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ABSTRACT

The human immunodeficiency virus type 1 (HIV-1) encodes multiple RNA molecules. Transcripts that originate from the
proviral 5′′′′′ long terminal repeat (LTR) function as messenger RNAs for the expression of 16 different mature viral proteins.
In addition, HIV-1 expresses an antisense transcript (Ast) from the 3′′′′′LTR, which has both protein-coding and noncoding
properties. While the mechanisms that regulate the coding and noncoding activities of Ast remain unknown, post-tran-
scriptional modifications are known to influence RNA stability, interaction with protein partners, and translation capacity.
Here, we report the nucleoside modification profile of Ast obtained through liquid chromatography coupled with mass
spectrometry (LC-MS) analysis. The epitranscriptome includes a limited set of modified nucleosides but predominantly ri-
bosemethylations. A number of thesemodificationsweremapped to specific positions of the sequence through RNAmod-
ification mapping procedures. The presence of modifications on Ast is consistent with the RNA-modifying enzymes
interacting with Ast. The identification and mapping of Ast post-transcriptional modifications is expected to elucidate
the mechanisms through which this versatile molecule can carry out diverse activities in different cell compartments.
Manipulation of post-transcriptional modifications on the Ast RNA may have therapeutic implications.
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INTRODUCTION

Coding andnoncodingRNAs of all organisms are covalent-
ly modified with more than 150 biochemical groups rang-
ing from simple methylations to hypermodifications of
individual nucleotides (Boccaletto et al. 2018; Boccaletto
and Baginski 2021). These post-transcriptional modifica-
tions are introducedby stand-alone andRNA-guided cellu-
lar enzymes, and they play critical roles in regulating the
stability, structure, and function of the target RNA
(Decatur and Fournier 2002; Whipple et al. 2011; Sibbritt
et al. 2013; Lorenz et al. 2017; Arango et al. 2018; Choe
et al. 2018; Price et al. 2020; Roovers et al. 2021). Viral
RNAs are no exception. A variety of DNA and RNA viruses
express RNAmolecules that have been reported to contain
methylation of the base in adenosine (m6A: N6-methylade-

nosine, m1A: 1-methyladenosine), guanosine (m7G:
7-methylguanosine, m1G: 1-methylguanosine), and cyti-
dine (m5C: 5-methylcytosine) residues, ribose methylation
of all four residues (Nm), and pseudouridylation (Ψ)
(Borchardt et al. 2020; Courtney 2021). Cytidine is also
acetylated to form ac4C (N4-acetylcytidine) in a few viral nu-
cleic acids (McIntyre et al. 2018). Modifications in viral RNA
are shown to increase the replication of HIV-1 (Lichinchi
et al. 2016; Kennedy et al. 2017; Tsai et al. 2020), hepatitis
B (Imam et al. 2018), influenza A (Courtney et al. 2017), and
SV40 (Tsai et al. 2018). Further, the number of RNAmodifi-
cations found in viral RNAs aregreater than those of cellular
RNAs, presumably conferring functional advantage such as
regulated gene expression (Tirumuru et al. 2016; Courtney
et al. 2019a,b).
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Modifications on RNA molecules can be detected
and mapped through several approaches (Wiener and
Schwartz 2021). Modification mapping by high-through-
put methods involves fragmentation of enriched RNA,
capture of RNA fragments by modification-specific anti-
body, subsequent isolation, and deep sequencing
(Dominissini et al. 2012). This antibody mapping initially
developed for m6A was adapted to identify m1A
(Dominissini et al. 2016), m5C (Edelheit et al. 2013), and
ac4C (Arango et al. 2018) in RNA. Antibody mapping is in-
herently noisy and requires additional controls. The map-
ping strategy results in large footprints of 20–100 nt,
where the exact location of modification is not very clear.
Therefore, it requires additional methods to validate the
proposed sites of modification (Helm and Motorin 2017).
Chemical labeling of modified nucleoside that blocks re-
verse transcription or introduces polymorphism can yield
a footprint of 1 nt during biochemical mapping methods.
Such methods include bisulfite sequencing to distinguish
m5C from C (Schaefer et al. 2009), UV cross-linking of
RNA and bound antibody for m6A (Linder et al. 2015),
Ψ-seq using N-cyclohexyl-N′-(2-morpholinoethyl)carbo-
diimide metho-p-toluene sulfonate (CMCT) for selective
detection of pseudouridines (Carlile et al. 2014; Schwartz
et al. 2014), and detection of ribose methylations
(Nm) based on their resistance to alkaline treatment
(Marchand et al. 2016) or oxidation associated fragmenta-
tion (Zhu et al. 2017; Hsu et al. 2019). These methods,
however, are technically challenging, because they require
very large read-depth, tend to generate artifacts, and are
less sensitive to lowly expressed RNA (Courtney 2021).

Liquid-chromatography coupled with mass spectrome-
try (LC-MS) is a powerful approach that provides an unbi-
ased readout of the residential post-transcriptional
modifications (Pomerantz and McCloskey 1990; Jora
et al. 2021) of RNA. The analysis involves two steps (Jora
et al. 2019). In the first step, analysis of RNA hydrolysate
provides a census of post-transcriptional modifications
through accurate measurement of chromatographic reten-
tion time and mass shift of added chemical group to the
ribonucleosides (Jora et al. 2018). In the second step, loca-
tion of modification group in the sequence is determined
by the mass spectrometric sequencing of oligonucleo-
tides, a process referred to as RNA modification mapping
(Kowalak et al. 1993). Employment of nucleobase-specific
ribonucleases (Thakur et al. 2020) provides predictability
of the oligonucleotide digestion products and helps facil-
itate MS data analysis while identifying the position of the
modifying group in the sequence.

