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IMPORTANCE KSHV productive lytic replication plays a pivotal role in the initiation

and progression of Kaposi's sarcoma tumors. Previous studies suggested that the
KSHV switch from latency to lytic replication is primarily controlled at the chromatin
level through histone and DNA modifications. The present work reports for the first
time that KSHV genome-encoded mRNAs undergo m°®A modification, which repre-
sents a new mechanism at the posttranscriptional level in the control of viral replica-
tion.
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ene expression is controlled not only at the chromatin level through histone and

DNA modifications but also at the posttranscriptional level through RNA modifi-
cations. Né-adenosine methylation (m®A) is the most abundant RNA modification found
in ~25% of RNA species in mammalian cells (1, 2). Despite its discovery decades ago
(3-7), the biochemical pathways responsible for m°A and the biological functions of
this process were not fully defined until very recently (8-10). Three methyltransferases,
including methyltransferase-like 3 (METTL3), methyltransferase-like 14 (METTL14), and
Wilms’ tumor 1-associated protein (WTAP), act as m®A writers and catalyze RNA m°A at
specific sites with the consensus sequence [(G/A)GAC, where the underlined adenosine
is the methylation site] (11, 12). Two demethylases, fat mass- and obesity-associated
protein (FTO) and AlkB homolog 5 (ALKBH5), both of which act as m°A erasers, reverse
this process (13-17). Most m®A sites are located near the transcription start sites, exonic
regions flanking splicing sites, stop codons, and the 3’ untranslated region (3’ UTR) (1,
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2, 9, 18), contributing to the control of RNA splicing, export, and stability and protein
translation (19-24).

The biological functions of m®A are mediated by its reader proteins. In the nucleus,
heterogeneous nuclear ribonucleoprotein C (hn-RNP-C) and another member of the
hn-RNP family, hn-RNP-A2B1, selectively bind RNA at m°A sites to regulate pre-mRNA
processing and alternative splicing (20, 25, 26). In addition, m®A sites in pre-mRNA can
serve as the cues for YTH domain containing 1 (YTHDC1), another m®A nuclear reader
protein (27-29). YTHDC1 preferentially recruits serine/arginine-rich splicing factor 3
(SRSF3) over serine/arginine-rich splicing factor 10 (SRSF10) in an m°A-dependent
manner (29). SRSF3 is responsible for exon inclusion splicing, while SRSF10 is involved
in both exon inclusion and exclusion splicing (30-32). In the cytoplasm, three members
of the YTH domain-containing family of proteins, YTHDF1, YTHDF2, and YTHDF3,
preferentially bind m®A-containing mRNAs to regulate RNA stability, protein translation,
and RNA decay (1, 22, 26). In addition, eukaryotic initiation factor 3 (elF3), a component
of the 43S translation preinitiation complex, directly binds m°®A sites in the 5’ untrans-
lated region (5" UTR) of mRNAs to enhance protein translation (33).

RNA meA has been reported to control various biological processes, such as stem
cell differentiation and metabolism (34-38), and aberrant RNA m®A has been found in
certain diseases, including cancer (36, 39). Viruses, such as simian virus 40 (SV40),
adenovirus, and influenza virus, have been shown to undergo m®A modification in their
RNAs (40-44). However, little is known about the biological significance of RNA m°A
modification for these viruses. Several recent studies demonstrated that the mRNAs of
human immunodeficiency virus type 1 (HIV-1) are also extensively m®A methylated,
with these methylated mRNAs not only controlling HIV-1 gene expression and repli-
cation but also regulating viral infection (45-49).

Kaposi's sarcoma-associated herpesvirus (KSHV) is the etiological agent associated
with Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castle-
man'’s disease (MCD) (50-53). Productive KSHV lytic replication plays an essential role in
the development of KS and MCD (54), and tumors regress when patients are treated
with drugs targeting KSHV lytic replication (55-57). Thus, understanding the mecha-
nisms controlling KSHV lytic replication is crucial for the development of strategies to
prevent and treat these malignancies. Until now, it was widely believed that expression
of KSHV lytic genes is primarily controlled at the chromatin level through histone and
DNA modifications (58-65).

Here we report on m°A modification of most KSHV transcripts and its role in
regulating viral lytic gene expression and replication. We found that the level of
m°A-modified mRNA (m®A-mRNA) for a given viral transcript increases substantially
when infected cells are stimulated for lytic replication. To examine how m®A impacts
KSHV lytic gene expression and replication, we stimulated KSHV-infected cells for lytic
replication in the presence of 3-deazaadenosine (DAA), which inhibits the hydrolysis of
S-adenosylhomocysteine (SAH) to block the catalytic reaction of RNA m°A (66). DAA
strongly inhibits splicing of the pre-mRNA encoding the KSHV replication transcription
activator (RTA), which is an essential mediator of KSHV lytic replication (67), and halts
virion production. We identified several m°A sites crucial for RTA pre-mRNA splicing
that are bound by m®A nuclear reader protein YTHDC1 and its associated splicing
factors, SRSF3 and SRSF10. Furthermore, we found that the lytic switch protein RTA
itself strongly induces m®A and enhances its own pre-mRNA splicing. Our data dem-
onstrate for the first time that KSHV not only utilizes but also manipulates the host m°A
machinery to promote lytic gene expression and replication.

RESULTS

Most KSHV-encoded transcripts undergo m°A modification. In order to deter-
mine m®A modification of KSHV-encoded transcripts, we stimulated BCBL1 cells with
phosphate-buffered saline (PBS; placebo) or 12-O-tetradecanoyl-phorbol-13-acetate
(TPA) for various amounts of time (in hours). We next isolated total RNAs from the cells
and conducted m®A-modified RNA immunoprecipitation (MeRIP) with a widely used
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FIG 1 MeRIP-qRT-PCR measurement of méA-mRNA and total mRNA of KSHV transcripts. (A) Schematic
presentation of MeRIP procedure. (B) Melting temperature (T,,) of qRT-PCR product of KSHV ORF50 (RTA).
Positive signals were seen only with ¢cDNAs from the input and the product of RIP with anti-m°A
(RIP-m°®A). No signal was seen with cDNAs from the product of RIP with control IgG (RIP-IgG). (C and D)
Percentages of méA-mRNA of B-actin in the products of RIP with mSA (C) and IgG (D), noting that the
levels of m®A-mRNA of B-actin from BCBL1 cells treated with PBS or TPA for 24 h were several hundred
times higher in the products of RIP with méA than in the products of RIP with IgG.

rabbit anti-m°A antibody and control IgG, followed by conversion of the input RNAs
and the RNA immunoprecipitation (RIP) products into cDNAs with reverse transcriptase
(RT) (Fig. 1A). We then quantified each of the KSHV-encoded transcripts in the different
cDNA samples by quantitative RT-PCR (qRT-PCR), using the viral gene-specific primers
described previously (68). KSHV transcripts were detected in the input and the product
of RIP with anti-m®A. No or negligible levels of viral transcripts were detected in the
product of RIP with IgG (Fig. 1B). Abundantly expressed host housekeeping genes, such
as B-actin, were detected in the product of RIP with IgG. However, their levels were
several hundred times lower than those in the product of RIP with anti-m®A (Fig. 1C and
D). Therefore, the MeRIP procedure is highly specific for the detection and quantifica-
tion of m®A-mRNA of viral transcripts.

