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Previous work has demonstrated that the epitranscriptomic addition of m°A to viral transcripts can promote the
replication and pathogenicity of a wide range of DNA and RNA viruses, including HIV-1, yet the underlying
mechanisms responsible for this effect have remained unclear. It is known that m°A function is largely mediated by
cellular m°A binding proteins or readers, yet how these regulate viral gene expression in general, and HIV-1 gene
expression in particular, has been controversial. Here, we confirm that m°A addition indeed regulates HIV-1 RNA
expression and demonstrate that this effect is largely mediated by the nuclear m®A reader YTHDC1 and the cyto-
plasmic m°A reader YTHDF2. Both YTHDC1 and YTHDF2 bind to multiple distinct and overlapping sites on the
HIV-1 RNA genome, with YTHDCI1 recruitment serving to regulate the alternative splicing of HIV-1 RNAs. Un-
expectedly, while YTHDF2 binding to m°®A residues present on cellular mRNAs resulted in their destabilization as

previously reported, YTHDF2 binding to m°A sites on HIV-1 transcripts resulted in a marked increase in the
stability of these viral RNAs. Thus, YTHDF2 binding can exert diametrically opposite effects on RNA stability,

depending on RNA sequence context.
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Eukaryotic mRNAs are subject to a range of covalent
modifications at the nucleotide level, collectively referred
to as epitranscriptomic modifications. The most common
modification of mammalian mRNAs is methylation of
the N°® position of adenosine (m®A), which comprises
~0.4% of all adenosines (Desrosiers et al. 1974; Dominis-
sini et al. 2012; Meyer et al. 2012). m®A residues are depos-
ited on mRNAs by a “writer” complex, minimally
consisting of METTL3, METTL14, and WTAP, which
adds mC®A to some, but not all, copies of the RNA motif
5-RRACH-3' (R=G/A, H=A/U/C) (Bokar et al. 1997,
Liu et al. 2014; Ping et al. 2014; Shi et al. 2019). Cells
also express two demethylases or “erasers,” called FTO
and ALKBH5, which have been proposed to dynamically
regulate m®A levels (Jia et al. 2011; Zheng et al. 2013). Fi-
nally, the phenotypic effects of m°A on mRNA are largely
conferred by m®A binding proteins or readers. These
include the nuclear m°®A reader YTHDCI1, which has
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been reported to regulate cellular mRNA splicing and nu-
clear export, and the cytoplasmic m°A readers YTHDF1,
YTHDF2, and YTHDE3, which are thought to regulate
the stability, and possibly also translation, of m®A-con-
taining mRNAs (Wang et al. 2014, 2015; Xiao et al.
2016; Roundtree et al. 2017). Recent reports suggest that
the cytosolic readers YTHDF1, 2, and 3 confer redundant
functions, with YTHDF2 the dominant reader due to its
higher expression level (Lasman et al. 2020; Zaccara and
Jaffrey 2020).

Whereas m°A is the most common epitranscriptomic
modification on cellular mRNAs, analysis of the genomic
RNAs encoded by retroviruses revealed an even higher
level of m®A on these transcripts, with m®A comprising
as much as ~2.4% of the adenosines found on murine leu-
kemia virus (MLV) genomic RNAs (Courtney et al. 2019a).
This high prevalence suggests that m®A might be
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promoting some aspect(s) of the viral replication cycle. In-
deed, addition of m°®A has now been shown to boost the
replication of a diverse range of viruses, including not
only MLV but also influenza A virus (IAV), SV40, human
metapneumovirus (HMPV), enterovirus 71, and respirato-
ry syncytial virus (RSV) (Tsai and Cullen 2020). In the case
of IAV, HMPV, and RSV, the presence of m°A residues on
viral transcripts was also shown to boost pathogenicity in
vivo. Similarly, for HIV-1, knockdown of the m®A writers
METTL3 and METTL14 inhibited HIV-1 gene expression,
while knockdown of the m®A erasers FTO or ALKBH5 had
the opposite effect (Lichinchi et al. 2016a; Tirumuru et al.
2016). However, the mechanism underlying this positive
effect has remained controversial. One group (Lichinchi
et al. 2016a) reported that a key adenosine residue in the
HIV-1 Rev response element (RRE) is methylated to
mCA, which then promotes Rev binding. However, we
and others (Kennedy et al. 2016; Tirumuru et al. 2016;
Chu et al. 2019; Courtney et al. 2019b) have been unable
to confirm the presence of any mC®A residues on the RRE.

While the addition of m®A to viral transcripts has there-
fore been reported to increase viral gene expression in
most instances, exceptions exist. In particular, m®A addi-
tion has been reported to inhibit the replication of several
flavivirus species and to destabilize hepatitis B virus tran-
scripts (Gokhale et al. 2016; Lichinchi et al. 2016b; Imam
et al. 2018). This effect is similar to what has been report-
ed for a range of cellular mRNAs, which generally are de-
stabilized by addition of m°A residues (Wang et al. 2014;
Ke et al. 2017; Park et al. 2019; Zaccara and Jaffrey
2020). However, here also exceptions exist, with m°®A be-
ing reported to stabilize specific cellular mRNAs during
hypoxic shock (Fry et al. 2017).

While we have previously reported (Kennedy et al. 2016)
that the cytoplasmic m°A readers YTHDF1, YTHDE3,
and especially YTHDF2 all promote HIV-1 gene expres-
sion and replication, another group (Tirumuru et al.
2016) has argued that these same proteins bind to HIV-1
genomic RNAs and are then packaged into virions where
they inhibit reverse transcription. In contrast, a third
group has reported that while YTHDE3, but not YTHDF2,
is selectively incorporated into HIV-1 virions, it is then
inactivated by cleavage by the viral protease. Only
when cleavage by the HIV-1 protease was inhibited was
YTHDE3 found to exert an inhibitory effect (Jurczyszak
et al. 2020).