Upon integration into the host genome, the human im-
munodeficiency virus type 1 (HIV-1) proviral genome ex-
presses several types of RNA molecules. Transcripts that
originate from the 5′ long terminal repeat (LTR) are called
“sense transcripts,” are grouped into three classes de-
pending on their degree of splicing (multiply spliced, sin-

gly spliced, and unspliced), and function as messenger
RNA (mRNA) for the expression of 16 different mature viral
proteins. Unspliced transcripts also function as viral ge-
nome and are packaged into newly produced viral parti-
cles that will infect new target cells (Ferguson et al.
2002). In addition, the HIV-1 provirus expresses an anti-
sense transcript (Ast) from the 3′LTR (Li et al. 2021). This
RNA has a dual role: as mRNA that encodes for the viral
protein, ASP (Affram et al. 2019; Gholizadeh et al. 2021),
and as long noncoding RNA (lncRNA) that suppresses
HIV-1 expression through epigenetic silencing of the
5′LTR (Zapata et al. 2017; Li et al. 2021). The mechanisms
that regulate the balance between the two functions of Ast
are unknown. Here, we sought to identify and map post-
transcriptional modifications of Ast that may have a role
in regulating its functions. We report the presence of a de-
fined set of nucleoside modifications in Ast expressed in
Jurkat cells.

RESULTS

Ast RNA isolation and sequence confirmation

Post-transcriptional nucleoside modifications in the sense
HIV-1 RNA sequence have been shown to influence viral
expression and replication (Kong et al. 2019; Ringeard
et al. 2019; Tsai et al. 2020, 2021). Prevalence of such
modifications in the HIV-1 antisense transcript (Ast) have
not been reported. To characterize the ribonucleoside
modifications of Ast, we isolated total RNA from a Jurkat
cell line stably transduced with a lentiviral vector express-
ing Ast under the CMV promoter, which we described pre-
viously (Zapata et al. 2017). We then used a set of six
biotinylated oligonucleotides complementary to Ast
(Supplemental Table S1) and Streptavidin magnetic beads
to isolate Ast from total RNA. Purified Ast RNAwas initially
evaluated for its integrity and relative mobility on an aga-
rose gel in contrast to the ribosomal RNA. Figure 1 shows
the presence of two discrete bands of RNA that differ in
their relative mobility in the purified sample. The slow-mi-
grating band corresponds well with the expected size of
full-length Ast RNA (2.6 kb) whose position was intermedi-
ate to that of 28S (5 kb) and 18S (1.9 kb) rRNA of total RNA
sample. The fast-migrating band could represent a spliced
version of Ast RNA consistent with a previous report
(Kobayashi-Ishihara et al. 2012). To confirm the identity
of the streptavidin-enriched RNA, we performed RT-PCR
with primers specific for Ast. As templates, we used total
RNA (before and after DNase I treatment), and streptavi-
din-enriched RNA (before and after RNase T1 treatment).
We found that these primers amplified a cDNA product
of the expected size (575 bp) from both total and purified
RNA preparations (Supplemental Fig. S1). Sequencing
confirmed that these PCR products were identical, and
that they were Ast amplification products.
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Identification of post-transcriptional modifications
in Ast RNA

LC-MS analysis of the hydrolysate of the Ast RNA prepara-
tion indicated the presence of a small set of post-transcrip-
tional modifications (Table 1). They include nitrogenous
base and ribose methylations, inosine (deaminated form
of adenosine), and pseudouridylation (Ψ, isomer of uri-
dine). Positional isomers of nitrogenous base methylations
are discriminated by the differences in chromatographic
retention time (Fig. 2) and high-energy collision induced
dissociation (HCD)-based fragmentation of the nucleoside
in the MS/MS analysis. Ribose methylations are distin-
guished by the neutral loss of 146 Da compared to 132
Da for nitrogenous base methylations during tandem
mass spectrometry (Supplemental Figs. S2, S3). However,
somemodifications (indicated by “∗” in Table 1) could only
be distinguished by the characteristic retention time and
mass-to-charge (m/z) values of nucleoside molecular ion
(MH+) as they did not trigger MS/MS, presumably due to
low signal levels. They include m7G (7-methylguanosine),
m3U/Um (3-methyluridine/2′-O-methyuridine, which ex-
hibit identical retention time), I (inosine), andm1A (1-meth-
yladenosine) (Table 1). Methylated uridine, m3U/Um, is the
only nucleoside whose signal improved slightly with in-
creased amount of RNA digest injected onto the column
(Supplemental Fig. S4). However, its signal abundance still
remained below the level that could trigger MS/MS analy-
sis under standard conditions.
Although a majority of these modifications are also

found in rRNA (except inosine), none of the human
rRNA-specific modifications such as N6, N6-dimethylade-
nosine (m6,6A, Supplemental Fig. S5), 1-methyl-3-(3-ami-

no-3-carboxypropyl)pseudouridine (m1acp3Ψ), or N4-
acetylcytidine (ac4C; Taoka et al. 2018) were detected in
the purified Ast RNA sample, suggesting that the purified
sample is indeed enriched for Ast RNA, and the ribosomal
RNA contamination is minimal to the extent that it is not
detectable either by gel electrophoresis or ribonucleoside
modification analysis.

