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Abstract

I\Iﬁ—methyladenosine modification and the YTHDF2 reader protein play cell type specific
roles in lytic viral gene expression during Kaposi’'s sarcoma-associated herpesvirus
infection

By Charles Hesser
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Britt A. Glaunsinger, Chair

More than 100 types of RNA modifications are known to exist, regulating key
aspects of cellular biology and metabolism. First discovered to be present on viral RNAs
in the 1970s, methylation at the N° position of adenosine (m°®A) is the most abundant
internal modification within eukaryotic mMRNAs, and is proposed to be dynamically
regulated during times of cellular stress. However, the transcriptome-wide distribution
and function of m°A in the lifecycle of a dsDNA virus had not been explored. In Chapter
1, | review how human herpesviruses manipulate host pathways in order to replicate,
with particular emphasis on gammaherpesviruses. | also discuss the diverse roles
played by RNA modifications in gene expression, focusing on enzymes that install m°A
(writers), and proteins that bind mPA modified mRNA (readers). In Chapter 2, | present a
detailed investigation of how the m°A pathway impacts the lifecycle of the oncogenic
human virus Kaposi’s sarcoma-associated herpesvirus (KSHV). Mass spectrometry and
transcriptome-wide m6A—sequencing revealed enrichment of m°A in viral transcripts
upon lytic reactivation, including in the lytic transactivator ORF50. Depletion of the writer
METTL3 and reader YTHDF2 in three different KSHV reactivation models had
differential pro- and anti-viral impacts on viral gene expression depending on the cell-
type analyzed. Finally, in Chapter 3, | put my findings in the broader context of the
literature examining m®A modifications in viral lifecycles. | discuss technical challenges
that have hindered research to-date, and potential reasons for the diverse pro and anti-
viral effects ascribed to the m°A pathway, including a discussion of why the m°A
pathway may have cell-type specific effects. | highlight the impact of mPA deposition on
host transcripts, including those of the innate immune system. Overall, this study
demonstrates the critical importance of m°A modifications in regulating KSHV lytic gene
expression and sets the stage for future studies to elucidate more mechanistic details,
including the potential for discrete impacts at different stages of the viral lifecycle.
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Chapter 1: Introduction

Section I: Herpesviridae

The Herpesviridae are double-stranded DNA viruses that infect a wide range of
organisms and are distinguished from other DNA viruses by their ability to establish
lifelong infections. In terms of their architecture, herpesviruses feature an icosahedral
capsid which packages and protects the viral DNA, and an outer lipid envelope derived
from the host membrane studded with glycoproteins[1]. In between the envelope and
capsid is the tegument, which consists of viral RNA and protein. The components of the
tegument are thereby directly released into the host cell upon de novo infection, and
can immediately modulate host functions. The size of mature herpesviruses ranges
from 120 to 300 nm, as the size of the viral tegument is variable[1]. One of the most
distinctive features about herpesviruses is their biphasic lifecycle. Herpesviruses are
able to persist in a latent or quiescent state upon infecting a host cell. Unlike
retroviruses, herpesviruses do not integrate into the host DNA. Instead, the viral
genome persists as a collection of episomes, which are passively replicated by the host
DNA polymerase each time the cell divides. The viral episomes are rapidly
chromatinized and gene expression is tightly restricted. Upon cellular stress, the lytic
cycle is induced, consisting of a temporally regulated, ordered cascade of viral gene
expression. Each stage of the viral lifecycle leads to the next, ensuring that the
necessary viral proteins are available as they are required. Immediate early genes are
produced, which include viral activators of transcription, followed by delayed early
genes, which encode components of the viral DNA replicase. Next, the viral DNA is
replicated, which in turn licenses late gene expression. Late genes primarily consist of
capsid proteins and envelope glycoproteins. Newly synthesized viral genomes are
loaded into viral capsids in the nucleus, which then bud through the nuclear membrane
to acquire the envelope[1].

The family Herpesviridae is divided into three subfamilies: alphaherpesvirinae,
betaherpesvirinae, and gammaherpesvirinae. All of these subfamilies comprise highly
seroprevalent human pathogens[1]. Alphaherpesvirinae were the first to be
characterized and are thus among the best studied. These viruses are neurotropic, first
infecting epithelial cells, but then establishing latency in sensory ganglia. These viruses
induce extensive cytoskeletal rearrangement and co-opt the host axonal transport
mechanisms to travel between the epithelial surface and the ganglion. The three human
herpesviruses in this subfamily are Herpes Simplex Virus-1 (HSV-1), which causes cold
sores, HSV-2 which causes genital warts, and Varicella Zoster Virus (VZV), which
causes chicken pox. Compared to other subfamilies, alphaherpesvirinae exhibit faster
replicative kinetics, although the stages of gene expression are the same as in other
subfamilies. Betaherpesvirinae include human cytomegalovirus (HHV-5), HHV-6 and
HHV-7. These viruses can infect epithelial cells, leukocytes and lymphocytes[1]. HHV-5
can cause mononucleosis, as well as severe birth defects when contracted during
pregnancy due to its ability to be horizontally transmitted. HHV-6 and HHV-7 are
common causes of childhood rashes[1]. Among gammaherpesvirinae, both Epstein Barr
Virus (EBV) and Kaposi’s Sarcoma Herpesvirus (KSHV) infect humans. These viruses
are lymphotropic and can cause a variety of cancers and diseases as described below.



Gammaherpesviruses

EBV is highly prevalent in the adult human population. For most individuals, EBV
is encountered during childhood and is either asymptomatic or results in symptoms
indistinguishable from the common cold. It is the primary cause of infectious
mononucleosis, but can also lead to lymphoblastoid diseases, including Burkitt's
lymphoma, nasopharygeal carcinoma and Hodgkin’s lymphoma [2]. The virus infects
epithelial cells and then spreads to adjacent B cells. Although robust NK and CD8 T cell
responses will greatly restrict viral replication, the virus still establishes latency in
memory B cells [1]. More so than in other herpesviruses, EBV latency consists of a very
complex pattern of gene expression designed to prolong the lifespan of the B cell while
evading immune detection [1]. Although the virus periodically reactivates in mucosal
tissues, the CD8 T cell response will kill infected cells. However, the transformation of B
cells latently infected with EBV can lead to cancer.

KSHV (HHV-8) is the etiologic agent of primary effusion lymphoma (PEL),
multicentric Castleman's disease, and the AlDS-associated neoplasm Kaposi’s
sarcoma[3]. Most people infected with KSHV are asymptomatic, but in AIDS patients,
immunosuppression leads to characteristic KS blood vessel lesions visible on the
surface of the skin[4]. KSHV seroprevalence is highest in sub-Saharan Africa, although
it is also common amongst elderly Mediterranean men[5]. While Moritz Kaposi first
characterized these lesions in 1872, it is was not until 1994 that HHV-8 was discovered
to be its causative agent. Perhaps owing to its more recent discovery with respect to
other herpesviruses, the functions of many KSHV proteins have yet to be characterized.
Bounded on either end by terminal repeats, the viral genome is 170 kB in length and
contains two lytic origins of replication. During the lytic cycle, around 90 KSHV ORFs
are expressed, as well as the abundant viral IncRNA PAN.

Like all herpesviruses, KSHV genes are expressed in a temporally regulated,
ordered cascade. Given the complexity of the KSHYV lifecycle, the virus relies heavily on
host processes to complete its lytic cycle. The default state of the virus is latency, in
which a multicistronic latency associated transcript is expressed, as well as a cluster of
viral microRNASs[3]. These proteins contribute to transforming the host cell environment
and maintaining the viral genome. Of particular importance is ORF73, also called
Latency Associated Nuclear Antigen (LANA), which tethers the viral DNA to host
chromatin. Upon cellular stress, ORF50, also called RTA, is transcribed. RTA
expression is necessary and sufficient for lytic reactivation [6-8]. RTA directly
transactivates its own promoter, as well as those of downstream viral genes containing
an RRE, or RTA-responsive element. However, for some viral transcripts, direct
interaction between RTA and the cellular co-factor RBK-jk is required for
transactivation[3]. In addition, other cellular co-factors such as C/EBPa, C-Jun, and SP1
play a role in RTA-mediated gene expression. RTA acts at early promoters, while late
gene promoters are instead bound by different viral transactivator, ORF24 [9]. Upon
promoter activation, a transcription pre-initiation complex forms which includes
canonical general transcription factors (GTFs) and the host RNA Polymerase |l.
Analogous to cellular mMRNAs, KSHV mRNAs are co-transcriptionally modified via &’
capping, splicing and polyadenylation. While the basic mechanisms of viral transcription
and mRNA processing have been examined, one area that had not been studied is the
involvement of host mMRNA modifying enzymes in viral gene expression. KSHV relies on
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host processes which are in turn subject to extensive regulation by internal mMRNA
modifications. Given that mMRNA modifications have been proposed to play a role in
cancer and immune responses, we hypothesized that this could represent a new
regulatory axis for viral mMRNA [10-12].

Section Il: RNA Modifications

The post-transcriptional control of mRNA, including its splicing, nuclear export,
and decay, is critical to managing the amplitude and duration of gene
expression. Owing to the inherent instability of RNA compared to DNA, the cell must
devise mechanisms to sense mMRNA abundance and carefully regulate its homeostasis.
While the basic mechanisms of mMRNA processing have been well studied, emerging
evidence shows that covalent chemical modifications play a critical role in fine-tuning
the mRNA lifecycle [10,13,14]. Indeed, the most abundant mRNA modification is the 7-
methylguanosine cap (m’G), which contains a reverse 5-to-5’ triphosphate linkage. Not
only does the cap play a critical role in preventing mRNA degradation, but it also
recruits the eukaryotic translation initiation factor 4E (elF4E) to enable translation
initiation [13,14]. Subsequent work in the 1970s and 1980s revealed that internal base
modifications play critical roles in the processing and maturation of mMRNA, tRNA and
rRNA. These modifications include pseudouridine, 5-methylcytidine, N'-
methyladenosine, and N°-methyladenosine [10,13-16]. Until recently, technological
barriers to the systematic study of RNA modifications prevented detailed analysis of
their function. Thanks to recent advancements in high throughput sequencing, RNA
immunoprecipitation (RIP) technology, and antibody specificity, accurate transcriptome-
wide mapping of several RNA modifications now exists [15-18]. Today, more than 140
types of RNA modifications are known, and the functional consequences of these
modifications are just beginning to be explored [13,14]. Generally speaking, the
enzymes that install RNA modifications are known as writers, while readers act as
selective binding proteins for modified RNA, helping to direct the modified RNAs to
specific protein complexes in the cell. Finally, for modifications that are reversible,
erasers are enzymes that serve to remove the modification.

Pseudouridine (y)

Y is found in small nuclear RNAs, rRNA and mRNA[19]. The isomerization of
uridine, in which the base is rotated 180 degrees, does not alter Watson-Crick base-
pairing but does result in an additional hydrogen bond donor. The addition of y to RNA
makes the phosphodiester backbone more rigid and enhances the thermodynamic
stability of y-A base pairs. In eukaryotes, U-to- y isomerization can occur in either an
RNA-dependent or RNA-independent fashion [20]. In the RNA-independent mode, a
single pseudouridine synthase (PUS) enzyme caries out both substrate recognition and
catalysis. In the RNA-dependent mode, H/ACA noncoding RNAs in conjunction with the
Cpf5/Dyskerin protein complex lead to its deposition[19]. A method using N-cyclohexyl-
N'-beta-(4-methylmorpholinium)ethylcarbodiimide p-tosylate (CMCT) chemical labeling
revealed hundreds of y sites in yeast and human mRNAs [17,21]. g is found throughout
coding regions, and is believed to represent between 0.2 and 0.6% of total uridines [22].
GUyC and UGWAG motifs are reported as consensus motifs in humans[13]. g is
thought to be induced by conditions of cellular stress, but has not been shown to be
reversible [13]. One clear phenotype for y is translational regulation through recoding.
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For example, isomerization of U to @ in nonsense codons suppresses translation
termination in vitro and in vivo [23]. Thus, pseudouridine has considerable potential to
alter the translational landscape during conditions of cellular stress.

N1-meth¥ladenosine (m'A)

m A is installed by methyltransferases TRMT6/TRMT61A, TRMT61B and
TRMT10C and removed by the demethylases ALKBH1, ALKBH3 and FTO [13,24]. In
addition to mMRNA, m'A exits in transfer RNA (tRNA) and rRNA and is unique in that it
has both a methyl group and a positive charge under physiological conditions[25]. Two
high throughput studies revealed the presence of numerous m'A modified human and
mouse mMRNAs, with a high degree of conservation between species [26,27]. These
studies failed to find a clear consensus motif, although one study found enrichment in
GC-rich and structured regions in the 5’UTR[27]. Mapping techniques have relied on
immunoprecipitation using a m'A specific antibody and the inherent ability of m'A to
stall reverse transcription. The relative m'A/A ratio in mRNA is reported at about 0.02%,
making it a relatively low abundance modification [26]. The function of m'A is not well
understood, although its presence is positively correlated with translational efficiency
and protein levels [25,27]. YTHDF proteins were recently reported to serve as readers
for m'A, in addition to their role in recognizing N°-methyladenosine [28]. m'A is
reported to be dynamically regulated during times of cellular stress, and expression
levels vary by tissue [13,25,27].

5-methylcytidine (m°C)

m°C is common modification in DNA that has recently been demonstrated to
exist in mMRNA as well. Indeed, while m°C promoter methylation in DNA is an important
mechanism to regulate gene expression, its function in mRNA is less clear. An initial
experimental approach using bisulfite sequencing demonstrated the presence of
thousands of modification sites throughout mMRNAs and ncRNAs [29,30] [31]. However,
a subsequent approach using a chemical analogue of cytidine (5-azacytidine) revealed
only several hundred m°C sites [32]. The conditions required for bisulfite sequencing
may not be conducive to RNA owing to its reduced stability compared to DNA [13].
NSUN1-7 and DNMT2 have all been proposed to act as m°C methyltransferases in
human cells[32]. Among these, NSUN2 appears to have the broadest substrate
specificity, methylating tRNAs, mRNAs and some noncoding RNAs [13]. A recent study
proposed that ALYREF acts as a m°C reader [15]. ALYREF is a component of the
cellular TREX complex important for mRNA export, and thus m°C is implicated in
nuclear export of mMRNA. The m°C modification can undergo oxidation to form 5-
hydroxymethylcytidine via the enzyme Tet2, although it has not been shown to be
completely reversible[15,25]. In summary, while m°C is likely an abundant mRNA
modification, technical challenges in mapping m°C sites and the presence of multiple
methyltransferases render this modification challenging to study.

