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Abstract

Poly(A) tails are present on most cellular and viral mMRNAs, providing a platform for
poly(A)-binding proteins that stimulate translation and regulate the deadenylation
and stability of transcripts in the cytoplasm. Here we leverage nanopore direct RNA
sequencing to analyse the distribution of poly(A) tail lengths on cellular and viral
mRNAs across Herpesviridae and other DNA and RNA virus infections. We find that
herpesvirus mMRNA poly(A) tails are consistently longer than those on cellular and
other viral transcripts, presenting a previously unrecognized yet widespread mech-
anism to potentially advantage herpesviral gene expression. This contrasts with the
templated poly(A) tails on coronavirus RNAs and those on cytoplasmically tran-
scribed poxviral mMRNAs, which are more similar in length to those on host mMRNAs.
Herpesviral noncoding RNAs display differential poly(A) tailing patterns while indi-
vidual herpesviral mMRNAs also show variation in the extent to which their poly(A) tail
lengths change during the virus lifecycle, suggestive of additional uncharacterised
layers of poly(A) tail length regulation. Importantly, while we detect non-adenosine
nucleotides within herpesviral poly(A) tails, which are known to oppose deadenylase
activity, this “mixed tailing” is not at sufficient frequency to explain the widespread
extended tails of herpesvirus mRNAs.
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Author summary

Poly(A) tails are found on almost all cellular mRNAs and many viral mMRNAs,
serving as binding platforms for proteins that enhance translation and regu-
late mRNA stability. In this study, we used a new RNA sequencing approach,
nanopore direct RNA sequencing, that allows us to measure poly(A) tails on
individual mRNAs during infections by herpesviruses and other DNA and RNA
viruses. We found that herpesvirus mRNAs consistently possess longer poly(A)
tails than both host and other viral MRNAs, suggesting a widespread and pre-
viously unrecognized strategy to enhance viral gene expression. By contrast,
coronavirus and poxvirus mRNAs exhibit poly(A) tail lengths comparable to host
mRNAs. While non-As are present within some herpesviral poly(A) tails, which
could potentially slow poly(A) tail degradation, this “mixed tailing” occurs too
infrequently to account for the broadly extended tails observed.

Introduction

All viruses are dependent on the host cell translation machinery for viral protein pro-
duction and have thus evolved strategies to polyadenylate viral RNAs. These include
(i) utilization of cellular transcription machinery in the case of nuclear-replicating DNA
viruses (e.g., herpesviruses, adenoviruses, and polyomaviruses [1]), (ii) producing

a viral poly(A) polymerase (e.g., poxviruses [2]), and (iii) templated transcription of
poly(A) tails from an antisense uridine tract (e.g., coronaviruses [3,4], picornaviruses
[5], caliciviruses [6]).

The addition of poly(A) tails to cellular mMRNAs and select non-coding RNAs
(ncRNAs) during 3’ end processing is important for their stability, export, translation,
and decay [1,7]. In mammalian cells, poly(A) polymerase (PAP) adds a~200-nt
poly(A) tail after transcription [8], with this length dictated by the nuclear poly(A)-
binding protein, PABPN1 [9]. Over time, the poly(A) tail is trimmed by cytosolic dead-
enylase complexes PAN2-PAN3 and CCR4-NOT, with full deadenylation believed to
commit an mRNA to degradation by decapping and exonucleolytic decay [1]. Thus,
the bulk population of cellular mRNAs typically possesses mRNA poly(A) tail lengths
of 30—100 nt [10—-12]. The effects of poly(A) tail length on mRNA stability and transla-
tion are mediated by cytoplasmic poly(A)-binding proteins (PABPC) of which PABPC1
is the most abundant in mammalian cells. A longer poly(A) tail provides a greater
platform for PABPCs, which are able to bind cooperatively [13] and have a~27 nucle-
otide footprint each [14]. PABPC at the 3’ poly(A) tail interacts with elF4G bound at
the 5’ cap to promote translation initiation [15]. Paradoxically, PABPC1 protects the
poly(A) tail from deadenylation, but also helps recruit deadenylases to effect mMRNA
decay [1]. Recruitment of the deadenylase CCR4-NOT by adaptor RNA-binding pro-
teins also brings about targeted degradation of specific mMRNAs. Conversely, reade-
nylation by cytoplasmic PAPs is thought to enhance mRNA stability and allow further
rounds of translation [16]. The abundance of PABPC1 in specific cell types however
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is speculated to dictate how responsive translation and stability of mRNAs are to poly(A) tail length [17]. Importantly,
poly(A) tailed viral RNAs will also be subject to regulation through these processes.

While northern blotting [18] and modified short-read sequencing approaches such as PAL-seq and TAIL-seq [10,19]
are favoured methods for measuring poly(A) tail lengths, these have now been complemented by nanopore direct RNA
sequencing (DRS, [20]), a methodology which eschews reverse transcription and amplification steps that can introduce
biases. DRS sequences native RNAs by passing them through biological nanopores in a 3’-5’ direction and converts asso-
ciated changes in ionic current into sequence data, allowing estimates of poly(A) tail lengths to be generated using tools
such as nanopolish [21], tailfindr [22], and boostnano [23]. Crucially, these tools produce near-identical results at very
high accuracy when applied to in vitro transcribed RNA standards with defined poly(A) tail lengths [23]. Moreover, another
recently developed tool, ninetails interprets ionic current changes within poly(A) tails to resolve the individual positions and
identities of non-adenosine nucleotide incorporations [24], a process known as mixed tailing.

Utilizing nanopore DRS we recently determined that poly(A) tails on HCMV RNAs are significantly longer than those on
cellular RNAs and are relatively insensitive to deadenylation via CCR4-NOT [25]. Intriguingly, HCMV ncRNAZ2.7 contains a
motif that recruits TENT4 to enable readenylation and mixed tailing [26]. This observation provides a potential mechanism
by which poly(A) tails on HCMV RNAs may be resistant to CCR4-NOT activity since mixed tails can impede deadenylation
[26,27]. To examine this in more detail, we here extend our investigations of poly(A) tail lengths and content on viral RNAs
across multiple viral families including human herpesviruses, adenovirus, poxviruses, and coronaviruses. We determine
that elongated poly(A) tails are observed across representatives of the main herpesvirus subfamilies and that is not driven
by mixed tailing strategies.

Methods
Reanalysis of publicly available datasets

Nanopore datasets previously published by our lab and generated using the RNA002 DRS methodology for HCMV [25],
HSV-1 [28], human adenovirus [29], and the human coronavirus SARS-CoV-2 [30] were downloaded from the Sequence
Read Archive (SRA) using the SRA-toolkit [31].

Monkeypox virus infections

Monkeypox virus (MPXV) strain NLO01-2022 was previously isolated at the Erasmus Medical Centre ([32]; EvaG
Ref-SKU: 010V-04721). MPXV stocks were generated by inoculating 90% confluent Vero cells at a multiplicity of
infection (MOI) of 0.01 in Advanced DMEM/F12 (Gibco) supplemented with 10 mM HEPES, 1x GlutaMAX (Gibco)
and 1x primocin (Invivogen). The virus was adsorbed for 1 hour 37 °C/5% CO, before washing three times in fresh
media. Cells were harvested at day 2 and day 4 (full CPE at day 4) by scraping in advanced DMEM/F12 and frozen.
Cell pellets were lysed by freeze-thawing three times and resuspended each time by pipetting. Next, lysates were
centrifuged at 2000 x g for 5 min and supernatants were stored in aliquots at -80°C before being titrated on Vero
cells [32] and used for experiments. For this experiment, two stocks (equal volumes) collected at day 2 and 4 were
pooled. Vero cells and normal human dermal fibroblasts (NHDF) were cultured in DMEM (Capricorn Scientific) sup-
plemented with 10% heat-inactivated FBS (Sigma-Aldrich), 2 mM L-glutamine (Gibco) and antibiotics. NHDFs were
plated 2 days prior to infection in 6-well plates. Cells were infected with MPXV strain NLO01-2022 (passage 4), at
an MOI of 1.0 and cultured for 4 or 10 hours. Cells were harvested by removing medium and lysing cells in 1 ml
TRIzol per well (Thermo Fisher Scientific). Samples were mixed with 200 pl chloroform (Sigma-Aldrich), centrifuged
for 15 min at 12,000 x g at 4°C. RNA was isolated from the aqueous phase using the RNeasy mini kit (Qiagen) fol-
lowed by DNase treatment using the TURBO DNA-free kit (Ambion). All work with infectious MPXV was performed
in a Class Il Biosafety Cabinet under BSL-3 conditions.
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Varicella Zoster Virus infections

MeWo cells were maintained in a humidified incubator at 37°C with 5% CO, in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco #41966—-052) supplemented with 8% fetal bovine serum (FBS), 1 x glutamine, and 1 x penicillin/strepto-
mycin. Cells were passaged at a 1:2.5 to 1:4 ratio two to three times weekly following trypsinization. One day prior to
infection, cells were seeded at a 1:2 ratio in 100 mm dishes to achieve approx. 50% confluency at the time of infection.
Cell-associated virus (strain EMC-1) was rapidly thawed in a 37°C water bath, diluted in infection medium (DMEM with 2%
FCS, 1 xglutamine, and 1 x penicillin/streptomycin), and added to MeWo cells. After a 2 h incubation at 37°C/5% CO,, the
inoculum was removed, cells were gently washed once with DPBS, and 10 mL of fresh infection medium was added. Four
days post-infection, the medium was discarded, cells were rinsed briefly with cold DPBS and scraped into 8 mL of TRIzol.
Lysates were transferred to 50 mL conical tubes and stored at -80°C until processing.

Herpes Simplex Virus Type 2 infections

HSV-2 strain 333 stocks were prepared as previously described [33]. ARPE-19 cells were infected at an MOI of 10 and
cultured for 10 hours. Cells were harvested by removing medium and lysing cells in TRIzol. Total RNA was extracted
according to the manufacturer’s protocol.

Kaposi#39;s sarcoma-associated herpesvirus reactivation

iISLK rKSHV.219 cells [34] were cultured in DMEM supplemented with 10% fetal calf serum, 1% penicillin—streptomycin,
250 mg/mL G418, and 40 ug/mL Puromycin. For reactivation, 2.5x108 iSLK rKSHV.219 cells were seeded in a 10 cm dish.
The next day, the lytic cycle was induced by the addition of 1 mM sodium butyrate and 1 ug/ml doxycycline. Cells were
harvested at 0 h, 8 h, 24 h, and 72 h post-induction and lysed in TRIzol. Total RNA was extracted according to the manu-
facturer’s protocol.

Epstein—Barr virus reactivation

HEK293 cells containing the episomal B95-8-EBV BAC genome (WT"E® from [35] were cultured in RPMI containing 10%
fetal calf serum, 1% penicillin—streptomycin, 4 mM L-glutamine and 100 mg/mL hygromycin. For EBV reactivation, 2x10°
cells 293-EBV cells were seeded in a 6 cm dish and simultaneously transfected with 3 pg of a 1:1:1 ratio of expression
plasmids for BZLF1, BRLF1 and gB (BALF4) mixed with Geneduice transfection reagent (Millipore) as described previ-
ously [36]. Forty-eight hours after seeding and transfection, cells were lysed in TRIzol and RNA extracted according to
manufacturer’s instructions, but with two additional washes in 70% ethanol before storage at -80°C in 70% ethanol until
sequencing.