Mapping of nucleoside modifications
in Ast RNA sequence

To further ease the isolation and purification of Ast from
cell lysates, we generated a lentiviral vector expressing
the Ast transcript fused at the 3′ end to four copies of an
artificial RNA aptamer (4 × S1m) that binds streptavidin
with very high affinity (Jazurek et al. 2016; Daneshvar
et al. 2020). After verification by DNA sequencing, we pro-
duced lentiviral particles, which we used to establish a sta-
bly transduced Jurkat-derived cell line (Jurkat-AST-4×
S1m). To confirm expression of the AST-4×S1m fusion
transcript, we extracted total RNA from stably transduced
cells, and performed RT-qPCR as described (Zapata et al.
2017; Supplemental Fig. S6). The Ast RNA purified from
these constructs exhibited identical profile albeit migrat-
ing slowly on the gel (Supplemental Fig. S7). The hydroly-
sate of this Ast RNA isolated via direct streptavidin
enrichment from Jurkat-AST-4×S1m cells also exhibited
identical modification census confirming its origin
(Supplemental Fig. S8; Supplemental Table S2).

TABLE 1. List of ribonucleoside modifications observed in Ast
RNA

aConfirmed based on retention time and m/z values at nucleoside level.

FIGURE 1. Agarose gel electrophoresis ofAst RNA. Total RNAwas ex-
tracted from Jurkat-AST cells, and Ast RNAwas enriched using strepta-
vidin magnetic beads (lane 3). Total RNA (5 and 1 µg, lanes 1,2) and
streptavidin-enriched (1 µg, lane 3) RNA samples were then run on a
1.2% agarose gel. The slow-migrating band in the streptavidin-en-
riched lane is consistent with the expected size of the full-length Ast
RNA. The fast migrating band is likely a splice variant of Ast that has
been described previously (Kobayashi-Ishihara et al. 2012).
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Next, we adapted the LC-MS based RNA modification
mapping approach to locate the positions of modified nu-
cleosides. We used G-specific RNase T1 to digest the RNA
into oligonucleotides and sequenced them through IP-RP-
LC-MS/MS. Initial analysis revealed the presence of four
modified oligonucleotides, UA[Am]CAAGp, AA[Gm]AGp
(Fig. 3A,B), UU[Gm]CGp (Supplemental Fig. S9) and A

[mA]CGp (Supplemental Fig. S10) corresponding to posi-
tions 173, 943, 1554, 2541, respectively, in the Ast RNA
digest. Tandem spectra of these molecular ions revealed
the presence of >90% of the expected fragment ions cor-
responding to the sequence and assigned the methylation
status. Although the nucleobase or ribose methylations
lead to identical mass shifts, evaluation of the MS/MS

E F

BA C

D

FIGURE 2. LC-MS based detection ofAst RNA nucleosidemodifications. Extracted ion chromatograms (XICs) corresponding to specific mass-to-
charge (m/z) values for each class of the modified nucleosides are shown. (A) The cytidine modifications, 5-methylcytide and 2′-O-methylcytidine
(m5C and Cm, respectively) share identicalm/z values but differ in their retention times. (B,C ) Uridine (U) modifications,Ψ (pseudouridine, shorter
retention time than uridine, panel B), and 3-methyluridine and 2′-O-methyluridine (m3U and Um, respectively, panel C ), which are indistinguish-
able by retention time andm/z values. (D) Guanosine modifications, 7-methylguanosine, 2′-O-methylguanosine, and 2-methylguanosine (m7G,
Gm, andm2G, respectively) differentiated by their retention time andmass spectral behavior. (E,F ) Adenosinemodifications, 1-methyladenosine,
2′-O-methyladenosine, and N6-methyladenosine (m1A, Am, and m6A, respectively, panel E) and inosine (I, panel F ) are distinguished by their
retention time and MS spectra.

BA

FIGURE 3. (A) LC-MS based detection of UA[Am]CAAGp fromAst RNA. Extracted ion chromatogram form/z 1151.166 (top panel). Tandemmass
spectrum of oligonucleotide anion (m/z 1151.166) with all the observed sequence informative fragment ions (bottom panel). The fragment ion,
y and w series contain the 3′-end of the oligomer while the a-B and c ion series contain 5′ end of oligomer. Fragmentation pattern of the oligomer
is depicted. (B) LC-MS based detection of AA[Gm]AGp from Ast RNA. Extracted ion chromatogram for m/z 853.63 (top panel). Tandem mass
spectrum of oligonucleotide anion (m/z 853.63) with all the observed sequence informative fragment ions (bottom panel). Fragmentation pattern
of the oligomer is depicted.
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spectra provided clues whether it is base methylation or ri-
bose methylation. Scoring the fragment ions that corre-
spond to the loss of methylated base (mN base) or
ribose-methylated nucleoside (Nm) or its phosphate form
was considered for assigning the methylation to the base
or ribose sugar. However, these data did not represent
all the PTMs as fragment ion ambiguity was observed
with regard to some pyrimidine modifications at certain lo-
cations (see below).
When unmodified oligonucleotides were excluded

from triggering MS/MS (Cao and Limbach 2015), addition-
al oligonucleotides with known modifications were evi-
dent in the Ast RNA digest. They include, [Gm]UAUGp
(Supplemental Fig. S11), AAA[Cm/m5C]Gp (Supplemental
Fig. S12), and AU[m5C]UCGp (Supplemental Fig. S13).
The MS/MS signals for these oligonucleotides were less
abundant in the LC-MS analysis where exclusion strategy
was not applied. To detect pseudouridine-containing oligo-
nucleotides, the T1 digest was derivatized with acrylonitrile,
and the cyanoethylated (+53 Da) oligonucleotides were de-
tected by LC-MS/MS. This exercise revealed the presence
of two oligonucleotides [Ψ]ACAGp (Fig. 4A) and CUCUAC
[Ψ]AAUGp (Supplemental Fig. S14) with high quality mass
spectra of sequence informative fragment ions.
When Ast RNA was digested with RNase cusativin

and subjected to LC-MS analysis, two additional oligonu-
cleotides, UCC[I]CC>p (Fig. 4B), U[Um/m3U]GAC>p
(Supplemental Fig. S15) were detected. All these oligonu-
cleotides are mapped to unique positions in the Ast RNA
sequence (Table 2) that may be considered as signature
digestion products for Ast RNA. Further, at least three
modifications—namely Am at position 173, Gm at position

708, and mA at position 2541, which were detected in
RNase T1 digest—were also recapitulated in cusativin
digestion products (Supplemental Table S3).