Here, we have sought to more fully define how m°A res-
idues interact with cellular readers to positively affect
HIV-1 mRNA function and report that m°A regulates
HIV-1 gene expression by at least two distinct mecha-
nisms. On the one hand, m®A assures the optimal alterna-
tive splicing of HIV-1 transcripts by recruiting the nuclear
mO®A reader YTHDC1. On the other hand, while we con-
firm previous reports that m®A can destabilize cellular
mRNAs via recruitment of the cytoplasmic m°A reader
YTHDF2 (Wang et al. 2014; Park et al. 2019; Zaccara
and Jaffrey 2020), we found that YTHDF2 binding to
mO®A sites on HIV-1 transcripts instead enhances the
stability of these viral mRNAs. Thus, recruitment of
YTHDF2 to m°A residues on mRNAs can have disparate
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effects on mRNA stability depending on as yet undefined
differences in sequence context.

Results

Removal of m°A residues reduces the level of HIV-1 RNA
expression

Previously, it has been demonstrated that knockdown of
the m®A writers METTL3 and METTL14 using RNA in-
terference (RNAI) inhibits HIV-1 Gag expression while
knockdown of the m°®A erasers ALKBH5 or FTO increases
HIV-1 Gag expression (Lichinchi et al. 2016a; Tirumuru
et al. 2016), yet the molecular basis for this positive effect
of the m®A modification has remained unclear. As an
alternative complementary approach, we overexpressed
the m°A eraser ALKBH5, which has been previously dem-
onstrated to globally reduce m°A levels on RNA (Zheng
et al. 2013; Lu et al. 2020). A lentiviral ALKBH5 expres-
sion vector was used to transduce the CD4" T-cell line
CEM, and three single cell clones were isolated, each ex-
pressing an approximately threefold higher level of
ALKBHS5 than the parental cells (Fig. 1A,B). To confirm
mCA depletion on mRNAs expressed in these ALKBH5-
overexpressing cells (+ALKBH5), we quantified the m°A
content of purified poly(A)* RNA extracted from HIV-1-
infected parental or +ALKBH5 CEM cells at 3 d postinfec-
tion (dpi) using an m®A ELISA assay. Isolation of poly(AJ*
RNA by oligo-dT purification successfully removed >90%
of rRNA (Supplemental Fig. S1), and we observed that poly
(A)* RNA isolated from the +ALKBH5 CEM cells con-
tained ~50% less m®A than WT CEM cells (Fig. 1C).

We next infected WT and +ALKBH5 CEM cells with
HIV-1 and then limited this infection to a single cycle
by addition of the reverse transcriptase (RT) inhibitor ne-
virapine at 16 h postinfection (hpi), followed by harvest at
48 hpi for analysis of viral gene expression. In all three
+ALKBH5 clones, reduced m®A addition resulted in a
~60% drop in viral Gag protein expression (Fig. 1A,D)
while cellular GAPDH, which is translated from an
mRNA lacking m°A residues (Dominissini et al. 2012),
was unaffected. We also saw a similar ~60% drop in the
level of both unspliced and spliced HIV-1 transcripts but
again saw no change in the level of an m®A-free host
mRNA, NONO (Fig. 1E; Dominissini et al. 2012). These
data indicate that removal of m°A residues from HIV-1
mRNAs upon ALKBH5 overexpression selectively de-
creases HIV-1 gene expression at the RNA level without
globally impacting cellular mRNA expression.

YTHDF2 binding stabilizes HIV-1 mRNAs

Whereas we have previously reported that the cytoplas-
mic m°A readers YTHDF1, YTHDF2, and YTHDEF3 in-
crease HIV-1 gene expression and replication, others
have argued that they exert an inhibitory effect (Kennedy
et al. 2016; Tirumuru et al. 2016). As it has recently been
reported that all three YTHDF proteins function by simi-
lar mechanisms (Zaccara and Jaffrey 2020), and YTHDF2
is the most highly expressed variant in T cells (Kennedy
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Figure 1. Global depletion of m®A in T cells suppresses HIV-1
RNA and protein expression. Three separate clones of the CD4*
CEM T-cell line overexpressing ALKBH5 (Al, A3, and A12)
were compared with WT CEM cells (Ctrl). (A) HIV-1 Gag expres-
sion was analyzed by Western blot at 2 dpi after single cycle HIV-1
infection of + ALKBH5 CEM cells or control cells (one WT and the
others expressing the irrelevant GFP-targeted Cas9 [AG]). Also an-
alyzed were ALKBHS5 (the overexpressed epitope tagged ALKBH5
runs slightly slower than endogenous ALKBH5) and GAPDH, as a
loading control. (B) ALKBH5 band intensities from A were quan-
tified and are shown relative to control cells, set at 1. (C) The m°A
content of poly(A)" mRNAs from Ctrl and +ALKBH5 cells was
quantified by ELISA (n=5). (D) Quantification of the HIV-1 Gag
band intensities (p24 + p55) from A. (E) Aliquots of the samples
from C were analyzed for viral RNA expression levels by qRT-
PCR. The m®A-free cellular transcript (NONO) served as a nega-
tive control. Statistical analyses by two-tailed Student’s t-test. Er-
ror bars indicate SD. (**) P<0.01.

et al. 2016), we focused on this protein. We first sought to
confirm that YTHDEF2 can indeed enhance viral replica-
tion by transfecting 293T cells with a plasmid expressing
the HIV-1 receptor CD4, along with either an empty
plasmid (Ctrl) or a plasmid expressing YTHDF2 (+DF2),
and confirmed that this results in YTHDF2 overexpres-
sion (Fig. 2A). Control and YTHDF2-overexpressing cells
were then infected with a fully replication competent
HIV-1 variant expressing nano luciferase (NLuc) in place
of Nef. At 24 hpi, we observed a significant, approximately
threefold increase in total viral RNA expression in the
+DF2 cells when compared with Ctrl cells (Fig. 2B). Simi-
larly, expression of the virally encoded NLuc was approx-
imately fourfold higher in the +DF2 cells compared with
Ctrl cells at both 24 and 48 hpi, demonstrating that this
indicator virus was, as expected, able to effectively spread
through the CD4 +293T cell culture while maintaining
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the +DF2 associated higher level of NLuc expression
seen at 24 hpi.