Nf-methyladenosine (m°A)

Among internal mMRNA modifications, m°®A quickly emerged as a compelling and
accessible target for transcriptome-wide study. First of all, m®A is the most abundant
internal MRNA modification, occurring at a stoichiometry of 1-2 per 1000 bp, and has



been shown to play an essential role in embryonic development in multiple organisms
[13,14,16,33,34]. Second, both the enzymes responsible for mP°A deposition and their
consensus motif are known, enabling global analysis of the effects of m®A on gene
expression through methyltransferase depletion [16,35-38]. Furthermore, introduction of
a synonymous mutation into a locus containing the m°A consensus motif could
potentially serve as a way deplete m°A in a site-specific manner [39-41]. Third, a
technique known as m°A-seq has coupled immunoprecipitation of m°A containing
transcripts to deep-sequencing, enabling transcriptome-wide identification of mCA sites
[16]. Fourth, several papers have indicated dramatic changes in the mCA profile during
times of cellular stress, including the appearance of mPA sites in the 5 UTR of
transcripts that facilitate cap-independent translation [42,43]. For all of these reasons,
interest in the m°A modification has burgeoned in recent years. However, an
understanding of m°A function requires thorough analysis of the proteins that add,
decode and remove mPA.

Section lll: m°A-mediated gene expression

Writers

The m°A methyltransferase consists of a heterodimeric complex of METTLS3,
METTL14 as well as several other accessory proteins including WTAP and KIAA1429.
Addition of mPA occurs co-transcriptionally, with modifications deposited near splice
junctions and introns, as well as throughout long internal exons and UTRs. The catalytic
subunit, METTLS, utilizes S-Adenosyl Methionine (SAM) as the methyl donor, and
catalyzes the addition of m°A at a broad consensus motif of RRACH, where R
represents G or Aand H = A, C, or U, with the strongest enrichment for GGAC
[14,35,44]. METTL14 contains a methyltransferase domain, but is catalytically inactive,
instead helping METTL3 achieve proper substrate specificity [35]. WTAP acts as a
scaffold protein mediating the localization of METTL3-METTL14 to nuclear speckles,
while KIAA1429 has been implicated in methylation at the 3'UTR and is associated with
polyadenylation factors CPSF5 and CPSF6 [11,45,46]. While the nuclear speckles are
thought to be the primary site of mMRNA modification, cytoplasmic localization of
METTL3 and addition of m°A has been reported in some cell types [41,47,48].
Interestingly, the RRACH motif occurs every 86th nucleotide on the transcript on
average, far in excess of the actual periodicity of m°A deposition[25]. Even on
transcripts that are methylated, the stoichiometry of modification at any given RRACH
motif is highly variable. Determining what governs the extent to which a particular m°A
consensus motif is methylated requires future investigation.

Additional functions of METTL3 are the subject of active research. METTLS3 is
subject to post-translational modifications, such as sumoylation, although how they
impact METTLS3 function remains to be fully elucidated [36]. Extending beyond its
catalytic role, METTLS3 can directly enhance translation in a lung adenocarcinoma cell
line by binding to the 5 UTR of methylated transcripts, promoting growth survival and
invasion of tumor cells[49]. A recent study showed that physical interaction
between METTL3 and the translation initiation factor elF3h led to circularization and
increased translation of MRNAs, including oncogenic mRNAs that are m°A modified



[50]. Thus, in addition to reducing m°A deposition, depletion of METTL3 may also impair
translation of modified transcripts in transformed cell lines.

Another methyltransferase, METTL16, has recently been implicated in deposition
of mPA. Although METTL16 has been far less extensively studied than METTL3, m°A
deposition by METTL16 is thought to involve a combination of sequence and structure
[51,52]. Like METTL3/14, the methyl donor is SAM. However, unlike the heterodimeric
METTL3/14 complex, METTL16 is thought to be monomeric based on size-exclusion
chromatography [52]. The U6 snRNA has long been known to be m°A modified, but until
recently, the methyltransferase responsible was unknown [51]. METTL16 catalyzes the
addition of m®A to structured RNAs carrying a specific nonamer sequence of
UACmM®AGAGAA [51]. During methionine starvation, cells induce MAT2A expression,
which regulates the SAM synthetase. Intron retention of the SAM synthetase MAT2
MRNA is responsive to levels of SAM[51]. In both HelLa cells and mouse embryos,
METTL16 writes m°A onto a conserved hairpin in the MAT2A 3’ UTR, indicating this
mechanism is conserved across species [51] [53]. Thus, while METTL3/14 is
responsible for the majority of mPA distribution on mRNAs, METTL16 can also add m°A
to certain structured regions of mMRNA and also to the U6 snRNA.

Erasers

Two proteins have been identified as putative m°A erasers: FTO and ALKBH5.
FTO belongs to the superfamily of Fe(ll) 2-oxoglutarate dependent oxygenases, and
mutations in FTO are associated with gain in human body weight [54-57]. ALKBHS was
shown to be important for mouse fertility, as mice deficient in ALKBH5 have shrunken
testes [58]. While originally proposed to function in a similar manner, recent studies
have suggested that FTO and ALKBHS5 have different substrate specificities. ALKBHS
demethylates transcripts containing m°eA, including viral transcripts [47,58]. However,
FTO has greater substrate specificity in vitro and in vivo for the 5’ cap-adjacent
nucleotide containing N°- methyladenosine, 2°0-methylation (m®Am), which occurs on
about 10% of transcripts [59]. This m®Am modification is thought to enhance transcript
stability by providing resistance to decapping mediated by DCP2 [13,59]. However,
other studies show FTO can effectively demethylate m°A from mRNAs [54,60].
Furthermore, the observation that FTO depletion strongly impacts Hepatitis C virus
(HCV) virion formation suggests that FTO does not only act on m°Am, as HCV RNA
contains m°A but not m°Am [13,41]. Thus, future studies are required to analyze the
substrate specificity of FTO across cell types.

YTH-domain reader proteins

The first-identified and best studied class of m°®A readers are the YTH domain
binding proteins. A conserved, key feature of these proteins is the C-terminal YTH
domain, which contains a conserved aromatic cage required for binding m°A
containing mRNA [11,61]. Crosslinking Immunoprecipitation and Sequencing (CLIP-
seq) studies have revealed that YTHDF proteins primarily target the GGAC m°A
consensus motif [61-64]. Among these readers, YTHDF2 has been most extensively
studied. YTHDF2 has been shown to destabilize transcripts containing m®A in their
3'UTRs and remove them from the translatable pool [61]. These transcripts have a
notably increased half-life in HeLa cells upon depletion of YTHDF2. This likely occurs



because the N-terminal P/Q/N-rich domain of YTHDF2 recruits the CCR4-NOT
adenylase complex through direct interaction between the SH domain of CNOT1,
leading to deadenylation of transcripts containing m°A sites in their 3° UTRs [66].
Furthermore, YTHDF1 and 3 were shown to promote the same effect to a slightly lesser
degree[66]. It should be noted that these studies were carried out in HeLa or HEK293
cells, thus raising questions about their broader applicability to primary cells and other
types of cancer cell lines. For example, a study examining acute myeloid leukemia
revealed that YTHDF2 depletion had no impact on m®A modified transcript levels [67].
Thus, YTHDF2 may only mediate mRNA degradation in certain cell types.

Less well studied are the other closely related paralogs, YTHDF1 and 3. Along
with YTHDF2, these readers show similar, although not identical patterns of binding to
mPA modified transcripts in CLIP-seq studies. In addition to its role in mMRNA decay,
YTHDF1 has been shown to bind transcripts containing m°A in their 3’ UTR, recruiting
elF3 and the 40s ribosomal subunit in HelLa cells. In this manner, YTHDF1 binding
directly elevates translation efficiency of 5’ capped transcripts [62]. YTHDF1 has not
been shown to have this function in HEK293 cells, although a role in translation of
axonal neurons has been suggested [68]. YTHDF3 has been proposed to assist in the
function of YTHDF1 in promoting translation and YTHDF2 in promoting mRNA
decay[63,64]. Purified YTHDF3 interacts with ribosomal proteins and the RNA binding
affinity of YTHDF3 increases upon depletion of YTHDF1 and vice versa [64]. Thus, the
YTHDF proteins may function cooperatively to some extent, in addition to potentially
having independent functions.

Recently, several studies have emerged characterizing the functions of a nuclear
reader, YTHDC1[69-72]. m°A has been suggested to play a role in splicing, as
methylation inhibitors led to the accumulation of some modified, unspliced pre-mRNAs
[13]. YTHDC1 has been shown to promote splicing of modified transcripts by binding to
mPA and forming a complex with SRSF3. SRSF3, in turn, binds exons containing m°A
modifications, thus leading to exon inclusion [69]. At the same time, YTHDC1
antagonizes SRSF10, which would normally lead to exon skipping. In HelLa cells,
depletion of YTHDC1 results in nuclear accumulation of methylated mRNAs [73]. In
addition, it has been proposed that YTHDC1 plays a role in processing mature mRNAs
that lack introns and that it may shuttle between the nucleus and the cytoplasm [51,74].
In support of YTHDC1 playing a role in nuclear mRNA, a recent study revealed
YTHDC1 interacts with the TREX mRNA export complex [72]. The methyltransferase
complex recruits TREX to mPA modified mRNAs, which in turn stimulates recruitment of
the m°A reader protein YTHDC1 to the mRNA to promote export. Additionally, loss of
YTHDC1 has been shown to alter 3’ UTR length in oocytes and is correlated with
alternative polyadenylation [70]. Thus, YTHDC1 appears to play a role in multiple
components of the processing of m°A modified mRNAs.

The fifth YTH reader, YTHDC2, has only been recently characterized and is
structurally distinct from the other family members. Unlike the other YTH domain
proteins, YTHDC2 contains a 3'—5' RNA helicase/ATPase domain in addition to its YTH
domain [75,76]. YTHDC2 was shown to be highly expressed in testes, and important for
spermatogenesis and meiotic prophase | [76]. Two functions have been proposed:
promoting mMRNA decay through recruitment of 5'—3' exoribonuclease XRN1 in mouse
male germ line cells, and recruiting the small ribosomal subunit to increase translation



[75,76]. So far, it is not understood what determines whether YTHDC2 augments the
translation or decay of a given transcript. However, these functions are consistent with
mPA modification being important in the context of both mRNA decay and translation
initiation.

IGFBP reader proteins

The insulin-like growth factor 2 mRNA binding proteins (IGFBP1, IGFBP2,
IGFBP3) bind to m°A containing mRNA through RRM and KH domains, and thus bind
MRNA through a mechanism distinct from the YTH-domain proteins [77]. Importantly, as
IGFBP binding is reported to enhance the stability of modified transcripts, it follows that
the m®A modification can either increase or decrease transcript stability depending on
the reader protein present. Given that IGFBPs target the same m°A consensus motif as
YTH-domain proteins, how any given reader is recruited to a specific m°A site remains
unknown [61,62,77]. Interestingly, only about 30% of IGFBP targets overlap with
YTHDF2 targets [78]. Thus, an intriguing regulatory scenario could exist in which
different reader “families” target distinct pools of transcripts to exert differential effects
on their stability. As IGFBP proteins were only recently characterized as readers,
additional studies will be required to analyze their function across cellular contexts.

Indirect and structure-dependent reader proteins

While the aforementioned families of readers recognize RNA in a sequence-
dependent manner, an additional family of structure-dependent m°A readers also exists.
These so-called “indirect readers” do not directly bind m°A through a hydrophobic
domain. Instead, the presence of m°A in a hairpin region alters the secondary structure
of the mRNA and enables an RNA binding protein to bind to a nearby motif. For
example, HNRNPC belongs to family of heterogeneous nuclear ribonucleoproteins that
bind nascent mRNA transcripts and impact their stability, splicing, and export[79-81].
HNRNPC binds single-stranded U-rich tracts, and the presence of m°A alters the local
structure of U-rich RNA hairpins, enabling binding of the HNRNPC protein. Numerous
instances of these so-called “m®A switches” were found transcriptome-wide [80].
Another HNRNP member, HNRNPG, binds mGA-methyIated RNAs through its C-
terminal low-complexity region, and its depletion disrupts alternative splicing [79].
HNRNPAZ2B1 has also been characterized as a nuclear reader playing a role in
alternative splicing [82]. HNRNPA2B1 was shown to facilitate the processing of select
precursor miRNAs into mature miRNAs, but the specific substrate usage of HNRNPC
A/B/C has yet to be explored [13,82].

m°A and embryonic development

mPA plays a particularly critical role in developmental contexts, as it is thought to
be enriched in transcripts controlling cell pluripotency and differentiation [33,65].
Therefore, m®A has been proposed to help mediate the flow of information from
transcription to translation[14]. YTHDF2 mediated decay was shown to be important in
embryonic development, playing a role in coordinating transcriptome turnover [14,33].
Ablation of YTHDF2 delayed the clearance of m°A modified transcripts in zebrafish
embryos, thereby compromising the maternal-to-zygotic transition [33]. In mice,
absence of YTHDF2 results in defective RNA turnover during oocyte maturation,



leading to female infertility and impaired differentiation of many cell types [65].
Pluripotency factors such as Nanog are m°A modified, and thus depletion of either
METTL3 or YTHDF2 leads to impaired differentiation, as impaired decay of pluripotency
transcripts causes developmental arrest [13].

Roles for m°A readers in post-transcriptional gene regulation during cellular
stress

Both heat shock and UV radiation cause increased 5" UTR methylation in
mMRNAs. In this context, cap-independent translation of stress inducible transcripts
occurs[42,43]. Eukaryotic translation initiation factor 3 (elF3) has been shown to act as
a reader when m®A occurs in the 5 UTR, directly recruiting the 40s ribosome and
thereby promoting cap-independent translation in the absence of the elF4F translation
initiation complex [43]. Translation can be recapitulated in vitro with purified components
with the additional of a single m°A to the 5’'UTR of an mRNA lacking a 5’ cap
structure[43]. In addition, the ATP-binding cassette subfamily F member 1 (ABCF1) was
characterized as playing a role in m®A-dependent, 5’ cap-independent translation. When
elF4F-dependent translation is silenced, mPA in the 5’UTR interacts with elF3 and
ABCF1, which in turn facilitate recruitment of the ternary complex to mediate translation
of non-terminal oligopyrimidine (non-TOP) mRNAs [83]. Furthermore, in mouse
embryonic fibroblasts and HelLa cells, YTHDF2 relocalizes from the cytoplasm to the
nucleus upon heat shock stress, binding to m°A sites in the 5’UTR of transcripts, which
in turn may limit demethylation by FTO [42]. This preservation of 5’UTR methylation is
proposed to enhance cap-independent translation of heat shock induced transcripts,
such as Hsp70. Given the dynamic nature of the m®A modification, and the
demonstrated role for m°A in facilitating transitions between cell state during
development and cellular stress, we wondered whether novel functions for the m°A
would also occur during KSHYV lytic reactivation.