Sequence coverage by modification mapping

When T1 digest of Ast RNA was analyzed without exclu-
sion strategy, 76% of the sequence was recapitulated for
both modified and unmodified oligonucleotides of
4-mers or above during our LC-MS analysis.When exclusion
strategy was used, an increase in coverage of 9% was ob-
served. LC-MS analysis of cusativin digest resulted in 67%
sequence coverage. Lower sequence coverage by cusativin
is likely due to longer digestion products, coelution of mul-
tiple oligonucleotides causing ion suppression, which lead
to poor fragmentation and poor sequence coverage.
Inclusion of the coverage by both enzymatic digests and
the sequence overlaps indicated >85% sequence coverage
(data not shown).

Modification positions in secondary structure

The proposed secondary structure of Ast RNA predicted
by RNA Fold WebServer is shown in Figure 5A (Gruber
et al. 2008; Lorenz et al. 2011). To better visualize the po-
sitions of the modifications, the sequence was subdivided
into three regions: Region I (nucleotides 1–620 Fig. 5B),
Region II (nucleotides 621–1284, Fig. 5C) and Region III
(nucleotides 1285–2574, Fig. 5D), where the modification
positions are indicated by red squares. Althoughmodifica-
tions are mapped to all three regions of Ast RNA, multi-
ple modifications are concentrated to Region II. The

BA

FIGURE 4. (A) LC-MS based detection of [Ψ]ACAGp fromAst RNA. Extracted ion chromatogram form/z 841.596 (top panel). Tandemmass spec-
trum of oligonucleotide anion (m/z 841.596) with all the observed sequence informative fragment ions (bottom panel). Fragmentation pattern of
the oligomer is depicted. (B) LC-MS based detection of UCC[I]CC>p from Ast RNA. Extracted ion chromatogram for m/z 927.104 (top panel).
Tandem mass spectrum of oligonucleotide anion (m/z 927.104) with all the observed sequence informative fragment ions (bottom panel).
Fragmentation pattern of the oligomer is depicted.
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secondary structure of Ast RNA with the aptamer se-
quence at the 5′ end has also been evaluated for its contri-
bution to the potential changes in secondary structure
(Supplemental Fig. S16). No significant differences were
observed between the secondary structures of Ast RNA
with and without the aptamer.

Interactions of Ast RNA with RNA-modifying
enzymes

Finally, we performed RNA immunoprecipitation (RIP) as-
says using antibodies against the RNAmodifying enzymes
that catalyze them. We focused on three proteins: the
2′-O-methyltransferases, Fibrillarin (FBL) and FTSJ3, and
the pseudouridine synthase 1, dyskerin (DKC1). We pre-
pared whole cell lysates from Jurkat-AST cells under non-
denaturing conditions, and then we used antibodies to
FBL, FTSJ3, and DKC1 to immunoprecipitate ribonucleo-
protein complexes. As control we used preimmune rabbit
IgG. After washes and RNA extraction, we used RT-qPCR
to assess enrichment of Ast. As a control, we performed
RT-qPCR to detect the presence of U1 snRNA. We detect-
ed increased levels of Ast in the ribonucleoprotein com-
plexes immunoprecipitated with antibodies to all three
enzymes (Fig. 6). The enrichment of Ast was significant
both compared to Ast levels detected in ribonucleopro-
tein complexes that were recovered with preimmune IgG
control antibody and compared to the U1 snRNA levels
detected in the ribonucleoprotein complexes recovered
with the three enzyme-specific antibodies. While a search
of the snoRNA database using the Ast RNA sequence did
not reveal clear snoRNA candidates thatmight guide catal-
ysis of the modifications we identified, the interaction of
Ast with FBL, FTSJ3, and DKC1 revealed by RIP assay pro-
vides further proof to support the presence of the epitran-
scriptomic modifications reported above.

DISCUSSION

Understanding the role of nucleoside modifications in viral
gene expression and infection requires the identification
andmapping of the PTMs in the viral nucleic acids. The ge-
nomic RNA of HIV-1 has been extensively investigated for
the presence of PTMs, includingm6A (Lichinchi et al. 2016;
Tirumuru et al. 2016; Kennedy et al. 2017; Tsai et al. 2021),
m5C (Courtney et al. 2019b), ac4C (Tsai et al. 2020), ribose
methylations (Nm, Ringeard et al. 2019), Ψ, m1A, m7G,
m1G, andm6,6A (McIntyre et al. 2018). Thesemodifications
have been implicated in regulation of viral gene expres-
sion, infection, viral RNA stability, avoidance of immune
sensing, and viral latency (Courtney 2021). The discovery
of an HIV-encoded antisense Ast RNA able to suppress vi-
ral replication (Kobayashi-Ishihara et al. 2012) makes it an
attractive candidate for epitranscriptomic analysis. Our
studies describe the comprehensive profile and mapping
of the PTMs associated with highly pure Ast RNA through
LC-MS analysis.

The purity of isolated Ast RNA was assessed at multiple
stages. Electrophoresis of the purified RNA revealed two
species that exhibited migration behavior intermediate
to ribosomal RNA components or around 3 kb based on
size standards. The preparation also exhibited a second
RNA component similar to an RNA product reported pre-
viously (Kobayashi-Ishihara et al. 2012). RT-PCR and se-
quencing analysis of the isolated RNA confirmed its
identity as Ast.