As noted above, one group has reported that all three cy-
toplasmic YTHDF readers are incorporated into HIV-1 vi-
rions, where they inhibit reverse transcription, while a
second group has reported that virion packaging is specific
for YTHDEF3, which is then degraded by the viral protease
(Tirumuru et al. 2016; Jurczyszak et al. 2020). To deter-
mine whether the YTHDF proteins are indeed incorporat-
ed into HIV-1 virions, we cotransfected 293T cells with a
molecular clone of HIV-1 along with vectors expressing ei-
ther FLAG-tagged forms of the m°®A readers YTHDFI,
YTHDF2, or YTHDE3 or expressing FLAG-tagged African
green monkey APOBEC3G (agmA3G), which is known to
be packaged into virions (Bogerd et al. 2004; Schrofelbauer
et al. 2004). While all three YTHDF proteins, along with
agmA3G, were detected at comparable levels in virus-pro-
ducing cells (Fig. 2D, top panel), only agmA3G was detect-
ed in highly purified virion particles isolated from the
supernatant media by centrifugation through a sucrose
cushion followed by banding on an iodixanol gradient
(Fig. 2D, middle panel). The failure to detect virion-pack-
aged m°A readers could not be explained by their HIV-1
protease-mediated degradation, as virions were prepared
in the presence of the viral protease inhibitor indinavir,
as confirmed by the fact that only full-length p55-Gag
and p47-Gag were detected in these virions by Western,
with no mature p21 CA protein observed (Fig. 2D, bottom
panel). The p47-Gag product has previously been detected
by others in virion particles produced in the presence of
protease inhibitors (Davis et al. 2012) and is of uncertain
origin.

We next sought to define the mechanism by which
YTHDF2 enhances HIV-1 gene expression using a more
biologically relevant system; i.e., single-cycle infection
by HIV-1 of the CD4" T-cell line CEM-SS. YTHDF2
knockout (ADF2) CEM-SS cells, and YTHDF2-overex-
pressing (+DF2) or GFP-expressing (+GFP) CEM-SS cells,
have been previously described (Kennedy et al. 2016).
Wild-type (WT), ADF2, +GFP, and +DF2 CEM-SS cells
were infected with HIV-1, RT-blocked at 16 hpi using ne-
virapine to ensure a single-cycle infection, and then har-
vested at 48 hpi. We observed not only reduced Gag
protein expression in the ADF2 cells (Fig. 3A, lanes 1,2)
but also increased Gag expression in the +DF2 cells (Fig.
3A, lanes 3,4), confirming that YTHDF2 indeed enhances
viral gene expression in a single-cycle infection of T cells
(Fig. 3B). The inhibition of Gag production seen upon loss
of YTHDF2 expression was also observed when a second,
independent ADF2 CEM-SS clone was analyzed (Supple-
mental Fig. S2). We also observed an ~80% drop in viral
RNA levels in the ADF2 cells and an ~80% increase in vi-
ral RNA in the infected +DF2 CEM-SS cells, respectively,
when compared with control cells (Fig. 3C), again suggest-
ing that YTHDF2 up-regulates viral gene expression at the
RNA level. YTHDF2 has been reported to be cytosolic
(Wang et al. 2014), which we confirmed in CEM-SS T cells
(Supplemental Fig. S3A), and we therefore hypothesized
that YTHDF2 was likely regulating HIV-1 RNA stability
rather than synthesis. To test this, we again performed a
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Figure 2. YTHDF2 enhances HIV-1 replication,
yet is not packaged into virions. (A-C) 293T cells,
transfected with either empty vector (Ctrl) or a
YTHDF2 expression plasmid (+DF2), were infect-
ed with NL-NLuc reporter virus and collected at
24 hpi for Western blot detection of overexpressed
YTHDF2 (A) or qRT-PCR analysis of viral RNA
expression (B). n=8. (C) Quantification of virally
encoded NLuc as a measure of viral replication
at 24 hpi (n=8) and 48 hpi (n=4). (D) 293T cells
were cotransfected with NL-NLuc along with ex-
pression vectors expressing FLAG-tagged YTHDF
readers or agmA3G and treated with the HIV-1
protease inhibitor Indinavir. Lysates of the virus
producer cells (top panel) and purified virions
from the supernatant media (two bottom panels)

were analyzed by Western blot for the FLAG-tagged YTHDF or agmA3G proteins and the HIV-1 Gag protein. Statistical analysis by
two-tailed Student’s t-test. (*) P<0.05, (**) P<0.01. . Error bars indicate SD.

single-cycle infection of the WT and ADF2 CEM-SS cells
but added the transcription inhibitor actinomycin D
(ActD) at 48 hpi. HIV-1 RNA levels were then quantified
by qRT-PCR at multiple time points to monitor the rate
of RNA decay. We indeed observed a significantly (P <
0.002) faster decay (t1/=4 h) of HIV-1 transcripts in the
ADF2 cells, when compared with WT CEM-SS cells (esti-
mated t,, = 8 h) (Fig. 3D). As YTHDF2 binding to m°A res-
idues has previously been reported to result in the
destabilization of many host transcripts (Wang et al.
2014; Park et al. 2019; Zaccara and Jaffrey 2020), we next
asked whether the stabilization of HIV-1 mRNA by
YTHDF2 was due to a different intracellular environ-
ment—for example, the use of T cells—or is specific to
the m®A* transcript being analyzed. We thus measured,
in exactly the same RNA samples, the stability of the
host cell transcripts CREBBP and SON, which are both
known to be m®A* and have been reported to be destabi-
lized by YTHDEF2 binding (Wang et al. 2014). Surprisingly,
we found that both of these cellular m®A* transcripts in-
deed decayed more slowly in the ADF2 cells (Fig. 3E,F),
confirming this previous report. YTHDF2 expression
therefore simultaneously exerts diametrically opposite ef-
fects on the stability of viral and cellular transcripts in the
same culture. Furthermore, no effect on RNA stability
was observed when two m®A-free host mRNAs, encoding
NONO and HPRT1, were tested in WT or ADF2 T cells
(Fig. 3G,H), thus arguing that the observed changes in
RNA stability in the presence or absence of YTHDEF2 are
indeed m®-dependent (Dominissini et al. 2012; Wang
et al. 2014).

