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Abstract

Human T-lymphotropic virus type 1 (HTLV-1), the first human retrovirus identified, is
linked to adult T-cell leukemia and HTLV-1-associated myelopathy/tropical spastic para-
paresis. However, its post-transcriptional regulation remains poorly understood. Here,
we used Oxford Nanopore direct RNA sequencing to profile the HTLV-1 transcriptome
and epitranscriptome in MT2 cells. We identified 23 transcript isoforms, encompassing
canonical and novel splice variants. Polyadenylation analysis revealed a predominant
poly(A) tail length of around 50-100 nucleotides with transcript-specific variations. Distinct
RNA modifications, including pseudouridine, N®-methyladenosine, and 5-methylcytidine,
were enriched near the 3’ end and varied among transcript classes, with generally lower
modification ratios in viral transcripts. These findings provide a more comprehensive map
of HTLV-1 RNA splicing, polyadenylation, and modifications in MT2 cells, offering new
insights into viral gene regulation and pathogenic mechanisms.

Keywords: HTLV-1; DRS; splice; modifications; polyadenylation

1. Introduction

Numerous studies have verified that the replication of viruses is strictly regulated
by the host cells. Post-transcriptional RNA processing, including alternative splicing,
3’ polyadenylation, and epitranscriptomic modifications, is an important regulatory mech-
anism towards viral replication [1-4]. Human T-lymphotropic virus type 1 (HTLV-1)
was the first human retrovirus to be identified in 1980 and is the most pathogenic and
widespread member of the HTLV family; studies have confirmed its close association with
adult T-cell leukemia (ATL) and HTLV-1-associated myelopathy/tropical spastic parapare-
sis (HAM/TSP) [5-8]. However, the complex post-transcriptional processing modifications
and comprehensive transcriptional mechanisms of HTLV-1 remain unclear. Therefore, com-
prehensively elucidating the post-transcriptional processing and modification status of the
virus within host cells is of great significance for studying the replication and pathogenicity
of HTLV-1.

RNA alternative splicing is effectively involved in regulating gene expression, essential
for cellular proliferation, differentiation, and survival [9]. Viruses, especially retroviruses,
exhibit complex splicing patterns as well [1,10,11]. HTLV-1 generates multiple transcripts
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through alternative splicing, including gag-pol-pro, env, tax, rex, and the antisense tran-
script HBZ [12]. These transcripts enhance immune evasion and T-cell clonal expansion,
thereby facilitating progression from asymptomatic infection to ATL [13]. Although several
transcript types have been reported previously [14,15], current knowledge of HTLV-1 splic-
ing remains fragmented and incomplete. Previous studies have mostly relied on short-read
sequencing or targeted RT-PCR [16,17], which cannot resolve full-length splice isoforms
or accurately define donor-acceptor combinations. As a result, the global organization of
HTLV-1 splice junctions, the full repertoire of isoform diversity, and the relative abundances
of individual splice products have never been systematically characterized. A compre-
hensive, unbiased, isoform-resolved analysis of HTLV-1 alternative splicing is therefore
still lacking.

Besides alternative splicing, 3’ end polyadenylation is another critical
post-transcriptional event that affects mRNA stability and translation efficiency [18,19]. The
length of poly(A) tail directly impacts the translation efficiency of mRNA [20]. In viruses,
polyadenylation plays a critical role in regulating mRNA translational efficiency and stabil-
ity, and the inflammation it mediates constitutes a key pathological basis for various viral
infections [21-23]. Up to now, research on the polyadenylation level of retroviral RNA has
primarily focused on HIV, while studies on the poly(A) tail of HTLV transcripts remain
unexplored [24,25]. No prior study has examined the distribution of poly(A) tail lengths
across different HTLV-1 transcripts, nor the potential regulatory roles of poly(A) variation
in viral RNA stability or translation. Consequently, how polyadenylation contributes to
HTLV-1 RNA gene expression remains essentially unknown.

RNA epitranscriptomics constitute essential post-transcriptional regulatory mecha-
nisms influencing mRNA stability, splicing, localization, and translation efficiency [26].
Although RNA modifications have been extensively studied in retroviruses, most research
has focused on HIV. Multiple types of RNA modifications facilitate HIV-1 replication and
infection by modulating viral RNA stability, translation efficiency, and immune evasion,
offering a valuable reference for studying HTLV [27,28]. Recent studies have found that
N6-methyladenosine (m°A) modifications are enriched near the 3/ regulatory region of
HTLV-1 viral RNA [29,30], but the exact modification sites, isoform specificity, and func-
tional consequences remain undefined. Moreover, other major RNA modifications such as
5-methylcytosine (m°C) and pseudouridine (¥) have not been systematically investigated
in HTLV-1. To date, no study has provided a transcriptome-wide, isoform-resolved map of
RNA modifications for HTLV-1.

Taken together, although post-transcriptional regulation plays a critical role in retrovi-
ral replication, the post-transcriptional landscape of HTLV-1 remains poorly defined. At
present, there is no comprehensive dataset describing full-length splice isoforms, isoform-
specific poly(A) tail dynamics, or the epitranscriptomic architecture of HTLV-1. These gaps
limit our understanding of how HTLV-1 RNA processing contributes to viral replication,
persistence, and pathogenesis. Therefore, a high-resolution, long-read, transcriptome-wide
characterization of HTLV-1 RNA processing is urgently needed. To thoroughly charac-
terize the post-transcriptional processing and modification status of HTLV-1, we applied
Nanopore Direct RNA sequencing (DRS) technology to capture native long-read viral
transcriptomic features [31,32] and subsequently explored the transcriptome of HTLV-1 in
MT?2 cells comprehensively, which integrates HTLV-1 complete proviral sequences reported
previously [33,34]. Compared to previously used next-generation sequencing (NGS), DRS
enables direct sequencing of single-stranded long RNA chains and native RNA without
requiring PCR amplification or other intermediate steps [35,36]. The results of this study
provide a relative overall detection of HTLV-1 transcriptome in MT2 cells. The prelimi-
nary analyses of RNA alternative splicing, polyadenylation, and RNA epitranscriptomic
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modifications provide a panoramic view of HTLV-1 RNA modifications and splicing pro-
files and provide further support for research into the post-transcriptional processing and
modification regulatory mechanisms of retroviruses.

2. Materials and Methods
2.1. Cell Culture

MT?2 cells [American Type Culture Collection (ATCC)], maintained in our laboratory,
were used in this study. Cells were cultured in RPMI-1640 medium (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin. Cells were incubated at 37 °C in a humidified
atmosphere containing 5% CO,. Subsequent experiments were conducted when the cell
density reached >1 x 10° cells/mL and cell viability reached >99%.