Repeated analysis of the hydrolysates of multiple
preparations of Ast RNA (without or with streptavidin
aptamer) yielded identical modified nucleoside profiles.
Modifications were assigned based on the known chro-
matographic retention time andmass spectral behavior ex-
hibited by known RNA samples, such as E. coli tRNA.
Moreover, the HCD fragmentation used in the current
study provide spectra that are unique to the specific

TABLE 2. List of oligonucleotides containing post-transcriptional modifications identified in Ast

Position on Ast sequence PTM Unmodified ODP Modified ODP Modified/unmodified Figure

173 Am UA[A]CAAGp UA[Am]CAAGp 0.902 3A

708 Gma Gp UAUGp [Gm]UAUGp - S11
943 Gma AAGp AGp AA[Gm]AGp - 3B

1027 I UCCACC>p UCC[I]CC>p 1.443 4B

1090 m5C/Cm AAACGp AAA[Cm/m5C]Gp 0.315 S12
1135 Ψ UACAGp [Ψ]ACAGp 0.443 4A

1554 Gma UUGp CGp UU[Gm]CGp - S9

1636 m3U/Um UUGAC>p U[m3U/Um]GAC>p 0.483 S15
1840 m5C AUCUCGp AU[m5C]UCGp 0.232 S13

2238 Ψ CUCUACUAAUGp CUCUAC[Ψ]AAUGp 0.689 S14

2541 Am AACGp A[Am]CGp 0.220 S10

aUnmodified oligos, indicated in italics, are cleaved by the T1. Therefore, they cannot be unique to Ast sequence, and thus cannot be correlated.
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isomer of methylation (Jora et al. 2018). The Ast RNA ex-
hibited inosine, which is not known to be present in ribo-
somal RNA, while the rRNA-specific modifications (Taoka
et al. 2018) were conspicuously absent suggesting that
the preparation is free from rRNAs and the PTMs can be
unambiguously assigned to the Ast RNA.
Evaluation of the relative abundance of these modifica-

tions indicate predominance of ribose methylations (Nm)
compared to base methylations. Ribose methylations are
incorporated by either stand-alone methyltransferases
(Somme et al. 2014) or the C/D box small nucleolar RNA
(Cavaillé et al. 1996; Kiss-László et al. 1996). The Nmmod-
ifications are known to stabilize alternative secondary
structures through base-pairing interactions to stay in the
excited conformation thereby influencing the biological
activities (Abou Assi et al. 2020). It would be interesting

to know whether these modifications
could play similar roles in structural
stabilization during suppression of vi-
ral replication.

Employment of our optimized
modification mapping methodology
(Thakur et al. 2020) revealed the posi-
tions of modifications in the se-
quence. Incidentally, all the modified
oligonucleotides in Table 2 are
unique to the Ast RNA sequence.
Methylation of base and ribose yield
identical mass, and differentiation of
the same at oligonucleotide level
is not straightforward. In the cur-
rent studies, such assignments were
made based on the scoring of methyl-
ated base losses or loss of ribose
methylated nucleoside (Nm) or its
phosphate form (Nmp) in the MS/MS
spectra. For UA[Am]CAAGp, we did
not observe the loss of methylated
adenine from molecular ion. Instead,
we noticed the presence of molecular
ions that correspond to the loss of nu-
cleoside, Am or its phosphate form in
the spectra as reported previously
(Qiu and McCloskey 1999). Further,
observation of abundant signals for
a-B (5′-end) and w (3′-end) fragment
ions near the ribose methylation sites
support this interpretation. Similar
behavior was observed for Gm modi-
fications. Moreover, RNase T1 is
known to cleave RNA at m2G but not
m7G or Gm. Oligonucleotides con-
taining m7G exhibit m7G base loss
as the predominant ion in the MS/
MS spectra following collision-in-

duced dissociation (Wong et al. 2013). However, we did
not observe such behavior in the MS/MS spectra suggest-
ing that this methylation could not bem7G. Since themod-
ification was found to be internal, this cannot be m2G
because T1 is known to cleave RNA at this site, leaving
the Gm as the most likely modification in these sequences.
Higher abundance of ribose methylations in the nucleo-
side analysis also supports this possibility.
Spectra of ribose methylations for pyrimidines did not

exhibit such unequivocal response. For example, in the
case of AAA[Cm/m5C]Gp and U[Um/m3U]GAC>p, base
losses corresponding to both methylated base and ribose
methylations were noticed. Future studies involving RNA-
seq technologies may help clarify the exact status (Krogh
and Nielsen 2019). Similarly, m1A or m6A modifications
cannot be distinguished by the current methodology,

