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Abstract (288 words)

The internal N°-methyladenosine (m°A) modification of cellular mRNA regulates post-
transcriptional gene expression. The YTH domain family proteins (YTHDF1-3, or Y1-3 for
short) bind to m®A-modified cellular mRNA and modulate its metabolism and processing,
thereby affecting protein translation in cells. We previously reported that HIV-1 RNA contains
m°A modification and that Y1-3 proteins inhibit HIV-1 infection by decreasing HIV-1 reverse
transcription. Here we extended our studies to better understand the mechanisms of Y 1-3-
mediated inhibition of HIV-1 infection and viral production. Overexpression of Y 1-3 proteins in
target cells decreased HIV-1 genome RNA (gRNA) levels and inhibited early and late reverse
transcription. Purified recombinant Y1-3 proteins preferentially bound to the m°A-modified 5°
leader sequence of gRNA compared with its unmodified RNA counterpart, consistent with the
strong binding of Y1-3 to HIV-1 gRNA in infected cells. HIV-1 mutants with two altered m°A
modification sites in the 5° leader sequence of gRNA demonstrated significantly lower
infectivity compared with wild-type HIV-1, suggesting that these sites are important for viral
infection. Interestingly, HIV-1 produced from cells with knockdown of endogenous Y1 and Y3
proteins had increased viral infectivity, while HIV-1 produced from cells with overexpression of
Y 1-3 proteins showed reduced viral infectivity. We demonstrated that Y1-3 proteins and HIV-1
Gag formed a complex with RNA in cells. Furthermore, HIV-1 produced from cells treated with
an inhibitor to block m®A modification showed a 3-fod decrease in m°A level of HIV-1 RNA,
but a 3-fold increase in viral infectivity compared to HIV-1 produced from mock-treated cells.
These results suggest the inhibitory effects of Y1-3 proteins on HIV-1 infection and provide new
insight into the mechanisms of m°A modification of HIV-1 RNA in regulating viral replication,

which clarify some discrepancies in the previously published studies in this area.
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Author Summary (186 words)

Cellular RNAs have over 100 distinct modifications regulating gene expression, in which
m°A modification is the most abundant. Although m®A modification has been identified in
various viruses, its role in HIV-1 replication and protein expression was recently recognized. The
effects of m°A-binding proteins (termed Y 1-3) on HIV-1 infection and the underlying
mechanisms remain unclear. Here we show that Y1-3 proteins inhibit HIV-1 infection through
reduction of HIV-1 genomic RNA and reverse transcription. Y 1-3 proteins preferentially bind to
an m°A-modified HIV-1 RNA fragment compared with its unmodified counterpart. We found
that the m°A sites in the 5’ leader sequence of HIV-1 RNA are important for viral infectivity.
Overexpression of Y 1-3 proteins leads to decreased infectivity of produced HIV-1, while
knockdown of Y1 and Y3 proteins increase viral infectivity. Y1-3 proteins and HIV-1 Gag
protein interact with RNAs and form a complex in cells. Furthermore, HIV-1 produced from
cells treated with an inhibitor to block m°A addition showed a reduced m®A level in HIV-1
RNA, but significantly increased viral infectivity. Our findings help better understand how Y1-3

proteins inhibit HIV-1 replication through specific binding to m°A-modified viral RNA.

Introduction

Among the more than 100 distinct modifications identified in mRNAs in different
organisms, N°-methyladenosine (m®A) methylation is the most prevalent internal modification,
accounting for 0.1% of adenosines in mammalian mRNAs (1). The dynamic addition, removal,
and recognition of m®A in cellular RNAs are coordinately regulated by three groups of host
proteins, including methyltransferases (termed writers), demethylases (erasers), and m°A-binding

proteins (readers). The writers include methyltransferase-like 3 (METTL3), methyltransferase-
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like 14 (METTL14), and Wilms tumor 1-associated protein (WTAP), while erasers include fat
mass and obesity-associated protein (FTO) and alkB homologue 5 (ALKBHS) (2). The readers
are YT521-B homology (YTH) domain family proteins (YTHDF1, YTHDF2, YTHDF3 and
YTHDC]) that specifically recognize m°A modification via a conserved m®A-binding pocket in
the YTH domain (3-5). These reader proteins modulate m*A-modifed mRNA stability and
translation, therefore playing an important role in modulating post-transcriptional gene
expression (6-10).

Three recent studies highlighted the importance of m°A modifications of HIV-1 RNA in
regulating viral replication and gene expression (11-13). Despite some consistent results, there
are discrepancies in the locations, effects, and mechanisms of m®A modification of HIV-1 RNA
in these studies (11-13). Our published study identified m°A modifications in the 5> and 3’ un-
translated regions (UTRs), as well as in the rev and gag genes of the HIV-1 genome (13). We
previously reported that overexpression of Y 1-3 proteins in cells inhibits HIV-1 infection by
primarily decreasing HIV-1 reverse transcription, while knockdown of endogenous Y 1-3 in
Jurkat CD4" T-cell line or primary CD4" T-cells increases HIV-1 infection (13). However, the
underlying mechanisms of Y 1-3-mediated inhibition of HIV-1 infection remain unclear.

Here we report that Y1-3 inhibited HIV-1 infection in target cells by lowering viral
genome RNA (gRNA) levels and reverse transcription products. We demonstrate that the m°A-
modified HIV-1 RNA fragment preferentially bound to Y1-3 proteins compared with an un-
modified RNA counterpart, and mutations of two m°A sites in the 5° UTR significantly
decreased viral infectivity. Knockdown and overexpression of Y 1-3 proteins in virus-producing
cells positively and negatively modulated HIV-1 infectivity, respectively. Y 1-3 proteins and

HIV-1 Gag protein formed a complex with RNAs in cells. Furthermore, HIV-1 produced from
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cells treated with an inhibitor to block m®A addition showed a reduced m°A level in HIV-1
RNA, but increased viral infectivity. Together, these data suggest new mechanisms by which

Y 1-3 mediate HIV-1 inhibition during early steps of the viral life cycle.

Results
Overexpression of Y1-3 proteins inhibits HIV-1 infection by decreasing HIV-1 gRNA level
and inhibiting viral reverse transcription

Our previous study showed that Y 1-3 proteins negatively regulate HIV-1 post-entry
infection in target cells, including primary CD4" T-cells (13). To better understand the
underlying mechanisms, we compared HIV-1 gRNA levels, early and late reverse transcription
(RT) products in cells overexpressing individual Y 1-3 proteins and control cells after HIV-1
infection. We first used vesicular stomatitis virus glycoprotein (VSV-G)-pseudotyped single-
cycle HIV-1 expressing firefly luciferase to infect HeLa cells stably expressing each individual
Y 1-3 proteins (HeLa/Y 1-3) or control cells transduced with an empty vector (HeLa/Vector).
Consistent with our previous results (13), Y1-3 overexpression (Fig. 1A) resulted in significantly
lower levels of HIV-1 postentry infection (26%, 8.6%, and 23% in HeLa/Y'1, HeLa/Y2 and
HeLa/Y3 cells, respectively) compared with HeLa/Vector control cells (set as 100%, Fig. 1B).