2.2. RNA Extraction

Total RNA was extracted from 1 x 107 MT2 cells using the RNA Extraction Kit
(TaKaRa, Takara Bio Inc., Kusatsu, Shiga, Japan, 9767). In brief, a number of 10 million
MT?2 cells were lysed with lysate buffer, and the mixture was transferred to the gDNA
Eraser Spin Column to remove impurities and gDNA. An equal volume of 70% ethanol
was added to the filtrate, and the mixture was transferred to the RNA Spin Column to bind
the RNA. The RNA Spin Column was cleaned with Buffer RWA and Buffer RWB. The RNA
was finally eluted with 100 uL of RNase-Free dH,O. This total RNA preparation includes
both host-derived viral transcripts and a minor fraction of progeny viral RNA from virion
production in MT2 cells. HTLV-1-infected T cells have been shown to produce very few
free virions in vitro, indicating that progeny RNA had a negligible contribution to the
epitranscriptomic dataset [37]. NanoDrop™ One Microvolume UV-Vis Spectrophotometer
(Thermo Fisher, Waltham, MA, USA) was used to detect the concentration and purity of the
extracted RNA. Ratios of A260/A280 in the range of 1.8-2.0 and A260/A230 in the range of
1.8-2.0 were considered indicative of high-purity RNA and could be used for the next step.

2.3. In Vitro Transcription of RNA

The DNA templates for in vitro transcription (IVT) were prepared by RT-PCR using
the PrimeScript™ One Step RT-PCR Kit Ver.2 (Takara, RRO55A), with six pairs of HTLV-
specific primers containing the T7 promoter sequence and poly(T) tail (Table S1). The total
RNA extracted from MT2 cells was used as PCR template. DNA products were purified
and recovered using a gel extraction kit (Wizard® SV Gel and PCR Clean-Up System,
Promega, Madison, WI, USA, A9282). DNA concentration and purity were assessed using
a NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermo Fisher), and DNA in
the range of 1.8-2.0 for A260/A280 and 1.8-2.0 for A260/A230 was considered as eligible
DNA. Purified DNA fragments were sequenced to confirm the accuracy of the amplified
sequences. RNA was synthesized in vitro using the T7 High Yield RNA Transcription Kit
(Vazyme, Nanjing, China, TR101) with the PCR-purified product as the template. The
resulting in vitro transcription product was then purified using the Monarch® Spin RNA
Cleanup Kit (NEB, Ipswich, MA, USA, T2050L).

2.4. Nanopore Direct RNA Sequencing

The DRS library was prepared using the SQK-RNA004 Kit (Oxford Nanopore, Oxford,
UK, SQK-RNAQ04). A total of 1 pg of total RNA was mixed with reverse transcription
adapter, NEBNext Quick Ligation Reaction Buffer (NEB, B6058), and T4 DNA ligase (NEB,
MO0202T /M), and incubated at room temperature for 50 min. A reverse transcription
mix containing dNTPs, 5 x reverse transcription buffer, and SuperScript™ III Reverse
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Transcriptase (Thermo Fisher, 18080044) was then added. The mixture was incubated at
50 °C for 50 min, followed by 70 °C for 10 min to terminate the reaction. The resulting RNA-
cDNA hybrid was purified using Agencourt RNAClean XP magnetic beads (Beckman, CA,
USA, A63987). A second ligation was performed with the RNA ligation adapter, T4 DNA
ligase, and ligation buffer, followed by bead purification and elution in RNA Elution Buffer.
The final library concentration was determined using Qubit™ RNA HS Assay Kit (Thermo
Fisher, Q32852). Before sequencing, the FLO-MINO04RA RNA flow cell (Oxford Nanopore,
FLO-MINO004RA) was primed using a mixture of RNA Flush Tether and Flow Cell Flush
to prepare the nanopores. The library was prepared for loading by mixing 12 uL of RNA
library with 25.5 pL of Library Solution (LIS) and 37.5 uL of Sequencing Buffer. The RNA
library was added dropwise to the SpotON sample port. Sequencing was then carried out
on the MinION platform using an R10.4.1 flow cell (Oxford Nanopore, Oxford, UK) for 72 h.

2.5. Bioinformatics Analysis

Basecalling was performed using Dorado (v0.8.1) [38] with the rna004_130bps_sup@v5.1.0
model, aligning reads to the HTLV reference genome (GenBank: AF003887.1) via the
—reference option. The mapped sequences were sorted and indexed using Samtools
(v1.2.1) [39]. Reads with mapping quality scores < 10 were excluded from downstream
analysis using the --q 10 option. Read quality and length distributions were assessed using
NanoPlot (v1.42.0) [40]. Alternative splicing events were quantified using Megadepth
(v1.2.0) [41], and only canonical GT-AG splice junctions were annotated when splicing
sites were unknown. Subsequently, we used Samtools to extract the poly(A) tail data
output by Dorado. In addition, Modkit (v0.5.0) [42] was used to extract RNA modification
signals. Differential methylation analysis between the sample and IVT control data was
conducted using the --dmr parameter. Modification calling was performed using Modkit
with the --extract parameter, extracting base modifications from individual reads, followed
by integration and stratification based on transcript type.

To mitigate biases in transcript analysis arising from HTLV proviral integration, we
calibrated our results using HTLV proviral DNA sequencing data from the public NCBI
SRA database (PRJNA520252). Specifically, we constructed an HTLV proviral consensus
sequence from 98 SRR DNA-seq runs using BWA (v0.7.19) [43], followed by mapping the
DRS RNA-seq data onto this consensus with Minimap?2 (v2.28) [44] and extracting splicing
junctions via Regtools (v1.0.0) [45] to assess novel splicing rates and variant overlaps.

3. Results
3.1. Overview of HTLV Sequencing and Data Quality Assessment

To gain insight into the original features of HTLV transcriptome in MT2 cells, we
extracted total RNA from MT2 cells, and DRS was then performed. MT2 cells cultured
under the same culture conditions in different batches were subjected to two DRS runs
as biological replicates (Samples 1 and 2). As a result, a total of 2,198,967 high-quality
reads were obtained for sample 1 and 2,305,578 reads for sample 2. Among them, HTLV-
related sequences accounted for 2.2% and 4.2% of the total reads, respectively (Figure 1A,B).
Although the sequencing data covered the entire HTLV genome, the coverage distribution
was notably uneven: In sample 1, the 5" and 3’ ends reached a sequencing depth of over
6000, peaking at 10,000, whereas the middle region achieved only approximately 300. In
sample 2, the coverage at both ends reached over 40,000, peaking at 80,000, while the central
region showed only approximately 1000 (Figure 1D,F). However, the 5 and 3’ terminal
regions exhibited significantly higher coverage than the middle portion of the genome in
both samples. This pronounced disparity in sequencing depth was likely attributable to the
alternative splicing pattern of HTLV. Despite the observed variation in depth, both samples
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demonstrated consistent distributions in read length and Q-score. Most of the reads for
sample 1 and sample 2 were in the 1000-3000 range (Figure 1C). The average Q-scores for
sample 1 and sample 2 were above 20. Q-scores generally increased with read length, and
most long reads had Q-scores above 25, indicating high-quality long-read data. Only a
small proportion of long reads showed fluctuations in sequencing accuracy (Figure 1E,G).
Overall, despite regional differences in sequencing depth, the sequencing quality was
sufficient to provide a reliable foundation for downstream analysis of HTLV transcripts. In
the subsequent analysis, paired t-test analysis was performed using sample 1 as a reference,
yielding p > 0.05 across all features and thereby supporting the reproducibility and stability
of our analyses.
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Figure 1. The statistics and features of ONT direct RNA sequencing data from MT?2 cells. (A) Pro-
portion of HTLV reads in sample 1. (B) Proportion of HTLV reads in sample 2. (C) Distribution of
read lengths for sample 1 and sample 2. (D) Genome coverage of sequencing data from sample 1.
(E) Relationship between sequence length and average Q values in sample 1. (F) Genome coverage of
sequencing data from sample 2. (G) Relationship between sequence length and average Q values in
sample 2.