Both YTHDC1 and YTHDEF? bind to m°A sites on HIV-1
transcripts

HIV-1 replication is tightly regulated by a complex pattern
of alternative splicing that results in the ordered expres-
sion of up to 30 unspliced, partially spliced, and fully
spliced viral mRNAs (Cullen and Greene 1990; Stoltzfus
2009). Both m®A and the nuclear m°A reader YTHDC1
have been reported to affect cellular mRNA splicing

(Dominissini et al. 2012; Xiao et al. 2016), and we there-
fore sought to determine whether HIV-1 RNA splicing
is also regulated by YTHDCI1 binding. We used the pho-
to-assisted cross linking and immunoprecipitation
(PAR-CLIP) technique (Hafner et al. 2010) to map YTHDC1
binding sites on HIV-1 transcripts in infected cells and
compared these with the previously mapped binding sites
for YTHDF1 and YTHDF?2 as well as sites of m°A addition
mapped by antibody binding (PA-m®A-seq) (Fig. 4; Kennedy
et al. 2016; Courtney et al. 2019b). We identified at least
seven reproducible YTHDC1 binding sites across two inde-
pendent PAR-CLIP experiments and found that these large-
ly coincided with previously mapped sites of m°A addition
(Courtney et al. 2019b) as well as with known YTHDFI1 and
YTHDF2 binding sites (Kennedy et al. 2016). Moreover,
these sites all contained the m°®A addition motif 5'-
RRACH-3' (Dominissini et al. 2012; Meyer et al. 2012).
Due to splicing, the read depth in the first ~7500 nt of
the viral genome is lower than in the 3’ untranslated region
of viral mRNAs in infected cells. Nevertheless, we were
able to map a YTHDCI binding site adjacent to HIV-1
splice acceptor A3 (Fig. 4A), as well as a binding site over-
lapping splice acceptor A7 (Fig. 4B), in addition to YTHDC1
binding sites coincident with the previously reported m°A
sites in the env/rev overlap, the nef gene, and in the TAR
hairpin (Kennedy et al. 2016). Conversely, the m°A sites
at ~8900 nt located in the NF-kB sites in the viral LTR
U3 region are at best weakly bound by YTHDCI1 (Fig. 4B).
We observed no binding of YTHDC1, YTHDF1, YTHDEF2,
or the m®A-specific antibody to the proposed mCA site in
the RRE (Lichinchi et al. 2016a), which agrees with m°A
mapping data on HIV-1 RNA reported by others (Tirumuru
et al. 2016).

YTHDCI1 differentially regulates HIV-1 transcript
expression

Having confirmed that YTHDCI indeed binds mCA resi-
dues on HIV-1 transcripts in infected cells, we next asked
whether YTHDCI1 regulates HIV-1 RNA expression.
Because we were unable to obtain YTHDCI1 knockout
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cells, implying that YTHDC1 may be essential, we in-
stead used RNAi to knockdown YTHDCI expression.
We transfected 293T cells with a plasmid encoding CD4
and also transfected the cells on two successive days
with a mixture of three siRNAs targeting YTHDCI1
mRNA (siDC1) or control siRNAs (siCtrl). As expected,
we observed decreased YTHDC1 protein expression only
in the siDC1 transfected cells, and this correlated with a
surprising increase in HIV-1 Gag expression (Fig. 5A, cf.
lanes 2 and 3). If the siDCl-induced increase in viral
Gag expression is indeed a direct consequence of reduced
YTHDCI1 expression, then one might predict a decrease in
viral Gag expression upon overexpression of YTHDCI1
(+DC1) as compared to siCtrl cells expressing physiologi-
cal levels of YTHDC]1, and this was indeed observed (Fig.
5A, cf. lanes 4 and 5). A similar effect was seen at the RNA
level, with quantification of total, unspliced, and spliced
viral RNA (specifically, viral RNAs spliced from D1 to
Al) using qRT-PCR revealing that knockdown of
YTHDCI1 using RNAI resulted in a significantly higher
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level of viral RNA expression, whereas YTHDCI1 overex-
pression resulted in reduced viral RNA expression (Fig.
5B). This effect was not observed for the NONO transcript
lacking m°A sites, was rather modest (1.7x) at the total vi-
ral RNA level, and was more prominent (~3.7x) for spliced
viral RNAs bearing the D1/A1 splice junction than for the
unspliced viral RNA, thus suggesting that the nuclear
YTHDCI protein (Supplemental Fig. S3B) might regulate
HIV-1 RNA expression post-transcriptionally.

YTHDCI1 does not regulate the nuclear export or stability
of HIV-1 transcripts

YTHDCI1 has been proposed to regulate both the alterna-
tive splicing and nuclear export of cellular m°A methylat-
ed mRNAs (Xiao et al. 2016; Roundtree et al. 2017), and
we first asked whether YTHDC1 might regulate the nu-
clear export of HIV-1 transcripts. To determine whether
knockdown of YTHDCI1 expression had any effect on
the nucleocytoplasmic localization of fully spliced or
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incompletely spliced HIV-1 RNAs, we isolated nuclear or
cytoplasmic fractions from WT or YTHDC1 knockdown
293T cells. Analysis of these fractions by Western analysis
for nuclear Lamin A/C or cytoplasmic GAPDH confirmed
the integrity of the fractionation process and further con-
firmed not only the nuclear localization of YTHDC1 but
also the effective knockdown of YTHDC1 protein expres-
sion by RNAI (Fig. 5C). Analysis of viral RNA expression
in the isolated nuclear and cytoplasmic fractions con-
firmed that knockdown of YTHDC1 expression substan-
tially enhanced the expression of HIV-1 transcripts
bearing the D1/A1 splice junction (Fig. 5D,E), as previous-
ly noted in total cellular RNA (Fig. 5B). However, this
analysis did not reveal any changes in the subcellular lo-
calization of either unspliced viral RNA, or fully spliced
viral RNAs bearing the D4/A7 splice junction, when
YTHDC1 expression was inhibited (Fig. 5D-F). As
YTHDC]1 may also regulate the stability of some m°A*
cellular transcripts (Liu et al. 2020), we analyzed the
stability of HIV-1 transcripts in infected WT or YTHDC1
knockdown 293T cells, yet observed no evidence that

YTHDCI expression, unlike YTHDF2 expression, had
any effect on HIV-1 RNA stability (Fig. 5G).