To examine whether Y 1-3 proteins alter the levels of HIV-1 gRNA in the infected cells,
HeLa/Y1-3 or control cells were infected with single-cycle HIV-1 and total RNAs from the cells
were isolated at 1, 3, and 6 h post-infection (hpi). The levels of HIV-1 gRNA were quantified
using RT-qPCR (14). At each time point tested, HIV-1 gRNA levels were lower in HeLa/Y1-3

relative to those in HeLa/Vector control cells, and HIV-1 gRNA level gradually declined after
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115  infection as expected (Fig. 1C). These results indicate that overexpression of Y1-3 proteins leads
116  reduced levels of HIV-1 gRNA, likely by decreasing viral RNA stability.

117 Our previous study showed that Y 1-3 proteins inhibit accumulation of HIV-1 late RT

118  products in infected cells (13), while it is unclear whether Y 1-3 proteins affect HIV-1 early RT
119  efficiency. To address this question, HeLa/Y 1-3 cells or HeLa/Vector control cells infected by
120  HIV-1-Luc/VSV-G were collected at 6, 12 and 24 hpi for quantification of HIV-1 early and late
121 RT products by quantitative PCR (qPCR) (15). At each time point, the levels of both early and
122 late RT products were significantly lower in HeLa/Y 1-3 cells compared with vector control cells
123 (Fig. 1D and 1E). Compared with vector control cells at 6 hpi, Y1-3 overexpression decreased
124 HIV-1 gRNA levels, and further decreased early and late RT products (Fig. 1C-E), suggesting
125  that overexpression of Y 1-3 proteins decreases viral gRNA stability and inhibits early RT

126  product synthesis. At 24 hpi, the levels of early and late RT products decreased to 37-54%, while
127 HIV-1 infection decreased to 8.6-26% in HeLa/Y 1-3 cells compared with vector control cells
128  (setto 100%, Fig. 1B, 1D and 1E). These data suggest that, in addition to reverse transcription,
129  overexpression of Y1-3 proteins in cells can also negatively regulate HIV-1 gene expression.

130

131  Overexpression of Y1-3 proteins in HeLLa/CD4 cells inhibits wild-type (WT) HIV-1

132 replication

133 Since the firefly luciferase gene in HIV-1-Luc/VSV-G virus has consensus sequences
134 recognized by m°A writers, its nRNA may also have m°A modifications. To exclude the effects
135 of m°A modification of luciferase mRNA on HIV-1 infection, we used WT, replication-

136  competent HIV-1np43 to infect HeLa cells overexpressing CD4 and individual Y1-3 proteins

137  (HeLa/CD4/Y1-3) or vector control cells. Using flow cytometry, we confirmed that the majority
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of these cells were double positive for the HIV-1 primary receptor CD4 and co-receptor CXCR4
(71-81%), which would allow efficient fusion-mediated viral entry (Fig. 2A). Immunoblotting
results also confirm that HeLa/CD4/Y 1-3 cells stably expressed FLAG-tagged individual Y1-3
proteins (Fig. 2B). In order to examine the effects of Y 1-3 overexpression on HIV-1 replication
in the full viral lifecycle, we collected infected cells at 72 hpi for further analyses (Fig. 2C-F).
Consistent with the results from single-cycle HIV-1-Luc/VSV-G (Fig. 1B), Y1-3 overexpression
efficiently inhibited infection of WT HIV-1xn14.3 as Gag protein levels in cells and p24 (capsid)
levels in supernatants were significantly lower in HeLa/CD4/Y 1-3 cells compared with vector
control cells (Fig. 2B and 2C). These results confirmed inhibitory effects of Y1-3 proteins on
HIV-1 infection, and suggested that the inserted /uciferase gene in HIV-1-Luc/VSV-G does not
affect the observed phenotype. Infection of HeLa cells overexpressing Y 1-3 proteins with WT
HIV-1 also resulted in significantly lower early and late HIV-1 RT products (Fig. 2D and 2E,
respectively), and consequently reduced gag mRNA levels compared with vector control cells
(Fig. 2F). These data suggest that Y 1-3 proteins inhibit WT HIV-1xp4.3 infection before or during

the RT stage.

YTHDF1-3 proteins specifically bind to HIV-1 gRNA in infected cells

To confirm Y 1-3 binding to HIV-1 gRNA in infected cells, we performed
immunoprecipitation (IP) of Y1-3 in HeLa/CD4/Y 1-3 cell lines and vector control cells infected
with WT HIV-1np43 (Fig. 3A). To validate the specificity of Y1-3 binding to HIV-1 RNA, we
also included a Y'1-3 unrelated cellular protein MAL (MyD88 adapter-like, also known as
Toll/IL-1 receptor (TIR) domain-containing adapter protein, or TIRAP) (16, 17) as an additional

negative control in the IP assay (Fig. 3A). We then quantified the amounts of Y 1-3-bound HIV-1
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161  gRNA using RT-qPCR assays (13). We observed that Y 1-3 specifically and efficiently bound to
162  WT HIV-1 gRNA in HIV-1yp4.3 infected HeLa/CD4/Y 1-3 cells compared with vector control or
163  MAL-expressing cells (Fig. 3B). The levels of HIV-1 gRNA bound to Y1 appeared higher than
164  those bound to Y2 and Y3 (Fig. 3B), which could be due to the higher expression of Y1 in

165  HeLa/CD4 cells relative to Y2 and Y3 proteins (Fig. 3A) and consequently a higher level of IP
166  products (Fig. 3B). These data indicate that Y 1-3 proteins specifically bind to WT HIV-1xp4.3
167  gRNA in infected cells.

168

169  Y1-3 proteins preferentially bind to an m°A-modifed HIV-1 RNA fragment in vitro

170 Our previous study showed that HIV-1 RNA contains m°A modifications at both the 5’
171 and 3° UTR (13). Given the critical role of the 5 UTR in initiation of HIV-1 reverse

172 transcription, in this study we focused on the m°A sites in the 5° UTR of HIV-1 gRNA. The

173 GGACU motif is the most predominant sequence for m°A modification (18, 19). The m°A peak
174  detected by high-throughput RNA sequencing in the 5 UTR of HIV-1 gRNA harbors two

175  GGACU motifs (13). The first one is located in the primer-binding site (PBS), and the second is
176  in upstream region of the dimer initiation sequence (DIS) (Fig. 4A). These two GGACU motifs
177 overlap with m®A modifications in HIV-1 gRNA and are close to Y1-3 protein-binding peaks
178  identified in the 5> UTR of HIV-1 gRNA (13).