Overview: RNA modifications in the KSHV lifecycle

While many nuclear replicating viruses have been shown to contain m°A in their
mRNA, no studies mapping the global abundance of m°A in viral RNA were published at
the time this study was initiated. Thus, we sought to determine the transcriptome-wide
profile of m®A during KSHV reactivation. Considering the wide variety of functions
attributed to m°A binding proteins, we could only speculate as to how meA might impact
the viral lifecycle. Conceptually, m®A could enhance the export and splicing of viral
mRNA through YTHDC1, enhance translation initiation through YTHDF1, or enhance
mRNA decay through YTHDF1/2/3. While one of these phenotypes could be dominant,
another possibility is that these readers could work in concert to promote “fast-track”
processing of modified viral mMRNA, leading to increased protein production relative to
the half-life of the transcript [14]. Alternatively, if mPA were enriched in immune
response transcripts and not in viral transcripts, then possibly faster mMRNA processing
kinetics could favor production of host anti-viral proteins, thus hindering viral replication.
To this end, we sought to address three main aims: 1) To what extent are KSHV
mRNAs m°®A modified? 2) How does m°®A impact KSHV gene expression? 3) Is the
impact of m°A cell type specific?



Chapter 2: N°-methyladenosine modification and the YTHDF2
reader protein play cell type specific roles in lytic viral gene
expression during Kaposi’s sarcoma-associated herpesvirus

infection

This section is adapted from the following publication:

PLoS Pathog. 2018;14: €1006995. doi:10.1371/journal.ppat.1006995

Figures and tables have been renumbered, and the text has been adjusted accordingly.
Figure 11 was the only figure generated after publication.
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Abstract

Methylation at the N° position of adenosine (m°A) is a highly prevalent and
reversible modification within eukaryotic mRNAs that has been linked to many stages of
RNA processing and fate. Recent studies suggest that m°A deposition and proteins
involved in the m°A pathway play a diverse set of roles in either restricting or modulating
the lifecycles of select viruses. Here, we report that m°A levels are significantly
increased in cells infected with the oncogenic human DNA virus Kaposi’s sarcoma-
associated herpesvirus (KSHV). Transcriptome-wide m®A-sequencing of the KSHV-
positive renal carcinoma cell line iSLK.219 during lytic reactivation revealed the
presence of mPA across multiple kinetic classes of viral transcripts, and a concomitant
decrease in m°A levels across much of the host transcriptome. However, we found that
depletion of the m®A machinery had differential pro- and anti-viral impacts on viral gene
expression depending on the cell-type analyzed. In iSLK.219 and iSLK.BAC16 cells the
pathway functioned in a pro-viral manner, as depletion of the mCA writer METTL3 and
the reader YTHDF2 significantly impaired virion production. In iSLK.219 cells the defect
was linked to their roles in the post-transcriptional accumulation of the major viral lytic
transactivator ORF50, which is m°A modified. In contrast, although the ORF50 mRNA
was also m°A modified in KSHV infected B cells, ORF50 protein expression was instead
increased upon depletion of METTL3, or, to a lesser extent, YTHDF2. These results
highlight that the m®A pathway is centrally involved in regulating KSHV gene
expression, and underscore how the outcome of this dynamically regulated modification
can vary significantly between cell types.

Introduction

The addition of chemical modifications is critical to many steps of mMRNA
processing and the regulation of mMRNA fate. There are more than 100 different RNA
modifications, but the most abundant internal modification of eukaryotic nRNAs is N°-
methyladenosine (mGA), which impacts nearly every stage of the posttranscriptional
mMRNA lifecycle from splicing through translation and decay [10,14,33,61,62,69]. The
breadth of impacts ascribed to the m®A mark can be attributed to its creation of new
platforms for protein recognition, in part via local changes to the RNA structure
[10,43,79-81,84,85]. The reversibility of m°A deposition through the activity of
demethylases termed erasers adds a further layer of complexity by enabling dynamic
regulation, for example during developmental transitions and stress [10,11,14,33,42,86].
Deposition of m®A occurs co- or post-transcriptionally through a complex of proteins with
methyltransferase activity known as writers, which include the catalytic subunit METTL3
and cofactors such as METTL14 and WTAP [10,11,14,35,87]. The modification is then
functionally ‘interpreted’ through the selective binding of m°A reader proteins, whose
interactions with the mRNA promote distinct fates.

The best-characterized m°®A readers are the YTH domain proteins. The nuclear
YTHDC1 reader promotes exon inclusion [69], whereupon m°A-containing mRNA fate is
guided in the cytoplasm by the YTHDF1-3 readers. Generally speaking, YTHDF1
directs mRNAs with 3 UTR m®A modifications to promote translation [62], whereas
YTHDF2 recruits the CCR4-NOT deadenylase complex to promote mRNA decay [66].
YTHDF3 has been proposed to serve as a co-factor to potentiate the effects of YTHDF1
and 2 [62-64]. Although the individual effects of YTHDF1 and 2 seem opposing, the
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YTHDF proteins may coordinate to promote accelerated mRNA processing during
developmental transitions and cellular stress [14]. YTHDCZ2, the fifth member of the
YTH family proteins, was recently shown to play critical roles in mammalian
spermatogenesis through regulating translation efficiency of target transcripts [76].
Additional examples of distinct functions for m°A readers under specific contexts such
as heat shock are rapidly emerging [42].

Given the prevalence of the m®A modification on cellular MRNASs, it is not
surprising that a number of viruses have been shown to contain m°A in their RNA
[41,47,48,88-92]. Indeed, a potential viral benefit could be a less robust innate antiviral
immune response, as m°A modification of in vitro synthesized RNAs diminishes
recognition by immune sensors such as TLR3 and RIG-I [12,93]. That said, the
functional consequences of viral MRNA modification appear diverse and include both
pro- and anti-viral roles. In the case of Influenza A, a negative sense ssRNA virus, m°A
and the reader YTHDF2 have been shown to promote viral replication [40].
Furthermore, multiple studies have mapped the sites of m°A modification in the human
immunodeficiency virus (HIV) genome, and shown that it promotes the nuclear export of
HIV mRNA as well as viral protein synthesis and RNA replication [88,89,91]. Roles for
the YTHDF proteins in during HIV infection remain varied however, as Tirumuru and
colleagues propose they function in an anti-viral context by binding viral RNA and
inhibiting reverse transcription, while Kennedy and colleagues observe they enhance
HIV replication and viral titers [88,91]. A more consistently anti-viral role for the mPA
pathway has been described for the Flaviviridae, whose (+) RNA genomes are
replicated exclusively in the cytoplasm and contain multiple m°A sites in their genomic
RNA [41,47]. An elegant study by Horner and colleagues showed that depletion of m°A
writers and readers or the introduction of m®A-abrogating mutations in the viral E1 gene
all selectively inhibit hepatitis C virus (HCV) assembly [41]. Similarly, depletion of
METTL3 or METTL14 enhances Zika virion production [47].

Despite the fact that m°A modification of DNA viruses was first reported more
than 40 years ago for simian virus 40, herpes simplex virus type 1, and adenovirus type
2, roles for the modification in these and other DNA viruses remain largely unexplored
[94-98]. Unlike most RNA viruses, with few exceptions DNA viruses replicate in the
nucleus and rely on the cellular transcription and RNA processing machinery, indicating
their gene expression strategies are likely interwoven with the m°A pathway. Indeed, it
was recently shown that the nuclear reader YTHDC1 potentiates viral mRNA splicing
during lytic infection with Kaposi’s sarcoma-associated herpesvirus (KSHV) [71].
Furthermore, new evidence suggests mPA modification potentiates the translation of late
SV40 mRNAs [99] , further indicating that this pathway is likely to exert a wide range of
effects on viral lifecycles.

Here, we sought to address roles for the m°A pathway during lytic KSHV infection
by measuring and mapping the abundance of m®A marks across the viral and host
transcriptome. This gammaherpesvirus remains the leading etiologic agent of cancer in
AIDS patients, in addition to causing the lymphoproliferative disorders multicentric
Castleman’s disease and primary effusion lymphoma. The default state for KSHV in
cultured cells is latency, although in select cell types the virus can be reactivated to
engage in lytic replication, which involves a temporally ordered cascade of gene
expression. We reveal that m°A levels are significantly increased upon KSHV
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reactivation, which is due to a combination of m°A deposition across multiple kinetic
classes of viral transcripts and a concomitant decrease in m°A levels across much of
the host transcriptome. Depletion of m°A writer and cytoplasmic reader proteins
impaired viral lytic cycle progression in the KSHV iSLK.219 and iISLK.BAC16
reactivation models, suggesting this pathway potentiates the KSHV lytic cycle.
Interestingly, however, the roles for the m°A writer and readers shifted to instead display
neutral or anti-viral activity in the TREX-BCBL-1 reactivation model. These findings thus
demonstrate that while KSHV mRNAs are marked by m®A, the functional consequences
of this mark can vary significantly depending on cell context, reinforcing both the
functional complexity and dynamic influence of m°A.

Results
KSHV mRNA contains m®A modifications

Epitranscriptome mapping has revealed significant roles for the mPA pathway in
the lifecycle and regulation of several RNA viruses, but at the time we initiated these
studies, similar global analyses had yet to be performed for a DNA virus. Given that
herpesviral mMRNAs are transcribed and processed in the nucleus using the cellular
RNA biogenesis machinery, we hypothesized that these viruses would engage the m°A
pathway. We therefore first quantified how KSHV reactivation impacted total cellular
mPA levels in the KSHV-positive renal carcinoma cell line iSLK.219 (Fig 1). These cells
are a widely used model for studying viral lytic events, as they stably express the KSHV
genome in a tightly latent state but harbor a doxycycline (dox)-inducible version of the
major viral lytic transactivator ORF50 (also known as RTA) that enables efficient entry
into the lytic cycle [100,101]. Polyadenylated (polyA+) RNA was enriched from
untreated (latent) or dox-reactivated iSLK.219 cells and the levels of m°A were
quantitatively analyzed by liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (Fig 1A). Indeed, we observed a three-fold increase in total m°A levels upon
KSHV lytic reactivation, suggesting that m°A deposition significantly increased during
viral replication (Fig 1B).
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Fig 1. mP°A increases upon KSHV reactivation. (A) Schematic of the experimental setup. iISLK.219 cells
were induced with doxycycline for 5 days to induce the lytic cycle, and total RNA was collected and
subjected to oligo dT selection to purify poly(A) RNA. Polyadenylated RNA was spiked with 10 yM of 5-
fluorouridine and digested with nuclease P1 and alkaline phosphatase, and subjected to LC-MS/MS

analysis. (B) Relative m°A content in iSLK.219 cells. The induced sample was normalized with respect to
the uninduced sample (set to 1).

We next sought to discern whether the increase in m°A during the KSHV Iytic
cycle favors host or viral mMRNAs using high throughput m°A RNA sequencing (m°A-
seq) [16]. This technique can reveal both the relative abundance and general location of
mCA in KSHV and cellular mRNA. Total m°®A containing RNA was immunoprecipitated
from 2 biological replicates of latent or Iytically reactivated iSLK.219 cells using an m°A-
specific antibody. DNase-treated total mMRNA was fragmented to lengths of 100 nt prior
to immunoprecipitation and then subjected to mPA-seq. Total RNA-seq was run in
parallel for each sample, allowing the degree of m°A modification to be normalized with
respect to transcript abundance because the levels of many transcripts change upon
viral lytic reactivation. Peaks with a fold-change four or higher (FC>4) and a false
discovery rate of 5% or lower (FDR>5%) in both replicates were considered significant,
although it is possible that additional transcripts detectably modified to lower levels or in
a more dynamic manner may also be functionally regulated by m°A (complete list of
viral peaks with FC>2 in Tables 1.1-1.4). In Iytically reactivated samples, 10 transcripts
comprising genes of immediate early, early, and late kinetic classes displayed
significant m°A modification in both replicates (Fig 2A and Fig 3). Within these KSHV
mRNAs, m°A peaks were detected primarily in coding regions, although in some cases
the location of a peak in a coding region overlaps with a UTR (Fig 3). Furthermore, all
but one peak contains at least one instance of the GG(m®A)C consensus sequence.
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While many of the modified viral transcripts contained only one mCA peak, multiple
peaks were found in certain transcripts, including the major lytic transactivator ORF50
(Fig 2B). Of note, exon2 of ORF50 contained one m°A peak of FC>4 in replicate one,
and three m®A peaks in replicate two, each of which have at least one m°A consensus
motif, further increasing confidence that these peaks accurately represent m°A modified
sites. Furthermore, the viral ncRNA PAN, which has been reported to comprise over
80% of nuclear PolyA+ RNA during lytic reactivation [102], contains FC>4 peaks in both
replicates. Modification of PAN likely accounts for the marked three-fold increase in
cellular mPA content observed upon lytic reactivation (Fig 1B). As anticipated given the
restricted viral gene expression profile during latency, unreactivated samples had many
fewer m®A containing viral mMRNAs, with the only FC>4 peaks occurring in both
replicates located in ORF4. Although ORF4 is a lytic transcript, its coding region
overlaps with the 3’ UTR of K1, which is expressed during both the latent and lytic
phases of the viral lifecycle (Fig 2A, Fig 3) [103,104].

To validate the m°A-seq results, we performed m®A RNA immunoprecipitation
(RIP) followed by quantitative real-time PCR (RT-gPCR) on six of the viral transcripts
predicted to be m®A modified from the mPA-seq data. This technique allows
determination of the relative level of m®A content in a given transcript compared to an
unmodified transcript. As controls, we included primers for the cellular GAPDH
transcript, which is known not to be m°A modified, and the Dicer transcript, which is m°A
modified [16]. The m°A RIP RT-gPCR confirmed modification of the vIL-6, K1, ORF50,
ORF57 and PAN viral transcripts, in agreement with m°A-seq results (Fig 2C). In
summary, we found mPA modification in approximately one third of KSHV transcripts
upon lytic reactivation, consistent with the hypothesis that this pathway contributes to
KSHV gene expression.