From the cDNAs of the input, we measured the relative level of total mRNA of each
viral transcript. From the cDNAs of the MeRIP products, we measured the relative level
of meA-mRNA. As shown in Table 1, most of the tested KSHV transcripts underwent m°eA
modification. The level of m®A-mRNA of a given viral transcript increased in parallel with
that of total mRNA upon TPA stimulation (Fig. 2). While the three latent transcripts
demonstrated modest increases in both total mRNA and m®A-mRNA levels, lytic transcripts,
particularly immediate early (IE) and early (E) transcripts, such as ORF45, ORF49, ORF50
(RTA), ORF57, ORF59, and ORFKS8, displayed more robust increases in both total mRNA and
mSA-mRNA levels at 24 h after TPA stimulation. As shown in Fig. 3, the levels of m®A-mRNA
and total mRNA of the IE and E genes, such as ORF45 and ORF50 (RTA), decreased in parallel
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TABLE 1 Levels of total mRNA and m®A-mRNA of all tested KSHV transcripts in BCBL1
cells treated with PBS or TPA for 24 h

Transcript Increase (fold) Increase (fold) Transcript Increase (fold) Increase (fold)
in total RNA  in m°’A-RNA in total RNA  in m°A-RNA

ORF K1 1.09 1.34 ORF 42 2.97 4.63
ORF 4 2292, 1.98 ORF 43 225 4.71
ORF 6 2.90 3.61 ORF 44 1.50 2.28
ORF 7 o1l 1.29 ORF 45 14.25 10.12
ORF 8 2.30 195 ORF 46 4.61 4.75
ORF 9 3.05 4.32 ORF 47 4.08 5.04
ORF 10 2.06 3.24 ORF 48 2.41 4.08
ORF 11 373 4.00 ORF 49 4.15 4.32
ORF K2 4.83 3.90 ORF 50 6.24 6.45
ORF 2 4.70 4.23 ORF K8(1) 7.84 7.69
ORF K3 2722 230 ORF K8(2) 8.66 758
ORF 70 223 1.80 ORF K8/K8.1  7.43 7.41
ORF K4 1.20 1.12 ORF K8.1 6.28 5.0
ORF K5 6.14 5.65 ORF 52 3.56 3.47
ORF K6 4.40 5.65 ORF 53 132 1.17
ORF K7 3.40 2.34 ORF 54 1.20 1.69
ORF 16 2.00 3.20 ORF 55 3.10 3.28
ORF 17 3.14 3.31 ORF 56 1.45 4.33
ORF 18 1.69 2.62 ORF 57 4.94 4.95
ORF 19 1.03 1.57 ORF K9 1.88 2.15
ORF 20 1.3l 1.20 ORF K10 3.89 3.38
ORF 21 1.02 1.81 ORF K10.5 1.60 1.21
ORF 22 1.63 2.74 ORF K11 1.99 1.49
ORF 23 2.30 4.46 ORF 58 4.54 4.14
ORF 24 115 3.08 ORE >9) 350 2.84
ORF 25 1.31 3.65 ORF 60 2.33 3.48
ORF 26 27 562 ORF 61 o8 1.09
ORF 27 3.83 5.33 ORF 62 1.29 1.54
ORF 28 1.02 328 ORF 63 1.01 1.55
ORF 29b 2.08 4.68 ORF 64 1.21 3.18
ORF 30 1.01 2001 ORF 65 3.80 3.61
ORF 31 (1Y) 1.37 ORF 66 2.71 2.92
ORF 32 2.80 4.79 ORF 67 1.49 259
ORF 33 4.27 5.47 ORF 68 L2 3.26
ORF 29a 1.02 33l ORF 69 257 2a1/3)
ORF 34 1.23 2.34 ORF K12 2.41 1.63
ORF 35 2.60 3.63 ORF 71/72 2.3 2.03
ORF 36 6.40 5.90 ORF 73-5.4kb  1.43 1.99
ORF 37 6.26 5.43 ORF 73-5.8kb  2.32 2.81
ORF 38 4.60 4.70 ORF K14(1) 3.19 3.07
ORF 39 3.14 4.40 ORF K14(2) 297 257
ORF 40 222 2.90 ORF 75 2.55 1.59
ORF 41 3.63 2.58 ORF K15 1.6 2.14

at later time points. In contrast, the levels of total MRNA and m®A-mRNA of late lytic
transcripts, such as ORF63 and ORF75, increased at late time points. These results demon-
strate that TPA not only activates transcription of KSHV lytic genes but also simultaneously
induces posttranscriptional m®A modification to the viral transcripts.

To investigate if m®A modification of KSHV transcripts occurs in other types of cells,
we conducted similar MeRIP-qRT-PCR experiments with total RNAs from KSHV-infected
telomerase-immortalized human umbilical vein endothelial cells (TIVE-KSHV cells). All
tested KSHV transcripts from these cells underwent m®A modification, and the levels of
both total mMRNA and m®A-mRNA increased in parallel upon TPA stimulation (Fig. 4A).
Furthermore, to examine if other KSHV lytic replication stimuli had similar effects, we
treated BCBL1 cells with sodium butyrate (NaB), hydrogen peroxide (H,0,), and the
inflammatory cytokine tumor necrosis factor alpha (TNF-«) as described previously (69),
followed by isolation of RNAs and MeRIP-qRT-PCR measurement of total mRNA and
mSA-mRNA of individual KSHV transcripts as described above. All stimuli increased the
levels of total MRNA and m®A-mRNA of ORF50 (RTA) and ORF57 (Fig. 4B). Therefore,
mS%A modification of KSHV transcripts occurs in different types of cells and can be
induced by different lytic replication stimuli.
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FIG 2 The levels of total mRNA and m®A-mRNA of KSHV lytic transcripts increase in parallel when cells
are stimulated for lytic replication. (A) Levels of total mRNA and méA-mRNA of the 5.8-kb and 5.40-kb
tricistronic latent transcripts encoding LANA (ORF73), viral cyclin (ORF72), and viral FLIP (ORF71) and the
1.7-kb bicistronic latent transcript encoding viral cyclin (ORF72) and viral FLIP (ORF71) in BCBL1 cells
treated with PBS (placebo control) or TPA (20 ng/ml) for 24 h. (B) Levels of total mRNA and m®A-mRNA
of lytic transcripts ORF45, ORF49, ORF50 (RTA), ORF57, ORF59, and ORFK8 from the cells described in the
legend to panel A. All gqRT-PCRs were conducted in triplicate. The statistical significance of the differences
in the level of méA-mRNA or total mRNA of a given transcript between cells treated with PBS and cells
treated with TPA was analyzed by an unpaired t test. *, differences with P values of <0.05 (n = 3).

Knockdown (KD) of FTO increases m°A and enhances lytic gene expression,
while KD of METTL3 has the opposite effects. Data from the MeRIP-gRT-PCR
experiments suggested that m®A modification is an important event in KSHV lytic gene
expression and replication. To investigate how m®A impacts KSHV lytic gene expres-
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FIG 3 Levels of total mRNA and méA-mRNA of KSHV IE transcripts ORF45 and ORF50 (RTA) and late transcripts
ORF63 and ORF75 in BCBL1 cells at different times after TPA treatment. hpt, hours posttreatment.
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FIG 4 Posttranscriptional méA modification of KSHV transcripts also occurs in endothelial cells and can
be induced by different lytic replication stimuli. (A) Levels of total mRNA and méA-mRNA of KSHV lytic
transcripts ORF50 (RTA) and ORF57 in TIVE-KSHYV cells treated with PBS or TPA for 24 h. (B) Levels of total
mMRNA and méA-mRNA of ORF50 (RTA) in BCBL1 cells treated with PBS (placebo), TPA (20 ng/ml), H,0,
(400 M), NaB (0.5 mM), or TNF-a (10 ng/ml) for 24 h. The statistical significance of the differences in the
level of méA-mRNA or total mRNA of a given transcript between cells treated with PBS and cells treated
with different stimuli was analyzed by an unpaired t test. *, differences with P values of <0.05 (n = 3).

sion, we transduced BCBL1 cells with two different sets of lentiviruses expressing FTO-
or METTL3-specific short hairpin RNA (shRNA) from Santa Cruz Biotechnologies (shRNA-
SC) and Origene Technologies, Inc. (shRNA-OT), and established cell lines that stably
express METTL3- or FTO-specific ShRNA or control shRNA. Similar results were obtained
with both sets of shRNA. As shown in Fig. 5A and E, FTO mRNA and protein levels in
cells expressing FTO-specific shRNA-SC or FTO-specific sShRNA-OT were significantly
lower than those in cells expressing control shRNA. Knockdown (KD) of FTO not only
increased the levels of m®A-mRNA (Fig. 5D) but also enhanced TPA induction of KSHV
lytic genes, such as ORF50 (RTA) and ORF57, at both the mRNA and protein levels (Fig.
5B, C, and E) and increased the level of virion production (Fig. 5F). Notably, TPA
treatment decreased the level of expression of FTO at both the mRNA and protein
levels (Fig. 5A and E), which may explain why TPA induces m°A.