179 To study the binding properties of Y1-3 proteins to HIV-1 RNA with m°A modification,
180  we synthesized two RNA fragments corresponding to nucleotides 235-281 of HIV-1n14.3 gRNA
181  with or without m°A modification in the second GGACU motif located in the 5’ UTR (Fig. 4A).
182  To eliminate RNA dimerization in our binding assays, the underlined DIS sequence

183  (AAGCGCGC) was replaced with the nucleotides GAG (Fig. 4A and 4B). We first used the
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AlphaScreen assay (20) to detect interaction of synthesized RNA fragments with purified full-
length recombinant Y 1-3 proteins. Each of these Y 1-3 proteins exhibited clear preference for
binding to m*A-modified HIV-1 RNA than its unmodified counterpart (Fig. 4C). We further
investigated in vitro binding of the RNA fragments to Y 1-3 protein using affinity pull-down
experiments. Streptavidin-conjugated beads were used to pull-down biotin-modified control or
m°A RNA fragments. Consistently, at lower Y1-3 concentrations (1-25 nM), clear preferences
were seen for binding to m°A-modified HIV-1 RNA relative to control RNA, though both RNA
fragments had detectable binding to Y 1-3 proteins at higher concentrations (125-625 nM) (Fig.
4D). The immunoblotting results of the pull-down experiments were quantified and normalized
to 1 based on protein pull-down levels by m°A RNA fragment at 625 nM protein input (Fig. 4E).
To compare affinity of RNA fragments to Y 1-3 proteins, we calculated the concentrations of
each Y1-3 protein (ranging from 1-625 nM) required for 50% pull-down levels based on the
regression curves (Fig. 4E and 4F). The 50% pull-down efficiencies indicated that Y 1-3 proteins
bound to m°A RNA fragment 7-fold, 13-fold, and >20-fold higher than control RNA,
respectively (Fig. 4F). These results demonstrate that Y 1-3 proteins exhibit substantially higher
affinity for m°A-modified HIV-1 RNA in vitro, which may contribute to Y 1-3-mediated

inhibition of HIV-1 infection in cells.

A to G mutations in GGACU motifs of the 5> UTR of HIV-1 gRNA reduce viral infectivity
The two GGACU motifs are located in the PBS and a upstream region of the DIS (Fig.

4A), within the m°A peaks of the 5° UTR of HIV-1 RNA that were identified in our previous

study (13). Because the 5’ UTR is critical for HIV-1 reverse transcription, genome package, and

viral infectivity (21, 22), we further investigated the importance of these m®A sites on HIV-1


https://doi.org/10.1101/257410
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/257410; this version posted January 31, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

aCC-BY-ND 4.0 International license.

replication and infection by mutagenesis. To eliminate m*A modification of the GGACU motifs
in HIV-1 gRNA, A to G mutations were introduced in the first (Mutl), second (Mut2), or both
GGACT motifs (Mut3) in the HIV-1 proviral DNA plasmid pNL4-3 (Fig. 5A). WT pNL4-3 and
derived mutants (Mutl-3) were separately transfected into HEK293T cells to measure HIV-1
protein expression and viral release. Compared with WT HIV-1, these mutants expressed
comparable levels of precursor Gag protein, but the levels of cleaved p24 and intermediate Gag
products in cell lysates were 1.4- to 1.8-fold higher (Fig. 5B). Consistently, supernatant p24
levels of mutant viruses were 1.2- to 1.4-fold higher than that of WT HIV-1 (Fig. 5C), suggesting
a potential effect of these mutations on Gag proteolytic processing or viral release. To compare
the infectivity of the mutants with WT HIV-1, viruses generated in HEK293T cells with equal
amounts of p24 were used to infect TZM-bl indicator cells (23). Interestingly, the infectivity of
the mutant viruses was significantly lower (53-74%) relative to WT HIV-1 (Fig. 5D), suggesting
an important role of these two GGACU motifs in HIV-1 infectivity.

Previously published m°A mapping results indicate that there are multiple m°A sites in
different regions of HIV-1 gRNA in addition to the 5> UTR (11-13), which can potentially
contribute to regulating viral infectivity through interactions with Y1-3 proteins. To address this,
we examine whether silencing Y1-3 in target cells could restore the infectivity of these 5° UTR
mutant viruses. Endogenous Y 1-3 proteins in TZM-bl cells were knocked down by combined
Y 1-3 specific siRNA, and then TZM-bl cells were infected with the same p24 amount of WT or
mutant viruses generated from normal HEK293T cells. In TZM-bl cells with partial Y1-3
proteins knockdown (Fig. 5E), all three mutant viruses showed 40-50% lower infectivity relative

to WT HIV-1 (Fig. 5F). These results confirm the importance of these two GGACU motifs for

10


https://doi.org/10.1101/257410
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/257410; this version posted January 31, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

aCC-BY-ND 4.0 International license.

HIV-1 infectivity, and suggest that other m°A sites in HIV-1 RNA can also regulate viral
infectivity.

Given the important role of the PBS and DIS in structure and function of HIV-1 gRNA
(24), we predicted the secondary structures of the RNA segments containing the PBS and DIS of
WT and mutant viruses. Compared with the structure of WT HIV-1, the A to G mutation in the
first GGACU motif (Mutl) resulted in a longer stem structure in the PBS sequence region, while
mutation in the second GGACU motif did not change RNA structure containing the DIS (Fig.
5@G). These data suggest that the decreased viral infectivity of Mutl might be due to the
combined effects of RNA structure change and elimination of m®A at this site. In contrast, the

reduced viral infectivity of Mut2 was likely due to elimination of m®A modification.

Effects of Y1-3 knockdown or overexpression in virus-producing cells on HIV-1 Gag
expression and viral infectivity

Our published results (13) and new data showed that Y 1-3 proteins in target cells
negatively regulate single-cycle and replication-competent HIV-1 infection (Fig. 1B and 2C,
respectively). To further elucidate the role of Y1-3 in HIV-1 protein expression and infectivity,
endogenous Y 1-3 gene expression in HEK293T cells was knocked down using specific siRNAs.
Compared with non-specific control siRNA, single knockdown of each Y1-3 significantly
decreased HIV-1 Gag (Pr55) protein expression, and correspondingly reduced the levels of
processed p24 protein in cells (Fig. 6A). Consistently, p24 levels in the supernatants of cells with
single or combined Y1-3 knockdown also reduced approximately 2-fold compared with those of

control cells and there was no synergistic effect of combined knockdown (data not shown).

11
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To compare the infectivity of HIV-1 generated from cells with Y 1-3 knockdown, viruses
with equal amounts of p24 were used to infect TZM-bl indicator cells. As shown in Fig. 6B,
viruses generated from individual Y1 or Y3 knockdown cells had significantly higher infectivity
compared with virus from control cells (P < 0.005), suggesting that Y1 and Y3 proteins in cells
negatively affect infectivity of progeny HIV-1 virions. In contrast, efficient Y2 knockdown in
virus-producing cells resulted in a 25% decrease in HIV-1 infectivity (Fig. 6A and 6B),
suggesting a different mechanism of Y2-mediated inhibitory effect on viral infection. Moreover,
combined triple knockdown efficiently reduced endogenous levels of Y1-3 proteins in virus-
producing cells (Fig. 6A, last lane), but only modestly increased HIV-1 infectivity (Fig. 6B),
which are likely due to the different effects resulting from Y1/3 and Y2 knockdown.

To further investigate the role of Y1-3 proteins in HIV-1 production and infectivity, Y1-3
were transiently overexpressed in HEK293T cells to assess their effects on HIV-1 Gag protein
expression and viral infectivity. Y 1-3 overexpression did not significantly alter Gag protein
levels in transfected cells, while intracellular p24 levels were reduced by 40-50% in Y1-3
overexpressing cells compared with vector-transfected control cells (Fig. 6C), suggesting that
high levels of Y1-3 might negatively modulate proteolytic process of HIV-1 Gag. Consistently,
Y 1-3 overexpression decreased HIV-1 p24 levels in cell supernatants by 40-50% (data not
shown). To evaluate the infectivity of viruses generated from Y 1-3 overexpressing cells, viruses
with equal amounts of p24 were used to infect TZM-bl indicator cells. The infectivity of HIV-1
generated from Y1-3 overexpressing cells was 40-50% lower compared with the virus generated
from control cells (Fig. 6D), indicating negative effects of Y 1-3 overexpression on HIV-1

production and viral infectivity.