Herpesvirus Saimiri (HVS) infection

Owl Monkey kidney (OMK) cells (CRL-1566) were cultured in DMEM cells supplemented with 10% fetal calf serum and
1% penicillin—streptomycin. A BAC-clone of the A11-S4 transformation-deficient strain of herpesvirus saimiri [37] modified
to contain a GFP-luciferase expression cassette [38] was propagated in OMK cells and the supernatant harvested and
clarified by centrifugation at 500g for 10 minutes. Supernatant was stored in aliquots at -80°C. HVS was titrated by qPCR
for the hygromycin gene. 1.25 x 10® OMK cells were seeded in 6 cm dish and left overnight before infection with HVS at
an MOI of 2500 genomes per cell. RNA harvested 48 hours later as described for EBV.

Culturing and RNA isolation from human cell lines

All cells were cultured in a humidified incubator, at 37 °C with 5% CO,. A549 cells stably expressing ACE2 [30] were
maintained in DMEM, 10% fetal bovine serum, and penicillin/streptomycin. MeWos were cultured in DMEM supplemented
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with 8% FBS, 1% Pen/Strep, 1% L-glutamine, while NHDFs (passage 12) were cultured in DMEM 10%FCS, 1%P/S, and
1% L-glutamine. ARPE-19 cells were cultured in DMEM/Nutrient mixture F-12 Ham medium (Sigma-Aldrich), 8% FCS,
1% penicillin/streptomycin, 2 mM L-Glu. In all cases, cells at 90% confluence were harvested by adding TRIzol and RNA
extracted according to manufacturer’s protocol with addition of GlycoBlue (ThermoFisher) during the first precipitation
step.

Immunoblotting

Protein lysates were prepared in LDS Sample Buffer (Invitrogen) and separated on 4—12% bis-Tris NUPAGE gels (Invitro-
gen) before transfer to nitrocellulose membrane. Primary antibodies used were PABPC1 (Santa Cruz, SC-32318), CNOT1
(Proteintech, 14276—-1-AP), GAPDH (Cell Signaling, 2118), and a-tubulin (Proteintech, 66031-1-lg). Blots were visualized
using a LI-COR Odyssey CLx Imaging System and bands quantified using LI-COR Image Studio software.

Direct RNA Sequencing

For all samples used in this study, poly(A) RNA was isolated from total RNA using Dynabeads (Invitrogen) with 133 pll
beads added to 25 pg of total RNA. Nanopore DRS libraries were prepared according to the standard SQK-RNA0O02 pro-
tocol or the Deeplexicon multiplexing protocol [39] and sequenced for 24—48 hours on R 9.4.1 flowcells using a MinlON
Mk.1b.

Reference genomes and transcriptomes

The human genome assembly (GRCh38.p14) was obtained from Ensembl (https://www.ensembl.org/index.html) while the
human transcriptome (v47) was obtained from Gencode (https://www.gencodegenes.org/human/). Viral reference genomes
downloaded from Genbank (https://www.ncbi.nlm.nih.gov/genbank/) were obtained with the following accession numbers:
VZV Dumas (NC_001348.1), HSV-1 KOS (KT899744.1), HSV-2 333 (LS480640.1), HCMV TB40/E (EF999921.1), KSHV
GK18 (NC_009333.1), HAdV-F41 (ON561778.1), Mpox UK1 (MT903343.1), and SARS-CoV-2 (MN985325.1). The HVS-
A11-S4 BAC sequence is modified from the HVS-A11 sequence (NC_001350) to include the Sac | deletion of transforming
genes and insertion of the BAC-associated sequence. The EBV B95-8-BAC sequence is modified from accession number
V01555 to reduce the number of IR1 repeats from 11 to 6, and to add the BAC sequence. The transcriptome annotations
for HSV-1 KOS and HCMV TB40/E were derived from custom annotations that are available from https://github.com/
DepledgelLab/polyAtails. The EBV transcriptome annotation [40] was obtained from ebv.org.uk.

Data parsing, alignment, and estimation of poly(A) tail lengths

For all DRS datasets, high-accuracy basecalling was performed with Guppy v6.1.7 [-¢c rna_r9.4.1_70bps_hac.cfg -

r --calib_detect --trim_strategy rna --reverse_sequence true -x auto]. Where the basecalling outputs were analysed

with ninetails, we additionally included the writing to fast5 step [--fast5_out]. Resulting fastq files were aligned against
the respective reference genome [-ax splice -k14 -uf --secondary =no] and/or transcriptome [-ax map-ont-L -p 0.99 -uf
--secondary =no] using minimap2 [41] and parsed to generate sorted BAM files using SAMtools v1.15 [42] in which only
primary alignments were retained. Estimation of poly(A) tail lengths was performed using nanopolish v0.14 [21].

Non-adenosine nucleotide detection in poly(A) tails using ninetails

Selected DRS datasets have been examined for non-A nucleotides in poly(A) tails with ninetails 1.0.3 [24] utilising the
check_tails wrapper function [pass_only =FALSE] using nanopolish poly(A) tail length estimation and the Guppy sequenc-
ing summary. Predictions were reclassified to increase precision with reclassify_ninetails_data [ref="hsapiens’], merged
with merge_nonA_tables [pass_only =FALSE] and separately collapsed by transcript with summarize_nonA.
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Statistics

All statistics were calculated using R. To compare human and viral protein coding mRNA poly(A) tail length distributions,
we applied a two-sample Wilcoxon rank sum test (Mann-Whitney-U test) and calculated effect sizes via Vargha and Del-
aney’s A with the effsize package.

For comparison of poly(A) tail length distributions between (i) three different uninfected human cell lines and (ii)
between human and viral protein coding mRNA poly(A) tail length distributions at distinct timepoints, we used a general-
ized linear mixed model (GLMM) fit by maximum likelihood (Laplace Approximation). Detailed statistical outputs are shown
in the S1 Statistics file. This model was realized in R with the packages Ime4 and ImerTest using ‘PolyA_Length ~ Run
+ (1| Transcript)’, modelling poly(A)-tail length as the response variable, the different samples as fixed effects and the
transcripts as random effects. The data were modelled with a gamma distribution and are log linked. Estimated marginal
means (EMMs) for the response variable were calculated with the emmeans package post-hoc and were compared in a
pairwise manner with p-values being corrected with Holm-Bonferroni.

For the comparison of human mRNAs detected in both uninfected and infected samples of the same cell line, we first
filtered to only retain reads with a coverage of >50 in both datasets. We next calculated each transcripts median poly(A)-
tail-length and considered biologically relevant changes to be those where the median poly(A)-tail length was >= 27 nt
(i.e., the footprint of PAPBC). Mann-Whitney-U tests were performed between the retained transcripts of the two datasets.
r effect size scores were calculated, and p-values were adjusted with Holm-Bonferroni.

Generation of R plots & R packages used

All plotting was performed using Rstudio (https://posit.co/download/rstudio-desktop/) with R v4.4.3 and the following
packages: data.table (https://r-datatable.com), ggplot2 v3.5.2 [43], dplyr v1.1.4 (https://dplyr.tidyverse.org/), tidyverse [44],
tidyr (https:/tidyr.tidyverse.org/), stringr v1.5.1 (https://stringr.tidyverse.org/), ggpubr v0.6.0 (https://rpkgs.datanovia.com/
ggpubr/), readx! (https://readxl.tidyverse.org/), biomaRt 2.66.1 [45], Ime4 1.1.38 [46], ImerTest 3.2.0 [47], emmeans 2.0.1
(https://rvlenth.github.io/emmeans/index.html), effsize 0.8.1 (10.5281/zenod0.1480624), gimmTMB v1.1.11 (https://github.
com/glmmTMB/glmmTMB), forcats v1.0.0 (https://forcats.tidyverse.org/), reticulate v1.42 (https://rstudio.github.io/reticu-
late/), viridis v0.6.5 (https://sjimgarnier.github.io/viridis/), cowplot v1.1.3 (https://wilkelab.org/cowplot/),rstatix v0.7.2 (https://
rpkgs.datanovia.com/rstatix/), zoo v1.8 (https://zoo.r-forge.r-project.org/),ggthemes v5.1.0 (https://github.com/jrnold/
ggthemes), FSA v0.9.6 (https://fishr-core-team.github.io/FSA/), ggsignif v0.6.4 (https://osf.io/preprints/psyarxiv/7awme6),
patchwork v1.3.0 (https://patchwork.data-imaginist.com), and ninetails v1.0.3 [24].

Results
Extended poly(A) tails are a shared feature of herpesvirus mRNAs

We performed nanopore DRS on poly(A)+ RNA isolated from three human cell lines commonly used to support virus
infection: A549 lung adenocarcinoma cells, MeWo skin melanoma cells and normal human dermal fibroblasts (NHDFs).
Following alignment to the human transcriptome and filtering to retain only protein-coding mRNAs, we generated violin
plots to summarise the global distribution of poly(A) tail lengths (Fig 1a). These data demonstrate that while poly(A) tail
lengths on individual RNAs vary significantly, the majority cluster around modal values of 48 — 54 nt (Fig 1a and S1 Table)
across the three cell types tested with differences between datasets reaching statistical significance in a generalized
linear mixed-effects model (GLMM) gamma family with a log linkage function; pairwise comparisons show mean poly(A)
tail lengths are ~4% longer in MeWo vs. A549,~14% longer in A549 vs. NHDF and ~19% longer in MeWo vs. NHDF; all
p<0.0001, see S1 File.These results are in agreement with previous studies using both nanopore and orthogonal meth-
ods of tail measurement in other human cell lines [10,11,19,48]. The width of violin plots relates the density of data and
thus allows for interpretation not only of the modal value but also the proportion of poly(A) tail lengths that fit the modal
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Fig 1. Extended poly(A) tails are a shared feature of herpesvirus mRNAs. Violin plots denoting poly(A) tail length distributions for protein coding
mRNA populations of (a) three uninfected human cell lines, (b) HCMV, (c) VZV, (d) HSV-1, (e) HSV-2, (f) KSHYV, (g) EBV, and (h) HVS. In all cases, the
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https://doi.org/10.1371/journal.ppat.1014341.9001

value, i.e., a slightly larger proportion of MRNAs in A549 cells have poly(A) tail lengths of ~52 nt when compared to
NHDFs. Comparison by immunoblotting showed that NHDF cells displayed higher levels of major deadenylase complex
CCR4-NOT1 scaffold protein CNOT1 and lower levels of PABPC1 protein when compared to A549 cells (S1 Fig and S2
File). The abundance of these factors has been linked to global poly(A) tail lengths [17,25,49] and thus may contribute to
the small differences in modal mMRNA poly(A) tail detected between cell lines.

Using a combination of new and existing nanopore DRS datasets (all SQK-RNA0OO02 chemistry), we examined the
poly(A) tail length distributions, separately, for host and viral protein-coding mRNAs from productively infected cells with
six different human herpesviruses (Fig 1b-g) including HSV-1 strain KOS-infected NHDFs, HSV-2 strain 333-infected
ARPE-19 cells, VZV strain EMC-1 infected MeWos, HCMV strain TB40/E-infected NHDFs, and reactivated KSHV
iISLK.219 and EBV-B-95-8 BAC HEK293 cells. In addition, we examined productive infection by a non-human primate
gammaherpesvirus, Herpesvirus Saimiri (HVS), in owl monkey kidney (OMK) cells (Fig 1h). Each was profiled at a
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late-stage of productive infection, using high MOlIs where possible (i.e., HSV-1, HSV-2, and HCMV) to maximise the rela-
tive proportion of viral reads (Fig 1i). For herpesviral protein-coding mRNAs, for all viruses we observed uniformly longer
poly(A) tail length distributions (modal values of 96 — 150, S1 Table) with differences between human and viral mMRNAs
in the same population ranging from negligible (A=0.46, EBV) to large (A=0.18, HVS) (two-sample Wilcoxon rank-sum
test; Vargha and Delaneys’s A, all p<0.05). Among the herpesvirus poly(A) tail distributions, VZV tails were the longest,
with a modal length of 150 nt and HSV-2 tails the shortest (96 nt modal length), while still markedly exceeding those of
host mMRNAs. Notably, the shapes of the distributions also differed, e.g., for HSV-2 the density of poly(A) tail lengths is
more widely distributed, resulting in a narrower plot. Together, these data demonstrate that longer poly(A) tails represent
a shared feature of alpha, beta and gammaherpesvirus mRNAs, in both reactivation and productive replication contexts,
which could contribute to efficient viral gene expression and represent a novel viral tactic to subvert the host.