We next compared the distribution of m°A peaks in host mRNAs from
unreactivated versus reactivated cells to assess whether lytic KSHV infection altered
the m°A profile of cellular transcripts. Analyzing the two independent replicates for each
condition, we found an average of 14,092 mPA modification sites (FC>4 and FDR>5%)
in host transcripts pre-reactivation, compared to 10,537 peaks post-reactivation (Fig
2D). We observed that this >25% decrease in m°A deposition on cellular mRNA
encompassed a wide spectrum of transcripts, and no notable patterns were apparent by
GO term analysis for functional categories enriched in the altered population. Thus,
while the functional impact of the altered host m°A profile remains unresolved, the
observation that KSHV lytic infection increased the level of mPA in total poly A+ RNA
despite decreasing its presence in cellular mRNA implies that m°A deposition during
infection favors viral transcripts.
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Fig 2. KSHV mRNA contains m°A modifications. (A) Two independent replicates of iISLK.219 cells
containing latent KSHV were treated with dox for 5 days to induce the viral lytic cycle (induced) or left
untreated to preserve viral latency (uninduced). DNase-treated RNA was isolated and subjected to

m Aseq Displayed are peaks with a fold change of four or higher, comparing reads in the m °A-IP to the
corresponding input. Numbers above peaks correspond to the base position within the KSHV genome.
(B) Overview of sequencing reads from induced and uninduced m°A IP samples, aligned to the ORF50

transcript and the annotated GG(m A)C consensus motifs found in exon 2 of ORF50. Numbers to the left

of sequencing reads indicate the scale of the read count. (C) Cells were induced as in (A), and total RNA
was subjected tom °A RIP, followed by RT-qPCR using primers for the indicated viral and cellular genes

Values are dlsplayed as fold change over input, normalized to GAPDH. (D) Quantification of cellular m °A
peaks from m°Aseq analysis.
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m®A and the reader YTHDF2 mediate viral gene expression and virion production
in iSLK.219 cells

Given the significant deposition of m°A across KSHV transcripts, we reasoned
that m°A might play an important role in potentiating the viral lifecycle. We therefore
examined the effect of depleting the m°A writers and readers on KSHV virion production
using a supernatant transfer assay. The KSHV genome in iSLK.219 cells contains a
constitutively expressed version of GFP, which allows for fluorescence-based
monitoring of infection by progeny virions. We performed siRNA-mediated knockdown
of METTLS3, the catalytic subunit responsible for m°A deposition, as well as the m°A
readers YTHDF 1, 2 and 3 (Fig 4A). Cells were then treated with dox and sodium
butyrate to induce lytic reactivation for 72 hr, whereupon supernatants were collected
and used to infect 293T recipient cells. The number of GFP positive 293T cells at 24 hpi
was measured by flow cytometry (Fig 4B). Notably, for virus generated from METTL3
depleted cells, only 7% of recipient cells were infected compared to 82% for virus
generated during treatment with a control siRNA (Fig 4B). YTHDF2 depletion caused
an even more pronounced defect, resulting in a near absence of virion production (Fig
4B). In contrast, YTHDF3 knockdown resulted in only modest changes in virion
production, while virion production was unaffected by YTHDF1 knockdown (Fig 4B).
The prominent defect in virion production in METTL3 and YTHDF2 depleted cells was
not due to knockdown-associated toxicity, as we did not observe changes in cell viability
in siRNA treated cells (representative experiment shown in Fig 5). Furthermore, we
validated the results for YTHDF2 and YTHDF3 using independent siRNAs (Fig 5).
Thus, the m°®A writer METTL3 and the reader YTHDF2 play important roles in driving
KSHYV infectious virion production in iSLK.219 cells.

We then sought to determine the stage of the viral lifecycle impacted by the m°A
pathway by measuring the impact of writer and reader depletion on the abundance of
viral mRNAs of different kinetic classes. First, levels of representative immediate early,
delayed early, and late viral mMRNAs were measured by RT-gPCR following lytic
reactivation for 72 hr. ORF50 and K8.1 transcripts contained at least one m°A peak,
while ORF37 did not appear to be significantly modified in our m®A-seq data (see Table
1.1-1.4). METTL3 depletion did not appear to impact accumulation of the ORF50
immediate early or ORF37 delayed early mRNAs at this time point, but resulted in a
significant defect in accumulation of the K8.1 late gene mRNA (Fig 4C). Consistent with
the virion production data, we observed a striking and consistent defect in the
accumulation of each of the viral transcripts upon YTHDF2 depletion, suggesting that
this protein is essential for lytic KSHV gene expression beginning at the immediate early
stage (Fig 4C). Similar results were observed using an independent YTHDF2-targeting
siRNA (Fig 5). We also observed a prominent defect in accumulation of ORF50 and the
delayed early ORF59 proteins by Western blot specifically upon YTHDF2 depletion (Fig
4D). In contrast, depletion of YTHDF1 or YTHDF3 did not reproducibly impact ORF50,
ORF37, or K8.1 gene expression at 72 hr post reactivation (Fig 4C).

In agreement with the above findings, we also observed that iISLK.219 cells depleted of
METTL3 and YTHDF2 displayed a prominent defect in viral reactivation, as measured
by expression of red fluorescent protein (RFP) driven by the PAN lytic cycle promoter
from the viral genome (Fig 4E). Similarly, ORF50 protein production was also markedly
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reduced upon METTL3 or YTHDF2 depletion at the 24 hr time point, which represents
the early phase of the lytic cycle (Fig 4F).

To determine whether the effects of the m°A pathway on ORF50 were dependent
on KSHYV infection, we measured ORF50 protein in an uninfected iSLK cell line
containing only the integrated, dox-inducible ORF50 gene (iSLK.puro cells) (Fig 4G).
Similar to our findings with infected iSLK.219 cells, depletion of METTL3 or YTHDF2
strongly reduced ORF50 protein levels (Fig 4H). YTHDF3 depletion resulted in an
increase in ORF50 expression, which we also observed to a more modest degree in the
iSLK.219 cells (see Fig 4D). Collectively, these results suggest that m°A modification is
integral to the KSHV lifecycle, and that YTHDF2 plays a particularly prominent role in
mediating KSHYV lytic gene expression in iSLK.219 cells. They further indicate that meA
modification can impact ORF50 expression in both uninfected and KSHYV infected iSLK
cells.
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Fig 4. m°A and the reader YTHDF2 potentiate viral gene expression and virion production in
iSLK.219 cells. Cells were transfected with control scramble (scr) siRNAs or siRNAs against METTL3,
YTHDFA1, 2, or 3, then reactivated for 72 hr with doxycycline and sodium butyrate. (A) Knockdown
efficiency was measured by western blot using antibodies for the indicated protein, with GAPDH serving
as a loading control in this and all subsequent figures. (B) Viral supernatant was collected from the
reactivated iSLK.219 cells and transferred to uninfected HEK293T recipient cells. 24 hr later, the recipient
cells were analyzed by flow cytometry for the presence of GFP, indicating transfer of infectious virions.
(C) ORF50, ORF37 and K8.1 gene expression was analyzed by RT-gPCR from cells treated with the
indicated siRNAs. Data are from 3 independent experiments. Unpaired Student’s t test was used to
evaluate the statistical difference between samples. Significance is shown for P values <0.05 (*), < 0.01
(**), and < 0.001 (***). (D) Expression of the viral ORF50 and ORF59 proteins in cells treated with the
indicated siRNAs was measured by western blot 72 hr post-reactivation. (E) Unreactivated iSLK.219 cells
containing latent virus were treated with control scramble (scr) siRNAs or siRNAs targeting METTL3,
YTHDF1, YTHDF2, or YTHDF3. The cells were then reactivated with dox and sodium butyrate for 48 hr
and lytic reactivation was monitored by expression of the lytic promoter-driven red fluorescent protein. (F)
Protein was harvested from the above described cells and subjected to western blot for ORF50 and the
control GAPDH protein at 24 hr post-reactivation. (G-H) Uninfected iSLK.puro cells expressing DOX-
inducible RTA were transfected with the indicated siRNAs for 48 hr, then treated with dox for 24 hr to
induce ORF50 expression. Knockdown efficiency (G) and ORF50 protein levels (H) were measured by
western blot using antibodies for the indicated protein, with GAPDH serving as a loading control.
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Fig 5. Confirmation of Fig 4 results using independent siRNAs (A) Independent siRNAs against
YTHDF2 and YTHDF3 yield similar results as those shown in Fig 4. Cells were transfected with control
scramble (scr) siRNAs (Qiagen S103650318) or siRNAs against YTHDF2 (Qiagen S104174534) or
YTHDF3 (Qiagen SI00764778), then reactivated for 72 hr with doxycycline and sodium butyrate. Viral
supernatant was collected from the reactivated iSLK.219 cells and transferred to uninfected HEK293T
recipient cells. 24 hr later, the recipient cells were analyzed by flow cytometry for the presence of GFP,
indicating transfer of infectious virions. Data are from 2 independent experiments, with each replicate
shown. (B) ORF50 and ORF37 gene expression was analyzed by RT-qPCR from the above cells at the
time of supernatant transfer. (C) Viability of iSLK.BAC16 and iSLK.219 cells following siRNA transfection.
Cells were transfected with the indicated siRNAs for 48 hr, followed by lytic reactivation with dox and
sodium butyrate for 48 hr. Cells were collected and diluted 1:1 with Trypan blue prior to counting on a
Countess Il Automated Cell Counter. One representative experiment is shown.

The m°A pathway post-transcriptionally controls ORF50 expression in iSLK.219
cells, leading to a subsequent defect in transcriptional feedback at the ORF50
promoter.

ORF50 is the major viral transcriptional transactivator, and its expression is
essential to drive the KSHV lytic gene expression cascade [105]. The observations that
ORF50 is m°A modified and that its accumulation is dependent on YTHDF2 indicate
that the m°A pathway plays key roles in ORF50 mRNA biogenesis or fate in iSLK.219
cells, potentially explaining the lytic cycle progression defect in the knockdown cells.
Deposition of m°A has been reported to occur both co-transcriptionally and post-
transcriptionally [14,35,87,106] . To determine whether the m°A pathway is important for
ORF50 synthesis or its posttranscriptional fate, we measured ORFS50 transcription in
reactivated iSLK.219 cells upon depletion of METTL3, YTHDF2, or YTHDF3 using 4-
thiouridine (4sU) metabolic pulse labeling. 4sU is a uridine derivative that is
incorporated into RNA during its transcription, and thiol-specific biotinylation of the 4sU-
containing RNA enables its purification over streptavidin-coated beads [107,108]. At 24

21



hr post reactivation, RNA in the siRNA treated iSLK.219 cells was pulse labeled with
4sU for 30 min, whereupon the labeled RNA was isolated by biotin-streptavidin
purification and viral transcripts were quantified by RT-gPCR (Fig 6A). Despite the
defect in ORF50 accumulation observed upon YTHDF2 depletion (see Fig 4F), we
observed no decrease in 4sU-labeled ORF50 mRNA upon depletion of any of the m°A
writer or reader proteins (Fig 6B). However, in YTHDF2 depleted cells, there was a
prominent defect in the level of 4sU-labeled ORF37, likely because its transcription is
dependent on the presence of ORF50 protein (Fig 6C).

The ORF50 mRNA detected in the above experiments represents a combination
of the mRNA transcribed from the dox-inducible cassette as well as from the KSHV
genome [101]. While the dox-inducible promoter is constitutively active under dox
treatment, ORF50 transcription from KSHYV is sensitive to ORF50 protein levels
because it transactivates its own promoter [8]. The decreased ORF50 protein levels
observed in Fig 4 might therefore lead to a selective reduction in transcription from the
native ORF50 promoter by interfering with this positive transcriptional feedback. Indeed,
primers designed to specifically recognize ORF50 derived from the viral genome
revealed a marked defect in transcription of KSHV-derived ORF50 upon YTHDF2
depletion, as well as a slight reduction upon METTL3 depletion (Fig 6D). Collectively,
the above results suggest that meA initially functions to post-transcriptionally regulate
ORF50 mRNA abundance, but that when ORF50 protein levels fall upon YTHDF2 or
METTL3 knockdown, the positive transcriptional feedback mechanism at the viral
promoter also becomes restricted.
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Fig 6. Depletion of the m°®A writer and readers does not impact ORF50 nascent transcription in
iSLK.219 cells. (A) Schematic of the experimental setup for measuring nascent RNA synthesis. Cells
were transfected with the indicated siRNAs for 48 hr then reactivated for 24 hr with dox. 4sU was added
for 30 minutes, whereupon 4sU-labeled RNA was isolated using biotin/streptavidin affinity purification,
reverse transcribed, and analyzed by RT-qPCR using primers specific to ORF50 or ORF37. (B-D) Levels
of 4sU-labeled total ORF50 (B), ORF37 (C), and ORF50 transcribed from the viral genome (virus-derived)
(D) determined as described above. Unpaired Student’s t test was used to evaluate the statistical
difference between samples. Significance is shown for P values <0.05 (*), < 0.01 (**), and < 0.001 (***).

The impact of m®A on KSHV infection is cell type specific
To independently validate the METTL3 and YTHDF2 phenotypes, we also
evaluated their importance in the iISLK.BAC16 model. Although independently
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generated, this is the same cell background as iSLK.219, including the dox-inducible
ORF50, but instead contains the viral genome in the context of a bacterial artificial
chromosome (BAC16) [109] . Similar to our results with the infected iISLK.219 cells,
depletion of METTL3 or YTHDF2 in iSLK.BAC16 cells led to a significant defect in virion
production as measured by supernatant transfer assays (Fig 8A-C). In addition, the
total levels of ORF50 mRNA (from the dox-induced plus viral promoters) were
unchanged between the different siRNA treated cells, while depletion of YTHDF2 led to
a significant reduction in the level of BAC16-derived ORF50 and K8.1 mRNAs (Fig 8D).
In contrast, METTL3 depletion did not significantly impact the level of ORF50, ORF37,
or K8.1 transcripts. It should be noted that levels of METTL3 knockdown in excess of
80% have only been reported to reduce m°A levels in Poly A RNA by 20-30% [35].
Thus, at least some fraction of ORF50 (and other) transcripts may still be m°A modified
due to residual enzyme activity of the remaining METTL3. In agreement with these
observations, knockdown of METTL3 modestly reduced but did not eliminate the pool of
mPA modified ORF50 or the cellular SON mRNAs in iSLK.BAC16 cells as measured by
mPA RIP RT-qPCR (Fig 7). Finally, we observed that although ORF59 protein levels
were consistently reduced upon YTHDF2 knockdown, and to a more variable extent
upon METTL3 depletion, we did not detect the same marked effects on ORF50 protein
levels in iISLK.BAC16 cells as in iSLK.219 cells (Fig 8E). In summary, although
iISLK.219 and iISLK.BAC16 cells exhibit a somewhat different gene expression profile in
the context of YTHDF2 and METTL3 knockdown, depletion of these m°A pathway
components restricts the KSHV lIytic lifecycle in both models.
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Fig 7. Impact of METTL3 depletion on isolation of m°A modified mRNA in iSLK.BAC16 cells
iISLK.BAC16 cells were subject to siRNA knockdown using METTL3 or control siRNA for 48 hr. Cells were
reactivated for 24 hr with dox. (A) Western blot for knockdown efficiency at time of harvest. (B) Total RNA
from harvested cells was then subject to mPA RIP RT-gPCR for the viral transcript ORF50 and cellular
transcripts SON (mGA modified) and GAPDH (unmodified). Data shown are from 5 independent
experimental replicates.
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Fig 8. METTL3 and YTHDF2 are important for KSHV lytic replication in iSLK.BAC16 cells. Cells
were transfected with control scramble (scr) siRNAs or siRNAs against METTL3 or YTHDF2, then
reactivated for 24 hr with doxycycline and sodium butyrate. (A) Knockdown efficiency was measured by
western blot using antibodies for the indicated protein. (B) Viral supernatant was collected from the
reactivated iISLK.BAC16 cells 72 hr post-reactivation and transferred to uninfected HEK293T recipient
cells. 24 hr later, the recipient cells were analyzed by flow cytometry for the presence of GFP, indicating
transfer of infectious virions. (C) Quantification of supernatant transfer results from four independent
experiments. (D) ORF50, ORF37, and K8.1 gene expression 24 hr post-reactivation was analyzed by RT-
gPCR from cells treated with the indicated siRNAs. Data for ORF50 are from five independent
experiments, while ORF37 and K8.1 data are from four independent experiments. Unpaired Student’s t
test was used to evaluate the statistical difference between samples in panels C-D. Significance is shown
for P values < 0.01 (**) and < 0.001 (***). (E) Western blots showing expression of the viral ORF50 and
ORF59 proteins at 24 hr post reactivation of iISLK.BAC16 cells treated with the indicated siRNAs.

