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Abstract

We have used high-throughput small RNA sequencing to characterize viral small RNA
expression in purified tonsillar B and T lymphocytes isolated from patients tested positive
for Epstein-Barr virus (EBV) or human adenovirus (HAdV) infections, respectively. In the
small set of patients analyzed, the expression profile of EBV and HAdV miRNAs could not
distinguish between patients diagnosed with tonsillar hypertrophy or chronic/recurrent ton-
sillitis. The EBV miR-BART expression profile among the patients diagnosed with tonsillar
diseases resembles most closely the pattern seen in EBV+ tumors (Latency II/I). The miR-
BARTSs that appear to be absent in normal EBV infected cells are essentially all detectable
in the diseased tonsillar B lymphocytes. In the EBV+ B cells we detected 44 EBV miR-
BARTSs derived from the proposed BART precursor hairpins whereof five are not annotated
in miRBase v21. One previously undetected miRNA, BART16b-5p, originates from the
miR-BART16 precursor hairpin as an alternative 5" miR-BART 16 located precisely
upstream of the annotated miR-BART16-5p. Further, our analysis revealed an extensive
sequence variation among the EBV miRNAs with isomiRs having a constant 5" end but
alternative 3" ends. A range of small RNAs was also detected from the terminal stem of the
EBER RNAs and the 3" part of v-snoRNA1. During a lytic HAdV infection in established cell
lines the terminal stem of the viral non-coding VA RNAs are processed to highly abundant
viral miRNAs (mivaRNAs). In contrast, mivaRNA expression in HAdV positive tonsillar T
lymphocytes was very low. The small RNA profile further showed that the 5 mivaRNA
from VA RNAI and the 3" mivaRNA from VA RNAII were as predicted, whereas the 3”
mivaRNA from VA RNAI showed an aberrant processing upstream of the expected Dicer
cleavage site.
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Introduction

MicroRNAs (miRNAs) are a large family of ~22-nucleotide (nt) noncoding RNAs expressed
in multicellular eukaryotes and also encoded by some viruses [1]. Cellular miRNAs are impor-
tant components of gene regulatory networks, acting as regulators of diverse cellular processes
such as the innate and adaptive immune response, cell differentiation, metabolism, apoptosis,
cell proliferation, cancer and maintenance of homeostasis during stress. In humans, more than
2500 mature miRNA species have so far been reported [2].

In the canonical miRNA biogenesis pathway, the miRNA genes are transcribed by RNA
polymerase II into a long primary miRNA transcript that is processed by the nuclear Drosha/
DGCRS microprocessor complex, generating a 60-90 nt precursor miRNA (pre-miRNA) hair-
pin. After being exported to the cytoplasm the pre-miRNA is further processed by the endonu-
clease Dicer to yield a ~22-nt double-stranded miRNA composed of so-called 5p and 3p
strands. One strand of the mature miRNA duplex (the guide strand) is loaded onto one of four
Argonaute proteins (Ago) forming the so-called RNA-induced silencing complex (RISC) [3].
Through base pairing, the guide strand directs the RISC complex to the target mRNAs for sub-
sequent post-transcriptional gene silencing [1].

A number of DNA viruses encode their own miRNAs [4]. However, relatively little is
known about the function(s) of these viral miRNAs [5]. Like host miRNAs, individual viral
miRNAs have numerous potential targets, but only a fraction of these targets has been ascribed
a meaningful biological function. Biogenesis of the viral miRNAs is mediated by cellular fac-
tors, and so far no evidence of viral proteins regulating/modulating the viral miRNA process-
ing has been described [5].

Most reported viral miRNAs are encoded by the herpesvirus family, in which more than
200 unique mature miRNAs have been characterized [4]. Available data suggest that some of
these viral miRNAs serve an important function in the establishment and/or maintenance of
long-term latent infections [5, 6].

Epstein-Barr virus (EBV) is a gamma herpesvirus, which infects most individuals in child-
hood or early adulthood. A childhood infection is usually mild, but if the primary infection
occurs during adolescence or later, EBV can cause infectious mononucleosis. After the pri-
mary infection, EBV establishes a life-long latent infection, mainly in memory B-cells [7].
Reactivation is usually asymptomatic, but in the absence of competent immune surveillance, B
cell malignancies like Hodgkin’s and Burkitt’s lymphoma as well as some solid types of cancer
may develop (reviewed in ref. [8]). Latently EBV infected cells circulate to different organs and
their presence in the palatine tonsils serve as the source for efficient dissemination of reacti-
vated virus through saliva [9, 10]. In the palatine tonsils, EBV is capable of infecting mainly
naive B lymphocytes and lymphoepithelial cells, but also T lymphocytes [11-13].

EBV encodes 44 characterized mature miRNAs originating from the BHRF1 gene and two
clusters within the BART gene (Fig 1), which are differentially expressed during the lytic and
latent EBV infection [14-16]. The BHFR1-derived miRNAs are highly expressed in proliferat-
ing lymphoblastoid cell lines (Latency IIT), where also a limited number of miR-BARTS are
expressed [15, 17]. In EBV+ tumor cells, in contrast, BHFR1 miRNA expression is drastically
reduced and essentially all the miR-BART' are expressed [15].