In contrast, METTL3 KD had the opposite effects. As shown in Fig. 6A and E, the
METTL3 mRNA and protein levels in cells expressing METTL3-specific shRNA-SC or
METTL3-specific shRNA-OT were significantly lower than those in cells expressing
control shRNA. METTL3 KD not only decreased the levels of m®A-mRNA (Fig. 6D) but
also inhibited TPA induction of KSHV lytic gene expression at both the mRNA and
protein levels (Fig. 6B, C, and E) and reduced the level of virion production (Fig. 6F).
Collectively, the results from both the FTO and METTL3 KD experiments suggest that
mSA modification is required for effective expression of KSHV lytic genes.

Functional inhibition of FTO enhances lytic gene expression, while the block-
ing of m°A abolishes lytic gene expression and virion production. As alternative
approaches to further investigate the effects of mSA on KSHV lytic gene expression, we
next attempted to increase meA by treating BCBL1 cells with meclofenamic acid (MA),
a selective inhibitor of FTO (70), or block méA with DAA. We first determined the
cytotoxicity and optimal concentrations of MA and DAA by treating BCBL1 cells with
various concentrations of these reagents for 24 h, followed by propidium iodide (PI)
staining of the cells and flow cytometry analysis of cell viability. We found that 95.2%
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FIG 5 shRNA KD of FTO increases m®A and KSHV lytic gene expression. (A) Levels of FTO mRNA in BCBL1 cells expressing FTO-specific
shRNA from Santa Cruz Biotechnologies (shRNA-SC) or Origene Technologies, Inc. (ShRNA-OT), or control shRNA. The cells were treated
with PBS or TPA for 24 h. (B and C) Levels of ORF50 (RTA) (B) and ORF57 (C) mRNAs in the cells described in the legend to panel A. (D)
Levels of méA-mRNA of ORF50 (RTA) in the cells described in the legend to panel A. (E) Western blot detection of FTO and KSHV lytic
proteins encoded by ORF50 (RTA) and ORF57 in the cells described in the legend to panel A. The level of the housekeeping gene B-tubulin
was used as a loading control. (F) Relative levels of KSHV virions in the supernatants of the cells described in the legend to panel A at
96 h after TPA stimulation, determined by quantitative PCR using primers specific for ORF72. The cellular debris in the supernatants was
removed by high-speed centrifugation (4,000 X g, 15 min), followed by filtration through 0.8-um-pore-size filters. Total DNAs from 200
ul of each supernatant and 200 ul of the corresponding cells were purified by using a Qiagen genomic DNA purification kit. The level of
viral DNA in each supernatant was normalized to that of the corresponding cellular DNA measured with primers specific for p-actin. The
level of viral DNA in the supernatant from cells expressing control shRNA and treated with PBS was set as a reference and was equal to
1, and the relative level (fold change) of viral DNA in any of the other supernatants was calculated by using the formula 1/22¢7, where
AC; is the difference in the C; values after normalization between the supernatant in question and that of the reference. All quantitative
PCRs were carried out in triplicate.

and 89.6% of the cells were viable when they were treated with 1 uM and 2 uM MA,
respectively, and 90.3% and 79.8% of the cells were viable when they were treated with
25 uM and 50 uM DAA, respectively. We thus treated BCBL1 cells with PBS (placebo),
MA (1 uM), DAA (25 uM), or TPA in the absence or presence of MA or DAA, followed
by measurement of m®A-mRNA levels and the levels of total mRNA of viral transcripts
and proteins as described above. In addition, to assess the effects of MA and DAA on
virion production, we stimulated identical numbers of BCBL1-BAC36 cells, which were
BCBL1 cells that carried a green fluorescent protein (GFP)-expressing recombinant
KSHV, bacterial artificial chromosome 36 (BAC36) (71), with PBS, MA, DAA, or TPA in the
absence or presence of MA or DAA. Upon changing of the medium at 24 h posttreat-
ment and culture for four more days, the supernatants were collected. We then infected
human umbilical vein endothelial cell (HUVECs) with identical amounts of supernatants
from the differently treated BCBL1-BAC36 cells and determined the percentages of
GFP-positive cells as a measurement of the relative viral titers in the different super-
natants.

Neither MA nor DAA alone had a significant impact on the expression of KSHV genes
(Fig. 7A, B, and D), which is consistent with the notion that m®A regulates gene
expression at the posttranscriptional level. As shown in Fig. 7C, MA enhanced the TPA
induction of m®A, while DAA blocked this event. MA enhanced the TPA induction of
KSHV lytic gene expression at both the mRNA and protein levels. In contrast, DAA
blocked the TPA induction of lytic gene expression. The opposite effects of MA and
DAA on TPA induction of virion production were also seen (Fig. 7E and F). Intriguingly,
neither MA nor DAA significantly affected expression of the latent protein latent nuclear
antigen (LANA) (Fig. 7D), although MA enhanced TPA induction of the two latent
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FIG 6 KD of METTL3 decreases m°A and reduces KSHV lytic gene expression. (A) Levels of METTL3 mRNA in BCBL1 cells expressing
METTL3-specific shRNA from Santa Cruz Biotechnologies (shRNA-SC) or Origene Technologies, Inc. (shRNA-OT), or control shRNA. The cells
were treated with PBS or TPA for 24 h. (B and C) Levels of ORF50 (RTA) (B) and ORF57 (C) mRNA in the cells described in the legend to
panel A. (D) Levels of méA-mRNA of ORF50 (RTA) in the cells described in the legend to panel A. (E) Western blot detection of METTL3
and KSHYV lytic proteins encoded by ORF50 (RTA) and ORF57 in the cells described in the legend to panel A. The level of B-tubulin was
used as a loading control. (F) Relative levels of KSHV DNA in the supernatants of the cells described in the legend to panel A at 96 h after

TPA stimulation, which were determined as described in the legend to Fig. 5F.

transcripts (Fig. 7A). Collectively, these results, which are in full agreement with data
from the FTO and METTL3 KD experiments described above, further support the
suggestion that m°A is essential for effective KSHV lytic gene expression and replica-
tion.

DAA blocking of m°A inhibits ORF50 (RTA) pre-mRNA splicing. Due to differen-
tial splicing, the about 5,400-nucleotide (nt) KSHV ORF50 (RTA) and ORFK8 loci produce
at least three different groups of transcripts, including ORF50 (RTA)/ORFK8/ORFKS.1
tricistronic mRNAs, ORFK8/ORFK8.1 bicistronic mRNAs, and monocistronic ORFKS.1
mRNAs (72). ORF50 (RTA), which is expressed from the tricistronic mRNAs, consists of
two exons and one intron (Fig. 8A). Because DAA blocks TPA induction of RTA protein
expression and m°A is known to regulate cellular RNA splicing, we reasoned that DAA
might block RTA pre-mRNA splicing. To test this hypothesis, we converted the RNAs for
which the results are described in Fig. 7 into cDNAs using an ORF50 (RTA) transcript-
specific primer (Fig. 8A), followed by qRT-PCR measurement of the level of RTA pre-mRNA
with a pair of primers chosen from the intron and the level of mRNA with specific
primers described previously (68). The same RNA samples were also converted into
cDNAs with a poly(T) primer in separate reverse transcription reactions. As shown in Fig.
8B, TPA stimulation increased the levels of both RTA pre-mRNA and mRNA. However,
in the presence of DAA, TPA induction of RTA mRNA was strongly inhibited. In contrast,
the level of RTA pre-mRNA was much less affected by DAA. Consistent with this result,
the RTA mRNA-to-pre-mRNA ratio was substantially reduced when the cells were
induced with TPA in the presence of DAA (Fig. 8C). These results unequivocally
demonstrate that DAA blocking of m°A inhibits RTA pre-mRNA splicing.