Given the diversity of functions reported for m®A in controlling cellular processes
and virus infections [14,48,90], we also sought to evaluate the role of this pathway in
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mediating ORF50 expression in another widely used KSHYV infected cell line of distinct
origin, the B cell line TREX-BCBL-1 [110]. Similar to iSLK.219 and iSLK.BAC16 cells,
TREX-BCBL-1 cells also contain a dox-inducible copy of ORF50 to boost reactivation.
First, we evaluated whether the ORF50 transcript was m°A modified in TREX-BCBL-1
cells by m°A RIP, followed by RT-qPCR using control or ORF50 specific primers.
Indeed, there was a clear enrichment of ORF50 in the reactivated, m®A-containing RNA
population (Fig 12A). As expected, we detected the mPA modified DICER transcript in
both reactivated and unreactivated cells, whereas the unmodified GAPDH transcript
was present in neither sample (Fig 12A). The m°A pathway components were then
depleted from TREX-BCBL-1 cells via siRNA treatment, whereupon cells were
reactivated for 72 hr with dox, TPA, and ionomycin. As knockdown efficiency for
YTHDF1 was inconsistent in this cell type, we focused on the impact of METTLS3,
YTHDF2, and YTHDF3. We observed no significant changes in the level of ORF50
MRNA upon METTL3 or YTHDF3 depletion (Fig 12B, D). Although there was a
consistent decrease in ORF50 mRNA in the YTHDF2 depleted cells, this may be due to
the fact that YTHDF2 knockdown modestly decreased the viability of TREX-BCBL1 cells
(Fig 9). Surprisingly, however, METTL3 knockdown and, to a more variable extent
YTHDF2 knockdown, resulted in increased ORF50 protein expression (Fig 12C,
additional replicate experiments showing ORFS50 levels in Fig 9). YTHDF3 depletion did
not significantly impact ORF50 or ORF59 protein (Fig 12C). Thus, unlike in iSLK cells,
METTL3 and YTHDF2 appear to restrict ORF50 expression in TREX-BCBL1 cells.
These phenotypic differences were not due to distinct virus-induced alterations in the
abundance of METTL3, YTHDF2, or YTHDF3, as levels of these proteins remained
consistent following lytic reactivation in TREX-BCBL1, iSLK.219, and iSLK.BAC16 cells
(Fig 10). Furthermore, we also checked whether the subcellular localization of YTHDF2
might vary between cell lines. Unexpectedly, we detected YTHDF2 in both the nucleus
and cytoplasm upon fractionation of uninduced and induced lysates (Fig 11). However,
we did not notice a dramatic difference in subcellular localization of YTHDF2 between
iISLK.BAC16 and TREX-BCBL-1 cells, regardless of their reactivation state.

Finally, to determine whether the m°A pathway components impacted the
outcome of the viral lifecycle in TREX-BCBL1 cells, we measured the impact of
METTL3, YTHDF2, and YTHDF3 protein knockdown on virion production using a
supernatant transfer assay. TREX-BCBL-1 cells lack the viral GFP marker, and thus
infection of recipient cells was instead measured by RT-qPCR for the KSHV latency-
associated LANA transcript. Again in contrast to the iSLK cell data, we observed that
METTL3, YTHDF2, and YTHDF3 were dispensable for virion production in TREX-
BCBL-1 cells (Fig 12E). Instead, METTL3 depletion consistently resulted in a modest,
though not statistically significant, increase in the level of LANA mRNA in the recipient
cells (Fig 12E). In summary, METTL3 and YTHDF2 appear to function in a pro-viral
capacity and promote ORF50 expression in iSLK.219 and iISLK.BAC16 cells, but
instead restrict ORF50 expression in TREX-BCBL-1 cells. These findings highlight how
at least a subset of m°A pathway functions and targets may diverge between cell types.
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Fig 9. Impact of writers and readers upon viability and reactivation of TREX-BCBL-1 cells

(A) Quantification of cell viability following siRNA nucleofection and reactivation in TREX-BCBL-1 cells.
TREX-BCBL-1 cells were nucleofected twice with the indicated siRNAs as described in the methods, and
then reactivated for 36 hr with dox, PMA and ionomycin. Cells were collected and diluted 1:1 with Trypan
blue prior to counting on a Countess Il Automated Cell Counter. Viability from three independent
experiments is depicted in the bar graphs. Unpaired Student’s t test was used to evaluate the statistical
difference between samples. Significance is shown for P values <0.05 (*). (B) Western blots from
replicate experiments showing viral ORF50 and ORF59 protein levels in TREX-BCBL-1 cells treated with
the indicated siRNAs and reactivated with dox, TPA, and ionomycin as described in Fig. 6C. (C) Western
blots showing viral ORF50 and ORF59 protein levels in TREX-BCBL-1 cells treated with the indicated
siRNAs for 72 hr prior to reactivation with TPA and ionomycin. Note the dotted line indicates where

intervening bands were cropped out.
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Fig 10. No changes in the levels of writers and readers following KSHV lytic reactivation
iISLK.BAC16, iSLK.219 or TREX-BCBL-1 cells were reactivated where indicated with dox for 24 or 48 hr,
at which point cells were harvested and lysates were analyzed by Western blot for METTL3, YTHDF2,

YTHDF3, and the GAPDH loading control.
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Fig 11. YTHDF2 is expressed in the cytoplasm and nucleus in iSLK.BAC16 and TREX-BCBL-1 cells
iISLK.BAC16 or TREX-BCBL-1 cells were either untreated or induced where indicated with dox and
sodium butyrate for 72 hr, at which point cells were harvested and Whole Cell Extract (WCE),
cytoplasmic, and nuclear lysates were generating using an Ambion PARIS cell fractionation kit (Thermo
Fisher). Unreactivated iSLK.RTA cells were used for iSLK uninfected blot. Lysates were analyzed by
Western blot for YTHDF2, GAPDH (cytoplasmic loading control) and Histone H3 (nuclear loading control).
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Fig 12. Increased viral gene expression upon m°A writer and reader depletion in TREX-BCBL-1
cells. (A) TREX BCBL-1 cells were reactivated with dox for 72 hr, then total RNA was isolated and
subjected to m ®A RIP, followed by RT-gPCR for analysis of KSHVY ORF50, GAPDH, and DICER. Values
are displayed as fold change over input, normalized to the GAPDH negative control. Data are included
from 3 biological replicates. (B-D) TREX-BCBL-1 cells were nucleofected with control scramble (scr)
siRNAs or siRNAs specific to METTL3, YTHDF2, or YTHDF3, then Iytlcally reactivated by treatment with
dox, TPA and ionomycin for 72 hr. (B) Knockdown efficiency of the m °A proteins relative to the loading
control GAPDH was visualized by western blot (C) Levels of the KSHV ORF50 and ORF59 proteins were
assayed by western blot in the control and m °A protein-depleted samples. Additional replicates are shown
in Fig 9. (D) ORF50 gene expression was analyzed by RT-gPCR from cells treated with the indicated
siRNAs and reactlvated for 36 hr with dox, TPA and ionomycin. (E) Viral supernatant from the reactivated
control or m°A protein depleted TREX-BCBL-1 cells was transferred to uninfected HEK293T recipient
cells, whereupon transfer of infection was quantified by RT-qPCR for the viral LANA transcript 48 hr post
supernatant transfer. Individual data points represent 3 independent experiments. Unpaired Student’s t
test was used to evaluate the statistical difference between samples. Significance is shown for P values
<0.05, with *** representing P value < 0.001.
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Discussion

Although m°A modification of viral RNAs has been recognized for more than 40
years, only recently are the contributions of this epitranscriptomic mark towards viral life
cycles beginning to be revealed. Thus far, global epitranscriptomic analyses have
documented m°A deposition during infections with KSHV, SV40, HIV, Influenza A virus
and several members of the Flaviviridae, with a diverse set of resulting pro- and anti-
viral roles [40,41,47,88,89,91,99,111]. The breadth and occasionally apparently
contrasting functions for the m°A pathway during infection are perhaps unsurprising
given the dynamic role for this modification in controlling mRNA fate and its ability to
impact virtually every stage of host gene expression [14,90]. Our global analysis of the
m°PA epitranscriptome during lytic infection with the DNA virus KSHV showed the
presence of mPA across multiple kinetic classes of viral transcripts and a general
decrease in m®A deposition on cellular mRNAs. In the widely used KSHV-positive cell
lines iISLK.219 and iISLK.BAC16, we found that depletion of several components of the
mPA pathway inhibited the KSHV Iytic cycle, most notably in iSLK.219 cells by restricting
accumulation of the viral lytic transactivator ORF50. The YTHDF2 reader protein proved
particularly important, as its depletion eliminated lytic entry and virion production. These
observations are suggestive of a pro-viral role for m®A in the iSLK.219 and iSLK.BAC16
KSHYV reactivation models. However, m®A marks on mRNA in a cell are widespread and
contribute to a large variety of cellular and pathogenic processes that likely occur in a
cell type or context-dependent manner. In this regard, it is notable that a distinct set of
phenotypes was observed for m°A pathway components in the B cell line TREX-BCBL-
1. Here, depletion of METTL3 and YTHDF2 increased ORF50 abundance, more
suggestive of an anti-viral role. Thus, although KSHV engages the m°A pathway in
multiple cell types, these findings underscore the importance of not broadly
extrapolating mPA roles from a particular cell type, as this complex regulatory pathway
can functionally vary in a cell type dependent manner.

What might be the basis for these phenotypic differences between cell types in
the context of KSHV infection? m°A deposition was also recently reported in many
KSHV mRNAs in BCBL-1 cells, including ORFS50 [71]. Furthermore, while this work was
in revision, Tan and colleagues documented extensive modification of KSHV transcripts
during latent KSHV infection of multiple cell types, as well as upon lytic infection of
iISLK.BAC16 and TREX-BCBL-1 cells [111]. Notably, while numerous differences were
found in the cellular m°A profiles between the two cell lines, many peaks in viral
transcripts were consistent across cell types, including two out of three mCA peaks in
ORF50 [111]. In agreement with these studies, we also observed extensive modification
of KSHV mRNAs, and observed that ORF50 is modified in iSLK.BAC16 cells, iSLK.219
cells and TREX-BCBL-1 cells. Thus, it is not the case that the viral MRNAs engage the
mPA methyltransferase machinery in one cell type but not the other, although it is clear
that site specificity of mCA deposition, particularly in host mMRNAs, can vary between cell
lines. The facts that m°A deposition is dynamic and does not strictly occur on
consensus motifs render this possibility challenging to resolve. Indeed, how m°A
deposition selectively controls gene regulation on particular transcripts or under
particular stimuli remains a central unanswered question in the field [14]. We
hypothesize that the distinct phenotypes derive either from how the viral modifications
are ‘interpreted’ in each cell type and/or indirect effects driven by an altered mCA profile
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on cellular mRNAs. The recent finding that m®A modification of ORF50 in BCBL-1 cells
contributes to efficient splicing through binding of YTHDC1 argues that modifications
can have a direct cis-acting impact on KSHV mRNA fate [71]. However, herpesviral
mMRNAs are heavily reliant on host machinery at every stage of their biogenesis. Given
that cellular mRNA fate is significantly altered upon depletion of METTL3 and the
YTHDF reader proteins [14,37,61,62,66], it is possible that cell type specific changes in
the abundance of a host factor(s) required for viral mMRNA stability also contribute to the
phenotypic differences. Furthermore, in HIV infected cells m°A modification and YTHDF
proteins have been proposed to have a combination of pro-viral and anti-viral effects,
including negatively impacting reverse transcription, enhancing mRNA export, and
increasing viral protein production [88,89,91]. Therefore, the meA pathway might
similarly facilitate distinct phenotypes at different stages of the KSHV lifecycle.

Although our m®A-seq results are in agreement with the recent report from Tan
and colleagues, our data on the role of YTHDF2 in iSLK.BAC16 cells differs from theirs
[111]. They did not evaluate the impact of METTL3 depletion, but reported that YTHDF2
depletion increased KSHYV replication in these cells. In contrast, we observed a
significant reduction in virion production upon depletion of YTHDF2 in both iSLK.219
and iSLK.BAC16 cells. Given the similarity in approaches used to evaluate the impact of
YTHDF2, the basis for these differences remains unclear. However, our experiments
comparing the iSLK.219 and iSLK.BAC16 cells indicates that even in cell lines of the
same origin there can be differences in the m°A-associated viral gene expression
signatures.