3.2. Alternative Splicing Analysis of HTLV-1 Transcripts

Based on the DRS data of MT2 cells, the alternative splicing analysis of the HTLV
transcripts was performed and revealed considerable HTLV-related transcriptomic diversity.
As aresult, certain HTLV transcripts retained multiple exons and formed diverse isoforms
through various splice site combinations. A total of 18 splice sites were detected, among
which were 6 donor sites and 12 acceptor sites (Figure 2A). After statistical analysis of the
frequency of donor site usage, it was found that D1 (67.5%) was the most commonly used
donor site, followed by D4 (25.6%). As for the usage of splicing acceptor sites, A2 (30.4%)
was found to be the most commonly used site, followed by A8 (26.4%), A10 (25.6%) and
A13 (15.4%). The remaining acceptor sites had much lower usage frequencies (Figure 2C,D).
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Despite the 12 reported splicing sites (5 donor sites and 7 acceptor sites), we discovered
6 new splicing sites that have not been reported before, among which were 1 donor site and
5 acceptor sites. Among these sites, only A3 is used frequently, while the other sites are used
less often, indicating that the transcripts relied on them may only serve as supplements.
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Figure 2. Transcript expression patterns and splice site usage of HTLV-1. (A) Schematic representation
of splice donor and acceptor sites mapped across the HTLV-1 genome. (B) Classification of major
HTLV-1 transcript isoforms. Each transcript is shown with respect to splice donor and acceptor usage.
The numbers in parentheses indicate the read counts supporting each transcript. Newly identified
splice sites and transcripts utilizing these sites are marked with a red asterisk (*). Red triangles (<)
indicate novel transcripts that do not fully cover any known coding sequence regions of HTLV-1.
Transcripts shown in red font represent HTLV-1 sequences integrated into the MT2 cellular genome.
(C,D) Usage frequencies of splice acceptor sites across the HTLV-1 genome. (E) Usage frequencies of
splice donor sites.
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To assess whether HTLV-1 transcripts in MT2 cells originate from proviral integration,
we mapped DRS reads onto an HTLV-1 proviral consensus constructed from NCBI SRA
(PRJNA520252). Only a very small number of splicing methods (n = 20) corresponded
to the consensus, whereas the vast majority (n = 919) did not match the proviral ref-
erence, indicating that these RNAs do not arise from incomplete proviral integration
but instead reflect transcription from the viral genome and its variable splicing events
(Figure S2 and Table S2).

Furthermore, we identified multiple RNA isoforms resulting from the selection of
different splice donor and acceptor sites (Figure 2B). A total of 23 RNA isoforms were
detected, including 8 known isoforms and 15 new ones [14,15]. Among the novel isoforms,
9 represented previously reported defective HTLV-1 integrations in the MT2 genome [34].
Among the known isoforms, those associated with tax/p27™* were the most abundant,
while p13 and p12 isoforms were the least. In terms of expression levels, the p21™* transcript
had the highest expression, followed by env and tax/p27™* (Figure 2E). Additionally, we
detected a group of RNA transcripts (others) that did not correspond to any annotated
HTLV isoforms. These variants are unannotated in the reference genome annotations,
lacking described functional roles, but all shared a common and highly conserved splice
donor site D1, which was consistently present in known HTLV isoforms and showed strong
consistency across both samples. Although the functions of these unannotated transcripts
remain unclear, the conservation of D1 suggests they are genuine alternative splicing
products rather than sequencing artifacts or random transcriptional noise. Furthermore, a
novel splicing form, D4A10, spanning the gag, pro, and pol regions, is classified as a gag-pro-
pol transcript even though prior studies suggest this class typically arises from unspliced
transcripts [14]. Our discovery of numerous novel transcript isoforms underscores the
intricate post-transcriptional regulation of HTLV-1.

In summary, HTLV RNA exhibited complex alternative splicing patterns, diverse
isoform types, and notable splice site usage bias. The presence of defective integrated
sequences suggests that HTLV may engage in regulatory interactions with the host genome,
possibly contributing to as-yet-unclear functional roles in viral gene expression.

3.3. Polyadenylation Analysis of HTLV-1 Transcripts

Polyadenylation is an important component of RNA modification, and poly(A) tails
play a crucial role in maintaining mRNA stability and promoting mRNA translation. In this
study, we detected the poly(A) tail length of HTLV transcripts in MT2 cells and analyzed
the relationship between polyadenylation and mRNA expression (Figure 3 and Table 1).
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Figure 3. Poly(A) tail length distribution of HTLV-1 transcripts. (A) Global distribution of poly(A)
tail lengths for all HTLV-1 transcripts. (B) Distribution of poly(A) tail lengths for each transcript.
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Table 1. Mean poly(A) length of transcripts of different splicing forms of HTLV-1.
Transcripts Splice Pattern Mean Poly(A) Length
gag-pro-pol Unspliced (115) 140
D4A10 (116) 110
env D1A1 (10) 164
D1A2 (630) 112
D1A3 (408) 112
tax/p27¢X D1A1D2AS (3) 269
D1A1D4AS (2) 98
D1A1D2A9 (1) 63
D1A2D3A4 (2) 121
D1A2D3AS (2) 221
D1A2D2A8 (235) 102
D1A3D2AS (167) 168
p217X D1A6 (10) 117
D1A9 (12) 127
D1A8 (1476) 127
pl3 D1A7 (25) 117
pl2 D1A5 (3) 125
HBZ DInAln (11) 100
DInA1nD2nA2n (29) 130
others D1A3D2A4D4A10 (3) 67
D1A3D4A10 (524) 119
D1A2D3A4D4A10 (3) 178
D1A2D4A10 (1300) 113
defective integrated 947-6299 (5) 106
947-6313 (8) 84
947-6323 (30) 104
960-6283 (23,678) 102
972-6301 (4) 43
972-6321 (14) 80
972-6331 (95) 91
972-6283 (184) 103

As shown in Figure 3A, the poly(A) tail lengths of most transcripts were distributed
within the 0-200 nt range, with a prominent peak around 50 nt. Transcripts with poly(A)
tails longer than 200 nt, particularly those exceeding 300 nt, were extremely rare. At the
individual transcript level, tax/p27™* had the longest average tail (131 nt), followed by
gag-pro-pol (129 nt), p21™* (127 nt), p13 (117 nt), env (112 nt), and HBZ (108 nt). There
were clear differences in poly(A) tail length distributions among the various transcripts,
and the overall distribution showed a statistically significant difference (p < 0.05). Note that
p12 was not included in the statistics due to the small quantity (n = 3) (Figure 3B).