Our inability to observe an effect of YTHDCI1 knock-
down on HIV-1 RNA stability was puzzling given our ob-
servation, shown in Figure 5B, that YTHDC1 mRNA
knockdown increased viral RNA expression while
YTHDCI1 overexpression decreased HIV-1 RNA expres-
sion. Whereas the differential effect of YTHDC1 on
unspliced versus spliced HIV-1 RNA expression suggested
an effect on splicing (see below), this seemed unlikely to
account for the modest but significant, less than twofold
effects seen when total HIV-1 RNA expression was mea-
sured. We note that it has recently been reported that
YTHDCI can epigenetically repress the expression of spe-
cific cellular genes, including especially retrotransposons,
via binding to m®A+ nuclear noncoding RNAs (Liu et al.
2020, 2021), and we therefore wondered whether
YTHDCI1 might also inhibit HIV-1 transcription. In fact,
we did see a significant, less than twofold increase in the
production of nascent HIV-1 transcripts in infected 293 T
cells when YTHDC1 expression was inhibited (Fig. 5H).
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This effect was specific in that transcription of the host
NONO mRNA, lacking any mC®A sites, was unaffected
by YTHDCI1 knockdown. Whether the modest inhibitory
effect of YTHDCI on viral mRNA synthesis is indeed in-
direct, as we hypothesize, is not currently clear.

YTHDCI1 regulates the alternative splicing of HIV-1
transcripts

The observation that knockdown of YTHDC1 expression
using RNAi strongly enhanced the expression of HIV-1
transcripts bearing the D1/A1 splice junction, while only
modestly affecting both unspliced and total viral RNA ex-
pression (Fig. 5), suggested that YTHDC1 might regulate
the alternative splicing of HIV-1 transcripts, as has been
proposed for cellular mRNAs (Xiao et al. 2016). To deter-
mine whether this is the case, we used Primer-ID-based
deep sequencing of splice forms (Emery et al. 2017) to
quantitatively measure the effect of YTHDCI1 on HIV-1 al-
ternative splicing. In this assay, a common forward primer
that anneals 5’ of the gag gene can be paired with either
random reverse primers, or splice form-specific 4- or 1.8-
kb reverse primers, to selectively amplify viral transcripts
(Fig. 6A). HIV-1 transcripts are divided by size into the ~9-
kb unspliced transcript, ~4-kb incompletely spliced tran-
scripts (which retain the D4/A7 env intron), and ~1.8-kb
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fully spliced transcripts (lacking the D4/A7 intron). While
the random reverse primer amplifies all viral transcripts,
the 4-kb reverse primer, located within the D4/A7 intron,
only amplifies incompletely spliced transcripts. The 1.8-
kb reverse primer spans the D4/A7 splice junction and
thus only amplifies fully spliced transcripts. Using the ran-
dom reverse primer, we noted that ~33% of viral tran-
scripts are spliced in the siCtrl cells, while this increased
to ~42% in the siDC1 cells but decreased to ~25% in the
+DCl1 cells (Fig. 6B). However, among spliced transcripts,
a constant ~85% of all spliced transcripts were fully
spliced, that is, lacking the D4/A7 intron, regardless of
YTHDC1 expression level (Fig. 6C). Thus, YTHDCI has
a stronger inhibitory effect on utilization of splice donor
D1 than D4. Quantification of the level of splicing be-
tween donor D1 and the central splice acceptors A1-A5
(Fig. 6D), using the random reverse primer, revealed that
YTHDC1 overexpression led to a significant bias toward
utilization of the more 3’ acceptors A3, A4, and A5, at
the expense of the more 5’ acceptors Al and A2 (Fig. 6D),
and, as expected, the opposite result was observed in cells
in which YTHDC1 expression was knocked down; i.e., in-
creased utilization of Al and A2 and a concomitant reduc-
tion in the utilization of A3, A4, and A5. The class-specific
1.8- and 4-kb reverse primers confirmed this bias
(Fig. G6E,F). YTHDC1 overexpression also led to a
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significant, ~2.5x increase in the detection of the normally
very rare D1 to A7 splice (Fig. 6G), consistent with the ob-
served bias toward splicing D1 to more 3’ splice acceptors
in YTHDCI-overexpressing cells. Finally, we noted that
among the transcripts that used splice acceptor A2,
YTHDCI significantly decreased the proportion of viral
RNAs that were additionally spliced using splice donor
D3 (Fig. 6H), thus incorporating the small noncoding
exon located between A2 and D3 (Fig. 6A).

Discussion

Previously, knockdown of the m°®A writers METTL3 and
METTL14 using RNAi was reported to inhibit HIV-1
gene expression, while knockdown of the m°A erasers
FTO and ALKBH5 enhanced HIV-1 gene expression
(Lichinchi et al. 2016a; Tirumuru et al. 2016). The resul-
tant conclusion that m®A must facilitate one or more as-
pects of the HIV-1 replication cycle is consistent with
the finding that HIV-1 genomic RNAs contain higher lev-
els of m®A than the average cellular mRNA (Courtney
et al. 2019b). More recently, m°A was shown to enhance
the replication and pathogenicity of a wide range of
DNA and RNA viruses (Tsai and Cullen 2020), thus im-
plying that the underlying mechanism of action of m°A,
though still unclear, can promote the expression and/or
function of a range of viral RNA transcripts. These obser-
vations, however, seemed to contradict data from several
groups showing that addition of m®A can result in the
destabilization of cellular mRNAs (Wang et al. 2014; Ke
et al. 2017; Park et al. 2019; Zaccara and Jaffrey 2020).