As the ‘interpreters’ of m°A marks, the individual reader proteins play prominent
roles in modulating gene expression. Generally speaking, in HeLa and 293T cells,
YTHDF1 binding correlates with increased translational efficiency, YTHDF2 binding
accelerates mRNA decay, and YTHDF3 may serve as a cofactor to assist the other
reader protein function [10,14,37,61-64]. However, other roles for these factors are
rapidly emerging, particularly in the context of cell stress, infection, or in the control of
specific transcripts [37,41-43,47,49,86,88,89,91]. Furthermore, mCA is enriched in
certain tissues, and different m°A patterns have been found depending on the tissue
and developmental stage [16,112]. Intriguingly, a recent study showed that hypoxia
increases global m°A content of mMRNA, with many m°A modified RNAs exhibiting
increased stability, raising the possibility that m°A deposition could also stabilize
transcripts during other forms of cellular stress [113]. In KSHV-infected iSLK.219 cells,
YTHDF2 appears essential for the post-transcriptional accumulation of ORFS50, a role
seemingly at odds with its more canonical mMRNA destabilizing function. In this regard, it
was recently revealed that SV40 late transcripts contain multiple m°PA sites, and that
YTHDF2 strongly promotes SV40 replication [99]. Thus, YTHDF2 has been shown to
play a pro-viral role in the context of both DNA and RNA viruses. Although we observed
less dramatic viral gene expression phenotypes upon METTL3 depletion, it nonetheless
was required for WT levels of progeny virion production in iSLK.219 and iISLK.BAC16
cells. An important consideration may be that mPA factors differentially impact specific
KSHYV transcripts, or play different roles at distinct times during infection. However,
dissecting these possibilities is likely to be complicated by the changes in ORF50
expression (either positive or negative), which will have ripple effects on the entire lytic
life cycle. Another relevant question is the extent to which m®A mediates its effects on
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KSHV gene expression co-transcriptionally versus post-transcriptionally. A recent report
indicated that m°A is primarily installed in nascent mRNA in exons and affects
cytoplasmic stability, but not splicing [87,106]. It has also been demonstrated that that
mPA can be installed co-transcriptionally, and that slowing the rate of RNA Pol I
elongation enhances m°A modification of MRNAs in a manner that ultimately decreases
translation efficiency [87,106]. These add to a growing body of literature indicating that
the position of m°A in a transcript is a key feature impacting the functional consequence
of the modification [14,42,43,62,64,69]. For example, m°A in the 3° UTR has been
shown to recruit YTHDF1 and enhance translation initiation in HeLa cells, while
deposition of m°A in the 5 UTR has been shown to enhance 5 cap independent
translation [42,43,62]. Whether these position-linked effects on translation extend to
viral transcripts remains to be tested, although there does not appear to be a consistent
enrichment in a particular region of viral mMRNAs for the viruses analyzed thus far. In
KSHV, m°A sites are found throughout viral ORFs, some of which also overlap with
untranslated regions of other viral transcripts. As KSHV transcription depends on the
host RNA Pol Il, the speed of transcriptional elon%ation on viral mMRNAs likely impacts
co-transcriptional deposition and positioning of m°A, and thus may ultimately regulate
translation efficiency of a given mRNA. Thus, in the context of KSHV reactivation, a
wide variety of mechanisms exist through which mPA modification could impact the
transcription and translation of viral mMRNA. Deciphering these remains an important
challenge for future studies, as we are currently in the early stages of understanding
how this and other viruses interface with the m°A RNA modification pathway.
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Materials and Methods

Cell culture. The renal carcinoma cell line iSLK.puro containing a doxycycline-inducible
copy of ORF50, and the KSHV infected renal carcinoma cell lines iSLK.219 and
iISLK.BAC16 bearing doxycycline-inducible ORF50 [101] were cultured in Dulbecco’s
modified Eagle medium (DMEM; Invitrogen) with 10% fetal bovine serum (FBS;
Invitrogen, HyClone) and 100 U/ml penicillin-streptomycin (Invitrogen). The KSHV-
positive B cell line TREX-BCBL-1 containing a doxycycline-inducible version of ORF50
[110] was cultured in RPMI medium (Invitrogen) supplemented with 20% FBS, 100 U/ml
penicillin/streptomycin, and 200 uM L-glutamine (Invitrogen). HEK293T cells (ATCC)
were grown in DMEM (Invitrogen) supplemented with 10% FBS. To induce lytic
reactivation of iISLK.219 cells, 2x10° cells were plated in a 10 cm dish with 1 pug/mi
doxycycline (BD Biosciences) and 1 mM sodium butyrate for 72 hr. Lytic reactivation of
TREX-BCBL-1 cells was achieved by treatment of 7x10° cells/ml with 20 ng/ml 2-O-
tetradecanoylphorbol-13-acetate (TPA, Sigma), 1 pg/ml doxycycline (BD Biosciences),
and 500 ng/ml ionomycin (Fisher Scientific) for 72 hr (western Blot blots for viral gene
expression), or for 120 hr (supernatant transfer experiments).

siRNA experiments. ForiSLK.219 cells, 100 pmol of siRNA was reverse transfected into
5x10° cells plated in a 6-well dish using Lipofectamine RNAimax (Life Technologies). 24
hr post transfection, cells were trypsinized and re-seeded on a 10 cm plate. The next day,
a second transfection was performed on the expanded cells with the same concentration
of siRNA (400 pmol siRNA and 2x10° cells). The following day, cells were lytically
reactivated in a 10 cm plate. 24 hr post-reactivation, cells were lysed in RIPA buffer (10
mM Tris-Cl (pH 8.0), 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1%
SDS, 140 mM NaCl) to evaluate knockdown efficiency. siRNA experiments in
iISLK.BAC16 cells were conducted with the same siRNAs and concentrations. For
experiments to assess mMRNA and protein levels at 24 hr post-reactivation, one round of
siRNA knockdown was performed 48 hr prior to reactivation, and knockdown efficiency
was evaluated at the time of cell harvest. For iISLK.BAC16 supernatant transfer
experiments, two rounds of siRNA treatment were used, as described for iISLK.219 cells.

For TREX-BCBL-1 cells, 200 pmol of siRNA was nucleofected into 2x10° cells
using Lonza Cell Line Nucleofector Kit V and a Lonza Nucleofector 2b set to Program
TO0O01. After nucleofection, cells were immediately resuspended in 2.2 ml of RPMI media
in a 12 well plate. 48 hr later, 200 pmol of siRNA was added again to 2x10° cells using
the same protocol. 48 hr after the second transfection, cells were lysed in RIPA buffer
and knockdown efficiency was analyzed by Western Blot. Cell viability post-nucleofection
was assessed using a Countess Il Automated Cell Counter (Life Technologies) with
Trypan blue staining. For RT-gPCR experiments, two rounds of siRNA knockdown were
performed under the identical conditions, except using an Invitrogen Neon Nucleofector
with a single pulse of 1350 volts and pulse length of 40 ms.

The following Qiagen siRNAs were used: SI00764715 and S104279121 targeting
YTHDF1, S104205761 targeting YTHDF3, custom siRNA targeting METTL3 (sequence
targeted: CTGCAAGTATGTTCACTATGA). The following Dharmacon siRNAs were
used: SMARTpool siGENOME (M-021009-01-0005), targeting YTHDF2, and
siGENOME Non-Targeting siRNA Pool #1 (D0012061305). These same siRNAs were
used in all three cell lines for the experiments in Figs 4-12. In addition, independent
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siRNAs (Qiagen SI104174534 targeting YTHDF2, Qiagen SI00764778 targeting YTHDF3
and Qiagen SI03650318 (negative control siRNA)) were used in Fig 3.

Supernatant transfer assay and quantification of virion production. Assays were
performed as previously described [9]. Briefly, for iSLK.219 and iISLK.BAC16 cells, viral
supernatant was collected 72 hr post-reactivation, filtered, and added to uninfected
HEK293T cells by spinfection (1500 rpm, 90 minutes at room temperature). 12 hr later,
supernatant was removed and replaced with fresh media, whereupon the cells were
assessed for the successful transfer of the GFP-containing KSHV BAC 24 hr post-
infection using a BD Accuri C6 flow cytometer. Briefly, cells were trypsinized, fixed in
4% paraformaldehyde, washed twice in PBS and resuspended in FACS Buffer (PBS
with 1% FBS). Uninfected HEK293T cells were used to define the GFP negative
population. The percentage of GFP expressing cells was quantified using FlowJo
Software (FlowJo LLC). For virus produced in TREX-BCBL-1 cells, supernatant
transfers were performed as in iISLK.219 cells, except the virus was transferred to
HEK293T cells at 120 hr post-reactivation. To quantify virus produced in TREX-BCBL-1
cells, RNA was extracted from HEK293T cells 48 hr post-supernatant transfer, and viral
gene expression was quantified by RT-qPCR using primers specific for LANA.

Affinity purification and Western blotting. Cell lysate was collected and analyzed as
previously described [9]. Briefly, iSLK.219, iSLK.BAC16 or TREX-BCBL-1 cells were
trypsinized, washed with PBS and lysed in RIPA buffer with protease inhibitors. After
washing, 4X Laemmli sample buffer (Bio-Rad) was added to samples to elute bound
proteins. Lysates were resolved by SDS-PAGE and western blots were carried out with
the following antibodies: rabbit ORF50 (gift of Yoshihiro Izumiya, UC Davis), rabbit a-K8.1
(1:10000, antibody generated for this study), rabbit a-ORF59 (1:10000, antibody
generated for this study), rabbit o-METTL3 (Bethyl, 1:1000), rabbit a-YTHDF1
(Proteintech, 1:1000), rabbit a-YTHDF2 (Millipore, 1:1000), rabbit a-YTHDF3 (Sigma,
1:1000), and goat a-mouse and goat a-rabbit HRP secondary antibodies (1:5000;
Southern Biotech).

4sU Labeling. Following siRNA knockdown and 24 hr reactivation, iSLK.219 cells were
pulse labeled with DMEM containing 500 uM 4sU (Sigma) for 30 minutes, followed by
PBS wash and immediate isolation of total RNA with TRIzol. 4sU isolation was
performed as previously described [114]. 4sU isolated RNA was analyzed by RT-qPCR.

RT-gPCR. Total RNA was harvested using TRIzol following the manufacturer’s protocol.
Samples were DNase treated using Turbo DNase (Ambion), and cDNA was
synthesized from 2 pg of total RNA using AMV reverse transcriptase (Promega), and
used directly for quantitative PCR (qPCR) analysis with the DyNAmo ColorFlash SYBR
green gPCR kit (Thermo Scientific). All gQPCR results were normalized to levels of 18S
or GAPDH as indicated, and WT or scramble control set to 1. RT-qPCR primers used in
this study are listed in Table 3.

LC-MS/MS analysis of m°A. Total RNA was isolated from iSLK219 cells with TRIzol
reagent. Dynabeads mRNA purification kit (Ambion) was used to isolate polyA(+) RNAs
from 100 pg of total RNA according to the manufacturer. 100-200 ng of polyadenylated
RNA was spiked with 10 uM of 5-fluorouridine (Sigma) and digested by nuclease P1 (1
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U) in 25 pL of buffer containing 25 mM NaCl and 2.5 mM ZnCl, at 42 °C for 2-4 hr,
followed by addition of NHsHCO3 (1 M, 3 pL) and bacterial alkaline phosphatase (1 U)
and incubation at 37 °C for 2 hr. The sample was then filtered (Amicon 3K cutoff spin
column), and 5 pL of the flow through was analyzed by liquid chromatography (LC)
coupled to an Orbitrap-XL mass spectrometer (MS) equipped with an electrospray
ionization source (QB3 Chemistry facility).

m°A-RIP and mGA-RIP-sequencing. Total cellular RNA (containing KSHV RNA) was
extracted and purified by TRIzol and then DNAse treated with Turbo DNase (Ambion).
30 ul protein G magnetic beads (Invitrogen) were blocked in 1% BSA solution for 1
hour, followed by incubation with 12.5 pg affinity-purified anti-m°A polyclonal antibody
(Millipore) at 4°C for 2 hr with head-over-tail rotation. 100 pg purified RNA was added to
the antibody-bound beads in IP buffer (150 mM NaCl, 0.1% NP-40, and 10 mM Tris-HCI
[pH 7.4]) containing RNAse inhibitor and protease inhibitor cocktail and incubated
overnight at 4°C with head-over-tail rotation. The beads were washed three times in IP
buffer, and then RNA was competitively eluted with 6.7 mM m°A-free nucleotide solution
(Sigma Aldrich). RNA in the eluate was phenol chloroform extracted and then reverse
transcribed to cDNA for Real-Time qPCR analysis.

High-throughput sequencing of the KSHV methylome (m®A-seq) was carried
following the previously published protocol [115]. In brief, 2.5 mg total cellular RNA was
prepared from iSLK.219 cells that were either unreactivated, or reactivated for five days
with doxycycline. RNA was isolated and DNAse treated as in the m°A RIP, except the
RNA was first fragmented to lengths of ~100 nt prior to immunoprecipitation with anti-
mPA antibody (Synaptic Systems). Inmunoprecipitated RNA fragments and comparable
amounts of input were subjected to first-strand cDNA synthesis using the NEBNext Ultra
RNA Library Prep Kit for lllumina (New England Biolabs). Sequencing was carried out
on lllumina HiSeq2500 according to the manufacturer’s instructions, using 10 pM
template per sample for cluster generation, TruSeq SR Cluster kit v3 (lllumina), TruSeq
SBS Kit v3-HS (lllumina) and TruSeq Multiplex Sequencing primer kit (lllumina). A
reference human transcriptome was prepared based on the University of California,
Santa Cruz (UCSC) and a reference KSHV transcriptome based on KSHV 2.0
annotation [116]. Analysis of m°A peaks was performed using the model-based analysis
of ChIP-seq (MACS) peak-calling algorithm. Peaks were considered significant if their
MACS-assigned fold change was greater than four and individual FDR value less than
5%. Sequencing data are available on GEO repository (accession number
GSE104621). Raw reads and alignment to the viral genome are shown in Table 2.