BA

C D

FIGURE 5. Putative secondary structure of Ast RNA predicted by using RNA FoldWeb Server.
(A) Overall secondary structure of Ast RNA, from nucleotides 1 through 2574. The color scale
represents the probability of base pairing from 0 to 1. (B) Ast RNA sequence from Region I (nu-
cleotides 1–620), with modification Am at position 173. (C) Ast RNA sequence from Region II
(nucleotides 621–1284), with modifications Gm (positions 708 and 943), inosine (position
1027), Cm/m5C (position 1090), and ψ (position 1135). (D) Ast RNA sequence from Region
III (nucleotides 1285–2574), with Gm (position 1554), Um/m3U (position 1636), m5C (position
1840), ψ (position 2238), and Am (position 2541).
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and future studies involving pseudo-MS3 methods can
help differentiate these possibilities (Nakayama et al.
2019). It should be noted that we applied strict criteria of
including oligonucleotides of 4-mers or above for se-
quence coverage calculations. Relaxing this criterion to
3-mers can fill multiple positions of sequence, which would
not only increase the sequence coverage but also the num-
ber of modified oligonucleotides that can be reported for
Ast RNA (Supplemental Table S4). A comparison of the
peak area ratios of the modified and unmodified versions
of the oligonucleotides indicated site-specific variations
in terms of the degree of modification (Table 2). Future
studies may reveal the biochemical or biological signifi-
cance of these variations including how the cellular envi-
ronment (e.g., cell type, cell activation/maturation)
impacts them, as well as their potential contribution to reg-
ulating the alternative protein-coding and noncoding
functions of Ast (Zapata et al. 2017; Affram et al. 2019)
and the cytoplasmic or nuclear distribution of Ast, where
the alternative functions are exerted.

Evidence from multiple studies shows that the HIV-1 an-
tisense transcript Ast is a bifunctional RNA (Gholizadeh
et al. 2021). On one hand,Ast functions as amRNA that en-
codes the HIV-1 antisense protein, ASP (Clerc et al. 2011;
Torresilla et al. 2013; Liu et al. 2019), which we have shown
to be expressed on the surface of productively infected
cells and on the envelope of viral particles (Affram et al.

2019). On the other hand, studies from our and other
groups showed that Ast functions as a ncRNA able to pro-
mote HIV-1 latency through epigenetic silencing of the
5′LTR (Kobayashi-Ishihara et al. 2012; Saayman et al.
2014; Zapata et al. 2017). The mechanisms that regulate
the balance between the protein-coding and noncoding
(regulatory) activities of Ast are not fully understood.
However, polyadenylation was shown to impact the nucle-
ar versus cytoplasmic distribution of Ast and, thus, its func-
tion (Ma et al. 2021). The characterization of the Ast
epitranscriptome may shed new light onto the mecha-
nisms that regulate the subcellular localization and the al-
ternative roles of this transcript.

In summary, we report comprehensive details of the epi-
transcriptomic profile of the HIV-1 antisense RNA, Ast
by an unbiased LC-MS methodology. Ribose methylations
were most abundant in this set of modifications while base
methylations were at lower abundance level. A comple-
mentary LC-MS methodology also located the positions
of these modification with high confidence. Multiple mod-
ifications were found to be concentrated in one specific re-
gion ofAst RNA suggesting a possible role in regulating its
activity.

MATERIALS AND METHODS

Reagents

Streptavidin beads and Proteinase K were purchased from New
England Biolab (NEB), Direct-zol RNA Kit from Zymo Research.
Ribonuclease T1 was procured from Worthington Biochemical
Corporation. Cusativin was expressed and purified from E. coli
based over an expression system as described before
(Addepalli et al. 2017). All other chemicals were procured from
Fisher Scientific, unless specified.

Generation and culture of stably transduced
Jurkat cell lines

Generation of the Jurkat-derived cell lines stably transduced with
a lentiviral vector expressing Ast (J-AST) has been described pre-
viously (Zapata et al. 2017). To generate the Jurkat-derived cell
line stably transduced with a lentiviral vector expressing Ast fused
to streptavidin-binding aptamer sequence, a DNA fragment con-
taining the entire sequence of Ast (2574 nt, Kobayashi-Ishihara
et al. 2012) fused in 3′ to four repeats of the streptavidin-binding
aptamer, S1m (4×S1m, Jazurek et al. 2016; Daneshvar et al.
2020) was produced by gene synthesis (GenScript), and cloned
into the EcoRI site of the pLVX-Puro lentiviral vector (Takara).
Packaging of lentiviral particles was carried out by transfecting
the pLVX-AST-4×S1m vector into Lenti-X 293T cells along with
Lenti-X VSV-G Packaging Single Shot (both from Takara). After
concentration with PEG-it (SystemBiosciences), lentiviral particles
were used to transduce Jurkat E6-1 cells (ATCC) at amultiplicity of
infection (m.o.i) = 20. After 24 h, cells were cultured in the pres-
ence of 1 µg/mL puromycin (Takara) to select stably transduced

FIGURE 6. RNA immunoprecipitation (RIP) assay using antibodies di-
rected against the 2′-O-methyltransferases, FBL and FTSJ3, and the
pseudouridine synthase 1, DKC1. Whole cell lysates from Jurkat-
AST cells were incubated with antibodies to FBL, FTSJ3, DKC1, or
preimmune rabbit IgG, and then with Protein-A Dynabeads.
Immunocomplexes were washed, and RNA extracted and used in
RT-qPCR assays to detect the presence of Ast (green bars) and U1
snRNA (red bars). The data show fold enrichment of Ast or U1
snRNA over the preimmune IgG control levels. Each dot represents
an independent immunoprecipitation experiment (three biological
replicates for each target protein), and it represents the mean value
of three PCR reactions (three technical replicates for each amplifica-
tion). Bars represent standard error of means (SEM). Statistical analy-
ses were performed by two-way ANOVA (Graph Prism). (∗∗∗∗) P<
0.0001.
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cells, which were then maintained in complete medium contain-
ing RPMI 1640 supplemented with 10% fetal bovine serum, pen-
icillin, streptomycin, and 1 µg/mL puromycin. Cultures were
passaged every 2–3 d and diluted to 0.5×106 cells/mL in fresh
complete medium supplemented with puromycin. Stably trans-
duced cells were onlymaintained for 4–5wk in culture throughout
the experiment before a new low-passage stock was put in culture
as described above.