While mC®A has the potential to affect RNA secondary
structure, it is nevertheless clear that the phenotypic con-
sequences of m°A addition are largely mediated by m°®A
readers, which include the nuclear m®A reader YTHDC1
and the cytoplasmic m°A readers YTHDF1, YTHDEF2,
and YTHDEF3. While we have previously reported that all
of the cytoplasmic readers, including especially YTHDF2,
significantly boost HIV-1 RNA expression in infected cells
(Kennedy et al. 2016), others have proposed that the
YTHDF proteins are bound to m°®A residues on the HIV-
1 genomic RNA and then packaged into HIV-1 virions
where they inhibit reverse transcription (Tirumuru et al.
2016). This latter result is clearly inconsistent with the
finding, by this group and others (Kennedy et al. 2016;
Lichinchi et al. 2016a; Tirumuru et al. 2016}, that m®A pro-
motes HIV-1 replication. Moreover, as m®A is added to
RNAs at the consensus sequence 5-RRACH-3’, mutants
lacking this motif should be rapidly selected during pas-
sage of a rapidly replicating, error-prone RNA virus such
as HIV-1 if m°A indeed exerted an inhibitory effect in
cis. Recently, it was been reported that, if YTHDF proteins
are indeed packaged into HIV-1 virions, then they are effec-
tively inactivated due to degradation by the viral protease
(Jurczyszak et al. 2020). However, we were unable to detect
virion packaging of any YTHDF reader protein even when
viral protease activity was inhibited (Fig. 2D).

In this report, we have sought to define the precise step
(s) in the HIV-1 replication cycle that is regulated by m®A-
bound reader proteins. In the case of YTHDF2, we show
that this reader primarily acts to increase HIV-1 RNA ex-
pression, and not translation, and demonstrate that this
effect is mediated by enhanced viral RNA stability
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(Figs. 2, 3). This was a surprising result given that several
previous studies have reported that YTHDF2 binding to
mP°A residues on cellular mRNAs actually destabilizes
that RNA (Wang et al. 2014; Park et al. 2019; Zaccara
and Jaffrey 2020). We considered the possibility that the
effect of YTHDF2 binding might vary depending on cellu-
lar origin, in this case, a CD4+ T-cell line, but in fact we
found that the m°®A+ cellular mRNAs encoding CREBBP
and SON, previously reported to be destabilized by
YTHDF2 binding, are also destabilized by YTHDF2 in T
cells (Fig. 3EF). In contrast, and as predicted, cellular
mRNAs lacking m°®A were unaffected by YTHDF?2 expres-
sion (Fig. 3G,H). We note that m°®A is known to promote
the expression of mRNAs encoded by a wide range of vi-
ruses (Tsai and Cullen 2020), which is inconsistent with
the idea that the recruitment of cytoplasmic readers
such as YTHDF?2 invariably inhibits mRNA expression.
Moreover, several reports have suggested that m°A can
stabilize specific cellular transcripts (Meyer and Jaffrey
2014), with one report demonstrating that m®A addition
stabilizes key cellular mRNAs during hypoxia (Fry et al.
2017). Why YTHDEF2, and potentially other cytoplasmic
mCA readers, can stabilize m®A-containing viral RNAs
yet destabilize m®A-containing cellular RNAs expressed
in the same cells (Fig. 3) is currently unknown. However,
this effect is unlikely to be due to viral factors acting in
trans, as we have previously shown that the 3’ untranslat-
edregion (3’ UTR) of HIV-1 can enhance indicator gene ex-
pression in cis in uninfected cells, an activity that was lost
when the m®A sites located in the HIV-1 3’ UTR were mu-
tated (Kennedy et al. 2016). The functions exerted by read-
ers of methylated nucleotides on mRNA have in fact
previously been proposed to be context-dependent (Shi
et al. 2019), which could also provide an explanation for
the disparate effect of YTHDF2 binding on mRNA stabil-
ity reported here.

While there has been little previous work looking at the
effect of m®A on viral RNA splicing, with the exception of
a recent paper showing that depletion of the m°A writer
METTL3 reduces the efficiency of splicing of adenoviral
late mRNAs (Price et al. 2020), it is known that m°®A addi-
tion can regulate cellular mRNA splicing, acting predom-
inantly via the nuclear m°®A reader YTHDC1 (Dominissini
etal. 2012; Alarcon et al. 2015; Xiao et al. 2016; Bartosovic
et al. 2017). As HIV-1 transcripts are among the most ex-
tensively alternatively spliced RNAs ever identified (Pur-
cell and Martin 1993; Stoltzfus 2009), we were interested
in whether YTHDCI regulated this process in infected
cells. Using the PAR-CLIP technique, we mapped at least
seven distinct YTHDC1 binding sites on HIV-1 transcripts
that largely, but not entirely, coincided with previously
mapped YTHDF1 and YTHDF2 binding sites as well as
sites of m®A addition previously mapped using an anti-
body-dependent technique (Fig. 4; Kennedy et al. 2016;
Courtney et al. 2019b). As we were unable to knock out
YTHDCI1 using CRISPR/Cas, we decided to knock down
YTHDCI1 expression using RNAi, and also overexpress
YTHDCI1 by transfection, to determine whether changing
the level of YTHDC expression affected HIV-1 RNA ex-
pression and/or alternative splicing. As shown in Figure
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5, A and B, we unexpectedly observed that knockdown of
YTHDCI actually increased HIV-1 Gag protein and RNA
expression while overexpression of YTHDCI1 inhibited
HIV-1 gene expression. This effect, which is the opposite
of what we saw when YTHDF2 was knocked out or overex-
pressed (Figs. 2, 3), was particularly significant for viral
RNAs spliced from donor D1 to acceptor Al (Fig. 5B),
thus suggesting that YTHDC1 indeed regulated some as-
pect(s) of HIV-1 RNA metabolism. Despite previous re-
ports indicating that YTHDCI1 can regulate the nuclear
export of cellular mRNAs (Roundtree et al. 2017), and
our report that m®A regulates the nuclear export of SV40
transcripts (Tsai et al. 2018), we did not detect any effect
of YTHDC1 knockdown on the nuclear export of either
unspliced HIV-1 transcripts, which is dependent on the vi-
ral Rev protein, or of fully spliced viral transcripts bearing
the D4/A7 splice junction, which is mediated by the ca-
nonical cellular nuclear mRNA export factor NXF1, as de-
termined by their similar relative nuclear and cytoplasmic
expression levels (Fig. 5D-F; Cullen 2003). However, using
the previously described “primer ID-based deep sequenc-
ing of splice forms” technique (Emery et al. 2017), we
were able to document clear effects of YTHDC1 knock-
down or overexpression on the relative utilization of spe-
cific HIV-1 splice acceptors. Specifically, knockdown of
YTHDC1 modestly increased viral RNA splicing (Fig.
6B) by increasing the utilization of splice acceptors A2
and particularly Al, while simultaneously reducing the
utilization of splice acceptors A3, A4, and A5 (Fig. 6D-F),
thus explaining the increased level of D1 to Al spliced
RNA detected by qRT-PCR in Figure 5. Overexpression
of YTHDCI, in contrast, reduced utilization of Al and
A2 while simultaneously increasing the utilization of ac-
ceptors A3, A4, and A5, an effect that was most clearly
seen when the random reverse primer splicing assay was
used (Fig. 6D).