12
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Y1-3 proteins and HIV-1 Gag form a complex with RNAs in cells

To examine whether Y 1-3 could interact with any HIV-1 proteins in cells, we performed
IP of overexpressed Y 1-3 in HEK293T cells co-transfected with pNL4-3, and then detected HIV-
1 proteins in the input and IP products by immunoblotting using human anti-HIV-1
immunoglobulin (25). Interestingly, we found that Y 1-3 co-precipitated with HIV-1 Gag (Pr55)
and intermediate Gag products, but not with HIV-1 p24 (Fig. 7, IP lanes). The vector cells were
used as a negative control for IP and showed a background band of Gag (Pr55) in the IP product
(Fig. 7, lane 2 from the left). Immunoblotting of FLAG confirmed expression and IP of FLAG-
tagged Y'1-3 proteins in the transfected cells. Because both Y 1-3 proteins and HIV-1 Gag can
bind cellular and HIV-1 RNAs (8, 10, 13, 26), to examine whether RN As mediate the association
between Gag and Y 1-3 proteins, cell lysates were treated with RNase A before IP. Interestingly,
RNase A treatment completely eliminated HIV-1 Gag signal in Y 1-3 precipitation (Fig. 7, RNase
+ IP lanes). These results suggest that Y 1-3 proteins and HIV-1 Gag form a complex with RNAs

in cells.

Inhibition of m°A addition to HIV-1 RNA increases viral infectivity

It has been shown that 3-deazaadenosine (DAA) blocks m®A addition to mRNAs by
inhibiting the hydrolysis of S-adenosylhomocysteine, a competitive inhibitor of S-
adenosylmethionine, the methyl donor used by m°A writers of the METTL3/14/WTAP complex
(27). Kennedy et al. showed that treatment of HIV-1 target CEM-SS cells with DAA (50 uM)
significantly reduces m®A levels of cellular mRNA and inhibited the expression of HIV-1 Gag
and Nef proteins at 72 hpi without affecting cell viability and growth (12). They suggested that

drugs that reduce m®A modification might have the potential to inhibit HIV-1 replication.
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However, they did not test whether treatment of HIV-1-producing cells with DAA can reduce
m°A levels of HIV-1 RNA, and thereby affect viral infectivity. To address these important
questions, we treated HEK293T cells with 50 uM DAA for 4 h before the transfection with the
HIV-1 proviral DNA construct (pNL4-3) to generate viruses. DAA concentration was
maintained for 48 h post-transfection before harvesting cells and HIV-1 for analyses. Compared
with the mock-treated cells as a control, DAA treatment did not affect cell viability and
proliferation (data not shown), but increased total HIV-1 Gag expression in cells by 4-fold (Fig.
8A). While the level of the Gag (Pr55) precursor was reduced, the levels of the processed p24
and intermediate Gag protein were largely increased in DAA treated cells relative to mock
treated cells (Fig. 8A), suggesting that DAA treatment of virus-producing cells may affect HIV-1
Gag processing. DAA treatment did not alter the levels of HIV-1 p24 in supernatants (Fig. 8B),
indicating that HIV-1 release from virus-producing cells was unaffected by DAA treatment. As
expected, the m®A level of HIV-1 RNA derived from DAA-treated cells was 3-fold lower than
that from mock-treated cells (Fig. 8C). Interestingly, the infectivity of HIV-1 derived from DAA-
treated cells was 3-fold higher than that from mock-treated cells (Fig. 8D). These results suggest
that decreased m®A modification of HIV-1 RNA could enhance viral infectivity, likely by

reducing the binding to Y 1-3 proteins that have inhibitory effects on viral infection.

Discussion

Reversible m°A modification is the most prevalent mRNA modification in eukaryotic organisms,
and plays critical roles in gene expression (5). Although m°A modification was previously
identified in different viruses (28-30), its roles in HIV-1 gene expression regulation were

recently recognized (11-13). While these studies identified specific m®A sites in HIV-1 gRNA,
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320 they disagreed on the extent and locations of m®A modifications along the HIV-1 genome and
321  their effects on viral replication (11-13). Lichinchi ez al. (11) reported 14 peaks of m°A

322 modification in HIV-1 RNA, in which the m®*A modification in the Rev response element region
323  increased binding to Rev and facilitated nuclear export of viral RNA, thereby enhancing HIV-1
324 replication. In contrast, Kennedy et al. (12) found 4 clusters of m®A modification in the 3’ UTR
325  region of HIV-1 RNA. Our study showed that HIV-1 gRNA has m°A modifications in the 5* and
326 3> UTRs as well as gag and rev genes (13). Also, there is controversy regarding the roles of Y1-3
327  proteins in HIV-1 replication. In the presence of Y1-3 overexpression, Kennedy et al. observed
328 increased HIV-1 replication (12), while our data showed decreased HIV-1 replication (13). These
329  discrepancies could stem from different cell types or lines, reagents, and techniques used, and
330 need to be further investigated. In this study, we demonstrated that Y 1-3 proteins suppress HIV-1
331  single-cycle and spreading infection in cells by decreasing viral gRNA and RT products. Y1-3
332 overexpression in HIV-1 infected cells led to significantly lower levels of early and late RT

333 product, and further decreased HIV-1 infectivity, suggesting that Y 1-3 proteins could also inhibit
334  other steps after reverse transcription during the HIV-1 life cycle.

335 The GGACU is the predominant sequence in RRACH (R=G or A; H=A, C or U) motif
336  recognized by the m®A writers (31). Our in vitro biochemical experiments reveal that Y1-3

337  proteins exhibit clear preference for the m°A-modified HIV-1 RNA fragment over its unmodified
338 RNA counterpart. The preferential binding of m°A sites in the HIV-1 genome to Y 1-3 proteins
339  may contribute to decreased HIV-1 infection in HeLa/Y 1-3 cells. There are two GGACU motifs
340 inthe 5’ UTR of HIV-1x14.3 gRNA. The first GGACU motif is in the PBS region, and is

341  conserved in HIV-1 and simian immunodeficiency virus (SIV) (32), suggesting critical roles of

342 the motif in HIV-1 and SIV life cycles. The second GGACU motif is in the DIS stem. This motif
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is conserved in HIV-1 subtype B isolates, but A to G mutations can be found in subtype C and
group O isolates (https://www.hiv.lanl.gov/).

Compared with WT viruses, mutant viruses harboring A to G mutations have
significantly reduced infectivity. We noted that the first GGACU motif is in the PBS and
mutation at this site in Mut 1/3 viruses (A to G at nt. 197) introduces a mismatch with tRNA"®
primer (33), which may affect primer annealing and therefore impair viral infectivity. Recent
studies showed that the second GGACU motif interacts with HIV-1 nucleocapsid (NC) protein in
viral particles (33), and that nucleotides GGA in this motif strongly bind Gag precursor for viral
genome packaging (34). Mutation at this site may also impair interactions between HIV-1 gRNA
and NC protein, contributing to decreased infectivity in mutant viruses. Thus, the decreased
infectivity of Mut2 and Mut3 viruses (A to G at nt. 241) may be due to eliminated m°A
modification at the second GGACU motif and/or decreased interactions between HIV-1 gRNA
and Gag/NC. The effects of these mutations on primer binding and Gag/NC interactions remain
to be examined.