Verification of Ast expression

To confirm expression of Ast, we used the same procedure report-
ed previously (Zapata et al. 2017). Briefly, total RNA was extracted
from 5×106 stably transduced cells and from the parental Jurkat
E6-1 cell line using the Qiagen RNeasy Kit. After further digestion
with Turbo DNase, 100–500 ng of total RNA were used for cDNA
synthesis using the iScript Select cDNA Synthesis Kit (BioRad), and
the AST-tag RT primer with sequence 5′-CTGATCTAGAGG
TACCGGATCCAACATGTGGCAGGAAGTAGG-3′ (the tag se-
quence is underlined). For the qPCR reaction, we utilized the Taq-
Man Gene Expression Master Mix (Applied Biosystems) according
to the manufacturer’s instructions. The sequence of the forward
and reverse primers, and the probe were: 5′-TGATGAACATCTA
ATTTGTCCACTGA-3′; 5′-CTGATCTAGAGGTACCGGAT-3′; 5′-C
CCAATGTATGCCCCTCCCA-3′. For the standard curve, the Ast
RNA amplicon carrying the tag sequence was cloned into
pUC57. The plasmid was then linearized and utilized at 100–105

copies to generate a PCR standard curve. The number of copies
per 3 µL of cDNA was then normalized to the equivalent number
of cells as determined by counting by trypan blue exclusion with
a hemacytometer.

Ast RNA isolation

For enrichment of Ast RNA expressed in J-AST cells, 200 µg of to-
tal RNA isolated as described above was hybridized to 500 pmol
mixture of biotinylated oligonucleotides that are reverse comple-
mentary to the Ast at positions 171, 571, 971, 1371, 1770, and
2163 (see Supplemental Table S1). The mixture was then incubat-
ed with 500 µg of pretreated Streptavidin Magnetic Beads as per
the vendor’s (NEB) protocol. After incubating the RNA and bead
mixture at room temperature for 60 min with gentle shaking, the
tube was transferred to a magnet to pull the beads to the magnet
side. After discarding the clear liquid with a pipette, the beads
were washed six times with wash/binding buffer. After the final
wash buffer step, 95 µL of elution buffer (10 mM Tris-HCl pH 7
.5; 100 mM NaCl; 1 mM EDTA and 0.5% SDS) and 5 µL of
Proteinase K were added, incubated at 50°C for 45 min, 95°C
for 10 min, and chilled on ice for 3 min. After magnetic separation
of beads, the eluted RNAmixture was transferred to a RNase-free
tube. Sample clean-up was performed with Direct-zol RNA Kit
(Zymo Research). For enrichment ofAst fused to 4×S1maptamer,
about 70 µg of total RNA (0.15 µg/μL) in wash/binding buffer was
added to 500 µg of pretreated Streptavidin Magnetic Beads, and
Ast RNA was isolated as described above.

RT-PCR to confirm the presence of Ast RNA

The sequence of purified Ast RNAwas confirmed by reverse tran-
scription and polymerase chain reaction (RT-PCR) using Access

Quick RT-PCR Kit (Promega). Purified Ast RNA (100 ng) or total
RNA (1 µg) was used as a template during RT reaction. An oligo-
nucleotide, 5′-GGTTTTGCGATTCTAAAATG-3′, reverse comple-
mentary to the 3′-end of Ast RNA, was used to prepare cDNA,
followed by amplification of the 5′-end of RNA between 3–571
nt using a primer set of 5′-TGGAAAGTCCCCAGCGGAAA-3′

and 5′-GAGCAGTATCTCGAGACCTA-3′. The resulting amplifica-
tion product was gel purified using QIAquick Gel Extraction Kit
(Qiagen), and it was subjected to Sanger sequencing.

Nucleoside analysis by LC-MS

The Ast RNAwas hydrolyzed to nucleosides following optimal enzy-
matic digestion with nuclease P1, phosphodiesterase and alkaline
phosphatase (Jora et al. 2018). The resultinghydrolysatewas subject-
ed to reversed phase chromatography using a high strength silica
column (Acquity UPLC HSS T3, 1.8 µm, 1.0 mm×50 mm, Waters).
The LC method used 5.3 mM ammonium acetate in H2O, pH 5.3,
as Mobil Phase A (MPA), and a mixture of acetonitrile/H2O (40:60
v/v) with 5.3 mM ammonium acetate as Mobil Phase B (MPB). The
gradient program consisted of 0% B for 6.3 min, 2% B at 13.1 min,
3% B at 16 min, 5% B at 21.4 min, 25% B at 24.6, 50% B at 26.9
min, 75% B at 30.2 min (hold for 0.3 min), 99% B at 33 min (hold
for 6 min), then returning to 0% B at 39 min for a re-equilibration
of the column for 16 min. A flow rate of 60 µL min−1 was used.
The column temperature was set at 30°C. Electrospray conditions
and high energy collision dissociation parameters were identical to
those described before (Jora et al. 2018, 2021).