Specific m°A sites are responsible for ORF50 (RTA) pre-mRNA splicing. To
examine how m°A contributes to ORF50 (RTA) pre-mRNA splicing, we conducted
sequencing analysis of the products of MeRIP (MeRIP-seq) to determine where m°®A
occurs along the ORF50 (RTA) pre-mRNA by using total RNAs from BCBL1 cells that were
stimulated with TPA for 24 h. As shown in Fig. 9A, multiple clusters of m°A sites were
found in the intron and exon2 of ORF50 (RTA). Analysis of the DNA sequence in the
ORF50 (RTA) locus identified six m®A consensus sites (GGAC) in the intron (sites A to F)
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FIG 7 Inhibition of FTO activity enhances KSHV lytic gene expression, while blocking of m°A abolishes
lytic gene expression and virion production. (A and B) Relative levels of KSHV latent transcripts (5.4 kb
and 5.8 kb) and lytic transcripts ORF50 (RTA) and ORF57 in BCBL1 cells treated with PBS (control), MA (1
M), DAA (25 w), and TPA, alone or in combination, for 24 h. (C) Levels of m6A-mRNA of ORF50 (RTA) and
ORF57 in the BCBL1 cells described in the legend to panels A and B. (D) Western blot detection of KSHV
latent protein LANA (ORF73) and lytic proteins encoded by ORF50 (RTA), ORF57, ORF62, and ORF65 in
cells treated as described in the legend to panels A and B for 24 h and 72 h. (E) Representative images
of HUVECs at 72 h postinfection with culture supernatants from equal numbers of BCBL1-BAC36 cells that
were stimulated as described in the legend to panels A and B and collected at 5 days after treatment.
(F) Percentage of GFP-positive cells at 72 h postinfection with the different culture supernatants
described in the legend to panel E.

and eight such sites in exon2 (sites G to N) (Fig. 9B). Notably, the locations of the m°A
consensus sites matched quite well with the clusters of m°A sites determined by
MeRIP-seq, suggesting that these sites are indeed methylated.

To determine which sites were involved in ORF50 (RTA) pre-mRNA splicing, we
cloned the exonl-intron-exon2 DNA fragment into plasmid pCMV-myc. The coding
sequence of GFP immediately downstream of the start codon (ATG) was fused in-frame
to ORF50 (RTA) at its C terminus (Fig. 9B). Transcription of the exon1-intron-exon2-GFP
sequence was under the control of a cytomegalovirus (CMV) promoter, and expression
of the RTA-GFP fusion protein depended on successful pre-mRNA splicing. We next
conducted in vitro mutagenesis on the wild-type plasmid, resulting in mutant plasmids
with each of the m°A sites mutated (GGAC — GGCC). Successful mutation of the sites
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FIG 8 Blocking of m®A inhibits ORF50 (RTA) pre-mRNA splicing. (A) Schematic presentation of the
tricistronic pre-mRNA encoding ORF50 (RTA), ORFK8, and ORFK8.1, as well as the locations (indicated
with arrows) of the primers used for ORF50 (RTA)-specific cDNA synthesis and qRT-PCR detection of RTA
pre-mRNA and mRNA. (B) Levels of ORF50 (RTA) pre-mRNA and mRNA in BCBL1 cells treated with PBS
(placebo), TPA, or TPA plus DAA for 24 h. (C) ORF50 (RTA) mRNA-to-pre-mRNA ratios in the cells described
in the legend to panel B.

was verified by DNA sequencing. None of the mutations created stop codons or
frameshifts that disrupted the expression of the fusion protein. We then transfected
equal numbers of 293T cells with the wild type and each of the mutant plasmids using
equal amounts of DNA. Upon isolation of total RNAs from the cells at 48 h posttrans-
fection, we measured the levels of ORF50 (RTA) mRNA and pre-mRNA, as well as their
ratio in each sample, and the results are provided in Fig. 8. Remarkably, as shown in Fig.
9C, D, and E, mutation of sites A, B, and F drastically reduced the mRNA-to-pre-mRNA
ratio and the level of RTA protein expression. Mutation of these sites had little effect on
the level of pre-mRNA (data not shown), thus suggesting that m°A modification of
these sites is indispensable for ORF50 (RTA) pre-mRNA splicing. Mutation of site G also
substantially reduced the mRNA-to-pre-mRNA ratio and the level of RTA protein
expression, indicating that this site is also important for splicing. In contrast, mutation
of sites C, D, E, H, |, and J did not significantly affect splicing. Therefore, m®A modifi-
cation of sites A, B, F, and G, which are in the intron and exon2 near the two splicing
sites, is crucial for ORF50 (RTA) pre-mRNA splicing and RTA protein expression.

ORF50 (RTA) pre-mRNA is bound by m°A nuclear reader protein YTHDC1 and
splicing factors SRSF3 and SRSF10. A recent study reported that m°A nuclear reader
protein YTHDC1 binds to pre-mRNA in an m®A-dependent manner and preferentially
recruits splicing factor SRSF3 over SRSF10 (29). We treated identical numbers of BCBL1
cells with PBS or TPA in the absence or presence of DAA for 24 h, followed by
conducting a coimmunoprecipitation (co-IP) assay with a rabbit polyclonal antibody to
YTHDC1 and control IgG and protein lysates from the differently treated cells. As shown
in Fig. 10, all three proteins were expressed in BCBL1 cells, and DAA blocking of m®A
had little effect on the expression of these proteins. The anti-YTHDC1 antibody pulled
down not only YTHDC1 but also SRSF3 and SRSF10, indicating that these proteins are
indeed associated with each other in BCBL1 cells.

We next examined if these proteins are recruited to ORF50 (RTA) pre-mRNA in an
meA-dependent manner by conducting RNA immunoprecipitation (RIP) with antibodies
to YTHDC1, SRSF3, SRSF10, and m®A and control IgG and subsequent qRT-PCR mea-
surement of the amount of protein-bound RNA in the RIP products (Fig. 11A). Briefly,
we treated equal numbers of BCBL1 cells with PBS or TPA for 24 h. In parallel, we
transfected equal numbers of 293T cells with identical amounts of DNA of the wild-type
pExon1-intron-exon2-GFP plasmid and its mutants in which m°A sites A, F, and G were
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the KSHV genome and presentation of the pExon1-intron-exon2-GFP plasmid. (C) ORF50 (RTA) mRNA-to-pre-mRNA
ratios in 293T cells transfected with equal amounts (4 ng) of wild-type (WT) pExon1-intron-exon2-GFP or its
mutants with mutations at each of the individual m®A sites (Mut-A to Mut-J) (GGAC — GGCC). (D) Western blot
detection at 48 h posttransfection of RTA and B-tubulin in the 293T cells described in the legend to panel C. (E)
Representative images of GFP expression in the cells described in the legend to panel C. The statistical significance
of the differences in the ORF50 (RTA) mRNA-to-pre-mRNA ratio between cells transfected with the wild-type
plasmid and cells transfected with a plasmid harboring any mutant was analyzed by an unpaired t test. *,
differences with P values of <0.05 (n = 3).