Y1-3 proteins specifically recognizing m°A sites via a hydrophobic pocket in the YTH
domain (3). The effects of Y1-3 on HIV-1 gene expression, viral production in virus-producing
HEK?293T cells and infectivity of progeny HIV-1 appear complex. Individual or combined
knockdown of each endogenous Y1-3 decreased HIV-1 Gag expression in cells (Fig. 6A), while
overexpression of individual Y1-3 also decreased the levels of cell-associated p24 (Fig. 6C).
Knockdown of endogenous Y1 or Y3 increased progeny HIV-1 infectivity (Fig. 6B), while
overexpression of individual Y1-3 significantly decreased viral infectivity (Fig. 6D). The
complexity of these results might be due to broad effects of Y 1-3 proteins on cellular gene

expression, which can in turn modulate HIV-1 gene expression, Gag processing, viral production
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and infectivity. Furthermore, the m°A modification regulates RNA processing and stability (2, 5,
35). After HIV-1 transcription, viral RNA undergoes extensive splicing to express structural and
accessory proteins. The roles of m°A modification in HIV-1 RNA splicing, stability and
dimerization remain to be elucidated.

We demonstrated that HIV-1 Gag and Y 1-3 proteins form a complex with RNAs in cells.
The association between Y 1-3 proteins and HIV-1 Gag via cellular and/or viral RNA may
contribute to Y1-3-mediated inhibition of viral reverse transcription. We further show that
inhibition of m®A addition to HIV-1 RNA by DAA treatment of virus-producing cells decreased
m°A levels of HIV-1 RNA, but increases the infectivity of the derived viruses (Fig. 8). These
data suggest that reduced m®A modification of HIV-1 RNA may decrease the binding to Y1-3
proteins, thereby relieving their inhibitory effects on viral infection.

In addition to HIV-1, recent studies have identified viral RNA m®A modifications and its
roles in regulating replication of Flaviviridae viruses, including hepatitis C virus (HCV), dengue,
Zika virus (ZIKV), yellow fever virus, and West Nile virus (36, 37), Kaposi’s sarcoma-
associated herpesvirus (KSHV) (38, 39), and influenza A virus (IAV) (40). The m°A
modification in viral RNA increases RNA expression of AV (40), promotes KSHV lytic
replication (38), but negatively regulates HCV and ZIKV production (36, 37). Similar to our
findings that Y'1-3 proteins inhibit HIV-1 infection (13), Y1-3 proteins also negatively regulate
HCV and ZIKYV replication (36, 37). A more recent study reported that Y2 protein negatively
regulates the KSHYV lytic replication by enhancing decay of KSHV transcripts (39). Y1 and Y3
have no effect on IAV infection, while Y2 overexpression significant enhances IAV gene

expression and replication (40). Although different approaches in these studies may account for
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discrepancies, these results suggest that m°A modification and Y1-3 proteins have distinct effects
on various viruses.

The functional significance of viral RNA m®A modifications remains to be established.
The innate immune system provides the first response to virus infections and to distinguish
between host and viral nucleic acids to mount protective antiviral immune responses. However,
viruses have developed different mechanisms to avoid innate immune recognition and antiviral
responses from the host. For example, Durbin ef al. showed that the 106-nt polyU/UC sequence
derived from the 3’ UTR of hepatitis C virus RNA triggers innate immune signaling after
binding to the retinoic acid-inducible gene I (RIG-I), an innate immune sensor for viral RNA.
Interestingly, the HCV RNA fragments containing m®A or other modifications bind poorly to
RIG-I or fail to trigger RIG-I-mediated innate immune responses (41), suggesting that viral RNA
modifications could be an immune evasion strategy of viruses to avoid host antiviral responses.
It is conceivable that HIV-1 may exploit m’A modifications of viral RNA to escape from innate
immunity to establish persistent infection, while Y 1-3 proteins might act as a host defense
mechanism to partially counteract HIV-1 infection.

In summary, here we show that m®A reader proteins Y 1-3 inhibit HIV-1 infection by
decreasing viral gRNA and early reverse transcription products. We demonstrate that Y1-3
proteins preferentially bind to m°A-modified HIV-1 RNA. Mutation of m°A sites in the 5’ UTR
resulted in decreased viral infectivity, suggesting important roles of these sites for HIV-1
infection. Y'1-3 proteins and HIV-1 Gag form a complex with RNAs in virus-producing cells.
Furthermore, HIV-1 from virus-producing cells with decreased RNA m°A levels enhances viral

infectivity, supporting the inhibitory effects of Y 1-3 proteins on HIV-1 infection. Taken
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together, these results help better understand the roles and mechanisms of m°*A modification of

HIV-1 RNA in regulating viral replication.

Materials and Methods

Cell culture. HEK293T cell line (a kind gift from Dr. Vineet KewalRamani, National Cancer
Institute, Frederick, USA) and TZM-bl cells [(23) obtained through the NIH AIDS Reagent
Program, Catalog # 8129] were maintained in complete DMEM as described (42). HeLa or
HeLa/CD4 cell lines (kind gifts from Dr. Vineet KewalRamani, National Cancer Institute,
Frederick, USA) overexpressing empty vector (pPB-CAG), individual FLAG- and HA-tagged
Y1, Y2 or Y3 protein were maintained in complete DMEM containing 2 pg/ml puromycin as

described (13).

Generating HeLa cell lines stably express CD4 and Y1-3 proteins. HeLa/CD4 cells were
generated by transduction of HeLa cells with a pMX retroviral vector expressing human CD4
(43). HeLa/CD#4 cells were transfected separately with pPB-CAG vector-based Y 1-3 expressing
constructs or pPB-CAG empty vector, and then selected with puromycin (2 pg/ml). HeLa/CD4

stably expressing cells Y1-3 were cultured as described (13).

Mutagenesis in HIV-1 proviral DNA plasmid (pNL4-3). Mutations in pNL4-3 were
introduced using Agilent QuickChange Lightning Multi Site-directed Mutagenesis Kit (catalog #
210515-5) according to the instructions. Primers mutl (5’-CCCGAACAGGGGCTTGAAAGC-

3’) and mut2 (5’-TCGACGCAGGGCTCGGCTTG-3’) were used (mutation sites are underlined)
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432 to generate A to G mutation at the first (nt. 197), the second (nt. 241) or both GGACU motifs
433  between HIV-1 gRNA U5 and gag gene. The mutations were confirmed by DNA sequencing.
434

435  siRNA knockdown of Y1-3 proteins. Y1-3 expressions were knocked down by two rounds of
436  siRNA transfection using specific siRNAs (QIAGEN) and Lipofectamine RNAiMax

437  (Invitrogen) according to instructions (siRNA sequences are listed in Table 1). Briefly,

438 HEK293T cells (1.5%10° per well) in 24-well plates were transfected with gene specific siRNAs
439  or control siRNA. Twenty-four h after transfection, cell culture media were replaced and the
440  second-round siRNA transfection was conducted. At 6 h after the second round of siRNA

441  transfection, pNL4-3 (0.5 pg per well) was transfected to HEK293T cells. Cells and culture

442  media were collected at 36 h after pNL4-3 transfection for immunoblotting, p24 quantification,
443  and infection assays.