RNA modification mapping through LC-MS

The Ast RNA was hydrolyzed to oligonucleotides using nucleo-
base-specific RNases T1 (Addepalli and Limbach 2016) and cusati-
vin (Addepalli et al. 2017), independently. Digestion mix included
120mMammoniumacetate, 40U of T1 or 1 µg of cusativin per 2–3
µg of purified Ast RNA. RNA-enzymemixture was incubated at 37°
C for 120 min for RNase T1, and at 62°C for 90 min for cusativin,
respectively. To detect pseudouridines, the T1 digest was deriva-
tized with acrylonitrile in 41% ethanol and 1.1 M TEAA, pH 8.6,
at 70°C for 120 min (Addepalli and Limbach 2016). The IP-RP-
LC-MS/MS (ionpairing reversedphase liquid chromatography cou-
pled with tandem mass spectrometry) was performed on an
Ultimate 3000 (Thermo Scientific) UHPLC system using a Waters
peptide BEH C18 column (0.1×100 mm, 1.7 µm particle size) at
60°C. MPA consisted of 8 mM TEA and 200 mM HFIP (pH 7.8) in
H2O, and MPB consisted of 8 mM TEA and 200 mM HFIP in 1:1
H2O:methanol at a flow rate of 65 µL min−1. After initial hold at
5% B, the gradient was ramped to 55% B at 70 min, 95% B at 75
min with a hold for 5 min before equilibrating the column to initial
conditions (5% B) for 30 min. Mass spectrometric analysis was per-
formed in negative ion polarity through an electrospray ionization
(ESI) source connected to aWaters Synapt G2-S (quadrupole time-
of-flight, Q-TOF) mass spectrometer in sensitivity mode. The ESI
source parameters consisted of 2.5 kV source voltage, 30 V sample
cone, source and desolvation temperatures at 120°C and 400°C,
cone and desolvation gas flow rates at 5 and 800 L h−1, respective-
ly. A scan range of 400 to 2000 m/z (0.5 sec scan time) for MS ac-
quisition and 200 to 2000m/z (1.0 sec scan time) for tandemmass
spectral (MS/MS) acquisition was used. MS/MS spectra were
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collected under data-dependent acquisition mode using an m/z
dependent collision energy profile (Thakur et al. 2020). A second
injection that excluded unmodified oligonucleotides from colli-
sion-induced dissociation (using a mass exclusion list) during tan-
dem mass spectrometry was also performed. Such a strategy is
known to improve the detection of modified oligonucleotides
(Cao and Limbach 2015).

RNA immunoprecipitation assay (RIP)

RNA immunoprecipitation was performed according to the meth-
od described previously (Rinn et al. 2007). Nuclear isolation buffer
was prepared by mixing 1.28 M sucrose; 40 mM Tris-HCl pH 7.5;
20 mM MgCl2; 4% Triton X-100. RIP buffer was prepared by mix-
ing 150 mM KCl, 25 mM Tris pH 7.4, 5 mM EDTA, 0.5 mM DTT,
0.5% IGEPAL, Halt Protease Inhibitor Cocktail (Thermo
Scientific), 100 U/mL SUPERASin (Ambion). Cells were grown in
RPMI-1640 media. Twenty million cells were harvested by centri-
fugation at 300g and washed with 1× PBS once, then resuspend-
ed in cell lysis buffer (2 mL 1× PBS, 2 mL nuclear isolation buffer,
and 6 mL water) and incubated on ice for 20 min with frequent
mixing by inverting the tube. The mixture was then centrifuged
at 2500g for 10 min to pellet the nuclei. The nuclear pellet was
then resuspended in 1 mL RIP buffer and divided into two 500
µL fractions for IP and control IP. Nuclei were disrupted with a
Dounce homogenizer with 20 strokes. The nuclear debris was pel-
leted by centrifugation 13,000 rpm for 10 min. The supernatant
was transferred to a fresh Eppendorf tube. Antibodies to FTSJ3
(Bethyl; catalog no. A304-198A), FBL (Proteintech; catalog no.
16021), DKC1 (Bethyl; catalog no. A302-591A), and rabbit IgG
(Cell Signaling; catalog no. 2729S) were added in each tube
and incubated at 4°C for 2 h with gentle rotation. 40 µL of
Protein A-Dynabeads (Invitrogen) were then added to the tube
and were incubated at 4°C for another 1 h with gentle rotation.
Beads were washed with RIP buffer three times and once with
cold PBS using a magnetic separator. Beads were then resus-
pended in 1 mL triazole for RNA isolation. Fifty nanograms of
RNA were used for gene-specific cDNA synthesis using the fol-
lowing primers: 5′-GAACGCAGTCCCCCACTAC-3′ for U1
snRNA and 5′-CTGATCTAGAGGTACCGGATCCAACATGTGG
CAGGAAGTAGG-3′ for Ast RNA. The enrichment was quantified
by using TaqMan Gene Expression Master Mix (Applied
Biosystems) according to the manufacturer’s instructions. The se-
quences of the forward and reverse primers, and the probe for
the Ast RNA were: 5′-TGATGAACATCTAATTTGTCCACTGA-3′;
5′-CTGATCTAGAGGTACCGGAT-3′; 5′-CCCAATGTATGCCCCT
CCCA-3′. The sequences of the forward and reverse primers,
and the probe for the U1 RNA were: 5′-GGCGAGGCTTATC
CATTGCA-3′, 5′-GCAGTCGAGTTTCCCACATTTG-3′, and 5′-CC
GGATGTGCTGACCC-3′.

Data analysis

In silico digestion of Ast RNA generated 470 oligonucleotide
digestion products (ODPs). Removal of duplicate sequences
leave 216 ODPs that can be distinguished by tandem mass spec-
trometry. However, some of them are sequence isomers exhibit-
ing identical mass or m/z values, and their removal leaves 142
ODPs that can be differentiated by unique m/z values. Similarly,

cusativin could generate 818 ODPs. Removal of duplicates leaves
197ODPs that may be distinguished byMS/MS, with 150 of these
ODPs that can be differentiated by uniquem/z values. Mass spec-
tral data was initially analyzed by RNAModMapper (Yu et al. 2017)
followed by manual evaluation of each spectrum.

snoRNA database search

BLAST analysis of Ast RNA against snoRNA database (https://
www-snorna.biotoul.fr) was performed to identify H/ACA and C/
D box guide snoRNAs that may potentially be involved in pseu-
douridine and methylation modifications, respectively (Lestrade
and Weber 2006).
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