Scientific). All media were supplemented with 10% HyClone fetal bovine serum (SH30070.03; Cytiva,
Marlborough, MA) and 1� penicillin-streptomycin-glutamine (Thermo Fisher Scientific). The iSLK/Bac16
cells were grown under selection with the addition of 150 mg/mL of hygromycin B, 1 mg/mL of puromy-
cin, and 250 mg/mL of G418. KSHV lytic infection in BCBL-1 cells was induced by adding valproic acid (VA;
P4543; Sigma-Aldrich, St. Louis, MO) at a final concentration of 1 mM for 24 h. The lytic infection in iSLK/
Bac16 cells was induced by adding 1 mM sodium butyrate (NaBu) (B5887; Millipore Sigma) and 1 mg/mL of
doxycycline (Dox; NC0424034; Fisher Scientific) for 12 or 48 h.

CLIP-seq. ORF57 CLIP was performed in three biological replicates as described previously (47).
Briefly, 6 � 107 VA-induced BCBL-1 cells were washed twice with cold 1� phosphate-buffered saline
(PBS) and exposed to UV light at 480 mJ/cm2 at 254 nm. After UV cross-linking, the cells were lysed on
ice in 1� radioimmunoprecipitation assay (RIPA) buffer (BP-115; Boston Bioproducts, Ashland, MA)
(50 mM Tris base/Tris-HCl [pH 7.4], 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate [SDS], 1% NP-40 substitute) supplemented with protease inhibitors (complete mini-EDTA-free prote-
ase inhibitor cocktail, 469315900; Millipore Sigma, Burlington, MA) for 30 min, followed by a brief sonica-
tion. The obtained cell lysates were cleared by 10 min of centrifugation at 20,000 � g and 4°C.
Protein A-agarose beads (16-266; Millipore Sigma) were washed with 1� immunoprecipitation (IP)
buffer (50 mM HEPES [pH 7.5], 200 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% NP-40)
before coating with an affinity-purified, highly specific anti-ORF57 rabbit polyclonal antibody (used
in all experiments described in this report) (12, 22) or control rabbit nonspecific IgG (02-6102;
Thermo Fisher Scientific). To further eliminate nonspecific interactions, the cell lysates were pre-
cleaned three times with nonspecific (control) rabbit IgG-coated beads and then used in immuno-
precipitation with the anti-ORF57 or control rabbit IgG antibody-coated beads overnight at 4°C.
After IP, the beads were washed 3 times with 1� IP buffer, and RNAs in the pulldowns were digested
with an RNase A/T1 mix (EN0551; Thermo Fisher Scientific) for 5 s, followed by dephosphorylation
with recombinant shrimp alkaline phosphatase (rSAP; M0371S; New England BioLabs, Ipswich, MA).
Finally, proteinase K (71049; Millipore Sigma) was added to remove the proteins from RNA. The
obtained RNA was purified with phenol-chloroform extraction, ethanol precipitated, ligated to a 39
RNA linker, and reverse transcribed. The obtained cDNA was circularized and used as a template for
library construction using PCR amplification, followed by size selection of PCR fragments at 200 to
350 nt. High-throughput sequencing (HITS) was performed by a standard stranded RNA-seq protocol
on the Illumina HiSeq 2500 platform with a 2 � 50-bp paired-end (PE) modality.

Raw data processing and read counting per transcript. The following pipeline was applied for
each ORF57 CLIP-seq replicate. First, the raw reads were trimmed by Cutadapt (version 1.18) (111). Next,
the trimmed reads were mapped to the rRNA (GenBank accession number U13369) and to the chimeric
human genome GRCh37/KSHV (GenBank accession number U75698.1) by running STAR version 2.7.6a.
Then bam files were converted to bedGraph with the bedtools (112) for easier IGV visualization.
Transcript strand-specific feature counts for the human genome were obtained using the RSEM (RNA-
Seq by Expectation Maximization) software package (version 1.3.0) (113). Plotly was used to perform a
three-dimensional (3D) scatterplot. Pearson's coefficient analysis was performed with the statistical soft-
ware Prism 6 (GraphPad).