Overall, distinct differences in poly(A) tail lengths were observed among differ-
ent HTLV transcripts in MT2 cells. This may reflect the complexity of poly(A) tail
regulation, differences in transcript abundance, or inherent variability in retroviral
polyadenylation mechanisms.

3.4. Epi-Transcriptome Analysis of HTLV-1

RNA epitranscriptomic modification is an important regulatory mechanism for viral
replication. To investigate the epitranscriptomic features of HTLV transcripts, we con-
ducted modification prediction using Dorado. Three types of RNA modifications were
analyzed: N°-methyladenosine (m°A), 5-methylcytosine (m>C), and pseudouridine (¥).
To reduce background noise and false positives, we included in vitro transcribed (IVT)
RNA lacking modifications as a negative control (Figure S1). We used the thresholds of
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valid_coverage > 1000 and percent_modified > 20%. Following the literature and our data,
a total of 14 high-confidence modification sites were identified: 9 (¥) sites, 2 mOA sites,
and 3 m°C sites (Figure 4A-D). These modification sites were predominantly concentrated
near the 3’ end of the transcripts. The identified ¥ sites were located at positions 6982,
7446, 7465, 7598, 7751, 7773, 7906, 8096, and 8430, with the highest percent_modified at
position 7598 (0.72). The mPA sites were identified at positions 7011 and 7691, both with
percent_modified values around 0.4. The three m>C sites were located at positions 7955,
8133, and 8311, while site 7955 showed the highest modification level (0.50).
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Figure 4. RNA modification profiles of HTLV-1 transcripts. (A) Schematic representation of the
HTLV-1 genomic structure. (B-D) Modification sites and modification rates of pseudouridine (¥),
N°-methyladenosine (m°®A), and 5-methylcytidine (m°>C). (E-G) Modification rates of ¥, m®A, and
m®C across different transcript categories.

In order to detect the different modification rates of HTLV-1 transcripts reported before,
we analyzed the modification type and mod_ratio at each site of every HTLV-1 transcript
separately (Figure 4E-G), excluding low-abundance transcripts as previously noted. As
a result, the modification ratios in these transcripts were generally lower than the overall
levels. For the 9 pseudouridine modification sites, all transcripts exhibited mod_ratios lower
than the overall level (Figure 4E). The m5C mod_ratio across all transcripts was consistently
lower than the global level, mostly around 20% (Figure 4G). For m6A modifications, the
modification ratio at site 7691 in the tax/p27™* transcript exceeded the global level, reaching
up to 51% (Figure 4F). In p21™* and p13 transcripts, both modified sites exhibited higher
mod_ratio than the overall average, while in other transcripts, the ratios for the two sites
mostly centered around 15%. When grouped by transcript type, most isoforms displayed
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modification rates lower than the global average, with the exception of p13, which showed
higher m®A modification levels. These high-confidence modification sites showed clear
positional enrichment, suggesting that HTLV may employ RNA chemical modifications to
regulate the expression or function of specific transcript regions.

In conclusion, this study provided a comprehensive overview of the structural com-
plexity and chemical modifications of HTLV transcripts and revealed extensive alternative
splicing, variations in poly(A) tail length, and region-specific RNA modifications, respec-
tively. These results collectively offered foundational insights for future investigations into
HTLV gene regulation and virus-host interactions.

4. Discussion

HTLV-1, as the first human retrovirus to be identified, provides important insights
into the understanding of other retroviruses [5]. Although previous studies have analyzed
the genomic structure and some aspects of the epitranscriptome of HTLV-1, research
on RNA modifications, alternative splicing isoforms, and poly(A) tail length remains
relatively limited [12,29,30]. Notably, nanopore DRS technology allows the direct detection
of transcriptome without reverse transcription and amplification [31,32]. The sequence
data can give messages of RNA modifications, splicing events and polyadenylation at the
single-molecule level, offering unprecedented advantages.

In this study, we used DRS to profile the HTLV-1 post-transcriptional processing and
modification thoroughly. For splicing events of HTLV-1, we identified 23 RNA isoforms,
including canonical HTLV-1 transcripts consistent with previous reports as well as defective
integrated transcripts in MT2 cells, reflecting major transcriptional patterns in this cellular
context [34]. Notably, while many typical transcripts were captured, we failed to detect
the p30-related splice product, consistent with its low and variable expression in HTLV-
1-infected cell lines [46]. Our data revealed fragmented integrated HTLV-1 transcripts,
providing further evidence for the integration of HTLV-1 in MT2 cells [15,34]. We character-
ized multiple isoforms of the HTLV-1 RNA nuclear export factors tax/rex [47], which can
promote viral replication and cellular senescence [48]. This high expression is reflected in
clinical settings where the total amount of HTLV-1 tax mRNA in peripheral blood mononu-
clear cells was significantly higher in HAM /TSP patients than in asymptomatic carriers
and correlated with proviral load and disease severity, linking to aggressive progression
in HTLV-1-associated neuroinflammation [49]. These isoform discoveries highlight the
complexity of tax/rex’s cellular effects during infection, providing new insights for ATL
and HTLV-1-associated myelopathy/tropical spastic paraparesis. Besides this, numerous
viral transcripts with no research reports and no detailed functional descriptions in the an-
notation file information have been discovered as well. This phenomenon gives insight into
the regulation of retroviral genome, underscoring substantial variability in HTLV-1 tran-
script processing; such variations could potentially influence translation efficiency, protein
structure, or RNA stability, offering new entry points to investigate HTLV-1 transcriptional
regulation [50,51]. While these novel isoforms suggest potential regulatory parallels in
retroviral epitranscriptomes, functional validation remains essential. These findings offer
a solid foundation for further elucidating the roles of alternative splicing in HTLV-1 viral
replication and host immune evasion, while supporting advanced investigations into ATL
and HAM/TSP therapeutics [52-54].