Previous work looking at the effect of YTHDCI on
splicing of cellular mRNAs largely looked at the effect
of YTHDC1 on the inclusion or skipping of cassette exons
and concluded that YTHDCI1 promoted exon inclusion by
recruiting the pre-mRNA splicing factor SRSF3 (Xiao et al.
2016). However, this report did not address whether the
location of m®A addition sites relative to splice sites was
important. As alternative splicing of HIV-1 RNAs is a
much more complex process than simple exon inclusion
or exclusion, it is hard to address whether our data are con-
sistent with this earlier report. However, we note that
none of the mapped YTHDCI1 binding sites on the
HIV-1 genome colocalize with either known viral splicing
enhancer/repressor elements or with any intronic branch
points (consensus motif 5-YNYURAY-3') (Tazi et al.
2010). A minor peak of YTHDCI binding does precisely
overlap with splice acceptor A7, with the only m®A motif
present in this peak (5-RRmCACH-3') positioning the
splice junction exactly 5’ of the m®A (Fig. 4B). YTHDC]1
overexpression also biases DI1-originating splices away
from acceptors Al and A2 and toward A3, A4, A5, and
A7 (Fig. 6), and we mapped a YTHDCI1 binding site be-
tween A2 and A3 (Fig. 4A), which demarcates the border
of this effect. However, silent mutagenesis of this latter



mCA site did not detectably affect the utilization of A3
(data not shown). While we therefore strongly favor the
hypothesis that YTHDCI1 binding to m°A residues on
HIV-1 transcripts is modulating HIV-1 RNA alternative
splicing, potentially by regulating splicing factor recruit-
ment as reported for cellular pree-mRNAs (Xiao et al.
2016), we cannot currently totally eliminate the possibil-
ity that this effect is indirect.

Materials and methods

Cell lines and virus clones

HEK293T cells (referred to as 293T) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 6% fetal bovine serum
(FBS) and 1% antibiotic-antimycotic (Gibco 15240062). The
CD4+ T-cell lines CEM and CEM-SS were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium with 10% FBS
and 1% antibiotic-antimycotic.

+ALKBHS5 cells were produced by transducing CEM cells with
a lentiviral vector expressing FLAG-ALKBHS5 followed by puro-
mycin selection and single-cell cloning. Three clones that
strongly expressed a FLAG-ALKBHS5 protein band slightly larger
than endogenous ALKBH5 were selected. YTHDF2 knockout
and -overexpressing CEM-SS cells were previously described
(Kennedy et al. 2016). YTHDC1 mRNA knockdown in 293T
cells was performed using a mixture of three siRNAs (Origene
# SR314128) transfected using Lipofectamine RNAiMax
(Invitrogen).

Recombinant virus clones used include the laboratory strain
NL4-3 (Adachi et al. 1986) and the reporter virus NL-NLugc, in
which the viral nef gene has been substituted with the NLuc in-
dicator gene (Mefferd et al. 2018).

Antibodies

Antibodies used in this study were anti-FLAG (M2; Sigma
F1804], anti-HIV-1 p24 gag #24-3 (ARP-6458), anti-GAPDH (Pro-
teintech 60004-1-Ig), anti-ALKBH5 (Proteintech 16837-1-AP),
anti-YTHDF2 (Proteintech 24744-1-AP), anti-YTHDC1 (Abcam
ab122340), anti-mouse IgG (Sigma A9044), and anti-rabbit IgG
(Sigma A6154).

Cloning of expression plasmids

The ALKBH5 and YTHDC1 ORFs were isolated from ¢cDNA pro-
duced from CEM cells using PCR and ligated into the Not I and
Xho I sites of the lentiviral vector pLEX-FLAG, which encodes
double-FLAG tags 5 of the Not I site (Kennedy et al. 2016).
FLAG-YTHDC1 was subsequently PCR-cloned into the Hind III
and Eco Rl sites of pK to generate pK-FLAG-YTHDCI. See Sup-
plemental Table S1 for primers used.

HIV-1 replication assays in 293T cells

Virus was packaged in 293T cells in 10-cm plates by transfection
of 10 ng of pNL-NLuc using PEI (polyethylenimine). For infection
target cells, 293T cells in six-well plates were cotransfected with
1 pg of empty vector or pEFtak-FLAG-YTHDF2 (Kennedy et al.
2016) and 0.5 pug of pCMV-CD4 using PEI, media were changed
at 24 h post-transfection (hpt), and cells were passaged 48 hpt, in-
fected with NL-NLuc 72 hpt, and harvested 24 or 48 hpi. Harvest-
ed cells were washed in PBS, lysed in passive lysis buffer (Promega
E1941), and assayed using an NLuc assay kit (Promega N1120).
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YTHDEF protein virion packaging assay

Five micrograms of pNL-NLuc was cotransfected with 5 pg of
pEFtak-FLAG-YTHDF!1, pEFtak-FLAG-YTHDF2, pEFtak-FLAG-
YTHDF3 (Kennedy et al. 2016), or pCDNA3-FLAG-agmA3G
(Bogerd et al. 2004) into 293T cells using PEI and the cells imme-
diately treated with 5 nM Indinavir. Three days after transfection,
producer cells and supernatant media were collected, passed
through a 0.45-um filter, and virions purified by pelleting through
a 20% sucrose cushion, followed by banding on a 6%-18% Iodix-
anol gradient (Sigma D1556) each by 90 min of ultracentrifuga-
tion at 38,000 rpm (Courtney et al. 2019b). Producer cells and
purified virions were then lysed and analyzed by Western blot.