293T cells at 48 h post-transfection

mutated (Mut-A, Mut-F, and Mut-G, respectively) and collected the cells at 48 h
posttransfection. All cells were harvested and resuspended in ice-cold PBS. One-tenth
of the cells from each treatment were saved for RNA purification and used as input
before RNase A digestion. The rest of the cells were UV cross-linked, harvested by
centrifugation, and homogenized in RIP lysis buffer. The samples were then subjected

Co-IP Anti-YTHDC1  IgG
< <<
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e
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FIG 10 The m°A nuclear reader YTHDC1 is associated with RNA splicing factors SRSF3 and SRSF10 in
BCBL1 cells. Equal amounts (1 mg) of proteins prepared from BCBL1 cells treated with PBS, TPA, or TPA
plus DAA for 24 h were used for coimmunoprecipitation (co-IP) with a rabbit anti-YTHDC1 antibody or
control 1gG. The co-IP products and input samples were subsequently analyzed by Western blot
detection with antibodies to YTHDC1, SRSF3, and SRSF10.
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FIG 11 RIP-qRT-PCR measurement of RNA bound by YTHDC1, SRSF3, and SRSF10. (A) Schematic
presentation of RIP-qRT-PCR procedure. (B) Locations of the primers used for gRT-PCR measurement of
a protein-bound RNA fragment carrying m®A site A in ORF50 (RTA) pre-mRNA, as well as th eprimers used
for detection of ORF50 (RTA) mRNA. (C) RIP products obtained by qRT-PCR analyzed in an agarose (2%)
gel by electrophoresis. The ~100-bp fragment (RTA mRNA) was detected only in the input (before RNase
A digestion), suggesting that it was not protected by RNA binding proteins and, thus, was sensitive to
RNase A digestion. In contrast, the ~150-bp fragment (RTA pre-mRNA in the m°A site A region) was
protected and could be pulled down by anti-YTHDC1 antibody but not control IgG.

to partial RNase A digestion. One-tenth of each RNase A-treated sample was then used
for RIP with equal amounts of antibodies to YTHDC1, SRSF3, SRSF10, and m°A and
control 1gG. Upon purification of RNA from the input and RIP products and cDNA
synthesis with random primers, qRT-PCR was performed to quantify RNA fragments in
the regions of m°A sites A, F, and G in ORF50 (RTA) pre-mRNA. Effective RNase A
digestion of RNA unbound by proteins was verified by negative qRT-PCR results with
primers detecting mature ORF50 (RTA) mRNA, and the specificity of RIP with the
different antibodies was verified by negative PCR results for the RIP products with the
control 1gG (Fig. 11B and Q).

As shown in Fig. 12, upon TPA induction, the level of m°A at site A increased
substantially in BCBL1 cells, and this increase was accompanied by increased levels of
YTHDC1 and SRSF3. SRSF10 was also present in this region. However, its level did not
change as much upon TPA stimulation. In 293T cells, mutation of site A dramatically
reduced the levels of YTHDC1, SRSF3, and SRSF10, suggesting that their presence at site
A is m®A dependent. All three proteins were also present in the region of site F in BCBL1
cells (Fig. 13B). In 293T cells, mutation of site F substantially reduced the levels of
YTHDC1 and SRSF3 but had little effect on the level of SRSF10 (Fig. 13C). These results,
along with the data shown in Fig. 9C to E, strongly suggest that m®A modification of
sites A and F plays a critical role in RTA pre-mRNA splicing by recruiting YTHDC1 and
the splicing factors SRSF3 and SRSF10. Different from the findings for sites A and F, TPA
treatment reduced the level of SRSF10 at site G in BCBL1 cells (Fig. 14B). In 293T cells,
mutation of site G decreased the levels of YTHDC1 and SRSF3 but did not significantly
change the level of SRSF10 (Fig. 14C). These results, along with the data shown in Fig.
9C to E, suggest that m°eA-dependent dissociation of SRSF10 from site G plays an
important role in RTA pre-mRNA splicing.

RTA induces m°A and enhances its own pre-mRNA splicing. RTA is an IE gene
that is both necessary and sufficient for KSHV lytic replication (67, 73). RTA not only
directly targets several downstream lytic genes for active transcription but also en-
hances its own expression at the transcriptional level (74, 75). Since our data demon-
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FIG 12 m®A modification of site A in ORF50 (RTA) pre-mRNA is required for recruitment of YTHDC1,
SRSF3, and SRSF10. (A) Location of the m°A site A region analyzed by RIP-qRT-PCR with antibodies to
YTHDC1, SRSF3, and SRSF10 and the specific primers listed in Table 2. (B) Relative levels of RNA bound
by YTHDC1, SRSF3, or SRSF10 and the levels of m®A in the site A region in BCBL1 cells treated with PBS
or TPA for 24 h. For all comparisons, the levels of RNA and m®A in cells treated with PBS were set equal
to 1. (C) Relative levels of RNA bound by YTHDC1, SRSF3, or SRSF10 and the levels of m®A in the site A
region in 293T cells transfected with wild-type (WT) pExon1-intron-exon2-GFP or its mutant with site A
mutated (Mut-A). For all comparisons, the levels of RNA and m°A in cells transfected with the wild-type
plasmid were set equal to 1. *, differences with a P value of <0.05.

strate that m®A is essential for KSHV lytic gene expression, we reasoned that RTA might
induce m®A. To test this hypothesis, we induced RTA protein expression in iSLK-BAC16
cells, which carry a tetracycline-inducible RTA expression cassette, bacterial artificial
chromosome 16 (BAC16), independently of KSHV genomes (76), with doxycycline. In a
separate experiment, we transfected 293T cells with RTA expression plasmid pRTA-
3XFLAG or an empty vector. We then isolated total RNAs from the cells, loaded 10 ug
RNAs from each sample onto a nitrocellulose membrane, and measured the overall
m©A levels in each sample on dot blots by using the anti-m°®A antibody and subsequent
chemiluminescence detection. As shown in Fig. 15A and B, expression of RTA strongly
increased m°A levels in both iSLK-BAC16 and 293T cells. Data from MeRIP-qRT-PCR
analysis further demonstrated significantly higher levels of m®A-mRNA of ORF50 (RTA)
in iSLK-BAC16 cells after induction of RTA expression (Fig. 15C). Thus, RTA indeed
induces meA.

To test if RTA enhances its own pre-mRNA splicing in an m®A-dependent manner,
we cotransfected equal numbers of 293T cells with the wild-type pExon1-intron-exon2-
GFP plus pRTA-3XFLAG or the empty vector, as well as plasmids carrying Mut-A and
Mut-F with the same cotransfection combinations, followed by RNA isolation at 48 h
posttransfection and measurement of RTA mRNA and pre-mRNA levels and their ratios.
As shown in Fig. 15D, the mRNA-to-pre-mRNA ratio was substantially higher in cells
cotransfected with wild-type pExon1-intron-exon2-GFP and pRTA-3XFLAG than in cells
cotransfected with pExon1-intron-exon2-GFP and the empty vector, suggesting that
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FIG 13 m®%A modification of site F in ORF50 (RTA) pre-mRNA is required for recruitment of YTHDC1 and
SRSF3. (A) Location of m®A site F region analyzed by RIP- qRT-PCR with antibodies to YTHDC1, SRSF3, and
SRSF10 and the specific primers listed in Table 2. (B) Relative levels of RNA bound by YTHDC1, SRSF3, or
SRSF10 and the levels of m°A in the site F region in BCBL1 cells treated with PBS or TPA for 24 h. For all
comparisons, the levels of RNA and méA in cells treated with PBS were set equal to 1. (C) Relative levels
of RNA bound by YTHDC1, SRSF3, or SRSF10 and the levels of m°A in the site F region in 293T cells
transfected with wild-type (WT) pExon1-intron-exon2-GFP or its mutant with site F mutated (Mut-F). For
all comparisons, the levels of RNA and m®A in cells transfected with the wild-type plasmid were set equal
to 1. *, differences with a P value of <0.05.

RTA enhances its own pre-mRNA splicing. In contrast, the mRNA-to-pre-mRNA ratio
remained low in cells cotransfected with the mutant plasmids and pRTA-3XFLAG,
suggesting that RTA enhancement of its own pre-mRNA splicing is m°A dependent.