Identification of ORF57-binding sites in host gene transcripts. A peak caller Piranha software (ver-
sion 4.0.164) (54) (https://github.com/smithlabcode/piranha) was used to identify regions with a statisti-
cally significant read enrichment in ORF57 CLIP-seq. Since we observed high reproducibility among
ORF57 CLIP-seq replicates, we combined reads from all three ORF57-CLIPs to ensure higher read depth.
The combined library was first trimmed by Cutadapt (version 1.18) (111) and then mapped to the human
genome sequence (GRCh37) by STAR aligner (version 2.7.6a) (114). Next, we used the first mode of
Piranha operation, which uses a single regular distribution that fits the input data, with each region hav-
ing assigned a P value based on this distribution. Piranha called peak boundaries were truncated to a
width of 50 nt (bin). The parameters used for peak calling were “-aligner bed -dist_type 0 40 -landerwater-
man 0.01 -subpeaks 0.5 -bedgraph -readahead_window.” The list of peaks was annotated by the intersec-
tion with the GRCh37.p13 GTF file (https://www.gencodegenes.org/human/release_19.html) using the
“intersectBed” command of the bedtools package (version 2.29.2) (112). The peaks were annotated by
gene identifier (ID) and name.

Anti-ORF57 RNA RIP, RT-PCR, snoRNA array, and Northern blot analyses. To confirm ORF57 asso-
ciation with selected host transcripts, we performed RIP using the specific anti-ORF57 antibody
described above, with nonspecific IgG serving as a negative RIP control. The first two steps in ORF57 RIP
are the same as described for the ORF57 CLIP-seq (Fig. 1A). However, RNase A/T1 digestion was skipped
to recover the full-length RNAs for the downstream RT-PCR, snoRNA array, and Northern blot assays.
RNA from the RIP or input total RNAs from BCBL-1, iSLK/Bac16, and HEK293T cells were extracted by
TRIpure reagent (11667157001; Millipore Sigma).

ORF57 RIP RT-PCR was performed with 2 � 107 of VA-induced BCBL-1 cells or HEK293T cells express-
ing ORF57. RNA extracted was DNase treated with a TURBO DNA-free kit (AM1907; Thermo Fisher
Scientific). The cDNA synthesis from RIP and control total RNA was carried out with a SuperScript first-
strand synthesis system kit (11904018; Thermo Fisher Scientific) in the absence or presence of reverse
transcriptase, followed by PCR using AmpliTaq DNA polymerase (N8080160; Thermo Fisher Scientific).
The following specific primer pairs were used to amplify the selected ORF57 targets: oBAH13 and
oBAH14 for LINC00324, oBAH115 and oBAH116 for LINC00355, oBAH125 and oBAH126 for LINC00839,
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oBAH123 and oBAH124 for LINC00152, oBAH198 and oBAH199 for snoRD3@ (for snoRD3A, B-1, -B2, -3C,
and -3D), oBAH200 and oBAH201 for snoRA64, oBAH202 and oBAH219 for snoRA71B (also for
snoRA71D), oBAH204 and oBAH205 for snoRD105B, oBAH195 and oBAH206 for snoRD80, and oBAH192
and oBAH193 for RN7SK (see Table 1 for details).

ORF57 RIP snoRNA RT-qPCR array (Arraystar Inc., Rockville, MD) was performed with 3 � 107 of VA-
induced BCBL-1 cells. The RIP-obtained RNAs and input control total RNA from BCBL-1 cells were con-
verted to cDNA using an rtStar first-strand cDNA synthesis kit (AS-FS-001; Arraystar Inc.). The snoRNA
array (quantification by RT-qPCR) was performed according to the manufacturer’s protocols using the

TABLE 1 List of DNA and RNA oligonucleotides used in this studya

aF, forward; R, reverse; B, biotinylated; @, family members; r, ribonucleotide; d, deoxyribonucleotide; P, TaqMan probe for RT-qPCR; FAM, 6-
carboxyfluorescein.
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nrStar human snoRNA PCR array (AS-NR-003-1; Arraystar Inc.). The 5S rRNA was used as an internal posi-
tive control. The 22DDCT method was used to determine fold change (FC) of enriched individual snoRNAs
in ORF57 RIP versus control IgG RIP. The statistical significance was determined by Student’s t test based
on three independent experiments.

For Northern blot analysis, ORF57 RIP was performed using 2 � 107 of VA-induced BCBL-1 cells. The
RIP-obtained RNA was separated in a 3% agarose gel containing formaldehyde and transferred to a ny-
lon membrane. RNA transcripts snoRD3@, snoRA71B, snoRD82, snoRA42, snoRD93, and snRNA U6 were
detected by individual 32P-labeled antisense DNA oligonucleotide probes (see Table 1 for details).