Previous studies have shown that the 3’ end polyadenylation plays a crucial role in
translation efficiency and RNA stability in different organisms [22,23,55,56]. A former study
of our research group revealed that the poly(A) tail of HIV-1 subtype B (NL4-3) transcripts
exhibits complex length distribution but concentrates around 50-100 nt [57]. In this study,
the poly(A) tail length of HTLV-1 transcripts was found to concentrate around 50-100 nt.
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In host cells, poly(A) tails are synthesized in the nucleus to defined lengths (approximately
250 nt in mammals) and subsequently shortened in the cytoplasm at transcript-specific
rates, leading to steady-state tail length distributions maintained by a balance between
polyadenylation and deadenylation activities [58]. Although this mechanism has been char-
acterized primarily in cellular mRNAs, the approximately 50-100 nt tail length observed
for HTLV-1 likely reflects regulated steady-state control rather than the initial nuclear syn-
thesis length. Furthermore, our analysis of the data revealed differences in poly(A) lengths
between different transcripts, and the differences were statistically significant, suggesting
that the regulatory mechanism of poly(A) tail length on transcript translation is complex
and precise. These findings suggest that, despite being generally constrained within a
stable range, HTLV-1 poly(A) tails may mediate isoform-specific regulatory functions, with
implications for isoform-dependent regulation in the viral life cycle.

RNA modifications can enhance protein translation and RNA stability, promote nu-
clear export, and suppress innate immune recognition [59]. Most functional studies on
retroviral modifications have focused on HIV, where, for example, mPA has been shown
to promote translation of Gag proteins, strengthen Rev—RRE interactions, and enhance
nuclear export; m°C contributes to RNA stability and translation; and ¥ influences RNA
secondary structure, thereby regulating splicing and translation [27]. In contrast, investi-
gations on HTLV-1 RNA modifications remain scarce. Only recently was it reported that
mPA in HTLV-1 is enriched at the 3’ end, with site-specific mapping still limited [29,30].
To address this gap, we used DRS to systematically identify RNA modification sites in
HTLV-1 transcripts from MT2 cells. By comparing the raw electrical current signals from
our cellular HTLV-1 RNA against this unmodified IVT baseline, we were able to confidently
identify sites with altered current patterns indicative of modifications, effectively excluding
false positives caused by sequence motifs or basecalling errors [60]. Our results were
consistent with earlier observations [29]: m®C, m°A, and ¥ modifications were mostly
enriched near the 3’ end of HTLV-1 RNA, a pattern similar to the modification distribution
trend observed in HIV-1 [60]. Existing studies have shown that there are many similarities
in the post-transcriptional processing of HTLV-1 and HIV-1 [47,61], and our research further
supports this resemblance. This convergence likely stems from conserved transcription and
replication strategies among retroviruses, such as enhanced 3’ UTR stability that facilitates
viral genome packaging and integration into host cells [62]. Additionally, modifications at
the 3’ end may also influence the nuclear export and translation efficiency of viral mRNA,
potentially contributing to viral replication and immune evasion [63]. Thus, the enrichment
of 3" end modifications could be a common feature of retroviruses, and its specific role in
the viral lifecycle warrants further investigation. Furthermore, the overall modification
rates at individual sites were generally higher than those at the transcript level, potentially
due to the potential impact of MT?2 cell integration site biases. MT2 cells contain numerous
defective HTLV-1 proviral integrations, whose RNA transcripts outnumber those from
intact proviruses, thereby lowering site-specific modification rates at the transcript level
compared to the global average [34]. Taken together, our study shows that the distribution
pattern of HTLV-1 modifications resembles that reported for HIV-1. This resemblance
advances understanding of HTLV-1 virology and, by comparison, offers perspective on
shared molecular mechanisms among retroviruses. Given the commonalities between the
two viruses in replication cycle and host interactions, findings from HTLV-1 studies may, to
some extent, inform broader approaches to understanding and targeting retroviral infec-
tions. However, although MT?2 cells are ideal for generating high-abundance viral RNA
requisite for initial DRS profiling, they may not fully capture the heterogeneity present in
primary patient samples, such as those from ATL or HAM/TSP. Therefore, our findings
should be viewed as a high-resolution atlas within the context of MT2 cells, serving as a
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foundational resource to guide future comparative investigations in more physiologically
relevant models.

Together, our characterization of HTLV-1 alternative splicing isoforms, 3’ end
polyadenylation profiles, and RNA modification landscapes provides novel insights into
the post-transcriptional regulation of this virus. The observed similarities in poly(A) tail
length distribution and 3’-end-enriched RNA modifications between HTLV-1 and HIV-
1 point to potentially conserved strategies adopted by distinct retroviruses to fine-tune
RNA stability, translation, and replication efficiency. These parallels highlight HTLV-1 as
a valuable comparative model for dissecting shared and virus-specific regulatory mech-
anisms within the Reoviridae family. Future studies integrating functional assays with
high-resolution transcriptomic profiling across multiple retroviruses will be essential to
clarify whether these features represent universal RNA regulatory signatures and to explore
their potential as novel targets for broad-spectrum antiviral interventions.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/v18010057 /s1, Figure S1: The statistics and features of
ONT direct IVT sequencing data from MT2 cells; Figure S2: The pie chart of mapping of MT2 direct
RNA-seq reads to the HTLV-1 proviral consensus constructed from PRJNA520252; Table S1: Primers
Used for In Vitro Transcription; Table S2: Mapping of MT2 direct RNA-seq reads to the HTLV-1
proviral consensus constructed from PRJNA520252.

Author Contributions: S.W.: Writing—original draft, Software, Formal analysis, Data curation. B.Z.:
Writing—review and editing, Supervision, Methodology. ].H.: Resources. H.L.: Methodology. Y.L.:
Resources. L.J.: Resources. ]J.L.: Supervision. X.H.: Formal analysis. L.L.: Supervision, Resources,
Project administration, Conceptualization. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China [82473694]
and the State Key Laboratory of Pathogen and Biosecurity (AMMS).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data is available at National Center for Biotechnology Information
under https://www.ncbi.nlm.nih.gov/bioproject/ 1335625 (accessed on 20 December 2025).

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

HTLV-1 Human T-lymphotropic virus type 1
ALT adult T-cell leukemia

HAM/TSP  myelopathy/tropical spastic paraparesis
méA N6-methyladenosine

m°C 5-methylcytosine

Y pseu-douridine

DRS direct RNA sequencing

Liang, Y.; Lyu, C.; Xu, S.; Tan, C,; Jiang, Q.; Liu, B.; Yang, S.; Huang, W.; Zhou, R.; Yuan, X,; et al. Splicing-dependent restriction of
the HBZ gene by Tax underlies biphasic HTLV-1 infection. PLoS Pathog. 2025, 21, e1013381. [CrossRef]
Cross, S.T.; Michalski, D.; Miller, M.R.; Wilusz, ]. RNA regulatory processes in RNA virus biology. Wiley Interdiscip. Rev. RNA

2019, 10, e1536. [CrossRef]

https://doi.org/10.3390/v18010057


https://www.mdpi.com/article/10.3390/v18010057/s1
https://www.ncbi.nlm.nih.gov/bioproject/1335625
https://doi.org/10.1371/journal.ppat.1013381
https://doi.org/10.1002/wrna.1536
https://doi.org/10.3390/v18010057

Viruses 2026, 18, 57 13 of 15

10.