444

445  HIV-1 stocks and infection assays. Single-cycle HIV-luc/VSV-G was generated as previously
446  described (13). Replication-competent WT and mutant HIV-1 stocks were generated by

447  transfection of HEK293T cells with pNL4-3 or mutant proviral DNA plasmids using

448  Lipofectamine 2000 (Invitrogen) according to instructions. For Y 1-3 and pNL4-3 co-expression
449  experiments, pPB-CAG vector or pPB-CAG expressing individual FLAG- and HA- tagged Y1-3
450  protein was transfected into HEK293T cells, and pNL4-3 proviral DNA was transfected 12 h
451  later. At 48 h (WT and Mutl-3 plasmids) or 36 h (Y 1-3 co-expression) after proviral DNA

452  transfection, cells were collected for immunoblotting and HIV-1 capsid p24 levels in viral stocks
453  were quantified by an enzyme-linked immunosorbent assay (ELISA) using anti-p24-coated

454  plates (AIDS and Cancer Virus Program, NCI-Frederick, MD) as described (13, 43). To compare
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infectivity of WT HIV-1 in HeLa/Y 1-3 cells, HIV-luc/VSV-G was used for infection at
multiplicity of infection (MOI) at 1 as described (13). To compare the infectivity of WT HIV-
InL4-3 and mutant viruses, viruses with equal amounts of p24 (400 pg) were used to infect TZM-
bl cells in 24-well plates. At 48 hpi, TZM-bl cells were washed twice with PBS and lysed for
luciferase assay (Promega) according to the manufacturer’s instructions. Cell protein
concentrations were quantified using a bicinchoninic acid assay (Pierce) and all luciferase results

were normalized based on total protein input.

Flow cytometry measure cell surface levels of CD4 and CXCR4. HelLa/CD4 cells were
treated with the non-enzymatic cell dissociation solution (C5914, Sigma-Aldrich) and double
stained with FITC-conjugated CD4 (MHCCDO0401-4, Thermo Fisher) and phycoerythrin-
conjugated CXCR4 (555974, BD Pharmingen) antibodies as described (13). Cells stained with a
mouse IgG2a isotype antibody (555574, BD Pharmingen) were used as a negative control. Flow
cytometry was analyzed using a Guava EasyCyte Mini and data analysis was performed using

FlowJo (FlowJo, LLC) software as described (44).

IP of Y1-3 proteins and RT-qPCR detection of HIV-1 gRNA. HeLLa/CD4 cells expressing
MAL were generated by transfection with pEF-Bos MAL Flag (plasmid # 41554 from Addgene)
(17). HeLa/CD4 cells expressing pPB-CAG vector, MAL or Y1-3 proteins (3 x 10° cells) were
seeded in a 60 mm-diameter culture plate one day before HIV-1 infection. Cells were infected
with HIV-1np4.3 at a multiplicity (MOI) of infection of 5 for 3 h. Cells were UV-cross-linked and
lysed in cell lysis buffer (Sigma-Aldrich). Co-immunoprecipitated RNA was isolated and RT-

gPCR quantification of HIV-1 gRNA was performed as described (13).
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Antibodies and immunoblotting. Antibodies used in this study were: anti-GAPDH (clone 4G5,
AbD serotec, Atlanta, GA), anti-FLAG (F-3165, Sigma-Aldrich), anti-YTHDF1 (ab99080,
Abcam), anti-YTHDF2 (ABE542, EMD Millipore, Billerica, MA), anti-Y THDF3 (ab103328,
Abcam), and anti-HIV-1 p24 (AIDS Reagent Program, catalog # 6458). Cells were harvested and
lysed in cell lysis buffer (Cell Signaling, Beverly, MA) supplemented with the protease inhibitor
cocktail (Sigma-Aldrich). Immunoblotting was performed and ImageJ software (NIH) was used

to calculate the densitometry of immunoblotting bands as described (13).

AlphaScreen assay. Recombinant glutathione-S-transferase (GST)-tagged Y 1-3 proteins were
purified as described (8). Two RNA fragments, control RNA and m°A-modified RNA (m°A
RNA), corresponding to 235-281 nt containing the second GGACU consensus sequence, were
synthesized (Integrated DNA Technologies), and the RNA fragments were modified with biotin
at both 5> and 3’ ends. Control RNA has no m®A modification, while m°A RNA fragment has
m°A modification in GGACU motif. To eliminate RNA dimerization, the DIS sequence
(AAGCGCGC) was substituted with nucleotides GAG as described in a previous study (45).
AlphaScreen assays were conducted as previously reported with minor modifications (20).
Proteins and RNA fragments were diluted with AlphaScreen buffer (100 mM NaCl, 1 mM
MgCl,, 1 mM DTT, 1 mg/mL BSA, 25 mM Tris pH 7.5). For the binding of proteins and
acceptor beads, Y1-3 proteins (25 nM) and acceptor beads (catalog # AL110C, 1:100 dilution;
PerkinElmer) were mixed and adjusted to 30 pL, and incubated at 4 °C for 2 h. For RNA and
donor bead binding, control or m’A RNA (50 nM) were mixed with donor beads (catalog #

6760002S, 1:100 dilution; PerkinElmer) in 10 uL volume, and incubated at 4 °C for 2 h. After
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the incubation, the protein and RNA were mixed, and incubated at 4 °C for 1 h. Samples (25 pL)

were added to microplate and read with EnSpire multimode plate reader (PerkinElmer).

In vitro pull-down assays for RNA and Y1-3 protein binding. Streptavidin Dynabeads M-280
(Invitrogen, catalog # 11205D) was used in this experiment. Beads were washed and incubated
with biotin-labeled m°A RNA or control RNA at 4 °C for 60 min according to the
manufacturer’s instructions, and purified Y 1-3 proteins were added at concentrations of 1, 5, 25,
125, and 625 nM and incubated for 60 min. After washing, proteins bound to beads were eluted

for immunoblotting using specific antibodies to Y1, Y2, or Y3.

gPCR assays. To quantify HIV-1 gRNA after infection of HeLa/Y'1-3 cells, at 1, 3 and 6 h after
viral infection, cells were collected and total RNAs were extracted with an RNeasy Mini kit
(Qiagen). Reverse transcription was conducted with first-strand synthesis (Invitrogen). qgPCR
was used to measure HIV-1 gRNA as described (46). To quantify HIV-1 early and late RT
products after viral infection, cellular DNA was extracted using a QIAamp DNA Blood Mini kit
(Qiagen). Early RT products were quantified using primers ert2f (5’-GTGCCC
GTCTGTTGTGTGAC-3") and ert2r (5’-GGCGCCACTGCTAGAGATTT-3’). Late RT
products were quantified using primers LW59 and LW60 as described (13). GAPDH levels were

also quantified to normalize early and late RT data (13).