RT-PCR and RT-qPCR. Total RNA was prepared with TRIpure reagent (11667157001; Millipore
Sigma) from 2 � 106 of BCBL-1 cells and 1 � 106 of iSLK/Bac16 cells with latent or lytic KSHV infection.
HEK293T cells (1 � 106) were transfected for 24 h with 2 mg of wt (pVM7) ORF57, mt (pVM89) ORF57
(20), or empty vector pFLAG-CMV5.1.

For RT-PCR, total RNA (2 mg) was reverse transcribed using random hexamers in the absence or pres-
ence of murine leukemia virus (MuLV) reverse transcriptase (4311235; Thermo Fisher Scientific) at 42°C
for 1 h, followed by PCR amplification using AmpliTaq DNA polymerase (N8080160; Thermo Fisher
Scientific) with the primer pairs described above for each lincRNA.

For RT-qPCR, total RNA (1 mg) treated with DNase for quantification of snoRNAs, but no DNase treat-
ment for quantification of the rest of the gene transcripts, was reverse transcribed using the SuperScript
first-strand synthesis system kit (11904018; Thermo Fisher Scientific). For RT-qPCR, TaqMan assays from
Thermo Fisher Scientific with probe-spanning exons were used to perform real-time PCR quantification of
the selected lncRNAs: Hs00543397_m1 for LINC00324, Hs04939567_m1 for LINC00355, Hs03309498_sH for
snoRA71B, Hs03301054_s1 for snoRD105B, and Hs02758991_g1 for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). TaqMan IDT PrimeTime custom-designed probes were used for specific detection and
quantification for expression of ORF57 and ORF59 (46) (see Table 1 for details) and IDT TaqMan probe
Hs.PT.58.38531977 for CDK4.

RNA-protein pulldown assays. Biotinylated RNA oligonucleotides were used to pull down RNA-
binding proteins (22, 115). Briefly, VA-induced BCBL-1 cells were washed twice with 1� PBS and lysed
on ice in 1� RIPA buffer containing protease inhibitors. After brief sonication, the cell extract was
cleared by 15 min of centrifugation at 12,000 � g and 4°C, and the supernatant was used for pulldown
assays with one of the following biotinylated RNA oligonucleotides (Integrated DNA Technologies [IDT],
Coralville, IA): oNS15 derived from 28S rRNA; oNS11, oNS12, oNS13, oNS24 derived from 18S rRNA; and
oNS14 derived from 5.8S rRNA (see Table 1 for details). Previously reported oNP41 and oNP42 (22)
derived from viral interleukin-6 (vIL-6) RNA were used as negative and positive controls, respectively
(see Table 1 for details). Individual RNA oligonucleotides (800 pM) were immobilized on NeutrAvidin
beads (29201; Thermo Fisher Scientific) in 300 mL of 1� Tris-buffered saline (TBS) at 4°C for 2 h. After
two washes in 1� TBS, the beads coated with a biotinylated RNA oligonucleotide were incubated with
100 mL of cell extract from ;2 � 106 VA-induced BCBL-1 cells. The mixture with a final volume of 400 mL
was incubated overnight at 4°C on a rotating mixer. After the incubation, the beads were washed three
times with 1� TBS, and proteins in the pulldown were eluted in 40 mL of 2� SDS protein sample buffer
supplemented with 5% (vol/vol) 2-mercaptoethanol (2-ME). Proteins were analyzed by Western blotting
using an anti-ORF57 antibody.

Co-IP and Western blotting. For co-IP assays, we used 1 � 107 of VA-induced BCBL-1 cells or
HEK293T cells transfected with an ORF57-expressing vector (pVM7, 8 mg) using LipoD293 transfection
reagent (SL100668; SignaGen Laboratories, Frederick, MD). The cells were washed with 1� PBS and
resuspended in 500 mL of ice-cold 1� RIPA buffer. Precleaned protein lysates were mixed with 100 mL
(50% slurry) of protein A beads (16-125; Millipore Sigma), coated by either rabbit anti-ORF57 antibody or
rabbit nonspecific IgG (Thermo Fisher Scientific) in 1 mL of 1� IP buffer. The mixture was incubated
overnight at 4°C, followed by extensive washing with IP buffer. The immunoprecipitated complexes
were eluted with 2� SDS protein sample buffer supplemented with 10% (vol/vol) 2-ME and were ana-
lyzed by Western blotting to detect individual cellular or viral proteins with antibodies against NOP58
(14409-1-AP; Proteintech, Rosemont, IL), fibrillarin (FBL, 2639; Cell Signaling, Danvers, MA), nucleolin
(NCL, Ab22758; Abcam, Cambridge, MA), and ORF57 proteins.