Statistical Analysis: All results are expressed as means +/- S.E.M. of experiments
independently repeated at least three times, except where indicated. Unpaired
Student’s t test was used to evaluate the statistical difference between samples.
Significance was evaluated with P values <0.05.
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Tables

peak_start peak _end feature_start feature_end name strand dmTSS dmPE Chaic:glg
1690 1835 1127 2779  ORF4 + 635 1017 4.82669
17248 17536 17242 17856 vIL6 - 464 150 4.92725
28634 29143 28616 29690 PAN + 272 802 2.66531
28634 29143 28655 28768 1.1 + 56 57 2.66531
28634 29143 28831 28965 1.2 + 67 67 2.66531
28634 29143 28888 28965 1.3 + 38 39 2.66531
29212 29645 28616 29690 PAN + 812 262 3.19966
73092 73233 71412 74445 ORF50 + 1750 1283 3.8636
131004 131141 130876 134766 ORF75 - 3694 196 4.0544

Table 1.1 m°A Fold Change>2 peaks in first uninduced replicate KSHV iSLK.219 cells. dmMTSS=
distance from middle of peak to Translation Start Site. dmPE= distance from middle of peak to end. Peak
start and peak end refer to the locations within the KSHV BAC16 genome.

peak_start peak _end feature_start feature_end name strand dmTSS dmPE ChaFnoglg
709 827 105 959 ORFK1 + 663 191 2.6428

1673 1876 1127 2779 ORF4 + 647 1005 5.07048
17255 17515 17242 17856 vIL6 - 471 143 2.59748
28632 29644 28616 29690 PAN + 522 552 2.33256
28632 29644 28655 28768 1.1 + 56 57 2.33256
28632 29644 28831 28965 1.2 + 67 67 2.33256
28632 29644 28888 28965 1.3 + 38 39 2.33256
73692 73820 71412 74445 ORF50 + 2344 689 2.30481
124451 124563 124252 127623 ORF73 - 3116 255 2.0234

Table 1.2 m°A Fold Change>2 peaks in second uninduced replicate KSHV iSLK.219 cells. dmTSS=
distance from middle of peak to Translation Start Site. dmPE= distance from middle of peak to end. Peak
start and peak end refer to the locations within the KSHV BAC16 genome.

peak_start peak _end feature_start feature_end name strand dmTSS dmPE Chaﬁ%g
15622 15815 14500 15756 ORF10 + 1189 67 3.44245
15622 15815 15574 15756  ORF10.2 + 115 67 3.44245
15622 15815 15633 15722  ORF11.1 + 44 45 3.44245
15622 15815 15648 15722  ORF11.2 + 37 37 3.44245
15622 15815 15771 16994 ORF11 + 22 1201 3.44245

16163 16358 15771 16994 ORF11 + 489 734 2.50834



16697
17198
17198
17198
17198
17198
17198
18703
18703
18703
19233
21316
21316
21316
24189
25631
26073
28507
28507
28507
28507
30165
30715
30715
31002
31002
35115
35115
35115
42564
42961
50888
52847
58482
58482
58482
58482
67582
67582
68377

16996
18121
18121
18121
18121
18121
18121
19051
19051
19051
19351
21931
21931
21931
24892
25942
26497
29671
29671
29671
29671
30351
30915
30915
31524
31524
35411
35411
35411
42679
43123
51008
53247
58649
58649
58649
58649
67985
67985
68636

15771
17242
17602
17877
17902
17985
18057
18589
18589
18589
18589
21274
21495
21743
24871
25663
25663
28616
28655
28831
28888
29962
30369
30639
30369
30639
35201
34429
34429
42595
42595
50580
52578
57089
58455
58504
54708
67169
67140
67169

16994
17856
18534
17915
18003
18047
18116
19128
19557
19128
19557
22864
21779
21820
24915
26433
26433
29690
28768
28965
28965
30489
32243
31505
32243
31505
36943
35202
35322
46725
46725
51524
53582
58549
58589
58689
67074
68392
68952
68392

ORF11
vIL6
ORF2
vIL6.5
vIL6.4
vIL6.3
vIL6.1
ORFK3A
ORFK3
ORFK3A
ORFK3
ORFK4.1
ORFK4
ORFK4A
1.4KbB
ORFK5
ORFK5
PAN

1.1

1.2

1.3
ORF16
ORF17
ORF17.5
ORF17
ORF17.5
ORF21
ORF20B
ORF20A
ORF25
ORF25
ORF31
ORF33
ORF37
ORF38.2
ORF38
ORF44
ORF45
ORF45.1
ORF45

1074
307
673

19
51
31
30
251
680
251
265

1241

142
39
10

631

180

527
56
67
38

296

1428
690
980
252
105

44
104
42
447
368
469
1426
80
72

3857
609
643

8

149
307
259

19
50
31
29
288
288
288
703
349
142
38
34
139
590
547
57
67
39
231
446
176
894
614

1637
729
789

4088

3683
576
535

34
54
113

8509
614

1169

1215

3.30707
6.98696
6.98696
6.98696
6.98696
6.98696
6.98696
4.89438
4.89438
4.89438
2.34715
5.77533
5.77533
5.77533
7.11182
3.31605
2.17692
6.86332
6.86332
6.86332
6.86332
3.71139

21272

21272
5.05684
5.05684
4.59207
4.59207
4.59207
2.29871
3.00001
2.23334
3.13861
3.11006
3.11006
3.11006
3.11006
2.24823
2.24823
2.68519
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68377
68377
68377
72388
72388
73029
73668
74123
74123
75791
75791
76279
76630
77362
81835
82021
82287
95394
96468
111712
111712
112177
112177
113695
114201
114201
117277
117277
117877
117877
125130
125884

Table 1.3 m°A Fold Change>2 peaks in first induced replicate KSHV iSLK.219 cells. dmTSS= distance

68636
68636
68636
72492
72492
73481
73839
74437
74437
75983
75983
76507
76941
77479
81964
82219
83023
95608
96580
112029
112029
112331
112331
113892
114497
114497
117787
117787
119188
119188
125722
126128

68364
68453
67140
71412
72384
71412
71412
71412
74130
75731
75890
75731
76618
77149
81886
81886
81886
95368
95368
103819
111750
111750
112289
113512
113512
114382
117738
117738
117738
117738
124252
124252

68447
69220
68952
74445
72425
74445
74445
74445
74222
76511
75971
76511
77013
77481
83361
83361
83361
96558
96558

111726

112262

112262

112321

114327

114327

114624

119075

119084

119075

119084

127623

127623

ORF45.1
ORF46
ORF45.1
ORF50
ORF49.1
ORF50
ORF50
ORF50
ORF50AS
ORFK8.1
short
ORFK8.1
ORF52
ORF53
ORF57
ORF57
ORF57
ORF59
ORF59
ORF64
ORF65
ORF65
ORF65.1
ORF67
ORF67
ORF67.5
ORFK12
c2
ORFK12
c2
ORF73
ORF73

35
676
1366
1028
19
1843
2341
2868
46
156
40
662
228
61
39
234
769
1057
45
7900
373
43
16
534
63
185
1313
1322
599
604
2197
1617

48
91
446
2005
22
1190
692
165
46
624
41
118
167
271
1436
1241
706
133
1145

139
469
16
281
752
57
24
24
738
742
1174
1754

2.68519
2.68519
2.68519
2.577
2.577
5.05064
2.74664
3.26211
3.26211
2.26493
2.26493
5.15611
3.63089
3.21707
3.38962
2.92941
6.22493
2.17696
2.26902
2.27925
2.27925
3.84497
3.84497
2.59641
5.20902
5.20902
4.1951
4.1951
7.11182
7.11182
6.46812
2.23313

from middle of peak to Translation Start Site. dmPE= distance from middle of peak to end. Peak start and

peak end refer to the locations within the KSHV BAC16 genome.
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peak_start
13921
15610
15610
15610
15610
15610
16127
16630
17197
17197
17197
17197
17197
17197
18703
18703
18703
19242
21499
21499
21499
22713
22713
22713
24187
25644
26086
28504
28504
28504
28504
30164
30717
30717
35110
35110
35110
35622

peak_end
14042
15897
15897
15897
15897
15897
16540
17004
18170
18170
18170
18170
18170
18170
19143
19143
19143
19352
21884
21884
21884
22848
22848
22848
24897
25859
26483
29660
29660
29660
29660
30324
31529
31529
35403
35403
35403
35876

feature_start
11344
14500
15574
15633
15648
15771
15771
15771
17242
17602
17877
17902
17985
18057
18589
18589
18589
18589
21274
21495
21743
21274
22723
22545
24871
25663
25663
28616
28655
28831
28888
29962
30369
30639
35201
34429
34429
35201

feature_end
14382
15756
15756
15722
15722
16994
16994
16994
17856
18534
17915
18003
18047
18116
19128
19557
19128
19557
22864
21779
21820
22864
22806
22850
24915
26433
26433
29690
28768
28965
28965
30489
32243
31505
36943
35202
35322
36943

name
ORF9
ORF10
ORF10.2
ORF11.1
ORF11.2
ORF11
ORF11
ORF11
vIL6
ORF2
vIL6.5
viL6.4
vIL6.3
vIL6.1
ORFK3A
ORFK3
ORFK3A
ORFK3
ORFK4.1
ORFK4
ORFK4A
ORFK4.1
ORFK4.1c
ORFK4.1b
1.4KbB
ORFK5
ORFK5
PAN

1.1

1.2

1.3
ORF16
ORF17
ORF17.5
ORF21
ORF20B
ORF20A
ORF21

strand
+

+

dmTSS
2637
1183
109
44
37
63
562
1041
307
648
19
51
31
30
213
634
213
260
1173
140
39
84
42
70
13
672
174
522
56
67
38
282
1120
394
101
46
106
548

dmPE
401
73
73
45
37
1160
661
182
307
284
19
50
31
29
326
334
326
708
417
144
38
1506
41
235
31
08
596
552
57
67
39
245
754
472
1641
727
787
1194

Fold
Change

2.19852
4.8592
4.8592
4.8592
4.8592
4.8592

3.77497

5.11784

6.13178

6.13178

6.13178

6.13178

6.13178

6.13178

4.51374

4.51374

4.51374

2.26982
4.7262
4.7262
4.7262

2.84159

2.84159

2.84159

6.51578

2.74627

247424
6.4288
6.4288
6.4288
6.4288
3.6647

5.17721

5.17721

3.98724

3.98724

3.98724

2.55387
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42546
42939
46627
50853
52848
56825
58524
58524
58524
58524
59906
59906
67212
67212
68385
68385
68385
68385
68818
68818
69181
69181
71918
71918
72372
72372
72660
72987
73624
74043
74043
75778
75778
76279
77315
77315
81827
95378
96443
112181

42705
43146
46856
51029
53259
56962
58634
58634
58634
58634
60019
60019
68030
68030
68722
68722
68722
68722
68924
68924
69311
69311
72084
72084
72512
72512
72766
73547
73942
74454
74454
75942
75942
76503
77486
77486
83013
95624
96590

112316

42595
42595
42595
50580
52578
54708
57089
58455
58504
54708
58789
54708
67169
67140
67169
68364
68453
67140
68453
67140
68453
69228
71412
71446
71412
72384
71412
71412
71412
71412
74130
75731
75890
75731
77149
77483
81886
95368
95368
111750

46725
46725
46725
51524
53582
67074
58549
58589
58689
67074
59991
67074
68392
68952
68392
68447
69220
68952
69220
68952
69220
69731
74445
72354
74445
72425
74445
74445
74445
74445
74222
76511
75971
76511
77481
78439
83361
96558
96558
112262

ORF25
ORF25
ORF25
ORF31
ORF33
ORF44
ORF37
ORF38.2
ORF38
ORF44
ORF39
ORF44
ORF45
ORF45.1
ORF45
ORF45.1
ORF46
ORF45.1
ORF46
ORF45.1
ORF46
ORF47
ORF50
ORF49
ORF50
ORF49.1
ORF50
ORF50
ORF50
ORF50
ORF50AS
ORFK8.1
short
ORFK8.1
ORF53
ORF54
ORF57
ORF59
ORF59
ORF65

55
447
4081
361
475
2185
1447
101
75
3871
43
5254
771
481

31
633
1413
349
1731
20
462
589
353
1030
21
1301
1855
2371
2832
46
129
26
660
83

563
1057
58
41

4075
3683
49
583
529
10181
13
33
110
8495
1159
7112
452
1331
1219
52
134
399
418
81
747
41
2444
555
2003
20
1732
1178
662
201
46
651
55
120
249
955
912
133
1132
471

2.1997
2.63712
2.92367
2.87174
3.39709
2.29044
2.14549
2.14549
2.14549
2.14549
2.71918
2.71918
3.09772
3.09772
3.77689
3.77689
3.77689
3.77689
2.06559
2.06559

2.1678

2.1678

2.6606

2.6606
4.02646
4.02646
2.15852
5.48157
3.82859

4.5723

4.5723
2.06838
2.06838
5.57457
4.35726
4.35726
5.563325
2.88483
2.93549
3.45117
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112181
114233
114233
117285
117285
117832
117832
125140
125862

Table 1.4 m°A Fold Change>2 peaks in second induced replicate KSHV iSLK.219 cells. dmTSS=

112316
114484
114484
117778
117778
119188
119188
125719
126119

112289
113512
114382
117738
117738
117738
117738
124252
124252

112321
114327
114624
119075
119084
119075
119084
127623
127623

ORF65.1
ORF67
ORF67.5
ORFK12
C2
ORFK12
C2
ORF73
ORF73

19
47
191
1317
1326
622
626
2194
1633

13
768
51
20
20
715
720
1177
1738

3.45117
4.49222
4.49222
3.12261
3.12261
6.51578
6.51578
6.31278
2.28234

distance from middle of peak to Translation Start Site. dmPE= distance from middle of peak to end. Peak

start and peak end refer to the locations within the KSHV BAC16 genome.

% aligned to KSHV genome

(BAC16)

IP_uninduced 1

IP_uninduced 2

IP_induced 1
IP_induced 2

input_uninduced 1

input_uninduced 2

input_induced 1

input_induced 2

Table 2 Alignment of m®A-seq reads to KSHV genome. The reads were analyzed using FastQC to look
for adapter contamination. Following fastqc, the reads were trimmed to remove adapters. The trimmed
reads were aligned to the KSHV BAC16 genome using Bowtie2.

Untrimmed

reads

0.06%
0.09%
3.81%
3.76%
0.06%
0.10%
7.94%
8.15%

Trimmed

reads

0.06%
0.09%
3.91%
3.87%
0.06%
0.11%
8.12%
8.34%
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Orientation

Primer Sequence (5-3") F: Forward
R: Reverse
vIL6 CGGTTCACTGCTGGTATCTG F
vIL6 CAGTATCGTTGATGGCTGGT R
ORF57 TTTGACGAATCGAGGGACGACG F
ORF57 GCAGTTGAGAACGACCTTGAGAT R
ORF37 TGGGCGAGTTTATTGGTAGTGAGG F
ORF37 CTCCACTAGACAGCAGATGTGG R
K8.1 TCCCTAAACGGGACCAGACT F
K8.1 ACCCAGAGGCAGACGTATCT R
PAN TAATGTGAAAGGAAAGCAGCGCCC F
PAN CATTTAGGGCAAAGTGGCCCGATT R
vGPCR GTGCCTTACACGTGGAACGTT F
vGPCR GGTGACCAATCCATTTCCAAGA R
K1 CCAAACGGACGAAATGAAAC F
K1 TGTGTGGTTGCATCGCTATT R
GAPDH CGGAGTCAACGGATTTGGTCGTAT F
GAPDH AGCCTTCTCCATGGTGGTGAAGAC R
ORF50 CGCAATGCGTTACGTTGTTG =
ORF50 GCCCGGACTGTTGAATCG R
ORF50 viral GAGTCCGGCACACTGTACC F
ORF50 viral AAACTGCCTGGGAAGTTAACG R
DICER TGCTATGTCGCCTTGAATGTT =
DICER AATTTCTCGATAGGGGTGGTCTA R
18s GTAACCCGTTGAACCCCATT =
18s CCATCCAATCGGTAGTAGCG R
TGGCCCATCTCGCGAATA
LANA F
AACGCGCCTCATACGAACTC
LANA R
SON CGACAGCGCTGGAATCCTAT F
SON GCCATCAAGGGATCCACTCC R

Table 3 List of RT-gPCR primers used in this study.