11.
12.
13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Barrera, A.; Olguin, V.; Vera-Otarola, ]J.; Loépez-Lastra, M. Cap-independent translation initiation of the unspliced RNA of
retroviruses. Biochim. Biophys. Acta Gene Regul. Mech. 2020, 1863, 194583. [CrossRef]

Beemon, K.L. Retroviral RNA Processing. Viruses 2022, 14, 1113. [CrossRef] [PubMed]

Yoshida, M.; Miyoshi, I.; Hinuma, Y. Isolation and characterization of retrovirus from cell lines of human adult T-cell leukemia
and its implication in the disease. Proc. Natl. Acad. Sci. USA 1982, 79, 2031-2035. [CrossRef]

Popovic, M; Sarin, P.S.; Robert-Gurroff, M.; Kalyanaraman, V.S.; Mann, D.; Minowada, J.; Gallo, R.C. Isolation and transmission
of human retrovirus (human t-cell leukemia virus). Science 1983, 219, 856-859. [CrossRef] [PubMed]

Branda, F.; Romano, C.; Pavia, G.; Bilotta, V.; Locci, C.; Azzena, I.; Deplano, I.; Pascale, N.; Perra, M.; Giovanetti, M.; et al. Human
T-Lymphotropic Virus (HTLV): Epidemiology, Genetic, Pathogenesis, and Future Challenges. Viruses 2025, 17, 664. [CrossRef]
Takatsuki, K. Adult T-cell leukemia. Intern. Med. 1995, 34, 947-952. [CrossRef]

Bradley, R.K.; Anczukow, O. RNA splicing dysregulation and the hallmarks of cancer. Nat. Rev. Cancer 2023, 23, 135-155.
[CrossRef] [PubMed]

Tomezsko, PJ.; Corbin, V.D.A.; Gupta, P.; Swaminathan, H.; Glasgow, M.; Persad, S.; Edwards, M.D.; Mcintosh, L.; Papenfuss,
A.T.; Emery, A,; et al. Determination of RNA structural diversity and its role in HIV-1 RNA splicing. Nature 2020, 582, 438—442.
[CrossRef]

Emery, A.; Swanstrom, R. HIV-1: To Splice or Not to Splice, That Is the Question. Viruses 2021, 26, 181. [CrossRef]

Martinez, M.P.; Al-Saleem, J.; Green, P.L. Comparative virology of HTLV-1 and HTLV-2. Retrovirology 2019, 16, 21. [CrossRef]
Nakahata, S.; Enriquez-Vera, D.; Jahan, M.1,; Sugata, K.; Satou, Y. Understanding the Immunopathology of HTLV-1-Associated
Adult T-Cell Leukemia/Lymphoma: A Comprehensive Review. Biomolecules 2023, 13, 1543. [CrossRef]

Ajiro, M.; Zheng, Z.M. Oncogenes and RNA splicing of human tumor viruses. Emerg. Microbes Infect. 2014, 3, e63. [CrossRef]
[PubMed]

Tram, J.; Mesnard, ].M.; Peloponese, ].J. Alternative RNA splicing in cancer: What about adult T-cell leukemia? Front. Immunol.
2022, 13, 959382. [CrossRef] [PubMed]

Nakano, K.; Yokoyama, K.; Shin, S.; Uchida, K.; Tsuji, K.; Tanaka, M.; Uchimaru, K.; Watanabe, T. Exploring New Functional
Aspects of HTLV-1 RNA-Binding Protein Rex: How Does Rex Control Viral Replication? Viruses 2022, 16, 407. [CrossRef]
[PubMed]

D’Agostino, D.M.; Cavallari, I.; Romanelli, M.G.; Ciminale, V. Post-transcriptional Regulation of HTLV Gene Expression: Rex to
the Rescue. Front. Microbiol. 2019, 10, 1958. [CrossRef]

Hajnsdorf, E.; Kaberdin, V.R. RNA polyadenylation and its consequences in prokaryotes. Philos. Trans. R. Soc. Lond B Biol. Sci.
2018, 373, 20180166. [CrossRef]

Liu, J.; Lu, F. Beyond simple tails: Poly(A) tail-mediated RNA epigenetic regulation. Trends Biochem. Sci. 2024, 49, 846-858.
[CrossRef]

Biziaev, N.; Shuvalov, A.; Salman, A.; Egorova, T.; Shuvalova, E.; Alkalaeva, E. The impact of mRNA poly(A) tail length on
eukaryotic translation stages. Nucleic Acids Res. 2024, 52, 7792-7808. [CrossRef]

Guo, M,; Zhu, J.; Hu, Z.; Wang, Q.; Songyang, Z.; Xiong, Y. Histone mRNA polyadenylation-mediated inflammation underlies
various virus infections and cancers. . Med. Virol. 2023, 95, e28826. [CrossRef]

Passmore, L.A.; Coller, J. Roles of mRNA poly(A) tails in regulation of eukaryotic gene expression. Nat. Rev. Mol. Cell Biol. 2022,
23,93-106. [CrossRef] [PubMed]

Xiang, K.; Bartel, D.P. The molecular basis of coupling between poly(A)-tail length and translational efficiency. Elife 2021, 10,
€66493. [CrossRef]

Lin, E.; Panfil, A.R; Sandel, G.; Jain, P. Novel perspectives on antisense transcription in HIV-1, HTLV-1, and HTLV-2. Front.
Microbiol. 2022, 13, 1042761. [CrossRef] [PubMed]

Selyutina, A.; Persaud, M.; Lee, K.; KewalRamani, V.; Diaz-Griffero, F. Nuclear Import of the HIV-1 Core Precedes Reverse
Transcription and Uncoating. Cell Rep. 2020, 32, 108201. [CrossRef] [PubMed]

Roundtree, I.A.; Evans, M.E,; Pan, T.; He, C. Dynamic RNA Modifications in Gene Expression Regulation. Cell 2017, 169,
1187-1200. [CrossRef]

Wang, S.; Li, H.; Lian, Z.; Deng, S. The Role of RNA Modification in HIV-1 Infection. Int. . Mol. Sci. 2022, 23, 7571. [CrossRef]
Chen, S.; Kumar, S.; Espada, C.E.; Tirumuru, N.; Cahill, M.P,; Hu, L.; He, C.; Wu, L. N6-methyladenosine modification of
HIV-1 RNA suppresses type-I interferon induction in differentiated monocytic cells and primary macrophages. PLoS Pathog.
2021, 17, €1009421. [CrossRef]