Infection of YTHDC1 knockdown and overexpression cells

Two million 293T cells were seeded per 10-cm plate and 0.4 mil-
lion cells per six-well plate well. The next day (day 1), the 10-cm
plate was transfected with 10 pg of pNL4-3 plasmid using PEL
Cells in six-well plates were transfected with nontargeting
(siCtrl) or YTHDCI-targeted siRNAs (siDC1; three YTHDC1
siRNAs premixed at a 1:1:1 ratio; Origene SR314128) using Lipo-
fectamine RNAiMax (Invitrogen), with the media changed the
next day. The cells in six-well plates were subsequently cotrans-
fected with 0.5 pg of pPCMV-CD4, 1.5 pg of pBC-CXCR4, and 1 pg
of empty pK vector or pK-FLAG-YTHDC]1, using PEL On day 2,
the media of 10-cm and six-well plates were exchanged for fresh
DMEM, and the six-well plates were subject to a second round
of siRNA transfection. Transfections were coordinated for a con-
trol well transfected with pK vector + siCtrl, a knockdown well of
pK vector +siDC1, and an overexpression well of pK-FLAG-
YTHDCI +siCtrl. On day 3, the media was changed again on
the six-well plates to remove the transfection mix. On day 4,
the cells in the six-well plates were trypsinized, counted, and
seeded at 0.5 million per well in 12-well plates. The virus-con-
taining supernatant media from the 10-cm plates was passed
through a 0.45-um filter and added to the newly seeded target
cells at 1 mL/well.

Single-cycle replication assays in T cells

Infected cells were treated with 133 pM reverse transcriptase in-
hibitor Nevirapine (Sigma SML0097) at 16 hpi, then harvested at
48 hpi, as previously described (Tsai et al. 2020). Subsequent
Western blots and qRT-PCRs were also done as described (Tsai
et al. 2020). Western blot band quantifications were performed us-
ingImageJv1.51s (Schneider et al. 2012). qRT-PCR readouts were
normalized to GAPDH levels using the AACt method. All PCR
primers used are listed in Supplemental Table S1.

Subcellular fractionation assays

HIV-1 single-cycle infected cells were lysed and divided into nu-
clear and cytoplasmic fractions as previously described (Tsai et al.
2018).

RNA decay assay

RNA stability was measured using the transcription stop method
as previously described (Tsai et al. 2020). Single-cycle infected
cells were treated at 2 d postinfection with 5 ng/mL actinomycin
D (Sigma A9415) and harvested 0, 2.5, 5, and 7.5 h later. Viral
RNA levels at each time point were assayed by qRT-PCR using
the D1/A1 splice junction primer set to avoid detection of resid-
ual DNA (Supplemental Table S1). See Supplemental Table S1 for
primer sets used for host transcripts.
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Nascent RNA transcription assay

Single-cycle infected cells were pulsed at 48 hpi with 150 uM
4SU for 1.5 h, the cells were then harvested and RN A was extract-
ed with Trizol. Nascent RNA was isolated as previously de-
scribed (Dolken et al. 2008; Duffy et al. 2015; Tsai et al. 2020 .
Briefly, 4SU+ RNA was biotinylated with MTSEA-biotin-XX
(Biotium 89139-636) in dimethyl formamide, purified with
streptavidin magnetic beads, eluted with DTT, and quantified
by qRT-PCR.

YTHDC1 PAR-CLIP

PAR-CLIP was performed as before using 4SU-pulsed, HIV-1-in-
fected cells with minor modifications (Hafner et al. 2010; Kenne-
dy et al. 2016). Briefly, cells were lysed with RIPA buffer (150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
25 mM Tris-HCl at pH 7.4) instead of PAR-CLIP lysis buffer to en-
sure sufficient release of nuclear proteins. The subsequent pull-
down used FLAG antibody (M2; Sigma). Illumina sequencing
library preparation was done using the Illumina TruSeq small
RNA library preparation kit. Data analysis was done as previously
described (Tsai et al. 2020). Index-removed reads <15 nt with a
fastq quality score >Q33 were aligned to the human genome
(hgl9) using Bowtie, and the human nonaligning reads then
aligned to the HIV-1 NL4-3 sequence with a single-copy LTR
(U5 on the 5’ end, and U3-R on the 3’ end), and thus 551-9626
nt of GenBank AF324493.2, allowing one mismatch. An in-house
Perl script was used to only retain reads containing the T > C con-
versions resulting from UV cross-linked 4SU. Peak calling was
done using PARalyzer v1.1 (Corcoran et al. 2011).

Primer-ID RNA-seq splicing assay

YTHDCI1 knockdown or -overexpressing 293T cells treated and
infected as mentioned above were grown in six-well plates, two
wells per sample were collected, and the RNA extracted with Tri-
zol (Invitrogen). RNA samples were subsequently amplified and
sequenced as previously described (Emery et al. 2017).

Quantification and statistical analysis

All statistical details are listed in the figure legends. All averaged
data include error bars that denote standard deviation. All statis-
tical analysis was done by Student’s t-test comparing subjects to
control, with the exception of RNA decay studies, where the
slopes of regression lines were compared by analysis of covariance
(ANCOVA) using R suite.

Data availability

Deep sequencing data for the YTHDC1 PAR-CLIP have been
deposited at the NCBI GEO database under accession number
GSE165473, while the splicing analysis data are under accession
number GSE166237.
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