IP of Y1-3 proteins to detect the interactions with HIV-1 proteins. HEK293T cells (1 x 10°)

were co-transfected with 2 ug pNL4-3 and 2 pg empty vector (pPB-CAGQG) or constructs

expressing individual HA-tagged Y'1-3 proteins as previously described (13). At 48 h post-
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524  transfection, cells were harvested, lysed in 1% digitonin and total protein concentration was

525  quantified. To elucidate the effects of RNAs in Gag and Y 1-3 interactions, one aliquot of each
526  cell lysate was treated with RNase A (100 pg/ml) for 1 h at room temperature, and IP was

527  conducted as described (47). Proteins bound to anti-HA agarose beads were eluted by boiling in
528  sample buffer for immunoblotting. HIV Immunoglobulin (HIV-IG, NIH AIDS Reagent Program,
529  catalog # 3957) (25) was used to detect HIV-1 proteins precipitated by Y 1-3 proteins.

530

531  Prediction of the secondary structure of HIV-1 RNA segments. The secondary RNA

532 structures of HIV-1 5’UTR segments from WT HIV-1 or mutants were predicted using online

533  mfold program according to the user’s instruction (http://unafold.rna.albany.edu/?q=mfold).

534

535  Generation of m°A-reduced HIV-1 from cells treated with DAA. HEK293T cells were mock

536  treated with mock or 50 uM DAA (Sigma-Aldrich, Product number D8296) for 4 h before

537  transfection with pNL4-3 plasmid as described (12, 13). DAA concentration (50 uM) was

538  maintained in the culture medium for additional 48 h. Cells and supernatants were collected at 48
539  h post-transfection for the analysis of protein expression and RNA m°A by immunoblotting.

540

541  Immunoblot analysis of m°A of HIV-1 RNA. HIV-1 RNA was extracted from HIV-1

542  generated from mock- or DAA-treated HEK293T cells with an RNA purification kit (Qiagen) as

543  described (13). HIV-1 RNA (50 ng/sample) was used for m®A dot blotting with rabbit polyclonal
544  anti-m°A antibodies (Synaptic Systems; Cat # 202 003) as previously described (11, 12).

545  Densitometric quantification of the m®A signal intensity was performed using ImageJ software

546 (NIH).

24


https://doi.org/10.1101/257410
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/257410; this version posted January 31, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

aCC-BY-ND 4.0 International license.

Statistical analyses. Mann Whitney test was used to analyze AlphaScreen signal for m°A and
control RNA fragment binding to Y1-3 proteins (Fig. 4C). Dunnett’s multiple comparison test
was used for statistical analysis of all other data as indicated in figure legends. P <0.05 is

considered significant.
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691

692  Figure Legends

693

694  Fig 1. Overexpression of Y1-3 proteins inhibits postentry HIV-1 infection through

695  decreasing HIV-1 genomic RNA (gRNA) and inhibiting viral reverse transcription (RT).
696  (A) Overexpression of Y1-3 proteins in HeLa/Y 1-3 cell lines. (B) Cells were infected with HIV-
697 1 Luc/VSV-G (MOI=1), and viral infection was measured by luciferase activity at 24 h post-
698 infection (hpi) (n=3 independent experiments, same in the following). (C) Quantified HIV-1

699  gRNA levels after infection of HeLa/Y 1-3 cells and vector control cells (n=3). (D) Early RT
700  product levels at 6, 12 and 24 hpi (n=3). (E) Late RT product levels at 6, 12 and 24 hpi (n=3).

701  Results are shown as mean + SEM. Dunnett’s multiple comparison test was used to determine
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statistical significance. * P < 0.05, *** P <(0.0005, compared each group with vector control
cells in each corresponding experiment. Data are from at least 3 independent experiments with

biological duplicates.

Fig 2. Overexpression of reader proteins YTHDF1-3 (Y1-3) in HeLa/CD4 cells inhibits
wild-type HIV-1 replication. (A) Surface levels of CD4 (exogenous) and CXCR4 (endogenous)
in HeLa/CD4 cells overexpressing individual Y'1-3 proteins or vector control cells were analyzed
by flow cytometry. Isotype-matched IgG was used as a negative control for immunostaining. The
numbers on the top of the plots indicate the percentages of CD4- and CXCR4-positive cells. (B)
HeLa/CD4 cells overexpressing individual Y1-3 proteins were infected with HIV-1x143
(MOI=1) for 72 h. HIV-1 Gag protein expression and over-expression of FLAG-tagged Y1-3
proteins in HeLa/CD4 cells were confirmed by immunoblotting. (C) ELISA quantification of
HIV-1 p24 levels in the supernatants from infected cells. (D and E) qPCR quantification of the
levels of HIV-1 early RT products (D) and late RT products (E). (F) RT-qPCR quantification of
HIV-1 gag mRNA in the cells. (C-F) The reverse transcriptase inhibitor nevirapine (NVP) was
used to treat vector cells as a negative control for HIV-1 infection. All results are shown as mean
+ SEM (n=3) and data presented are representative of 3 independent experiments. Dunnett’s
multiple comparison test was used to determine statistical significance. ** P <0.005 and *** P

<0.0005 compared with vector control cells.

Fig 3. YTHDF1-3 proteins bind to wild-type HIV-1 gRNA in infected HeLa/CD4 cells. (A)

Immunoblotting of Y1-3 in the input and immunoprecipitation (IP) samples from HeLa/CD4

cells infected with HIV-1. HeLa/CD4 cells stably overexpressing FLAG-tagged Y 1-3 proteins,
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725  MAL (MyDS88 adapter-like protein), or empty vector control cells were infected with HIV-1xn143
726  at an MOI of 5 for 3 h. FLAG antibodies were used to immunoprecipitate Y 1-3 proteins or MAL
727  in HeLa/CD#4 cells after HIV-1 infection. (B) HIV-1 gRNA is bound by Y 1-3 proteins expressed
728  in HeLa/CD#4 cells. HIV-1 infection of HeLa/CD4 cells overexpressing Y 1-3 proteins, MAL, or
729  empty vector control cells as described above in (A). Cell lysates were immunoprecipitated with
730  anti-FLAG antibody, and HIV-1 gag RNA levels were quantified by RT-qPCR. Dunnett’s

731  multiple comparison test was used to determine statistical significance. *** P <0.0005 compared
732 with the vector control cells. Data presented are representative of 4 independent experiments.
733

734  Fig 4. Y1-3 proteins preferentially bind to an m°A-modifed HIV-1 RNA fragment in vitro.
735  (A) Structure of partial HIV-1 RNA 5 UTR containing two GGACU motifs (in gray

736 background) that are labeled with blue words m°4 #I (nt. 195-199) and m®4 #2 (nt. 239-243).
737  PBS and DIS are highlighted in bold. The figure is adapted from Kharytonchyk et al. (24). (B)
738 Sequences of synthesized control (Ctrl) RNA and m°A-modified (m°*A RNA) fragment

739  containing the second GGACU motif (in bold) in HIV-1 RNA 5’ UTR corresponding to nt. 235-
740  281. The DIS-containing sequence (AAGCGCGC) was replaced with nucleotides GAG

741  (underlined) to eliminate RNA dimerization. The A* indicates the m®A modification site in the
742 RNA fragment. (C) Binding of Y1-3 proteins to m°A RNA versus control, unmodified RNA was
743 monitored using the AlphaScreen assay. Data are from two independent experiments with

744  biological triplicates. Results are shown as mean £SEM. ** P < 0.005 by Mann Whitney test. (D)
745  Y1-3 protein pull-down using biotin-labeled control and m°A RNA fragments. Streptavidin

746~ Dynabeads were used in the pull-down assay and immunoblotting was performed using specific

747  antibodies to Y1, Y2, or Y3. (E) Y1-3 protein pull-down level based on densitometry analysis of

31


https://doi.org/10.1101/257410
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/257410; this version posted January 31, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

aCC-BY-ND 4.0 International license.

the bands in immunoblotting. Data are average results from two independent experiments. (F)
Calculated concentrations of Y 1-3 proteins needed to reach 50% pull-down levels of 625 nM

Y1-3 by the m°A RNA fragment.