King, E.M.; Panfil, A.R. Dynamic Roles of RNA and RNA Epigenetics in HTLV-1 Biology. Viruses 2025, 17, 124. [CrossRef]
King, E.M.; Midkiff, A.; McClain, K.; Kim, S.; Panfil, A.R. YTHDF1 and YTHDC1 m(6)A reader proteins regulate HTLV-1 tax and
hbz activity. J. Virol. 2025, 99, e0206324. [CrossRef]

Ji, CM,; Feng, X.Y.; Huang, Y.W.; Chen, R.A. The Applications of Nanopore Sequencing Technology in Animal and Human Virus
Research. Viruses 2024, 16, 798. [CrossRef]

https://doi.org/10.3390/v18010057


https://doi.org/10.1016/j.bbagrm.2020.194583
https://doi.org/10.3390/v14051113
https://www.ncbi.nlm.nih.gov/pubmed/35632854
https://doi.org/10.1073/pnas.79.6.2031
https://doi.org/10.1126/science.6600519
https://www.ncbi.nlm.nih.gov/pubmed/6600519
https://doi.org/10.3390/v17050664
https://doi.org/10.2169/internalmedicine.34.947
https://doi.org/10.1038/s41568-022-00541-7
https://www.ncbi.nlm.nih.gov/pubmed/36627445
https://doi.org/10.1038/s41586-020-2253-5
https://doi.org/10.3390/v13020181
https://doi.org/10.1186/s12977-019-0483-0
https://doi.org/10.3390/biom13101543
https://doi.org/10.1038/emi.2014.62
https://www.ncbi.nlm.nih.gov/pubmed/26038756
https://doi.org/10.3389/fimmu.2022.959382
https://www.ncbi.nlm.nih.gov/pubmed/35979354
https://doi.org/10.3390/v14020407
https://www.ncbi.nlm.nih.gov/pubmed/35216000
https://doi.org/10.3389/fmicb.2019.01958
https://doi.org/10.1098/rstb.2018.0166
https://doi.org/10.1016/j.tibs.2024.06.013
https://doi.org/10.1093/nar/gkae510
https://doi.org/10.1002/jmv.28826
https://doi.org/10.1038/s41580-021-00417-y
https://www.ncbi.nlm.nih.gov/pubmed/34594027
https://doi.org/10.7554/eLife.66493
https://doi.org/10.3389/fmicb.2022.1042761
https://www.ncbi.nlm.nih.gov/pubmed/36620051
https://doi.org/10.1016/j.celrep.2020.108201
https://www.ncbi.nlm.nih.gov/pubmed/32997983
https://doi.org/10.1016/j.cell.2017.05.045
https://doi.org/10.3390/ijms23147571
https://doi.org/10.1371/journal.ppat.1009421
https://doi.org/10.3390/v17010124
https://doi.org/10.1128/jvi.02063-24
https://doi.org/10.3390/v16050798
https://doi.org/10.3390/v18010057

Viruses 2026, 18, 57 14 of 15

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.
43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lin, B.; Hui, J.; Mao, H. Nanopore Technology and Its Applications in Gene Sequencing. Biosensors 2021, 11, 214. [CrossRef]
[PubMed]

Miyoshi, I.; Kubonishi, I.; Yoshimoto, S.; Shiraishi, Y. A T-cell line derived from normal human cord leukocytes by co-culturing
with human leukemic T-cells. Gan 1981, 72, 978-981. [PubMed ]

Hashikura, Y.; Umeki, K.; Umekita, K.; Nomura, H.; Yamamoto, I.; Hasegawa, H.; Yanagihara, K.; Okayama, A. The diversity of
the structure and genomic integration sites of HTLV-1 provirus in MT-2 cell lines. Hum. Cell 2016, 29, 122-129. [CrossRef]
Einkauf, K.B.; Osborn, M.R.; Gao, C.; Sun, W,; Sun, X,; Lian, X.; Parsons, E.M.; Gladkov, G.T; Seiger, K.W.; Blackmer, J.E.; et al.
Parallel analysis of transcription, integration, and sequence of single HIV-1 proviruses. Cell 2022, 185, 266-282.e15. [CrossRef]
Fernandes, L.A.; Folgosi, V.A.; Pessda, R.; Assone, T.; Victor, J.R.; Casseb, J.; de Oliveira, A.C.P; Nukui, Y.; da Silva Duarte, A.].;
Sanabani, S.S. HTLV-1 and HTLV-2 infections significantly alter small RNA expression in asymptomatic carriers. Front. Med. 2025,
12,1547712. [CrossRef]

Kalinichenko, S.; Komkov, D.; Mazurov, D. HIV-1 and HTLV-1 Transmission Modes: Mechanisms and Importance for Virus
Spread. Viruses 2022, 14, 152. [CrossRef] [PubMed]

Oxford Nanopore Technologies. Dorado, Version 0.8.1; Oxford Nanopore Technologies: Oxford, UK, 2024.

Danecek, P; Bonfield, ].K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, RM,;
et al. Twelve years of SAMtools and BCFtools. Gigascience 2021, 10, giab008. [CrossRef]

De Coster, W.; Rademakers, R. NanoPack2: Population-scale evaluation of long-read sequencing data. Bioinformatics 2023,
39, btad311. [CrossRef]

Wilks, C.; Ahmed, O.; Baker, D.N.; Zhang, D.; Collado-Torres, L.; Langmead, B. Megadepth: Efficient coverage quantification for
BigWigs and BAMs. Bioinformatics 2021, 37, 3014-3016. [CrossRef]

Oxford Nanopore Technologies. Modkit, Version 0.5.0; Oxford Nanopore Technologies: Oxford, UK, 2025.

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef]

Li, H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 2018, 34, 3094-3100. [CrossRef]

Cotto, K.C; Feng, Y.Y,; Ramu, A ; Richters, M.; Freshour, S.L.; Skidmore, Z.L.; Xia, H.; McMichael, ].F.; Kunisaki, J.; Campbell,
K.M.; et al. Integrated analysis of genomic and transcriptomic data for the discovery of splice-associated variants in cancer. Nat.
Commun. 2023, 14, 1589. [CrossRef]

Moles, R.; Sarkis, S.; Galli, V.; Omsland, M.; Purcell, D.E].; Yurick, D.; Khoury, G.; Pise-Masison, C.A.; Franchini, G. p30 protein: A
critical regulator of HTLV-1 viral latency and host immunity. Retrovirology 2019, 16, 42. [CrossRef]

Nakano, K.; Watanabe, T. Tuning Rex rules HTLV-1 pathogenesis. Front. Immunol. 2022, 13, 959962. [CrossRef] [PubMed]
Eusebio-Ponce, E.; Anguita, E.; Paulino-Ramirez, R.; Candel, EJ. HTLV-1 infection: An emerging risk. Pathogenesis, epidemiology,
diagnosis and associated diseases. Rev. Esp. De Quimioter. Publ. Of. Soc. Esp. Quimioter. 2019, 32, 485-496.