siRNA-mediated knockdown of fibrillarin expression and Western blot analysis. iSLK/Bac16 cells
were used to knock down fibrillarin expression by SMARTpool human siRNAs targeting fibrillarin
(L-011269-00-0005; Horizon, Lafayette, CO) or nontargeting control siRNA (D-001810-10; Horizon) at
40 nM using a LipoJet in vitro transfection kit (version II, SL100468; SignaGen Laboratories). After 36 h of
transfection, the cells were induced for 12 h with butyrate plus doxycycline for lytic KSHV infection
before total protein or RNA sample preparation for the corresponding experiments.

Protein lysates were obtained by lysing the cells directly with 1� SDS protein sample buffer supple-
mented with 5% (vol/vol) 2-ME and were analyzed by Western blotting to detect individual cellular or vi-
ral proteins with antibodies against CDK4 (2906; Cell Signaling), GAPDH (97166; Cell Signaling), fibrillarin
(2639; Cell Signaling), RTA (24), and viral ORF57 proteins.

Polysome profiling. HEK293T cells (5 � 106) were transfected with an ORF57-expressing vector
(pVM7, 2.5 mg/dish) using LipoD293 transfection reagent (SignaGen Laboratories). Cells without ORF57
were used as a negative control. A total of 3 samples were prepared for each group. Twenty-four hours
after the transfection, the culture medium was replaced with a fresh medium containing 100 mg/mL of
cycloheximide for 10 min at 37°C. The cells were harvested on ice in 5 mL of cold PBS containing
100 mg/mL of cycloheximide. After short centrifugation, the cell pellet was resuspended in 750 mL of
polysome buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1.25 mM MgCl2, 5 U/mL of RNase inhibitor,
complete mini-EDTA-free protease inhibitor cocktail, 1 mM dithiothreitol [DTT], 1% NP-40). After 15 min
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of incubation on ice, the lysates were clarified by 20 min of centrifugation at 12,000 � g and 4°C. The
concentration of each sample was adjusted based on A260. An equal amount of each sample was loaded
on the top of a 4.5% to 45% continuous sucrose density gradient and spun for 3 h at 39,000 rpm in an
SW-41 rotor at 4°C. An automated fractionator was used to collect 1 mL per fraction. The fraction’s A254

absorbance was recorded using the attached spectrophotometer to identify the monosomes (40S, 60S,
and 80S) and polysomes in the individual fractions. The total protein and RNA samples were prepared
from the input and individual fractions by lysis in 2� SDS/2-ME protein sample buffer and by RNA
extraction with TRIpure reagent. The protein samples were analyzed by Western blotting to detect cellu-
lar PABPC1 (ab21060; Abcam), TIA-1 (sc-1751; Santa Cruz), PYM (WIBG, sc-169812; Santa Cruz, Dallas, TX),
Ago2 (07-590; Millipore Sigma), and viral ORF57. The total RNA isolated from fractions 2 to 10 was sub-
jected to electrophoresis under denaturing conditions in a formaldehyde-containing 1.5% agarose gel.
The distribution of 28S and 18S rRNAs in individual fractions was visualized by ethidium bromide.

RNA-seq analysis of BCBL-1 cells with latent and lytic KSHV infection. Total RNA was extracted
from BCBL-1 cells with latent or VA-induced lytic KSHV infection using miRNeasy (217004; Qiagen,
Hilden, Germany). RNA samples were evaluated using Fragment Analyzer and NanoDrop. Library prepa-
ration and sequencing were done by ACGT Inc. (Germantown, MD). Indexed cDNA sequencing libraries
were prepared from the RNA samples using a True-Seq stranded RNA sample preparation kit (Illumina,
Inc.) and bar-coded with individual tags according to the manufacturer’s recommendations. Indexed
libraries were prepared as equimolar pools and run on HiSeq 4000 (2 � 150 paired-end runs) in order to
generate 40 million paired-end reads per sample. All RNA-seq data were aligned to human genome
GRCh37 using STAR aligner v2.5.2b (114). Differential expression was analyzed by Limma-voom (116).

Data availability. The ORF57 CLIP-seq data have been deposited in NCBI’s GEO database under
accession number GSE179726. The BCBL-1 cell RNA-seq data are accessible in NCBI’s GEO database
under accession number GSE179727.
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