DISCUSSION

Like all herpesviruses, latency is the default replication mode of KSHV. Previous
studies suggested that the switch of KSHV from latency to productive lytic replication
is primarily controlled at the viral chromatin level through histone and DNA modifica-
tions (58-65). In this study, we demonstrate that most KSHV-encoded mRNAs undergo
posttranscriptional méA modification. The level of m®A-mRNA increased in parallel with
that of total mRNA for a given viral transcript when KSHV-infected cells were stimulated
for lytic replication with agents such as TPA, NaB, H,0,, and TNF-a. Therefore, these
stimuli not only activated the transcription of KSHV lytic genes but also simultaneously
induced m°A modification of the viral transcripts. We observed that TPA downregu-
lated the expression of FTO at both the mRNA and protein levels, which may have
accounted for its effect on m°A induction. Nevertheless, the mechanisms by which the
different lytic replication stimuli induce RNA m®A modification remain to be further
investigated.

The remarkable increases in the levels of m®A-mRNA of most KSHV transcripts
suggest that RNA m®A modification is an important event during viral lytic replication.
Consistent with this notion, expressional KD or functional inhibition of the m°A
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FIG 14 m°A modification of site G in ORF50 (RTA) pre-mRNA is required for recruitment of YTHDC1 and
SRSF3 and disassociation of SRSF10. (A) Location of the m®A site G region analyzed by RIP-qRT-PCR with
antibodies to YTHDC1, SRSF3, and SRSF10 and the specific primers listed in Table 2. (B) Relative levels of
RNA bound by YTHDC1, SRSF3, or SRSF10 and the levels of m°®A in the site G region in BCBL1 cells treated
with PBS or TPA for 24 h. For all comparisons, the levels of RNA and m°®A in cells treated with PBS were
set equal to 1. (C) Relative levels of RNA bound by YTHDC1, SRSF3, or SRSF10 and levels of m®A in the
site G region in 293T cells transfected with wild type (WT) pExon1-intron-exon2-GFP or its mutant with
site G mutated (Mut-G). For all comparisons, the levels of RNA and m°A in cells transfected with the
wild-type plasmid were set equal to 1. *, differences with a P value of <0.05.

demethylase FTO increased the levels of m®A and enhanced TPA induction of KSHV lytic
gene expression. In contrast, KD of METTL3 had exactly the opposite effects, and DAA
blocking of m®A abolished TPA induction of KSHV lytic gene expression and virion
production. Collectively, these data suggest that m®A modification of KSHV transcripts
represents a newly identified mechanism that plays a pivotal role in the control of viral
lytic gene expression and replication at the posttranscriptional level.

Indeed, our results unequivocally revealed an essential role of mSA in regulating
pre-mRNA splicing of KSHV lytic switch protein RTA. DAA blocking of m°A strongly
inhibited RTA pre-mRNA splicing. Because DAA blocking of m°A also altered host gene
expression, which may indirectly impact RTA pre-mRNA splicing, we then used a
mutagenesis approach to examine this mechanism in ways that did not affect host
genes. Multiple m°A sites were found in RTA pre-mRNA in the intron and exon2. In
particular, m®A modification of sites A, B, and F in the intron near the two splicing sites
appears to be indispensable for RTA pre-mRNA splicing, as mutation of these sites
drastically reduced the levels of pre-mRNA splicing and RTA protein expression. Muta-
tion of site G in exon2 near the splicing site also decreased the levels of pre-mRNA
splicing and RTA protein expression. RNA m°A has been shown to regulate cellular RNA
splicing by interacting with RNA binding proteins involved in splicing. In particular,
mS%A-modified pre-mRNAs are bound by m°A nuclear reader protein YTHDC1, which
preferentially recruits SRSF3 over SRSF10 to regulate splicing (29). Data from a co-IP
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FIG 15 KSHV lytic switch protein RTA (ORF50) induces m°A and enhances its own pre-mRNA splicing. (A)
Western blot detection of RTA and B-tubulin in iSLK-BAC16 cells without (Control) and with doxycycline
stimulation for 24 h and 293T cells at 48 h posttransfection with an equal amount (4 ug) of pRTA-
3XFLAG (pRTA) or the empty vector. (B) Dot blot detection of m®A in 10 ug total RNAs isolated from the
cells described in the legend to panel A, using an antibody to m°A and subsequent chemiluminescence
detection. The blot was also stained with ethidium bromide (EtBr). (C) Relative levels of total mRNA and
méA-mRNA of ORF50 (RTA) in iSLK-BAC16 cells treated as described in the legend to panel A. (D) ORF50
(RTA) mRNA-to-pre-mRNA ratios in 293T cells cotransfected with wild-type pExon1-intron-exon2-GFP
(WT; 2 ug) plus pRTA-3XFLAG (pRTA; 2 ng) or the empty vector (Vector; 2 ug) or mutant plasmids with
site A or F mutated (Mut-A and Mut-F, respectively) with similar cotransfection combinations. *,
differences that were statistically significant with P values of <0.05.

experiment demonstrated that these proteins are indeed associated with each other in
KSHV-infected BCBL1 cells. Interestingly, data from RIP-gRT-PCR analysis indicated that
the m®A level at site A in RTA pre-mRNA increases significantly upon TPA stimulation.
YTHDC1, SRSF3, and SRSF10 are all present in this region, and mutation of site A
substantially reduced the levels of these proteins. YTHDC1, SRSF3, and SRSF10 are also
present in the region of m°A site F, and mutation of this site reduced the levels of
YTHDC1 and SRSF3 without significantly affecting the level of SRSF10. These results
suggest that recruitment of YTHDC1, SRSF3, and SRSF10 to m®A sites A and F, which are
located in the intron near the two splicing sites, is crucial for ORF50 (RTA) pre-mRNA
splicing. In contrast to sites A and F, the presence of SRSF10 decreased substantially
with increased m°A levels when cells were stimulated with TPA, and mutation of this
site decreased the presence of YTHDC1 but did not change the level of SRSF10,
suggesting that the dissociation of SRSF10 from site G depends on m®A modification
and is important for ORF50 (RTA) pre-mRNA splicing. Given that SRSF10 is generally
involved in exclusion splicing, its presence at sites A and F might be necessary for
exclusion of the intron, while its dissociation from site G might be important for
inclusion of exon2 during ORF50 (RTA) pre-mRNA splicing. Therefore, we have identi-
fied m®A sites A, B, F, and G to be crucial cis-elements that interact with YTHDC1, SRSF3,
and SRSF10 to regulate ORF50 (RTA) pre-mRNA splicing.

Mutation of the other sites in ORF50 (RTA) pre-mRNA did not seem to significantly
affect splicing. However, the other sites may contribute to RTA expression through
additional mechanisms. Indeed, when sites D, E, and F were all mutated, the levels of
both pre-mRNA and mRNA decreased substantially (data not shown). Since an equal
amount of plasmid DNA was used in the transfection experiment, we speculate that
m°A modification of sites D, E, and F increases ORF50 (RTA) pre-mRNA stability, possibly
by preventing RNA from decay. Furthermore, the polycistronic ORF50 (RTA) pre-mRNA
is known to undergo differential splicing to generate at least 19 different transcripts. It
is highly possible that the other m®A sites interact with additional m®A nuclear reader
proteins, such as hn-RNP-C1/2 and hn-RNP-A2B1, to regulate differential splicing.
Further studies are required to thoroughly investigate these mechanisms.
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Since expression of RTA suffices to induce KSHV lytic replication, m®A regulation of
ORF50 (RTA) pre-mRNA splicing is likely the starting point in the control of KSHV lytic
replication. Very interestingly, by using two different cell types and expression systems,
we consistently demonstrated that the RTA protein itself strongly induces m°A and
enhances its own pre-mRNA splicing. RTA induction of m®A may also contribute to
methylation of its downstream lytic transcripts to ensure their expression and comple-
tion of the viral lytic cycle. Consistent with this notion, the levels of m®A-mRNAs of late
transcripts remained high several days after TPA treatment. Collectively, these findings
lead to the conclusion that KSHV not only utilizes m®A to regulate ORF50 (RTA)
pre-mRNA splicing but also has evolved a mechanism to manipulate the host m°A
machinery to its advantage in promoting lytic replication.