The poly(A) tail length distributions and modal lengths on human mRNAs detected in cells infected with HSV-1, HSV-2,
and the reactivated KSHV iSLK and EBV HEK293 cells (modal values of 42 — 52, S1 Table) did not obviously differ from
those of uninfected cells (Fig 1d-g). Notably increased poly(A) tail lengths however were detected on human mRNAs in
VZV and HCMV infected cells (modal values of 80 and 94, S1 Table and Fig 1b and 1c). To examine the impact on individ-
ual host transcripts, we directly compared human mRNAs detected in uninfected and infected cells of the same cell lines
(Fig 2). We restricted our analysis to those with least 50 reads in both datasets. Given the limited sequencing depths (<
1.5 million reads) achieved on the R9.4 minlON flowcells, combined with high number of viral reads in most datasets, our
analysis was necessarily restricted to a subset of abundant human mRNAs.

Here, we observed that for HCMV-infected NHDFs, median poly(A) tail lengths showed statistically significant (two-
sided Wilcoxon rank sum test+Holm-Bonferroni correction; p<0.05 (for all p-values and effect sizes see S2 Table))
increases for ~12% of the 350 mRNAs when compared to mock-infected cells (Fig 2a), with ~8% showing median poly(A)
tail length increases of > 27nt (i.e., a PABPC binding footprint). For VZV infected MeWos, a similar pattern to HCMV was
observed. Here, median poly(A) tail lengths showed statistically significant increases for ~22% of the 305 mRNAs anal-
ysed when compared to mock-infected cells (Fig 2c), with ~14% showing median poly(A) tail length increases of > 27nt
(S2 Table). This indicates that for both HCMV and VZV the population level upward shift in tail length impacts a large
fraction of host mMRNAs, rather than being explained by a dramatic change to a minority of transcripts or a uniform shift of
all transcripts. By contrast, and consistent with bulk analysis, in HSV-1 infected NHDFs, the majority (~88%) of the 661
cellular mMRNAs examined did not show statistically significant changes in median poly(A) tail lengths (Fig 2b). A minority
(~3%) of MRNAs however showed an increase in median poly(A) tail length of > 27nt, while statistically significant
increases or decreases of less than 27nt accounted for 3% and 7% of the mRNAs, respectively. Functional enrichment
analyses of gene sets showing statistically significant increases yielded no significantly enriched pathways. Thus, even
in viral infections where no overall poly(A) tail length distribution changes are detected at the population level, transcript
specific alterations to poly(A) tails may impact host gene expression.

Elongated poly(A) tails do not represent a uniform feature of viral infection

We next considered whether longer poly(A) tails could reflect a broader viral strategy to maximize viral gene expression.
We thus extended our analysis to examine poly(A) tail length distributions (Fig 3a-d) on human and viral protein-coding
mRNAs for a positive sense RNA virus that replicates in the cytoplasm, SARS-CoV-2, a cytoplasmic-replicating DNA virus,
Mpox virus (MPXV; Clade 1b, strain NL1), and a nuclear-replicating DNA virus from a different virus family, human Ade-
novirus type 41 (hAdV41). We further examined multiple timepoints for the hAdV41 (12, 24, 48 hours post infection, hpi)
and Mpox (4, 10 hpi) infected cells (Fig 3b-c). Similar to VZV and HCMV infections but to a greater extent, SARS-CoV-2
infection led to an increase in human mRNA poly(A) tail lengths (modal value of 170) and a broadening of the overall tail
distribution. By contrast, hAdV41 and Mpox infections did not impact on poly(A) tail length distributions on human protein-
coding mRNAs (modal values of 46-50, S1 Table).
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https://doi.org/10.1371/journal.ppat.1014341.9002

Replication of coronaviruses produces polyadenylated genomic RNAs (gRNAs) and, through discontinuous transcrip-
tion, larger amounts of subgenomic mMRNAs (sgmRNAs) that encode structural and accessory proteins. In our analysis of
SARS-CoV-2 RNAs, nanopolish could not accurately identify the poly(A) tails on the few gRNA reads present, whereas
poly(A) tail lengths could be identified for the majority of sgmRNA reads. The poly(A) tail lengths for viral sgmRNAs were
tightly distributed around ~50 nt, consistent with those previously reported [50]. Adenoviral mMRNAs exhibited a lifecycle-
dependent poly(A) tail length advantage over host mRNAs (Fig 3b and S1 Table). At 12 hpi, the distribution of viral poly(A)
tails skewed slightly longer than host tails (modal length 62 vs 50 nt). This increased further at 24 hpi (modal length 73 vs
48) but decreased again by 48 hpi (54 vs 46 nt). Consistently, a similar pattern of shorter viral poly(A) tail lengths as infec-
tion progressed was previously reported for adenovirus type 5 [51]. It is notable that although, like herpesvirus RNAs, ade-
noviral RNAs are transcribed and polyadenylated by the host transcriptional machinery they do not display similarly long
modal poly(A) tail lengths. This is exemplified most clearly by the contrasting the adenoviral MRNA modal tail length at
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https://doi.org/10.1371/journal.ppat.1014341.9003

12 HPI (62nt) with that of HSV-1 mRNAs at the same time point of a similarly high multiplicity synchronized infection (142
nt; Fig 1d), though the cell lines used to support each infection (A549, NHDF) displayed similar cellular poly(A) tail distri-
butions when uninfected (Fig 1a). Poxviral mMRNAs are generated in the cytoplasm and poly(A) tails are added by a viral
poly(A) polymerase [2]. We observed Mpox poly(A) tail distributions were also slightly longer than those on host mMRNAs
with a modal length of 68—85 nt (Fig 2c and S1 Table). While not as long as those of herpesvirus mMRNAs, these extended
tails could benefit the translation of poxvirus mRNAs. Indeed, PABPC1 is enriched at poxvirus replication factories where
viral translation occurs, and enhanced elF4F translation initiation complex formation is detected in infected cells [52,53].
Overall, the contrasting tail lengths on viral mMRNAs in adenovirus, coronavirus and poxvirus infections underline that
extended tails are not a universal feature of viral RNAs and that effects on host mMRNA poly(A) tails vary.

Long poly(A) tails also occur on herpesviral noncoding RNAs

The major characterised eukaryotic deadenylation complexes PAN2-PAN3 and CCR4-NOT are predominantly cytoplas-
mic, with the activity of the latter being linked to translation [1]. To investigate the mechanism behind long poly(A) tails on
herpesviral mMRNAs, we also examined herpesviral ncRNAs. A prior report demonstrated that HCMV ncRNAs encoded

in the Toledo strain displayed differing poly(A) tail length profiles [54]. Here, we observed a similar result, extending our
observation of poly(A) tail lengths on HCMV TB40/E strain protein coding mRNAs to also include the HCMV encoded
nuclear-retained RNA4.9, cytoplasmic RNA2.7 and nuclear-cytoplasmic RNA1.2 [55], and contrasted these with a human
nuclear-retained paraspeckle ncRNA (NEAT1) (Fig 4a). We found both RNA4.9 and RNA2.7 to contain longer poly(A) tails
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https://doi.org/10.1371/journal.ppat.1014341.9004

(modal values of 152 and 156) than HCMV mRNAs (modal value 122). By contrast, RNA1.2 (modal value 95) showed

a shorter poly(A) tail length distribution when compared to HCMV mRNAs. Of note, the poly(A) tails on HCMV RNAs of
all types remain significantly shorter than on NEAT1 (modal value 269). We next performed a similar analysis for KSHV,
contrasting the poly(A) tail length distributions for the well-characterised nuclear-retained PAN ncRNA [56] with that of

the kaposin mMRNA, recently characterised to partially localise to and scaffold nuclear speckles [57], and all other KSHV
mRNAs (Fig 4b). Surprisingly, we observed the poly(A) tail length distribution and modal value of PAN (69 nt) to be similar
to that of cellular mMRNAs and quite different from the KSHV mRNA population (104 nt). Kaposin mRNA did not display an
obviously different tail length distribution from the remaining KSHV mRNAs. Together these data demonstrate that poly(A)
tail lengths vary dramatically across different viral ncRNAs, implicating transcript-specific mechanisms of control that can
augment the generalised extended poly(A) tails on herpesviral RNAs.

HSV-1 and HCMV encoded RNAs display differential tail length patterns during infection

To better understand the kinetics of adenylation/deadenylation during infection, we next performed an analysis of poly(A)
tail length differences on HSV-1 strain KOS mRNAs sampled at 3, 6, and 12 hpi (Fig 5 and S3 Table). A global analysis of
viral poly(A) tail length distributions at each time point demonstrated that the overall distribution remained broadly similar
with only a slight decrease in modal values during infection (3h — 148 nt, 6h — 142 nt, 12h — 142 nt, Fig 5a). To improve
the resolution of our analysis, we subsequently realigned our nanopore datasets against a high-resolution annotation of
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https://doi.org/10.1371/journal.ppat.1014341.9005

the HSV-1 strain KOS transcriptome. This enabled us to analyse poly(A) tail lengths for each mRNA individually, measur-
ing changes in the median poly(A) tail length over time (Fig 5b). Importantly, this demonstrated that while most median
poly(A) tail lengths on viral MRNAs remained similar or decreased over infection, three transcripts, US12 (ICP47), RS1
(ICP4) and RL2 (ICPO0), showed evidence of median poly(A) tail lengths increasing by = 27 nt between at least two time-
points (Fig 5¢ and 5d). Specifically, median poly(A) tail lengths on US12 mRNAs increased from 143 nt at 3 hpi to 168 at
6hpi before decreasing to 136 nt by 12 hpi. For RS1 mRNAs, median poly(A) tail lengths decreased from 173 nt at 3 hpi
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to 136 nt at 6 hpi before increasing to 158 nt at 12 hpi. For RL2 mRNAs, median poly(A) tail lengths increased from 72 nt
at 3 hpi to 163 nt at 6hpi and 152 nt at 12 hpi. A 27 nt increase could accommodate an additional PABPC molecule [14]
and thus affect mMRNA stability and, or, translation. We additionally determined a statistically significant moderate nega-
tive correlation between relative mMRNA abundance (i.e., transcripts per million) and the median poly(A) tail length at each
of the three time points, indicating that more abundant transcripts trend toward having shorter poly(A) tails, and that this
relationship slightly weakens over time (S2 Fig).