Miura, M.; Naito, T.; Saito, M. Current Perspectives in Human T-Cell Leukemia Virus Type 1 Infection and Its Associated Diseases.
Front. Med. 2022, 9, 867478. [CrossRef] [PubMed]

Cheng, Z.; Islam, S.; Kanlong, J.G.; Sheppard, M.; Seo, H.; Nikolaitchik, O.A.; Kearse, M.G.; Pathak, V.K.; Musier-Forsyth, K.; Hu,
W.-S. Translation of HIV-1 unspliced RNA is regulated by 5’ untranslated region structure. J. Virol. 2024, 98, €0116024. [CrossRef]
Rausch, ].W,; Le Grice, S.F. HIV Rev Assembly on the Rev Response Element (RRE): A Structural Perspective. Viruses 2015, 7,
3053-3075. [CrossRef]

Miura, M.; Dey, S.; Ramanayake, S.; Singh, A.; Rueda, D.S.; Bangham, C.R.M. Kinetics of HTLV-1 reactivation from latency
quantified by single-molecule RNA FISH and stochastic modelling. PLoS Pathog. 2019, 15, e1008164. [CrossRef]

Murata, K.; Hayashibara, T.; Sugahara, K.; Uemura, A.; Yamaguchi, T.; Harasawa, H.; Hasegawa, H.; Tsuruda, K.; Okazaki, T.;
Koji, T,; et al. A novel alternative splicing isoform of human T-cell leukemia virus type 1 bZIP factor (HBZ-SI) targets distinct
subnuclear localization. J. Virol. 2006, 80, 2495-2505. [CrossRef]

Kannagi, M.; Hasegawa, A.; Nagano, Y.; Kimpara, S.; Suehiro, Y. Impact of host immunity on HTLV-1 pathogenesis: Potential of
Tax-targeted immunotherapy against ATL. Retrovirology 2019, 16, 23. [CrossRef]

Subtelny, A.O.; Eichhorn, S.W.; Chen, G.R; Sive, H.; Bartel, D.P. Poly(A)-tail profiling reveals an embryonic switch in translational
control. Nature 2014, 508, 66-71. [CrossRef]

Dreyfus, M.; Regnier, P. The poly(A) tail of mRNAs: Bodyguard in eukaryotes, scavenger in bacteria. Cell 2002, 111, 611-613.
[CrossRef] [PubMed]

Li, W,; Huang, Y;; Yuan, H.; Han, J.; Li, Z.; Tong, A; Li, Y,; Li, H,; Liu, Y;; Jia, L.; et al. Characterizing transcripts of HIV-1 different
substrains using direct RNA sequencing. Heliyon 2024, 10, e39474. [CrossRef] [PubMed]

Weill, L.; Belloc, E.; Bava, FEA.; Méndez, R. Translational control by changes in poly(A) tail length: Recycling mRNAs. Nat. Struct.
Mol. Biol. 2012, 19, 577-585. [CrossRef] [PubMed]

Baquero-Perez, B.; Geers, D.; Diez, ]. From A to m(6)A: The Emerging Viral Epitranscriptome. Viruses 2021, 13, 1049. [CrossRef]
[PubMed]

https://doi.org/10.3390/v18010057


https://doi.org/10.3390/bios11070214
https://www.ncbi.nlm.nih.gov/pubmed/34208844
https://www.ncbi.nlm.nih.gov/pubmed/6281119
https://doi.org/10.1007/s13577-016-0136-8
https://doi.org/10.1016/j.cell.2021.12.011
https://doi.org/10.3389/fmed.2025.1547712
https://doi.org/10.3390/v14010152
https://www.ncbi.nlm.nih.gov/pubmed/35062355
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1093/bioinformatics/btad311
https://doi.org/10.1093/bioinformatics/btab152
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1038/s41467-023-37266-6
https://doi.org/10.1186/s12977-019-0501-2
https://doi.org/10.3389/fimmu.2022.959962
https://www.ncbi.nlm.nih.gov/pubmed/36189216
https://doi.org/10.3389/fmed.2022.867478
https://www.ncbi.nlm.nih.gov/pubmed/35463007
https://doi.org/10.1128/jvi.01160-24
https://doi.org/10.3390/v7062760
https://doi.org/10.1371/journal.ppat.1008164
https://doi.org/10.1128/JVI.80.5.2495-2505.2006
https://doi.org/10.1186/s12977-019-0484-z
https://doi.org/10.1038/nature13007
https://doi.org/10.1016/S0092-8674(02)01137-6
https://www.ncbi.nlm.nih.gov/pubmed/12464173
https://doi.org/10.1016/j.heliyon.2024.e39474
https://www.ncbi.nlm.nih.gov/pubmed/39512311
https://doi.org/10.1038/nsmb.2311
https://www.ncbi.nlm.nih.gov/pubmed/22664985
https://doi.org/10.3390/v13061049
https://www.ncbi.nlm.nih.gov/pubmed/34205979
https://doi.org/10.3390/v18010057

Viruses 2026, 18, 57 15 of 15

60. Baek, A.; Lee, G.E.; Golconda, S.; Rayhan, A.; Manganaris, A.A.; Chen, S.; Tirumuru, N.; Yu, H.; Kim, S.; Kimmel, C.; et al.
Single-molecule epitranscriptomic analysis of full-length HIV-1 RNAs reveals functional roles of site-specific m(6)As. Nat.
Microbiol. 2024, 9, 1340-1355. [CrossRef]

61. Herrmann, D.; Meng, S.; Yang, H.; Mansky, L.M.; Saad, J.S. The Assembly of HTLV-1-How Does It Differ from HIV-1? Viruses
2024, 16, 1528. [CrossRef]

62. Zhang, J.; Crumpacker, C. HIV UTR, LTR, and Epigenetic Immunity. Viruses 2022, 14, 1084. [CrossRef]

63. Phillips, S.; Mishra, T.; Huang, S.; Wu, L. Functional Impacts of Epitranscriptomic m(6)A Modification on HIV-1 Infection. Viruses
2024, 16, 127. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/v18010057


https://doi.org/10.1038/s41564-024-01638-5
https://doi.org/10.3390/v16101528
https://doi.org/10.3390/v14051084
https://doi.org/10.3390/v16010127
https://www.ncbi.nlm.nih.gov/pubmed/38257827
https://doi.org/10.3390/v18010057

	Introduction 
	Materials and Methods 
	Cell Culture 
	RNA Extraction 
	In Vitro Transcription of RNA 
	Nanopore Direct RNA Sequencing 
	Bioinformatics Analysis 

	Results 
	Overview of HTLV Sequencing and Data Quality Assessment 
	Alternative Splicing Analysis of HTLV-1 Transcripts 
	Polyadenylation Analysis of HTLV-1 Transcripts 
	Epi-Transcriptome Analysis of HTLV-1 

	Discussion 
	References