42



Chapter 3: Perspectives and Future Directions

Diverse impact of m®*A modification across multiple viruses

The field of post-transcriptional RNA modifications in viruses has burgeoned in
recent years. Global epitranscriptomic analyses have documented extensive m°A
deposition during infections with KSHV, SV40, HIV, Hepatitis B virus, Influenza A virus
and several members of the Flaviviridae [39-41,47,88,89,91,99,111]. The specifics of
how m®A impacts these lifecycles have been described in several recent reviews
[48,90,117,118]. To summarize, in two nuclear replicating viruses, SV40 and Influenza,
mPA and the reader protein YTHDF2 have been shown to play a proviral role[40,99]. In
flaviviruses, an antiviral role for m®A writers and readers has been demonstrated[41,47].
Yet, in the majority of cases, the underlying molecular mechanisms remain unclear.
Furthermore, for several viruses with highly complex lifecycles, both pro and anti-viral
roles for m°A have been proposed.

An illustration of this can be found in recent studies examining HIV and Hepatitis
B virus (HBV). These viruses both have complicated lifecycles, with key regulatory
steps occurring in both the nucleus and cytoplasm [119,120]. Both viruses feature a
reverse transcription step, although in HIV it occurs at the beginning of the viral lifecycle
and in HBV it occurs near the end of the lifecycle. In HIV, reader proteins are proposed
to bind methylated viral RNA in the cytoplasm and block its reverse transcription to
cDNA, thus inhibiting the rest of the viral lifecycle[91]. Upon reactivation from latency,
methylation of the highly structured Rev Response Element in the genomic RNA has
been proposed to enhance Rev protein binding and RNA export[89]. Thus, depletion of
mCA writers inhibits virion production and depletion of erasers as the opposite effect.
Furthermore, m®A sites in the 3'UTR of HIV viral mRNA are proposed to enhance
translation, with this effect observed for YTHDF1, 2, and 3[88]. In HBV, a recent study

also revealed pro and anti-viral roles[39]. Depletion of m®A led to reduced reverse
transcription of the pgRNA, yet increased HBV protein expression. Thus, in two viruses
with lifecycles involving RNA and DNA intermediates, m°A is proposed to have
opposing effects on discrete steps in the viral lifecycle.

Technical Challenges

Amid the varied and sometimes contradictory roles ascribed to the m°A pathway
in viral infection, one common theme is the enrichment of m°A in the RNAs of both
nuclear and cytoplasmic replicating viruses. This is intriguing given the extensive co-
evolutionary history between viruses and their hosts. While m°A is proposed to lead to
anti-viral phenotypes in some contexts, there should be selective pressure for m°A
consensus sequences in viral RNA to mutate over time if they exert a substantial fithess
cost to the virus [118]. Many published studies of m°A in viruses have only looked at a
single time point during infection, thus neglecting the fact that m°A modifications are
reported to be dynamic[14]. As more comprehensive studies are conducted, they will
likely uncover additional roles for the m°A pathway in regulating discrete phases of the
viral lifecycle. In the case of KSHV, the broad enrichment of m°A across multiple kinetic
classes of transcripts renders it very difficult to distinguish direct effects from indirect
effects. Furthermore, the asynchronous nature of lytic induction makes it challenging to
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analyze the impact of a host component on a single phase of the viral lifecycle. As
CRISPR/Cas9 knockouts of METTL3 and YTHDF2 may compromise cell viability,
technological advancements to achieve robust, transient depletion of m®A components
will be necessary. Additionally, synonymous mutation of specific viral m°A consensus
sites could yield mechanistic insight into the site-specificity of reader protein binding,
and avoid confounding effects caused by impaired cellular differentiation and/or viability.

Another limitation of existing viral m®A-seq studies is the resolution of m°A peaks.
These studies were carried out using so-called “1% generation” sequencing techniques
involve the chemical fragmentation of RNA to lengths of 100 nt [115]. The m°A antibody
is then used to pull out the chemically modified transcripts. While this antibody is highly
specific, the resolution of the sequencing technique is limited by the fragment size of the
RNA. Therefore, we are only able to detect the approximate location of m°A on a
transcript. As such, when m°A consensus motifs are found in close proximity to each
other (as is the case for the ORF50 transcript), we are not able to discern which of the
neighboring sites are modified. Furthermore, we cannot discern the exact stoichiometry
of the modification (the percent modified versus unmodified) at any given consensus
motif. As several studies have suggested site-specific functions for m°®A in the viral
lifecycle, improved resolution is critical[39,41]. A newer method has been developed,
utilizing crosslinking of RNA incubated with the anti-m°A antibody, followed bg/ the
introduction of truncations or C-T transitions that allow mapping of specific m°A sites
[121]. This technique has the potential to significantly improve resolution of mPA-seq
studies, although not fully addressing the problem of stoichiometry. In the context of
KSHYV, site-specific mapping of transcripts such as ORF50 could be overlaid with CLIP-
seq profiles for individual reader proteins to determine their relative binding profiles.

Cell-type specific roles for YTHDF2

It remains unclear why YTHDF2 is required for robust lytic replication in iSLK.219
and iSLK.BAC16 reactivation models, but not in TREX-BCBL-1 cells. YTHDF2 is not
reported to have any intrinsic biochemical activity, instead recruiting other effector
proteins to the modified mRNA [61,66]. In particular, as the closely related readers
YTHDF1-3 are reported to have functional redundancy, why does YTHDF2 depletion
lead to more dramatic phenotypes[66]? Published studies in other viral systems have
shown roles for YTHDF2 that are both strongly pro and anti-viral [40,41,88,99,111].
However, these studies largely do not prove that YTHDF2 is acting in cis on viral RNA,
leaving open the possibility that it is instead impacting the expression of cellular mMRNAs
involved in the viral replicative process. Furthermore, no other published studies have
examined cell-type specific differences in YTHDF2 localization or function.

To narrow down the possibilities as to how YTHDF2 might be acting, we first
examined whether differential localization or expression of YTHDF2 could explain the
phenotypes observed in iSLK cells and BCBL-1 cells. We saw relatively similar
expression of YTHDF2 comparing latent and lytic iSLK and BCBL-1 cell types (Fig 10).
Furthermore, cell fractionation experiments revealed no gross differences in the
subcellular localization, with YTHDF2 appearing in the cytoplasmic and
nuclear/perinuclear fractions in both cases (Fig 11). However, as it has been proposed
that depletion of one reader protein can significantly enhance the RNA binding affinity of
another reader protein, even subtle differences between cell types could have a
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significant impact [64]. Since all of the structure-independent readers are reported to
bind to the same consensus sequence and at least partially overlap in their binding
sites, differences in the stoichiometry of reader proteins binding modified transcripts
could exist between cell types.

Next, we wondered whether significant differences could exist in the m°A
methylome between cell types, thus impacting which transcripts are bound by YTHDF2.
Transcriptome-wide m°A-seq revealed about 70% of viral m°A peaks are shared
between lytic iISLK.BAC16 and TREX-BCBL-1 cells[111]. While there were some
intriguing differences, including a cluster of modification in the region of ORF34-37 in
BCBL1 cells not found in iSLK cells, changes in the methylation of cellular transcripts
were more dramatic [111]. Indeed, while the canonical GGAC motif was enriched for
mPA in both cell types, Iytically reactivated iSLK.BAC16 cells exhibited increased 5 UTR
methylation and slightly decreased 3'UTR methylation compared to latent cells. In
contrast, lytically reactivated BCBL-1 cells exhibited decreased 5’ UTR methylation and
increased 3'UTR methylation [111]. However, the functional consequences of these
changes remain unclear. Thus, a future direction would involve CLIP-seq for YTHDF2
and other m°A readers in both cell types to reveal whether these changes in m°A
distribution alter reader protein binding.

As numerous cellular signaling pathways are triggered upon KSHV reactivation,
changes in the methylation state of cellular transcripts could have broad impacts upon
lytic gene expression. Protein Kinase A (PKA), XBP-1, CBP, the SWI/SNF chromatin
remodeling complex and the TRAP/Mediator complex have all been reported to
enhance lytic induction and/or gene expression[3]. In particular, a constitutively active
form of Ras, v-Ki-ras2, has been shown to promote ORF50 transcriptional activity by
over one hundred fold, playing a broader role in the Raf/MEK/ERK pathway [122]. In
turn, NFxB suppresses AP-1 and blocks ORF50 transactivation by antagonizing the
recombination signal sequence binding protein Jk (RBP-jk) cofactor, a major
transcriptional repressor of the Notch signaling pathway, in B lymphocytes [3]. Given the
role of cellular signaling pathways in amplifying and antagonizing ORF50 expression, it
will be important for future studies to examine the role of YTHDF2 in regulating the
stability of mPA modified cellular transcripts. For example, if YTHDF2 binds and
destabilizes the transcript of a m°A modified cellular transcript that negative regulates
ORF50 activity, that could promote ORF50 expression. Thus, cell-type specific
differences in either the expression level or modification state of ORF50 cellular co-
factors could potentially lead to disparate impacts upon viral reactivation.

Role of m°A in the innate immune response

As extensive remodeling of the host transcriptome occurs upon viral infection, a
key question is whether anti-viral transcripts are impacted by mPA modification? Of
particular interest in viral infection, IFN-I products induce resistance to viral infection, but
also cause a variety of autoimmune diseases when their production is
dysregulated[123]. Thus, expression of IFN-I transcripts must be tightly regulated. While
these transcripts are known to contain AU-rich elements in their 3’ UTRs to help
facilitate their post-transcriptional degradation, additional mechanisms to regulate IFN-I
transcript stability may exist [124]. As mPA is suggested to destabilize transcripts, m°A
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modification of IFN-I transcripts could potentially contribute to the pro-viral effects
ascribed to the m°A pathway during several viral infections [40,88,99,127].

To address this possibility, two recent studies focused on the role of m°A on host
transcripts during infection with human cytomegalovirus (HCMV) [125,126]. Both studies
confirmed the IFNB transcript contains multiple m°A sites, and that depletion of the m°A
writers METTL3 and METTL14 enhanced IFN-I transcript abundance and restricted viral
replication. In addition, Rubio and colleagues show that depletion of METTL14
enhanced /FNB transcription, while depletion of eraser ALKBHS had the opposite
effect[126]. These phenotypes could be recapitulated upon dsDNA stimulation or
stimulation with a UV-inactivated virus, demonstrating that a viral protein is not
redirecting m®A components to host transcripts[125,126]. Winkler and colleagues also
demonstrate that depletion of METTL3 and YTHDF2 led to stabilization of IFN-I
transcripts, restricting replication of multiple RNA and DNA viruses[125]. Overall, these
studies argue that stabilization of IFN-I transcripts upon mCA depletion could contribute
to the pro-viral phenotypes observed upon infection with multiple viruses[40,88,99,127].
Furthermore, these studies suggest that m°A deposition on IFN-I transcripts could be a
conserved host mechanism designed to negatively regulate the stability of IFN-I
transcript[125,126]. As dsDNA can accumulate in the cytoplasm of senescent cells and
trigger aberrant IFN-I production, tight regulation of IFN-I transcript stability helps
prevent autoimmunity and allows IFN-I production to be rapidly shut off once a viral
threat has been contained[126].

In our work, reactivation of iISLK.BAC16 cells upon depletion of METTL3 and
YTHDF2 revealed significant defects in virion production, despite a relatively minor
impact upon viral gene expression at early time points (Fig 8). Although we did not
investigate a role for IFN-I, we observed a very similar impact upon KSHV virion
production in this cell type to that observed by Winkler and colleagues during HCMV
infection[125]. Along these lines, future studies should examine the extent to which meA
modification of IFN-I transcripts impacts the replication of other beta and
gammaherpesviruses. As such experiments would be very challenging to perform
during the asynchronous lytic reactivation context of KSHV, they could instead be
performed upon de novo infection with MHV-68 or MCMV. In preliminary experiments,
depletion of writers and readers prior to infection with MHV-68 did not cause any clear
changes in infectivity 24 hpi (data not shown). However, these experiments were
performed in HEK293 cells, a human transformed cell line which is not a biological
target of MHV-68 infection. Thus, future experiments with MHV-68 or MCMV should be
performed in primary cell types with intact innate immune sensors.

Potential role of other m®A readers and erasers

As mPA binding proteins have been proposed to both stabilize and destabilize
transcripts, this could explain why the impact of METTL3 depletion did not always
phenocopy that observed upon YTHDF2 depletion (Figs 4, 6, 8, 12). For example,
IGF2BPs are m°A readers that are proposed to stabilize transcripts, and appear to have
a binding profile largely distinct from that of YTHDF2[78]. Thus, RNA
immunoprecipitation experiments should be performed to reveal whether these proteins
bind KSHV transcripts, as well as experiments to examine their subcellular localization
across cell types. Furthermore, while knockdown of each individual YTHDF protein did
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not appear to greatly destabilize the expression of other YTHDF family members, future
studies should examine whether depletion of YTHDF proteins also impacts the
expression of other classes of m°A readers such as the IGF2BPs.

Although the roles of the m®A writer METTL3 and the YTH-domain reader
proteins have been examined by multiple studies during KSHV lytic reactivation, little is
known about the function of the m°®A erasers in the context of viral infection. The extent
to which m°A deposition can be reversible is disputed, as one study performed in a non-
infectious context indicated that the m°A content of transcripts remained largely static
after mMRNA export to the cytoplasm [106]. Still, it cannot be ruled out that viral infection
could result in inhibition of m°A erasers, thus contributing to the large increase in
cellular mPA content observed upon Iytic reactivation of KSHV (Fig 1B). Studies in other
infectious contexts have shown that depletion of erasers leads to the opposite
phenotype from that seen upon depletion of writers [41,47,89,126]. While no studies
have examined the role of the m°A eraser ALKBH5 during the KSHV lytic cycle, one
study reported that chemical inhibition of FTO slightly increased lytic replication in BCBL-1
cells[71]. In addition, a recent study revealed that FTO expression and subcellular
localization varies considerably by cell type, thus offering a potential explanation for cell-
type specific effects observed upon depletion of meA machinery [24]. Thus, it could be
worthwhile to examine the subcellular localization of both ALKBHS5 and FTO during lytic
reactivation of iSLK and BCBL-1 cells, and analyze the impact of ALKBHS5 depletion
upon the viral lifecycle. As mPA deposition is reported to facilitate mMRNA export,
inhibition of m®A erasers in the nucleus could help ensure the proper nuclear export of
key lytic transcripts upon KSHYV reactivation.
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