To determine whether transcription kinetics were linked to viral poly(A) tail status, we grouped transcripts according to
their temporal classification (Immediate-Early; Early; Late; Leaky Late; True Late), which reflect distinct promoter con-
figurations and regulatory requirements (Fig 5e). Here we observed that Immediate-Early transcripts were outliers, with
those detected at 6 and 12 hpi having longer tails than at 3 hpi, except for UL54 (ICP27) for which poly(A) tail lengths do
not change during infection. By contrast, Early transcripts generally had shorter tails at 6 and 12 hpi compared to 3 hpi.
This pattern was also observed for Late transcripts and, most obviously, for True Late transcripts, which displayed a 9 nt
reduction in median poly(A) tail lengths from 6 to 12 hpi. This suggests that though their tail lengths are long, most HSV-1
transcripts are not completely refractory to deadenylation. Exceptions to this trend highlight that transcript-specific regula-
tion of poly(A) tail length may additionally be involved.

To determine whether there is also evidence of transcript-specific poly(A) tail length changes across HCMV RNAs
we analysed HCMV strain TB40/E mRNAs expressed at 24-, 48-, and 72-hours post-infection (Fig 6 and S4 Table). In
contrast to HSV-1, no meaningful relationship between transcript abundance and poly(A) tail length was observed (S2
Fig) with Pearson correlations producing only weak (R=0.11-0.12), statistically insignificant values. Like HSV-1 how-
ever, we observed that poly(A) tail lengths on HCMV mRNAs decrease only slightly over the course of infection, while
a small subset shows more dramatic increases and/or decreases (Fig 6a). By contrast, all four polyadenylated HCMV
ncRNAs displayed very long tails (medians of 149 — 219 nt) at 24 hpi which decreased sharply to 108 — 162 nt by 48 hpi
and remained relatively unchanged (104 — 156 nt) at 72 hpi (Fig 6b). An analysis of HCMV mRNAs by temporal class (as
defined in [58]) revealed a similar pattern to the whole population of small decreases in long poly(A) tail lengths over the
viral lifecycle. Within these classes, as with HSV-1, individual outliers were identified, such as UL17—1 and US24—1 in
temporal class 3 and US32—1 in temporal class 7, whose tails increased between 24 and 48hpi (Fig 6¢). These data offer
further support that herpesviral RNAs can be deadenylated, and we find no evidence that the timing of their synthesis
explains their extended length or that extended tails are specified by select temporal class promoter usage.

Increased rates of mixed tailing during herpesvirus infections does not explain longer tails on viral mRNAs

Incorporation or addition of non-adenosine nucleotides to poly(A) tails by non-canonical PAPs, known as ‘mixed tailing’,
can impede mRNA deadenylation [59]. A recent study identified a motif in HCMV RNA2.7 capable of recruiting such a PAP
and using TAIL-seq found non-As within HCMV poly(A) tails [26]. To examine the possibility that herpesviral poly(A) tails
are generally extended due to mixed tailing, we applied ninetails [24] to DRS datasets to quantify non-adenosine nucle-
otide incorporation events. Using an in vitro transcribed (IVT) RNA with a pure poly(A) tail, we established that ninetails
performs well with a low false-positive rate of around 1% and a bias toward false-positive incorporations of G (Figs 7a and
S3a). In uninfected NHDFs we detected mixed tails on 6.5% of transcripts (Fig 7a), which is below that found on Hela cell
transcripts by orthogonal methods (17% by PAlso-seq [60]; 12.5% by FLAM-seq [48]) but closer to that of a prior ninetails
analysis (11%, [24]). Exclusion of the extreme (~5 — 10 nt) 3’ terminal nucleotides from ninetails analysis could account
for this difference [24]. Consistent with previous FLAM-seq and ninetails studies, we also observe that C incorporations
are more common than U and G (Figs 7b and S3a). Remarkably, we found that HCMV-infection of NHDFs leads to an
increase in mixed tail frequencies on cellular mMRNAs over the course of infection, up to 13.3% by 72hpi (Fig 7a) with a
proportional decrease in G and C incorporations and increase in U incorporations (Fig 7b). For HCMV mRNAs, mixed
tailing rates increased from 6.6% to 12.2% with infection time and consistently exceeded that of human RNAs (Figs 7c
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https://doi.org/10.1371/journal.ppat.1014341.9006

and S3b), albeit while maintaining similar distributions of C, U, and G incorporations (Fig 7d). This suggests that HCMV
infection upregulates a mixed tailing mechanism/s during infection that is not selective for viral over host mMRNAs. When
we examined additional herpesvirus datasets, intriguingly we observed particularly high rates of mixed tailing on viral
transcripts in late-stage HSV-2 infected ARPE-19s (23%) but lower rates for both KSHV (6.1%) and VZV (7.1%) (Fig 7c),
suggestive of differential ability of herpes viruses to coordinate this effect. Mixed tail frequency and poly(A) tail length
distribution are therefore not correlated during HCMV infection or among different herpesviruses. We also applied mixed
tailing analysis to samples in which CNOT1 was knocked down (Fig 7a and 7b). We previously showed that under these
conditions deadenylation by CCR4-NOT is relieved, indicated by dramatic upward shift in the poly(A) tail length of the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014341 June 16, 2026 14 /23




PLO%- Pathogens

2 b

1.007 human
) Mock 24 hpi
2
Z

0.754 y \ AN
S 9 A c(442%) G(194%)\ ¢ (43.9%)
s :
E ¥
= Incorporations
= 5 9 86.7% 87.1% 87.1% U (29.3%) U (25.8%)
£ 88.0% (E3658) g
20,50 e
= ] ) BC+C
s 48 hpi 72 hpi 72h1
B SICNOT1 HeEM
Q EC+U
€ EC+G
5 ¢ c@E76%) | C (38.1%) \\| c@ea% E=3incorporations
e (133N C O N © 31 olisa
© L L |

- - ST 120% 13.3% 12.9% 12.9% e e s
000 MHEEE 6.3% —EB— (84.9%) (31.6%) (33.0%)
Mock 24h 48h 720 1 72h2 72h3  SICNOT11 siCNOT12 )
72h 72h
human IVT RN7SK
class [1] clean ll mixed d
c herpesviruses (no ncRNAs)
HCMV (24h) HCMV (48h) HCMV (72h 1) HCMV (72h 1)

1.004 siCNOT1
[}
< A y
[ 5%l Gl(75%) GZ(I1§'\ C (35.8%)
S A ¢ ss%) IV AN
= 0.75 C (50.1%) ( ) ( )
(7]
g ’ U (26.7%) U (36.2%) U (34.4%) G
5 (77.0%)

— || eaz1 | | (e78%) 1| | (86.3%) | (sg6% | |

= (oo | [(301%) | [(888%) | [(67.8%) | [sssw) | (86:3%]  (sse%) == | ==
0.50 — HSV2 (10h) KSHV (72h) VZV (96h)
=4
5
3 \ c18%) [ \ Ci(ez2%) \ C (35.9%)
E 0251 e@r G(22.0%) - (557
6 y, . £ A
é 250% U (42.1%) T U@T6%) U (32.7%)
= 9 2%) | [122%] [ (11.2%] § [13.7%] § [11.4%

000 ISR [ (7.1 |

24n 48n 72h1  72h2  72h3  SICNOT11SsiCNOTI 2 10h 73h 96h
72h 72h

HCMV HSV2 KSHV vzv

class | clean ll mixed

Fig 7. Incorporation of non-adenosine nucleotides in human and herpesviral mMRNA poly(A) tails. (a) Incidences of mixed tailing (i.e., non-
adenosine nucleotide incorporations) predicted by ninetails [24] for cellular mMRNAs obtained from mock and HCMV-infected NHDFs at the indicated
timepoints, the latter also including two biological replicates of HCMV-infected NHDFs treated with a CNOT1 silencing RNA and harvested at 72 hpi
[25]. A synthetic RN7SK RNA with a clean tail is also included. (b) Breakdown of nucleotides present in mixed tails of cellular mRNAs by timepoint. (c)
Incidences of mixed tailing in herpesviral MRNAs obtained from infected cells at the indicated timepoints (d) Breakdown of nucleotides present in mixed
tails of herpesviral MRNAs by timepoint. Data from additional biological replicates are shown in S3 Fig.

https://doi.org/10.1371/journal.ppat.1014341.9007

bulk host mMRNA population [25]. If mixed tailing broadly conferred resistance to CCR4—NOT across the mRNA population
under normal conditions, then upon CCR4—-NOT perturbation we would expect this advantage to be lost, resulting in a
reduced proportion of mixed tailed mMRNAs. However, no obvious change in mixed tailing frequencies of host mMRNAs was
detected upon CNOT1 knockdown (mean of 12.7% vs 12.0% siCNOT), with a similar effect on mixed tailing detected on
HCMV mRNAs at 72 HPI (mean of 15.3% vs 13.9% siCNOT).

Overall, since the frequency of mixed tailing on herpesvirus MRNAs is at its maximum less than 25%, these data
demonstrate that mixed tailing cannot account for the consistently extended poly(A) tails of herpesvirus RNAs, though
could contribute to regulation of specific transcripts.

Mixed tailing on individual viral and host transcripts

We next examined the rates of U, G, and C incorporations across HCMV RNAs and human mRNAs supported by at least
30 reads, as well as highlighting the most abundant transcripts in the human (n=50) and HCMV datasets (n=82) (Fig
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8a-b). We determined that HCMV infection induces a generalized increase in mixed tailing rates across both viral and
cellular mMRNAs (Figs 8a-b and S3). Focusing specifically on guanine incorporation, we validated the prior observation
[26] that HCMV RNAZ2.7 displays comparatively high G-incorporation rates in poly(A) tails (Fig 8c), consistent with the
activity of TENT4. Surprisingly, we also observed similarly high G-incorporation rates for UL69 (S3 Fig) which encodes a
multi-functional protein that is homologous to HSV ICP27 and conserved across all human herpesviruses [61] suggesting
it may also be a substrate for TENT4. Similarly, several human mRNAs also displayed increased G-incorporation rates
following HCMV infection including B2M-211 and HSP9011A-201 (S5 Table). Notably, examples of highly expressed
HCMV mRNAs with G-incorporation rates that did not change during the infection period (UL132) or that showed signifi-
cantly decreased incorporation rates (UL22A) were also observed, demonstrating that viral transcript specific features
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can also influence G-incorporation in poly(A) tails. Full details of all human and viral MRNAs examined and their relative
C- G- and U-incorporation rates over time are shown in S5 Table. Finally, we examined the relative location of C-, G-, and
U- incorporations within poly(A) tails on human and HCMV mRNAs and observed that for HCMV RNAs (RNA2.7, UL69)
and human mRNAs (B2M-211 and HSP9011A-201) with high G-incorporation rates, there was a significant enrichment of
G-incorporations toward the 3’ end of poly(A) tails, consistent with the addition of G nucleotides during cytoplasmic exten-
sion of poly(A) tails and their resistance to 3’ decay (Figs 8c and S3c). By contrast, C- and U- incorporations were more
evenly distributed through the tails on human mRNAs, and HCMV RNA2.7 early in infection. At 72 hpi however C- and

U- incorporation in the RNA2.7 poly(A) tail were also enriched toward the 3’ end. Thus, our data supports the contribution
of mixed tailing to the extended poly(A) tail length of non-coding HCMV RNA2.7 and identifies additional viral and host
mRNAs which may be regulated in this manner.

Discussion

In this study, we have shown that poly(A) tail lengths on herpesviral RNAs are significantly longer than those on both
human protein-coding mRNAs and a diverse set of other DNA and RNA viruses. While the functional consequence of

this pan-herpesviral strategy remains untested, we can hypothesise that mMRNAs with longer tails are associated with
greater translational efficiency to the advantage of infecting viruses. This is supported both by our previous observation
that disruption of the CCR4-NOT complex leads to longer poly(A) tails on human mRNAs and hinders HCMV infection [25]
and the separate demonstration using ribosome profiling of superior translational efficiency of HCMV mRNAs over host
mRNAs [62] with a mechanism of selectivity that was hitherto unexplained.