Fig 5. A to G mutations in GGACU motifs of the 5> UTR of HIV-1 gRNA reduce viral
infectivity. (A) Schematic representation of introduced mutations in the 5> UTR region of HIV-1
proviral DNA. (B) Gag protein expression in HEK293T cell lysates expressing wild type (WT)
and mutants (Mutl-3). The relative p24 levels were normalized based on GAPDH levels. (C)
HIV-1 p24 levels in the supernatants at 48 h post-transfection were quantified by ELISA (n=3).
(D) Infectivity of WT and mutant HIV-1 was quantified by measuring luciferase activity 48 h
after infection of TZM-bl cells (n=4). Results are shown as mean £SEM. Dunnett's multiple
comparison test was used for statistical analysis. *** P < (0.0005, compared HIV-1 mutants to
WT virus. (E) Endogenous Y 1-3 proteins in TZM-bl cells were knocked down by combined Y1-
3 specific siRNA transfection. Immunoblotting confirms Y 1-3 knockdown compared to control
siRNA-transfected cells. (F) The infectivity of WT and mutant HIV-1 was quantified by
measuring luciferase activity 48 h after infection of TZM-bl cells (n=4). Results are shown as
mean £SEM. Dunnett's multiple comparison test was used for statistical analysis. * P<0.05,
compared HIV-1 mutants with WT HIV-1. (G) Predicted secondary structures of the RNA
segments containing the PBS (left two panels) or DIS (right two panels, sequences are
highlighted in bold) of WT, Mutl and Mut2 viruses. Two A to G mutation sites (Mutl and

Mut2) are circled and pointed by blue arrows.
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770  Fig 6. Effects of Y1-3 knockdown or overexpression in virus-producing cells on HIV-1 Gag
771  expression and viral infectivity. (A and B) HEK293T cells were transfected with non-specific
772 control siRNA or siRNA specific for Y1-3 (individual or combined), and 24 h later, the cells

773 were transfected with siRNA as above described for second round. At 6 h after the second round
774  of siRNA transfection, cells were transfected with pNL4-3. Cells and culture media were

775  collected at 36 h after pNL4-3 transfection for immunoblotting and infection assays. (A)

776 ~ Immunoblotting of HIV-1 Gag and endogenous Y1-3 in HEK293T cells with single or triple Y1-
777 3 knockdown and pNL4-3 transfection. GAPDH was a loading control. (B) Infectivity of equal
778  amounts of HIV-1 (400 pg p24) generated in control cells, or cells with individual or triple Y1-3
779  knockdown was quantified by measuring luciferase activity 48 h after infection of TZM-bl cells
780  (n=3). Results are shown as mean = SEM. Dunnett's multiple comparison tests were used for
781  statistical analysis. ** P < 0.005, *** P <(0.0005, compared Y 1-3 specific siRNA knockdown
782  with non-specific control (Ctrl) siRNA. (C and D) HEK293T cells were transfected separately
783  with Y1-3 expressing plasmids or empty vector, and 12 h later, cells were transfected with

784  pNL4-3. (C) Immunoblotting of HIV-1 Gag and FLAG-tagged Y1-3 in cells collected at 36 h
785  post pNL4-3 transfection. GAPDH was a loading control. (D) Infectivity of equal amounts of
786  HIV-1 (400 pg p24) was quantified by measuring luciferase activity 48 h after infection of TZM-
787 bl cells (n=3). Results are shown as mean £SEM. Dunnett's multiple comparison test was used
788  for statistical analysis. ** P <0.005, *** P < 0.0005, compared Y 1-3 overexpression with vector
789  controls.

790

791  Fig 7. Y1-3 proteins and HIV-1 Gag form a complex with RNAs in cells. HEK293T cells

792  were co-transfected with pNL4-3 and individual plasmids expressing HA- and FLAG-tagged
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Y 1-3 or empty vector. Cell lysates were treated with or without RNase A (100 ug/ml) before
immunoprecipatation (IP) of Y1-3 proteins using anti-HA agarose beads. The input or IP
products of HIV-1 Gag or CA (p24) were detected using HIV Immunoglobulin. Expression and
IP of Y1-3 were confirmed with anti-FLAG immunoblotting. Results presented are

representative of three independent experiments.

Fig 8. Inhibition of m°A addition to HIV-1 RNA increases viral infectivity. HEK293T cells
were pretreated with 50 uM 3-deazadenine (DAA) or mock treated for 4 h and transfected with
pNL4-3 plasmid DNA. At 48 h post-transfection, cells and supernatant were collected for
analyses. (A) Cell lysates were analyzed for HIV-1 Gag expression. GAPDH was a loading
control. Relative levels of HIV-1 total Gag normalized to GAPDH levels are shown. (B) HIV-1
p24 levels in the supernatant of transfected HEK293T cells were measured by ELISA. (C) RNA
(50 ng/sample) extracted from HIV-1 generated from the mock- or DAA-treated HEK293T cells
were used to measure m°A levels using a dot-blot assay. The m°A dot intensity was quantified by
densitometry. (D) Equal amounts of HIV-1 (p24 of 500 pg or 1,000 pg) were used to infect
TZM-bl cells to analyze viral infectivity at 24 hpi. The value of HIV-1 from mock-treated cells
(500 pg HIV-1 input) was set as 100%. Relative infectivity is shown and results are shown as
mean £SEM. Dunnett's multiple comparison tests were used for statistical analysis. * P <0.05,
**% P <0.0005, compared mock-treated control with 500 pg of HIV-1 input. Results presented

are representative of two independent experiments.
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Table 1. Sequences of siRNAs used for Y1-3 knockdown

Targets Catalog numbers Target sequences (5°- 3’)
(QIAGEN)
YTHDFI S100764715 CCGCGTCTAGTTGTTCATGAA
YTHDFI S104240117 CCCTCCACCCATAAAGCATAA
YTHDFI S104240418 TACGGACAGCTCAGTAACGGA
YTHDFI S104279121 CAGGCTGGAGAATAACGACAA
YTHDF?2 S100764757 AAGGACGTTCCCAATAGCCAA
YTHDF?2 S104270777 TTCGGTCCATTAATAACTATA
YTHDF3 S100764778 ATGGATTAAATCAGTATCTAA
YTHDF3 S104133339 TAAGTCAAAGAAGACGTATTA
Negative Control S103650325 AATTCTCCGAACGTGTCACGT
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Fig. 3
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Fig. 7
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Fig. 8
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