In summary, we have revealed a new mechanism that controls KSHV lytic gene
expression at the posttranscriptional level through m°A-dependent regulation of
ORF50 (RTA) pre-mRNA splicing. This process may also contribute to KSHV lytic gene
expression through other mechanisms, such as RNA export and protein translation,
which merit further investigation. These findings provide new insights into the devel-
opment of strategies for the control of KSHV infection and treatment of its associated
diseases.

MATERIALS AND METHODS

Cell culture, media, and reagents. Telomerase-immortalized human umbilical vein endothelial cells
(HUVECGs) with KSHV infection (TIVE-KSHV cells) (77), KS tumor cells carrying the recombinant KSHV
bacterial artificial chromosome 16 (BAC16) (iSLK-BAC16 cells) (76), and human embryonic kidney 293T
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) plus 10% fetal bovine serum (FBS).
KSHV-positive PEL cells (BCBL1 cells) (50) were grown in RPMI 1640 medium plus 10% FBS. Primary
HUVECs were grown in endothelial growth basal medium (EBM-2) with growth factor supplements
(Lonza, Allendale, NJ, USA).

All chemicals, including 12-O-tetradecanoyl-phorbol-13-acetate (TPA), sodium butyrate (NaB), hydro-
gen peroxide (H,0,), meclofenamic acid (MA), and 3-deazaadenosine (DAA), were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of all reagents were prepared in phosphate-buffered
saline (PBS).

m®A-modified RIP (MeRIP) and qRT-PCR quantification of total mMRNA and m°A-mRNA. Total
RNAs were isolated from BCBL1 or TIVE-KSHV cells treated with PBS or TPA using an RNeasy Plus minikit
from Qiagen (Valencia, CA, USA), a process that began with the removal of contaminating genomic DNA.
RNA immunoprecipitation (RIP) assays were carried out by using an RNA binding protein immunopre-
cipitation kit from EDM Millipore (Billerica, MA, USA) according to the instructions of the manufacturer.
For each RNA sample, 5 ug of total RNAs with 2.5 ug of a rabbit polyclonal antibody to m°A from
Cedarlane (Burlington, NC, USA) or control rabbit IgG was used per RIP reaction, and 5 ug of the same
RNA was used as the input. The RIP products and the input RNA were then converted into cDNA by using
SuperScript Il reverse transcriptase from Invitrogen (Carlsbad, CA, USA) and a poly(T) oligonucleotide
primer.

gRT-PCR was conducted to measure the amount of each of the KSHV-encoded transcripts from the
input RNA and RIP products by using the primers described previously (68). The level of mRNA of the
housekeeping gene B-actin was used as a reference for normalization, using the primers listed in Table
2. From the levels of the input RNAs, we measured the relative levels of total mRNA of each viral
transcript. For a given viral transcript, the level of total mRNA, given as the threshold cycle (C;) value, for
each sample was first normalized to the level of B-actin RNA given as the C; value, generating a change
in C; (AC,) value. The level of total mRNA for the transcripts in cells treated with PBS was set as a
reference and was equal to 1, and the relative level (fold change, referred to as “folds” throughout the
figures) of total mRNA of the same transcript in cells treated with TPA was calculated by using the
formula 1/222¢7, where AAC; is the difference in the AC; values between cells treated with TPA and cells
treated with PBS. From the MeRIP products, we measured the levels of m®A-mRNA. For a given viral
transcript, the C; value in each MeRIP product was first normalized to that of B-actin mRNA of the
corresponding sample, generating a AC; value. The level of m®A-mRNA for the transcript in cells treated
with PBS was set as a reference and was equal to 1, and the relative level (fold change) of mSA-mRNA
in cells treated with TPA was calculated by using the formula 1/222¢7, where AAC, is the difference in AC;
values between cells treated with TPA and cells treated with PBS. Finally, the amount of m®A-mRNA as
a percentage of the total mRNA of B-actin was determined by using the formula 100 X 1/22¢7, where AC;
is the difference in the C; values between the RIP product and the input of the same RNA sample. All
qRT-PCRs were carried out in triplicate.

FTO and METTL3 knockdown (KD) and Western blot detection of viral proteins. Two different
sets of lentiviral particles expressing shRNA specific for human FTO or METTL3 or control shRNA were
purchased from Santa Cruz Biotechnologies (Dallas, TX, USA) and Origene Technologies, Inc. (Rockville,
MD, USA). shRNA for FTO or METTL3 from Santa Cruz Biotechnologies consists of a pool of shRNA from
lentiviruses expressing three target-specific 19- to 25-nt shRNAs. The shRNA specific for FTO or METTL3

August 2017 Volume 91 Issue 16 €00466-17

Journal of Virology

jviasm.org 17


http://jvi.asm.org

Ye et al.

TABLE 2 Primers used in the study

Primer Sequence? Application

P1 5'-TTGAATTCTTACTCCGCAAGGGGTAGTCTGTTG-3’ RTA exon1-intron-exon2, forward
P2 5'-TTAGATCTCCATTGGTGCAGCTGGTACAGTGTGCC-3" RTA exonl-intron-exon2, reverse
P3 5'-TTGGATCCGTGAGCAAGGGCGCCGAGCTGTTC-3’ GFP ORF, forward

P4 5'-TCGCGGCCGCTCACTTGTACAGCTC-3’ GFP ORF, reverse

P5 5'-TCAGGAGAGTTAGGGCCGTGCTGATTATG-3’ mOeA site A mutation

P6 5'-CGTGCTGATTATGTGGCCAAGCTTCTGCTCG-3' mOA site B mutation

P7 5'-GCGGAGACGGCCGGCCGCTCCCACAAAA-3’ mOA site C mutation

P8 5'-TTGTCGGTGCTGGCCCAATATCTGAATGG-3’ mOA site D mutation

P9 5'-GGGTGGCGACGGCCAGGGTATCTAAC-3’ mOA site E mutation

P10 5'-TATCTGATCCCAGGCCGGTAATGATACC-3' mOA site F mutation

P11 5'-CTTCGTCGGCCTCTCGGCCGAACTGAAGGC-3’ mOeA site G mutation

P12 5'-CCTCTCGAATGAGGCCCAAAGGCGCGG-3' mOA site H mutation

P13 5'-GCAAGGTCACTGGCCTGTCCTATCCAGG-3’ mOA site | mutation

P14 5'-TCCTGGAGCCAGGCCTGTTGCCGGCTTC-3’ mOA site J mutation

P15 5'-AGGCACCACTCTGTGCAGTCCGC-3’ RTA pre-mRNA, forward

P16 5'-TCCCTGCAGCAGTTGTACAAACTTG-3’ RTA pre-mRNA, reverse

P17 5'-CCATTGGTGCAGCTGGTACAGTGTGCC-3' RTA pre-mRNA cDNA synthesis
P18 5'-GAACAGTCGGGTGTCAGGGCTC-3’ CLIP-gRT-PCR, site A, forward
P19 5'-GCGGTGCATTTACGAGCAGAAG-3’ CLIP-gRT-PCR, site A, reverse
P20 5'-GGCAGTCTGGATTGAGGGTG-3’ CLIP-gRT-PCR, site F, forward
P21 5'-GGAGAGAGTGGCGTGTCATAG-3' CLIP-gRT-PCR, site F, reverse
P22 5'-GCTTCGGCGGTCCTGTGTGG-3' CLIP-gRT-PCR, site G, forward
P23 5'-TTAGGTCACTGGGATCGTAG-3’ CLIP-gRT-PCR, site G, reverse
P24 5'-GTTGTGATGGCTGACCCACCCTG-3’ METTL3 mRNA, forward