Our observations that increased poly(A) tail lengths on viral RNAs is a general feature of herpesvirus infections, regard-
less of subfamily, suggest that a conserved and fundamental mechanism underlies this phenomenon. One possibility is
that longer poly(A) tails are preferentially installed on herpesviruses mMRNAs however this would be dependent on func-
tionally modulating PAP or PABPN1 in a manner that selectively impacts viral mRNAs. Alternatively, the hijacking of reade-
nylation pathways could lead to preferential lengthening of poly(A) tails. This explanation would be supported by a study
demonstrating that depleting the human RNA-binding protein CPEB1 led to shorter poly(A) tails on HCMV RNAs [63]. We
also detect the hallmark non-A incorporation by TENT4 polymerases on select herpesviral mRNAs suggesting that multi-
ple readenylation pathways could be in operation. A third possibility is a resistance to deadenylation. Our results show that
mixed tailing frequencies on host and viral MRNAs remain generally low and thus cannot explain long poly(A) tails present
on most herpesviral mMRNAs. Multiple herpesviruses including KSHV [64], EBV [65], MCMV [66], and HCMV [67], how-
ever, encode proteins that interact with the CCR4-NOT complex with undefined functional significance, potentially allowing
herpesviruses to influence its activity or mRNA target specificity.

A simpler potential explanation for longer poly(A) tail lengths on viral RNAs could be that as a population they are sim-
ply younger than the existing pool of human transcripts in the infected cell. Arguing against this notion is our results from
other virus mMRNAs, including those of the nuclear DNA virus adenovirus, which do not show the same extended poly(A)
tail compared to human mRNAs, even at the same time point in infection. Similarly, we also did not observe consistent
differences in poly(A) tail length distributions between different temporal classes of HSV-1 and HCMV RNAs (with the pos-
sible exception of HSV-1 IE gene transcripts), although interpretation of these data is complicated by continued expres-
sion of RNAs from early temporal classes at late times post infection. Moreover, the median half-life of human mRNAs is
estimated to a be ~ 10 hours [68], thus we would expect the population of host transcripts to be largely renewed during the
course of most of the infection conditions we examined.

Within the viral mMRNA populations examined at the transcript level we also found transcript-specific patterns of poly(A)
tail length changes over infection, suggestive of additional intersecting mechanisms. Indeed, systematic screening of viral
RNA elements recently identified several from herpesvirus mRNAs that influenced reporter mMRNA abundance and trans-
lation [69] and investigation of select herpesviral transcripts has identified several host and viral RNA binding proteins
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(RBPs; for example [70]) whose effects on poly(A) tail length are yet to be investigated. Differential exposure to nuclear
versus cytoplasmic tail length regulatory mechanisms could also contribute. Prior work identified nuclear retention of
select HSV-1 transcripts late in infection [7 1], including RL2 (ICP0) mRNA on which we also find a longer poly(A) tail
length at late times.

Our analysis also revealed that poly(A) tails on herpesviral ncRNAs differ dramatically in length, highlighting bespoke
mechanisms. For instance, poly(A) tails on the nuclear-retained KSHV ncRNA PAN are short, in contrast to viral mMRNAs
and the cellular nuclear-retained ncRNA NEAT1_1. PAN RNAs have been shown to protect their poly(A) tails through
interaction with U-rich sequences within its expression and nuclear retention element (ENE) [56]. Notably, the modal
poly(A) tail length of PAN RNAs (69 nt) is a near-perfect match for the 76nt ENE. This, and the paucity of shorter poly(A)
lengths on PAN (Fig 4b) suggests that the ENE interacts with the most 5’ part of the PAN poly(A) tail, allowing trimming
from its initial ~200 nt length, but protecting the bound region from further trimming. Among HCMV ncRNAs RNA2.7
poly(A) tails are notably longer than the others. While localised to the cytoplasm and presumed to be a substrate for dead-
enylases, RNA2.7 includes a CNGGN-type pentaloop that can recruit TENT4A/B enzymes to install ‘mixed tails’ that are
refractory to deadenylation [26]. Our analysis showed that only a small proportion of RNA2.7 molecules contain non-As,
suggesting that additional mechanisms are employed to counter deadenylation. This could include recruitment of PABPC
proteins to an internal A-rich sequence resulting in PABPC:PABPC interactions that could provide a mechanism to protect
poly(A) tails. While only 12 adenosines are required for PABPC binding [72], a stretch of 14 adenosines interrupted by a
single guanosine is found internally in RNA2.7, as well as other shorter A-rich sequences [73].

We anticipate that a consequence of retaining long poly(A) tails on viral RNAs and HCMV RNA2.7 in particular, would
be to significantly sequester poly(A)-binding proteins, as well as other RBPs, and potentially to functionally deplete
deadenylase activity toward cellular mRNAs. In agreement with this, AU-rich mRNAs, which are typically destabilized by
mechanisms requiring CCR4-NOT, were found to be stabilized in HCMV infection in an RNA2.7-dependent manner [74]
and work published while our manuscript was under review has now directly highlighted the ability of RNA2.7 to seques-
ter cellular RBPs and stabilize select cellular mRNAs [75]. Consistently, we detected extended poly(A) tails on significant
portion of host MRNAs during HCMV infection. Conversely, a new pre-print suggests that sequestration of poly(A)-binding
proteins by coronavirus RNA poly(A) tails accelerates the deadenylation and decay of short-tailed host mMRNAs, account-
ing for an apparent longer tail length on the remaining population [76]. Our findings in SARS-CoV-2 infected cells are
consistent with these results. Which outcome prevails may be influenced by the relative abundance of viral RNAs, their tail
lengths and composition, virus effects on RNA decay and RBP abundance and the abundance of poly(A) tail regulatory
proteins in the cell type infected.

An open question is whether herpesviral RNAs produced during latency also retain longer poly(A) tails. While viral gene
expression levels during latency varies between herpesviruses, the overall output is generally low, and for many models,
only a small portion of cells are infected. However, a recent study of EBV latently infected B-cells reported mean poly(A)
tail length values on viral mRNA to range from 81 - 125 nt, and on probable viral ncRNAs from 105 - 300 nt [40], indicating
that long poly(A) tails on herpesviral RNAs is a consistent feature for which intrinsic sequence features may be sufficient.
Applying DRS to other herpesviral latency model remains technically challenging and will likely require the development of
tailored enrichment protocols.

Finally, while several unresolved questions remain, it is clear that nanopore DRS methodologies offer a simple and
expedient way to analyse poly(A) tail lengths across individual RNAs without the biases associated with short-read
sequencing methodologies. Successfully combining DRS with cellular fractionation and metabolic labelling approaches
would enhance this approach further, enabling users to differentiate between effects on initial poly(A) tail synthesis and its
subsequent metabolism.

In summary, we have shown that long poly(A) tails are a feature of herpesviral RNAs but that this does not broadly
extend to other virus families. We further validated previous observations that increased rates of mixed tailing is a feature
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of HCMV infections but argue the low frequency at which this occurs (and the variation among herpesviruses) demon-
strates this is not sufficient to explain how HCMV or herpesvirus RNAs in general, broadly resist deadenylation and that
additional critical mechanisms for modulating poly(A) tail lengths on viral RNAs remain unidentified.

Supporting information

S$1 Fig. Abundance of poly(A) tail regulatory proteins in select cell lines used. Total protein lysate (10 pg) from each
of A549, NHDF and HEK?293 cells was subjected to immune blotting for CNOT1, PABPC1 and two housekeeping proteins,
GAPDH and alpha tubulin. Quantification of CNOT1 and PABPC1 abundance relative to that in A549 cells is indicated.
(TIF)

S2 Fig. Correlating transcript abundance with poly(A) tail length on viral mRNAs. Scatter plots showing the relation-
ship between transcript abundance and median poly(A) tail length at different time points post-infection (hpi) of NHDFs
for (a) HCMV, and (b) HSV-1 mRNAs. Transcript abundance was normalised as transcripts per million (TPM) within each
timepoint and log-transformed (log,, (TPM + 1)) for visualisation. Each point represents an individual transcript. Red lines
indicate linear regression fits. Pearson correlation coefficients (r) and associated p-values are shown for each timepoint.
(TIF)

S3 Fig. Further analyses of mixed tailing in human and herpesviral mRNA poly(A) tails. (a) Breakdown of nucleo-
tides present in mixed tails for a synthetic RN7SK RNA with a clean tail and two additional biological replicates each for
HCMV-infected NHDFs harvested at 72 hours post infection in either the presence or absence of siCNOT1 treatments.
(a) cellular mMRNA and (b) HCMV mRNAs. (b) Breakdown of nucleotides present in mixed tails of two additional biological
replicates HCMV-infected NHDFs harvested at 72 hours post infection. (c) Position specific frequency of different non-A
nucleotides in the poly(A) tail of selected transcripts and timepoints. Poly(A) tails have been aligned by their 3’ end, posi-
tions are defined by their distance of the ultimate 3’ nucleotide. The three 72h datasets have been pooled. Plotted fre-
quencies are calculated by the number of specific non-adenosine residues with a certain distance d to the 3’ end relative
to the total number of reads with a poly(A) tail length >d, averaged with a sliding window of five nucleotides.

(TIF)

S4 Fig. Transcript- and nucleotide level incorporation of non-adenosine nucleotides in human mRNA poly(A) tails
predicted by ninetails. Frequency of non-adenosine residues per 1000 nucleotides in human mRNAs across different
timepoints. A per mMRNAs coverage filter of 230 was applied, only transcripts that fulfill this criterion across all samples
are included. Boxplots whiskers depict 1.5 * IQR, the mean is shown by the green dot. Kruskal-Wallis rank sum test was
applied on all groups for every of the three nucleotides, followed by a two-sided Dunn’s test with Bonferroni correction.
Significant adjusted p-values (<0.05) are marked above the boxplots, complete Z-scores and adjusted p-values can be
found in S6 Table.

(TIF)

S1 Table. Description of all nanopore direct RNA sequencing datasets used in this study.
(XLSX)

S2 Table. Complete datasets and statistical analyses underlying Fig 2.
(XLSX)

S3 Table. Transcript level breakdown of mean, median, and modal poly(A) tail length values for HSV-1 mRNAs.
(XLSX)

S4 Table. Transcript level breakdown of mean, median, and modal poly(A) tail length values for HCMV RNAs.
(XLSX)
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S5 Table. Statistical analysis of non-A incorporation rates for HCMV and human RNAs.
(XLSX)

S6 Table. Complete statistical analysis underlying S4 Fig.
(XLSX)

S1 File. Extended description of statistical analyses used in this study.
(PDF)

S2 File. Raw Images.
(PDF)

Acknowledgments

EL, PC, and CJ were supported by the Hannover Biomedical Research School (HBRS) and the Center for Infection
Biology (ZIB). We thank Theo M. Bestebroer (Erasmus Medical Center) for providing MPXV strain NLO01-2022. The
iISLK.219 cells were kindly provided by Eleonora Naimo and Thomas F. Schulz (Hannover Medical School). The authors
acknowledge the support of the Hannover Medical School MHH-HPC in completing this work.

Author contributions
Conceptualization: Erik Fuhrmann, Hannah M. Burgess, Daniel P. Depledge.
Formal analysis: Erik Fuhrmann, Sae Toda, Jonas Leins.

Funding acquisition: Abel Viejo-Borbolla, Rob E. White, Angus C. Wilson, Hannah M. Burgess, Daniel P. Depledge.
Investigation: Pierina Cetraro, Vedang Deshpande, Jasmine Rowell, Edward A. Chapman, Carina Jacobsen, Kai A.
Kropp, Mart M. Lamers, Elene Loliashvili, Mostefa Saleban, Ruth Verstraten, Carolin Vogt, Wiyada Wongwiwat.

Methodology: Erik Fuhrmann, Sae Toda, Jonas Leins, Hannah M Burgess, Daniel P. Depledge.

Project administration: Hannah M. Burgess, Daniel P. Depledge.

Supervision: Werner J. D. Ouwendijk, Abel Viejo-Borbolla, Rob E. White, Angus C. Wilson, Hannah M. Burgess, Daniel
P. Depledge.

Validation: Erik Fuhrmann, Sae Toda, Jonas Leins.

Visualization: Erik Fuhrmann, Sae Toda, Jonas Leins, Hannah M. Burgess, Daniel P. Depledge.

Writing — original draft: Hannah M. Burgess, Daniel P. Depledge.

Writing — review & editing: Erik Fuhrmann, Sae Toda, Jonas Leins, Werner J. D. Ouwendijk, Abel Viejo-Borbolla, Rob E.
White, Angus C. Wilson, Hannah M. Burgess, Daniel P. Depledge.

References

1. Passmore LA, Coller J. Roles of mRNA poly(A) tails in regulation of eukaryotic gene expression. Nat Rev Mol Cell Biol. 2022;23(2):93-106. https://
doi.org/10.1038/s41580-021-00417-y PMID: 34594027

2. Gershon PD, Ahn BY, Garfield M, Moss B. Poly(A) polymerase and a dissociable polyadenylation stimulatory factor encoded by vaccinia virus. Cell.
1991;66(6):1269—78. https://doi.org/10.1016/0092-8674(91)90048-4 PMID: 1670500

3. Lai MM, Stohiman SA. Comparative analysis of RNA genomes of mouse hepatitis viruses. J Virol. 1981;38(2):661-70. https://doi.org/10.1128/
JV1.38.2.661-670.1981 PMID: 6165837

4. Yogo Y, Hirano N, Hino S, Shibuta H, Matumoto M. Polyadenylate in the virion RNA of mouse hepatitis virus. J Biochem. 1977;82(4):1103-8. https://
doi.org/10.1093/oxfordjournals.jochem.a131782 PMID: 200604

5. Steil BP, Kempf BJ, Barton DJ. Poly(A) at the 3’ end of positive-strand RNA and VPg-linked poly(U) at the 5" end of negative-strand RNA are recipro-
cal templates during replication of poliovirus RNA. J Virol. 2010;84:2843-58. https://doi.org/10.1128/JV1.02620-08 PMID: 20071574

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1014341 June 16, 2026 20/23



http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014341.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014341.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014341.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1014341.s012
https://doi.org/10.1038/s41580-021-00417-y
https://doi.org/10.1038/s41580-021-00417-y
http://www.ncbi.nlm.nih.gov/pubmed/34594027
https://doi.org/10.1016/0092-8674(91)90048-4
http://www.ncbi.nlm.nih.gov/pubmed/1670500
https://doi.org/10.1128/JVI.38.2.661-670.1981
https://doi.org/10.1128/JVI.38.2.661-670.1981
http://www.ncbi.nlm.nih.gov/pubmed/6165837
https://doi.org/10.1093/oxfordjournals.jbchem.a131782
https://doi.org/10.1093/oxfordjournals.jbchem.a131782
http://www.ncbi.nlm.nih.gov/pubmed/200604
https://doi.org/10.1128/JVI.02620-08

PLO%- Pathogens

6. Roerink F, Hashimoto M, Tohya Y, Mochizuki M. Organization of the canine calicivirus genome from the RNA polymerase gene to the poly(A) tail. J
Gen Virol. 1999;80 (Pt 4):929-35. https://doi.org/10.1099/0022-1317-80-4-929 PMID: 10211962

7. Fuke H, Ohno M. Role of poly (A) tail as an identity element for mRNA nuclear export. Nucleic Acids Res. 2008;36(3):1037—49. https://doi.
org/10.1093/nar/gkm1120 PMID: 18096623

8. Edmonds M, Vaughan MH Jr, Nakazato H. Polyadenylic acid sequences in the heterogeneous nuclear RNA and rapidly-labeled polyribosomal
RNA of HelLa cells: possible evidence for a precursor relationship. Proc Natl Acad Sci U S A. 1971;68(6):1336—40. https://doi.org/10.1073/
pnas.68.6.1336 PMID: 5288383

9. Kuhn U, Gundel M, Knoth A, Kerwitz Y, Ridel S, Wahle E. Poly(A) tail length is controlled by the nuclear poly(A)-binding protein regulating the
interaction between poly(A) polymerase and the cleavage and polyadenylation specificity factor. J Biol Chem. 2009;284(34):22803-14. https://doi.
org/10.1074/jbc.M109.018226 PMID: 19509282

10. Chang H, Lim J, Ha M, Kim VN. TAIL-seq: genome-wide determination of poly(A) tail length and 3’ end modifications. Mol Cell. 2014;53(6):1044—
52. https://doi.org/10.1016/j.molcel.2014.02.007 PMID: 24582499

11. Workman RE, Tang AD, Tang PS, Jain M, Tyson JR, Razaghi R, et al. Nanopore native RNA sequencing of a human poly(A) transcriptome. Nat
Methods. 2019;16(12):1297-305. https://doi.org/10.1038/s41592-019-0617-2 PMID: 31740818

12. Mattijssen S, Iben JR, Li T, Coon SL, Maraia RJ. Single molecule poly(A) tail-seq shows LARP4 opposes deadenylation throughout mRNA lifespan
with most impact on short tails. Elife. 2020;9:e59186. https://doi.org/10.7554/eLife.59186 PMID: 32744499

13. Melo EO, Dhalia R, Martins de Sa C, Standart N, de Melo Neto OP. Identification of a C-terminal poly(A)-binding protein (PABP)-PABP interaction
domain: role in cooperative binding to poly (A) and efficient cap distal translational repression. J Biol Chem. 2003;278(47):46357—68. https://doi.
org/10.1074/jbc.M307624200 PMID: 12952955

14. Baer BW, Kornberg RD. The protein responsible for the repeating structure of cytoplasmic poly(A)-ribonucleoprotein. J Cell Biol. 1983;96(3):717—
21. https://doi.org/10.1083/jcb.96.3.717 PMID: 6833379

15. Imataka H, Gradi A, Sonenberg N. A newly identified N-terminal amino acid sequence of human elF4G binds poly(A)-binding protein and functions
in poly(A)-dependent translation. EMBO J. 1998;17(24):7480-9. https://doi.org/10.1093/emboj/17.24.7480 PMID: 9857202

16. Fernandez M, Mendez R. Cytoplasmic regulation of the poly(A) tail length as a potential therapeutic target. RNA. 2025;31(3):402-15. https://doi.
org/10.1261/rna.080333.124 PMID: 39805658

17. Xiang K, Bartel DP. The molecular basis of coupling between poly(A)-tail length and translational efficiency. Elife. 2021;10:€66493. https://doi.
org/10.7554/eL ife.66493 PMID: 34213414

18. Sallés FJ, Richards WG, Strickland S. Assaying the polyadenylation state of mMRNAs. Methods. 1999;17(1):38—45. https://doi.org/10.1006/
meth.1998.0705 PMID: 10075881

19. Subtelny AO, Eichhorn SW, Chen GR, Sive H, Bartel DP. Poly(A)-tail profiling reveals an embryonic switch in translational control. Nature.
2014;508(7494):66—71. https://doi.org/10.1038/nature 13007 PMID: 24476825

20. Garalde DR, Snell EA, Jachimowicz D, Sipos B, Lloyd JH, Bruce M, et al. Highly parallel direct RNA sequencing on an array of nanopores. Nat
Methods. 2018;15(3):201-6. https://doi.org/10.1038/nmeth.4577 PMID: 29334379

21. Loman NJ, Quick J, Simpson JT. A complete bacterial genome assembled de novo using only nanopore sequencing data. Nat Methods.
2015;12(8):733-5. https://doi.org/10.1038/nmeth.3444 PMID: 26076426

22. Krause M, Niazi AM, Labun K, Torres Cleuren YN, Miller FS, Valen E. tailfindr: alignment-free poly(A) length measurement for Oxford Nanopore
RNA and DNA sequencing. RNA. 2019;25(10):1229-41. https://doi.org/10.1261/rna.071332.119 PMID: 31266821

23. Chang JJ-Y, Yang X, Teng H, Zhang J, Reames B, Zhang S, et al. Using synthetic RNA to benchmark poly(A) length inference from direct RNA
sequencing. Gigascience. 2025;14:giaf098. https://doi.org/10.1093/gigascience/giaf098 PMID: 40899916

24. Guminska N, Matylla-Kulinska K, Krawczyk PS, Maj M, Orzet W, Mackiewicz Z, et al. Direct profiling of non-adenosines in poly(A) tails of endoge-
nous and therapeutic mMRNAs with Ninetails. Nat Commun. 2025;16(1):2664. https://doi.org/10.1038/s41467-025-57787-6 PMID: 40102414

25. Burgess HM, Grande R, Riccio S, Dinesh |, Winkler GS, Depledge DP, et al. CCR4-NOT differentially controls host versus virus poly(a)-tail length
and regulates HCMV infection. EMBO Rep. 2023;24(12):e56327. https://doi.org/10.15252/embr.202256327 PMID: 37846490

26. Kim D, Lee Y-S, Jung S-J, Yeo J, Seo JJ, Lee Y-Y, et al. Viral hijacking of the TENT4-ZCCHC14 complex protects viral RNAs via mixed tailing. Nat
Struct Mol Biol. 2020;27(6):581-8. https://doi.org/10.1038/s41594-020-0427-3 PMID: 32451488

27. Lee Y-S, Levdansky Y, Jung Y, Kim VN, Valkov E. Deadenylation kinetics of mixed poly(A) tails at single-nucleotide resolution. Nat Struct Mol Biol.
2024;31(5):826—-34. https://doi.org/10.1038/s41594-023-01187-1 PMID: 38374449

28. Srinivas KP, Depledge DP, Abebe JS, Rice SA, Mohr I, Wilson AC. Widespread remodeling of the m6A RNA-modification landscape by a viral
regulator of RNA processing and export. Proc Natl Acad Sci U S A. 2021;118(30):e2104805118. https://doi.org/10.1073/pnas.2104805118 PMID:
34282019

29. Abebe JS, Alwie Y, Fuhrmann E, Leins J, Mai J, Verstraten R, et al. Nanopore guided annotation of transcriptome architectures. mSystems.
2024;9(7):e0050524. https://doi.org/10.1128/msystems.00505-24 PMID: 38953320

30. Burgess HM, Depledge DP, Thompson L, Srinivas KP, Grande RC, Vink El, et al. Targeting the m6A RNA modification pathway blocks SARS-
CoV-2 and HCoV-OC43 replication. Genes Dev. 2021;35(13-14):1005-19. https://doi.org/10.1101/gad.348320.121 PMID: 34168039