P25 5'-GGTTCAACCAGTGACCTGTACGGC-3’ METTL3 mRNA, reverse

P26 5'-TCTGACCCCCAAAGATGATG-3’ FTO mRNA, forward

P27 5'-CTCGGAGAATTAGTTTAGGATATTTCA-3’ FTO mRNA, reverse

P28 5'-ATTGCCGACAGGATGCAGA-3’ B-Actin mRNA, forward

P29 5'-GAGTACTTGCGCTCAGGAGGA-3’ B-Actin mRNA, reverse

9moA sites with an A — C mutation are highlighted in bold.
bCLIP, UV cross-linking and immunoprecipitation.

from Origene Technologies, Inc., consists of a pool of shRNA from lentiviruses expressing four unique
29-mer shRNAs. Two days after lentiviral transduction, BCBL1 cells stably expressing FTO-specific sShRNA,
METTL3-specific ShRNA, or control shRNA were selected with puromycin at 5 g/ml. KD of FTO or METTL3
was verified by qRT-PCR measurement of their mRNAs and Western blot detection of their proteins using
a sheep anti-FTO antibody from R&D Systems, Inc. (Minneapolis, MN, USA) and a mouse monoclonal
antibody to METTL3 from Santa Cruz Biotechnologies, respectively. KSHV proteins were detected by
Western blot using a mouse monoclonal antibody specific for KSHV lytic protein RTA (ORF50) (a gift from
the Pasteur Research Institute, Shanghai, China), a rat antibody for KSHV latent nuclear antigen (LANA;
ORF73) from Advanced Biotechnologies, Inc. (Columbia, MD, USA), two mouse monoclonal antibodies for
KSHV lytic proteins ORF57 and ORF62 from Santa Cruz Biotechnologies, and a mouse monoclonal
antibody for KSHV small capsid protein (ORF65) from Shoujiang Gao’s lab at the University of Texas
Health Science Center at San Antonio (San Antonio, TX, USA).

KSHV production and titration. Identical numbers (6 X 107) of BCBL1 cells carrying the recombi-
nant KSHV (BAC36) were stimulated with PBS (placebo) or TPA (20 ng/ml) in the absence or presence of
MA (1 wM) or DAA (25 uM) for 24 h. Upon replacement of the stimulation medium with fresh RPMI 1640
plus 10% FBS and continuous culture for 4 days, the supernatants were collected and centrifuged at low
speed (4,000 X g, 15 min) to remove cellular debris. An identical amount (1 ml) of each supernatant was
then used to infect HUVECs in 12-well plates. Cells from each well were collected at 72 h postinfection
and counted with a hemocytometer under a fluorescence microscope. The numbers of GFP-positive cells
and the total number of cells from 8 independent readings were used to calculate the average
percentage of GFP-positive cells as the relative viral titer of the supernatant in question.

Mapping méA sites by MeRIP-seq. Total RNAs were isolated from BCBL1 cells that had been treated
with TPA for 24 h by using an RNeasy Plus minikit from Qiagen. A total amount of 400 ug RNAs per RIP
assay was fragmented to generate ~100-base RNA fragments by using the NEBNext magnesium RNA
fragmentation module from New England BioLabs (Ipswich, MA, USA). The fragmented RNAs were then
used for MeRIP with the anti-m°A antibody (10 wg/reaction mixture), which was done in triplicate. RNAs
from the RIP products were purified with a Qiagen miRNeasy minikit and subjected to deep sequencing
by using an Illlumina HiSeq 2500 instrument. The reads were trimmed with TrimGalore, a wrapper script
for the FastQC and Cutadapt programs, and then aligned to the KSHV genome (GenBank accession
number NC_009333.1) using the STARaligner RNA sequence aligner with default settings. Peaks in the
alignments were determined using the MACS2 peak caller.

Plasmid construction and in vitro mutagenesis. The 2.2-kpb ORF50 (RTA) exonl-intron-exon2
fragment with an EcoRl site at the 5’ end and a Bglll site at the 3’ end was obtained by PCR amplification
using the recombinant KSHV BAC16 as the template and the primers listed in Table 2. The 0.8-kbp GFP
ORF with a BamHl site at the 5’ end and a Notl site at the 3’ end was obtained by PCR amplification using
the pEGFP-C1 plasmid from TaKaRa Bio USA, Inc. (Mountain View, CA, USA), as the template. The two
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DNA fragments were digested with Bglll and BamHl, respectively, and then used in a T4 DNA ligase
reaction to generate an in-frame fusion between ORF50 (RTA) and GFP. Upon digestion with EcoRI and
Notl, the resulting exon1-intron-exon2-GFP fragment was inserted into the pCMV-myc vector from
TaKaRa Bio USA, Inc., giving rise to the plasmid pExon1-intron-exon2-GFP. Mutagenesis (GGAC — GGCC)
of each m®A site in the ORF50 (RTA) fragment was carried out by using pExon1-intron-exon2-GFP as the
template and a QuikChange site-directed mutagenesis kit from Agilent Technologies (Santa Clara, CA,
USA). Successful mutation of each site was verified by DNA sequencing. The plasmid pRTA-3XFLAG was
generated by in-frame cloning of full-length ORF50 into the C terminus of the p3 XFLAG-CMV vector from
Sigma-Aldrich. All plasmids were purified from Escherichia coli by using a Qiagen endotoxin-free plasmid
purification Kkit.

RIP- qRT-PCR measurement of RNA bound by YTHDC1, SRSF3, and SRSF10. Equal numbers (2 X

107) of BCBL1 cells were treated with PBS or TPA for 24 h. In parallel, 293T cells seeded in a 6-well plate
were transfected with equal amounts (4 ug) of wild-type pExon1-intron-exon2-GFP and mutant plasmids
Mut-A, Mut-F, and Mut-G and collected at 48 h posttransfection. All cells were washed once with ice-cold
PBS and resuspended in 5 ml ice-cold PBS. One-tenth (500 ul) of each sample was saved for RNA
purification and used as the input before RNase A digestion. All cells were then subjected to three
exposures of UV cross-linking (200 mJ/cm2, 1 min per exposure). The cells were collected by centrifu-
gation, and the pellets were resuspended by sonication in 0.9 ml RIP lysis buffer containing 0.1% SDS,
1% Triton X-100, 20 mM Tris-HCI (pH 8.0), 150 mM NaCl, and DNase | (RNase-free, 2 U/ml) from New
England BioLabs and a protease inhibitor cocktail (Sigma-Aldrich). Upon partial RNase A digestion at a
low concentration (100 ng/ml; a 1:100,000 dilution of an RNase A stock solution) for 30 min at 37°C, 100
ul of each sample was saved as a control after RNase A digestion. For RIP, 100 ul of each sample and 50
wul protein G magnetic beads from Thermo Fisher Scientific (Waltham, MA, USA) that had been prein-
cubated with 2.5 ug antibodies to YTHDC1 (Bethyl Laboratories, Inc, Montgomery, TX, USA), SRSF3
(Medical & Biological Laboratories, Co., Ltd., Japan), SRSF10 (Medical & Biological Laboratories, Co., Ltd.),
or meA or control IgG (Sigma-Aldrich) were added to and mixed with 900 ul RIP buffer from EDM
Millipore. After incubation with rotation at 4°C for 12 h, the beads were washed six times with ice-cold
RIP buffer. The beads were then resuspended in 500 ul elution buffer containing 20 mM Tris-HCI (pH 8.0),
250 mM NaCl, 50 mM EDTA, 0.1% SDS, 1% Triton X-100, and 3 mg/ml proteinase K, and the suspension
was incubated at 37°C for 30 min. RNAs from the input and the RIP products were purified by using a
Qiagen RNeasy Plus minikit. Equal amounts of RNAs from the input, the control, and the RIP products of
each sample were converted into cDNAs using reverse transcriptase and random primers. The levels of
RNA fragments bound by YTHDC1, SRSF3, or SRSF10 at a specific m®A site in each sample were measured
by qRT-PCR with the primers listed in Table 2. For the comparison of different samples, the level of RIP
product from each sample was first normalized to that of B-actin mRNA in the input. All gRT-PCRs were
carried out in triplicate.
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