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014341 June 16, 2026 211723



https://doi.org/10.1099/0022-1317-80-4-929
http://www.ncbi.nlm.nih.gov/pubmed/10211962
https://doi.org/10.1093/nar/gkm1120
https://doi.org/10.1093/nar/gkm1120
http://www.ncbi.nlm.nih.gov/pubmed/18096623
https://doi.org/10.1073/pnas.68.6.1336
https://doi.org/10.1073/pnas.68.6.1336
http://www.ncbi.nlm.nih.gov/pubmed/5288383
https://doi.org/10.1074/jbc.M109.018226
https://doi.org/10.1074/jbc.M109.018226
http://www.ncbi.nlm.nih.gov/pubmed/19509282
https://doi.org/10.1016/j.molcel.2014.02.007
http://www.ncbi.nlm.nih.gov/pubmed/24582499
https://doi.org/10.1038/s41592-019-0617-2
http://www.ncbi.nlm.nih.gov/pubmed/31740818
https://doi.org/10.7554/eLife.59186
http://www.ncbi.nlm.nih.gov/pubmed/32744499
https://doi.org/10.1074/jbc.M307624200
https://doi.org/10.1074/jbc.M307624200
http://www.ncbi.nlm.nih.gov/pubmed/12952955
https://doi.org/10.1083/jcb.96.3.717
http://www.ncbi.nlm.nih.gov/pubmed/6833379
https://doi.org/10.1093/emboj/17.24.7480
http://www.ncbi.nlm.nih.gov/pubmed/9857202
https://doi.org/10.1261/rna.080333.124
https://doi.org/10.1261/rna.080333.124
http://www.ncbi.nlm.nih.gov/pubmed/39805658
https://doi.org/10.7554/eLife.66493
https://doi.org/10.7554/eLife.66493
http://www.ncbi.nlm.nih.gov/pubmed/34213414
https://doi.org/10.1006/meth.1998.0705
https://doi.org/10.1006/meth.1998.0705
http://www.ncbi.nlm.nih.gov/pubmed/10075881
https://doi.org/10.1038/nature13007
http://www.ncbi.nlm.nih.gov/pubmed/24476825
https://doi.org/10.1038/nmeth.4577
http://www.ncbi.nlm.nih.gov/pubmed/29334379
https://doi.org/10.1038/nmeth.3444
http://www.ncbi.nlm.nih.gov/pubmed/26076426
https://doi.org/10.1261/rna.071332.119
http://www.ncbi.nlm.nih.gov/pubmed/31266821
https://doi.org/10.1093/gigascience/giaf098
http://www.ncbi.nlm.nih.gov/pubmed/40899916
https://doi.org/10.1038/s41467-025-57787-6
http://www.ncbi.nlm.nih.gov/pubmed/40102414
https://doi.org/10.15252/embr.202256327
http://www.ncbi.nlm.nih.gov/pubmed/37846490
https://doi.org/10.1038/s41594-020-0427-3
http://www.ncbi.nlm.nih.gov/pubmed/32451488
https://doi.org/10.1038/s41594-023-01187-1
http://www.ncbi.nlm.nih.gov/pubmed/38374449
https://doi.org/10.1073/pnas.2104805118
http://www.ncbi.nlm.nih.gov/pubmed/34282019
https://doi.org/10.1128/msystems.00505-24
http://www.ncbi.nlm.nih.gov/pubmed/38953320
https://doi.org/10.1101/gad.348320.121
http://www.ncbi.nlm.nih.gov/pubmed/34168039

PLO%- Pathogens

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.
44.

45.

46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

Leinonen R, Akhtar R, Birney E, Bonfield J, Bower L, Corbett M, et al. Improvements to services at the European Nucleotide Archive. Nucleic Acids
Res. 2010;38(Database issue):D39—-45. https://doi.org/10.1093/nar/gkp998 PMID: 19906712

Zaeck LM, Lamers MM, Verstrepen BE, Bestebroer TM, van Royen ME, Gétz H, et al. Low levels of monkeypox virus-neutralizing antibodies after
MVA-BN vaccination in healthy individuals. Nat Med. 2023;29(1):270-8. https://doi.org/10.1038/s41591-022-02090-w PMID: 36257333

Kropp KA, Lopez-Mufioz AD, Ritter B, Martin R, Rastrojo A, Srivaratharajan S, et al. Herpes Simplex Virus 2 Counteracts Neurite Outgrowth Repul-
sion during Infection in a Nerve Growth Factor-Dependent Manner. J Virol. 2020;94(20):e01370-20. https://doi.org/10.1128/JV1.01370-20 PMID:
32669337

Myoung J, Ganem D. Generation of a doxycycline-inducible KSHV producer cell line of endothelial origin: maintenance of tight latency with efficient
reactivation upon induction. J Virol Methods. 2011;174(1-2):12—21. https://doi.org/10.1016/j.jviromet.2011.03.012 PMID: 21419799

Szymula A, Palermo RD, Bayoumy A, Groves |J, Ba Abdullah M, Holder B, et al. Epstein-Barr virus nuclear antigen EBNA-LP is essential for
transforming naive B cells, and facilitates recruitment of transcription factors to the viral genome. PLoS Pathog. 2018;14(2):e1006890. https://doi.
org/10.1371/journal.ppat.1006890 PMID: 29462212

Wongwiwat W, Fournier B, Bassano |, Bayoumy A, Elgueta Karstegl C, Styles C, et al. Epstein-Barr Virus Genome Deletions in Epstein-Barr
Virus-Positive T/NK Cell Lymphoproliferative Diseases. J Virol. 2022;96(12):e0039422. https://doi.org/10.1128/jvi.00394-22 PMID: 35612313

White RE, Calderwood MA, Whitehouse A. Generation and precise modification of a herpesvirus saimiri bacterial artificial chromosome demon-
strates that the terminal repeats are required for both virus production and episomal persistence. J Gen Virol. 2003;84(Pt 12):3393—403. https://doi.
org/10.1099/vir.0.19387-0 PMID: 14645920

Cable JM, Wongwiwat W, Grabowski JC, White RE, Luftig MA. Sp140L functions as a herpesvirus restriction factor suppressing viral transcription
and activating interferon-stimulated genes. Proc Natl Acad Sci U S A. 2025;122(25):€2426339122. https://doi.org/10.1073/pnas.2426339122 PMID:
40526717

Smith MA, Ersavas T, Ferguson JM, Liu H, Lucas MC, Begik O, et al. Molecular barcoding of native RNAs using nanopore sequencing and deep
learning. Genome Res. 2020;30(9):1345-53. https://doi.org/10.1101/gr.260836.120 PMID: 32907883

Mamane-Logsdon A, Zane |, Chong JS, Chou OHI, Huang J, Rawal M, et al. A direct RNA-seg-based EBV latency transcriptome offers insights
into the biogenesis of EBV gene products. J Gen Virol. 2025;106(8):002134. https://doi.org/10.1099/jgv.0.002134 PMID: 40857085

Li H. Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics. 2018;34(18):3094—100. https://doi.org/10.1093/bioinformatics/bty191
PMID: 29750242

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics.
2009;25:2078-9.

Wickham H. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York. 2016.

Wickham H, Averick M, Bryan J, Chang W, McGowan L, Francgois R, et al. Welcome to the Tidyverse. JOSS. 2019;4(43):1686. https://doi.
org/10.21105/joss.01686

Durinck S, Moreau Y, Kasprzyk A, Davis S, De Moor B, Brazma A, et al. BioMart and Bioconductor: a powerful link between biological databases
and microarray data analysis. Bioinformatics. 2005;21(16):3439—40. https://doi.org/10.1093/bioinformatics/bti525 PMID: 16082012

Bates D, Machler M, Bolker B, Walker S. Fitting linear mixed-effects models using Ime4. J Stat Soft. 2015;67:1—48.
Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear Mixed Effects Models. J Stat Soft. 2017;82:1-26.

Legnini |, Alles J, Karaiskos N, Ayoub S, Rajewsky N. FLAM-seq: full-length mMRNA sequencing reveals principles of poly(A) tail length control. Nat
Methods. 2019;16(9):879-86. https://doi.org/10.1038/s41592-019-0503-y PMID: 31384046

Yi H, Park J, Ha M, Lim J, Chang H, Kim VN. PABP cooperates with the CCR4-NOT complex to promote mRNA deadenylation and block preco-
cious decay. Molecular Cell. 2018;70:1081-8. https://doi.org/10.1016/j.molcel.2018.04.018

van der Toorn W, Bohn P, Liu-Wei W, Olguin-Nava M, Gribling-Burrer A-S, Smyth RP, et al. Demultiplexing and barcode-specific adaptive sampling
for nanopore direct RNA sequencing. Nat Commun. 2025;16(1):3742. https://doi.org/10.1038/s41467-025-59102-9 PMID: 40258808

Donovan-Banfield |, Turnell AS, Hiscox JA, Leppard KN, Matthews DA. Deep splicing plasticity of the human adenovirus type 5 transcriptome
drives virus evolution. Commun Biol. 2020;3(1):124. https://doi.org/10.1038/s42003-020-0849-9 PMID: 32170151

Katsafanas GC, Moss B. Colocalization of transcription and translation within cytoplasmic poxvirus factories coordinates viral expression and sub-
jugates host functions. Cell Host Microbe. 2007;2(4):221-8. https://doi.org/10.1016/j.chom.2007.08.005 PMID: 18005740

Walsh D, Arias C, Perez C, Halladin D, Escandon M, Ueda T, et al. Eukaryotic translation initiation factor 4F architectural alterations accompany
translation initiation factor redistribution in poxvirus-infected cells. Mol Cell Biol. 2008;28(8):2648-58. https://doi.org/10.1128/MCB.01631-07 PMID:
18250159

Lee S, Kim H, Hong A, Song J, Lee S, Kim M, et al. Functional and molecular dissection of HCMV long non-coding RNAs. Sci Rep.
2022;12(1):19303. https://doi.org/10.1038/s41598-022-23317-3 PMID: 36369338

Tai-Schmiedel J, Karniely S, Lau B, Ezra A, Eliyahu E, Nachshon A, et al. Human cytomegalovirus long noncoding RNA4.9 regulates viral DNA
replication. PLoS Pathog. 2020;16(4):e1008390. https://doi.org/10.1371/journal.ppat.1008390 PMID: 32294138

Mitton-Fry RM, DeGregorio SJ, Wang J, Steitz TA, Steitz JA. Poly(A) tail recognition by a viral RNA element through assembly of a triple helix.
Science. 2010;330(6008):1244—7. https://doi.org/10.1126/science.1195858 PMID: 21109672

PLOS Pathogens | https://doi.org/10.1371/journal.ppat. 1014341  June 16, 2026 22123



https://doi.org/10.1093/nar/gkp998
http://www.ncbi.nlm.nih.gov/pubmed/19906712
https://doi.org/10.1038/s41591-022-02090-w
http://www.ncbi.nlm.nih.gov/pubmed/36257333
https://doi.org/10.1128/JVI.01370-20
http://www.ncbi.nlm.nih.gov/pubmed/32669337
https://doi.org/10.1016/j.jviromet.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21419799
https://doi.org/10.1371/journal.ppat.1006890
https://doi.org/10.1371/journal.ppat.1006890
http://www.ncbi.nlm.nih.gov/pubmed/29462212
https://doi.org/10.1128/jvi.00394-22
http://www.ncbi.nlm.nih.gov/pubmed/35612313
https://doi.org/10.1099/vir.0.19387-0
https://doi.org/10.1099/vir.0.19387-0
http://www.ncbi.nlm.nih.gov/pubmed/14645920
https://doi.org/10.1073/pnas.2426339122
http://www.ncbi.nlm.nih.gov/pubmed/40526717
https://doi.org/10.1101/gr.260836.120
http://www.ncbi.nlm.nih.gov/pubmed/32907883
https://doi.org/10.1099/jgv.0.002134
http://www.ncbi.nlm.nih.gov/pubmed/40857085
https://doi.org/10.1093/bioinformatics/bty191
http://www.ncbi.nlm.nih.gov/pubmed/29750242
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1093/bioinformatics/bti525
http://www.ncbi.nlm.nih.gov/pubmed/16082012
https://doi.org/10.1038/s41592-019-0503-y
http://www.ncbi.nlm.nih.gov/pubmed/31384046
https://doi.org/10.1016/j.molcel.2018.04.018
https://doi.org/10.1038/s41467-025-59102-9
http://www.ncbi.nlm.nih.gov/pubmed/40258808
https://doi.org/10.1038/s42003-020-0849-9
http://www.ncbi.nlm.nih.gov/pubmed/32170151
https://doi.org/10.1016/j.chom.2007.08.005
http://www.ncbi.nlm.nih.gov/pubmed/18005740
https://doi.org/10.1128/MCB.01631-07
http://www.ncbi.nlm.nih.gov/pubmed/18250159
https://doi.org/10.1038/s41598-022-23317-3
http://www.ncbi.nlm.nih.gov/pubmed/36369338
https://doi.org/10.1371/journal.ppat.1008390
http://www.ncbi.nlm.nih.gov/pubmed/32294138
https://doi.org/10.1126/science.1195858
http://www.ncbi.nlm.nih.gov/pubmed/21109672

PLO%- Pathogens

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

75.

76.

Kleer M, Johnston MJ, Corcoran JA. Nuclear body reorganization by the viral RNA kaposin promotes Kaposi’'s sarcoma-associated herpesvirus
gene expression. bioRxiv. 2024. https://doi.org/10.1101/2024.09.20.614208

Rozman B, Nachshon A, Levi Samia R, Lavi M, Schwartz M, Stern-Ginossar N. Temporal dynamics of HCMV gene expression in lytic and latent
infections. Cell Rep. 2022;39(2):110653. https://doi.org/10.1016/j.celrep.2022.110653 PMID: 35417700

Lim J, Kim D, Lee Y-S, Ha M, Lee M, Yeo J, et al. Mixed tailing by TENT4A and TENT4B shields mRNA from rapid deadenylation. Science.
2018;361(6403):701—4. https://doi.org/10.1126/science.aam5794 PMID: 30026317

Liu'Y, Nie H, Liu H, Lu F. Poly(A) inclusive RNA isoform sequencing (PAlso-seq) reveals wide-spread non-adenosine residues within RNA poly(A)
tails. Nat Commun. 2019;10(1):5292. https://doi.org/10.1038/s41467-019-13228-9 PMID: 31757970

Soto-Machuca AA, Ortiz GE, Carbone-Schellman J, Pastén-Ferrada IA, Retamal-Diaz A, Kalergis AM, Gonzalez PA. 2025. Role of human her-
pesvirus homologs of infected cell protein 27 (ICP27) in the biogenesis, processing, and maturation of mMRNAs. mBio 16:e00291-25. https://doi.
0rg/10.1128/mbio.00291-25 PMID: 40035535

Tirosh O, Cohen Y, Shitrit A, Shani O, Le-Trilling VTK, Trilling M, et al. The Transcription and Translation Landscapes during Human Cytomegalovi-
rus Infection Reveal Novel Host-Pathogen Interactions. PLoS Pathog. 2015;11(11):€1005288. https://doi.org/10.1371/journal.ppat.1005288 PMID:
26599541

Batra R, Stark TJ, Clark AE, Belzile J-P, Wheeler EC, Yee BA, et al. RNA-binding protein CPEB1 remodels host and viral RNA landscapes. Nat
Struct Mol Biol. 2016;23(12):1101-10. https://doi.org/10.1038/nsmb.3310 PMID: 27775709

Davis ZH, Verschueren E, Jang GM, Kleffman K, Johnson JR, Park J, et al. Global mapping of herpesvirus-host protein complexes reveals a tran-
scription strategy for late genes. Mol Cell. 2015;57(2):349—60. https://doi.org/10.1016/j.molcel.2014.11.026 PMID: 25544563

Yiu SPT, Zerbe C, Vanderwall D, Huttlin EL, Weekes MP, Gewurz BE. An Epstein-Barr virus protein interaction map reveals NLRP3 inflammasome
evasion via MAVS UFMylation. Mol Cell. 2023;83(13):2367-2386.e15. https://doi.org/10.1016/j.molcel.2023.05.018 PMID: 37311461

Gopal S, Perez E Jr, Xia AY, Knowlton JJ, Cerqueira F, Dermody TS, et al. Murine cytomegalovirus M72 promotes acute virus replication in vivo
and is a substrate of the TRIC/CCT complex. Virology. 2018;522:92—105. https://doi.org/10.1016/j.virol.2018.07.008 PMID: 30029015

Nobre LV, Nightingale K, Ravenhill BJ, Antrobus R, Soday L, Nichols J, et al. Human cytomegalovirus interactome analysis identifies degradation
hubs, domain associations and viral protein functions. Elife. 2019;8:49894. https://doi.org/10.7554/eLife.49894 PMID: 31873071

Yang E, van Nimwegen E, Zavolan M, Rajewsky N, Schroeder M, Magnasco M, et al. Decay rates of human mRNAs: correlation with functional
characteristics and sequence attributes. Genome Res. 2003;13(8):1863—72. https://doi.org/10.1101/gr.1272403 PMID: 12902380

Seo JJ, Jung S-J, Yang J, Choi D-E, Kim VN. Functional viromic screens uncover regulatory RNA elements. Cell. 2023;186(15):3291-3306.e21.
https://doi.org/10.1016/j.cell.2023.06.007 PMID: 37413987

Dickmander RJ, Lenarcic EM, Sears JD, Hale AE, Moorman NJ. RNA-targeted proteomics identifies YBX1 as critical for efficient HCMV mRNA
translation. Proc Natl Acad Sci U S A. 2025;122(10):e2421155122. https://doi.org/10.1073/pnas.2421155122 PMID: 40035757

Pheasant K, Moller-Levet CS, Jones J, Depledge D, Breuer J, Elliott G. Nuclear-cytoplasmic compartmentalization of the herpes simplex virus 1
infected cell transcriptome is co-ordinated by the viral endoribonuclease vhs and cofactors to facilitate the translation of late proteins. PLoS Pathog.
2018;14(11):e1007331. https://doi.org/10.1371/journal.ppat. 1007331 PMID: 30475899

Sachs AB, Davis RW, Kornberg RD. A single domain of yeast poly(A)-binding protein is necessary and sufficient for RNA binding and cell viability.
Mol Cell Biol. 1987;7(9):3268-76. https://doi.org/10.1128/mcb.7.9.3268-3276.1987 PMID: 3313012

Greenaway PJ, Wilkinson GW. Nucleotide sequence of the most abundantly transcribed early gene of human cytomegalovirus strain AD169. Virus
Res. 1987;7(1):17-31. https://doi.org/10.1016/0168-1702(87)90055-4 PMID: 2436392

Lau B, Kerr K, Camiolo S, Nightingale K, Gu Q, Antrobus R, et al. Human Cytomegalovirus RNA2.7 Is Required for Upregulating Multiple Cellular
Genes To Promote Cell Motility and Viral Spread Late in Lytic Infection. J Virol. 2021;95(20):e0069821. https://doi.org/10.1128/JVI.00698-21 PMID:
34346763

Fisher T, Mizrahi O, Tai-Schmiedel J, Nachshon A, Schwartz M, Patrick M, et al. A cytomegalovirus-encoded IncRNA blocks cell-cycle progression.
Mol Cell. 2026;86(7):1247—-1259.€8. https://doi.org/10.1016/j.molcel.2026.02.025 PMID: 41881021

Latifkar A, Levdansky Y, Balabaki A, Nyeo SS, Valkov E, Bartel DP. mRNA poly(A)-tail length is a battleground for coronavirus—host competition.
bioRxiv. 2025. https://doi.org/10.1101/2025.10.09.680815

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1014341 June 16, 2026 23/23



https://doi.org/10.1101/2024.09.20.614208
https://doi.org/10.1016/j.celrep.2022.110653
http://www.ncbi.nlm.nih.gov/pubmed/35417700
https://doi.org/10.1126/science.aam5794
http://www.ncbi.nlm.nih.gov/pubmed/30026317
https://doi.org/10.1038/s41467-019-13228-9
http://www.ncbi.nlm.nih.gov/pubmed/31757970
https://doi.org/10.1128/mbio.00291-25
https://doi.org/10.1128/mbio.00291-25
https://doi.org/10.1371/journal.ppat.1005288
http://www.ncbi.nlm.nih.gov/pubmed/26599541
https://doi.org/10.1038/nsmb.3310
http://www.ncbi.nlm.nih.gov/pubmed/27775709
https://doi.org/10.1016/j.molcel.2014.11.026
http://www.ncbi.nlm.nih.gov/pubmed/25544563
https://doi.org/10.1016/j.molcel.2023.05.018
http://www.ncbi.nlm.nih.gov/pubmed/37311461
https://doi.org/10.1016/j.virol.2018.07.008
http://www.ncbi.nlm.nih.gov/pubmed/30029015
https://doi.org/10.7554/eLife.49894
http://www.ncbi.nlm.nih.gov/pubmed/31873071
https://doi.org/10.1101/gr.1272403
http://www.ncbi.nlm.nih.gov/pubmed/12902380
https://doi.org/10.1016/j.cell.2023.06.007
http://www.ncbi.nlm.nih.gov/pubmed/37413987
https://doi.org/10.1073/pnas.2421155122
http://www.ncbi.nlm.nih.gov/pubmed/40035757
https://doi.org/10.1371/journal.ppat.1007331
http://www.ncbi.nlm.nih.gov/pubmed/30475899
https://doi.org/10.1128/mcb.7.9.3268-3276.1987
http://www.ncbi.nlm.nih.gov/pubmed/3313012
https://doi.org/10.1016/0168-1702(87)90055-4
http://www.ncbi.nlm.nih.gov/pubmed/2436392
https://doi.org/10.1128/JVI.00698-21
http://www.ncbi.nlm.nih.gov/pubmed/34346763
https://doi.org/10.1016/j.molcel.2026.02.025
http://www.ncbi.nlm.nih.gov/pubmed/41881021
https://doi.org/10.1101/2025.10.09.680815

	Extended poly(A) tails are a shared feature of herpesvirus mRNAs
	Introduction
	Methods
	Reanalysis of publicly available datasets
	Monkeypox virus infections
	Varicella Zoster Virus infections
	Herpes Simplex Virus Type 2 infections
	Kaposi#39;s sarcoma-associated herpesvirus reactivation
	Epstein–Barr virus reactivation
	Herpesvirus Saimiri (HVS) infection
	Culturing and RNA isolation from human cell lines
	Immunoblotting
	Direct RNA Sequencing
	Reference genomes and transcriptomes
	Data parsing, alignment, and estimation of poly(A) tail lengths
	Non-adenosine nucleotide detection in poly(A) tails using ninetails
	Statistics
	Generation of R plots & R packages used

	Results
	Extended poly(A) tails are a shared feature of herpesvirus mRNAs
	Elongated poly(A) tails do not represent a uniform feature of viral infection
	Long poly(A) tails also occur on herpesviral noncoding RNAs
	HSV-1 and HCMV encoded RNAs display differential tail length patterns during infection
	Increased rates of mixed tailing during herpesvirus infections does not explain longer tails on viral mRNAs
	Mixed tailing on individual viral and host transcripts

	Discussion
	Supporting information
	References