The more than 70 human adenovirus (HAdV) types that have been characterized so far are
grouped into seven distinct species [18, 19]. As a common human pathogen HAdV is respon-
sible for a variety of clinical diseases such as respiratory tract infections, gastroenteritis and
epidemic keratoconjunctivitis [20-23]. HAdVs cause both short-term lytic infections, particu-
larly in epithelial cells, and long-term persistent/latent infections in lymphoid cells. HAdV
infection of palatine tonsils and adenoids often results in tonsillar hypertrophy or chronic/
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Fig 1. A schematic overview of the genomic location of EBV miRNAs. The BHRF1 and BART miRNA clusters as well as the EBER
and v-snoRNAT1 transcription units are depicted at their approximate genomic location (white boxes). Black horizontal arrows indicate the
relative position of some EBV genes.

https://doi.org/10.1371/journal.pone.0177275.9001

recurrent tonsillitis [24-28]. Virus typing experiments have demonstrated that the large
majority of patients with tonsillar diseases exhibit HAdV-5 in the T lymphocyte fraction sug-
gesting that tonsillar T lymphocytes might serve as the reservoir for a persistent/latent form of
HAAJV infection [25, 29].

Both EBV and HAdVs encode for abundant noncoding short RNAs. The EBV genome
encodes the EBER RNAs (EBER1 and EBER2) (reviewed in ref. [30]). Similarly, HAdV
encodes two virus-associated RNA (VA RNAI and VA RNAII) (reviewed in ref. [31]). The
EBER and VA RNAs are short (160-170 nucleotides) highly structured RNAs, which are tran-
scribed by RNA polymerase III. The EBERs and VA RNAs exhibit strikingly similar stem-loop
secondary structures [32] and have been ascribed multiple functions [31, 33]. Among these,
the EBERs have been shown to bind and inhibit activation of the interferon-inducible double-
stranded RNA-dependent protein kinase (PKR) [34, 35], leading to resistance to apoptosis
[36-38]. Further, the EBER RNAs have been implicated in modulating host cell gene expres-
sion to promote cell proliferation and maintain latency [39]. Thus, EBER RNAs appear to
serve complex functions both during a lytic and a latent infection. VA RNAI serves one well-
characterized function during a lytic HAdV infection. Notably, it binds PKR and blocks its
activation, thereby maintaining the translational capacity of the infected cell (reviewed in ref.
[31]). Several studies have shown that the terminal stem of the VA RNAs is processed by Dicer
into small viral miRNAs (so-called mivaRNAs) that are incorporated onto active Ago2-con-
taining RISC complexes [40-43]. However, the physiologically relevance of the mivaRNAs for
a lytic HAdV-5 infection is not clear [44]. Similarly, the EBERSs are processed into small RNAs,
although in a Dicer independent manner [45].

One EBV-encoded small nucleolar RNA (v-snoRNA1) has also been detected in EBV-
infected cell lines. V-snoRNA1 is 65 nt in length and mapped around 100 bp downstream of
the miR-BART?2 gene (Fig 1). V-snoRNA1 adopts a secondary structure that resembles pre-
miRNA and can be processed into small RNAs by the Dicer enzyme [46, 47].

The aim of this study was to establish the EBV and HAdV small RNA expression profiles in
tonsillar B and T lymphocytes. Most of the current knowledge regarding the virus-encoded
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miRNAs comes from cell culture experiments performed with laboratory virus isolates infect-
ing established cell lines. Such experiments suffer from lack of formal proof in the natural host.
In the current project we have used high-throughput small RNA sequencing to characterize
EBV and HAdV small RNA expression in B and T lymphocytes recovered after tonsillecto-
mies. In patient tonsillar lymphocytes carrying EBV or HAdV, we detected both previously
characterized EBV and HAdV miRNAs, as well as new uncharacterized EBV miRNAs. The
expression profile of the EBV miRNAs in the patient samples was reminiscent of that observed
in EBV+ tumor cells with a Latency II/I program. Collectively, the data from this study pro-
vides a better insight into the nature of the “true” EBV and HAdV viral small noncoding RNA
world.

Materials and methods
Ethics statement

The study protocol was approved by the Uppsala Ethical Review Board (Dnr. 2013/387/2).
Prior to participation in the study, the written informed consent was obtained from the
patients or their guardians.

Clinical specimens

Left and right palatine tonsils were obtained from patients, diagnosed with symptomatic ton-
sillar hypertrophy or chronic/recurrent tonsillitis and subjected to routine tonsillectomy or
tonsillotomy at Uppsala University Hospital, Sweden. The cohort consisted of 55 patients (age
1 to 58) with tonsillar hypertrophy and 56 patients (age 2 to 42) with chronic/recurrent tonsil-
litis and was previously characterized with respect to HAdV serotype and EBV and HAdV
genome content in the purified tonsillar B or T lymphocyte fractions [25, 48]. In the present
study we assessed the expression profile of small RNAs in the samples showing the highest
EBV (9 samples from 9 patients) and HAdV (11 samples from 11 patients) DNA copy number
(Table 1).

RNA extraction

Total RNA was extracted using the Trizol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. The quality of the RNA samples was assessed using an Agilent
2100 Bioanalyzer.

Small RNA sequencing

RNA samples were treated with tobacco acid pyrophosphatase (TAP enzyme, Epicentre, Wis-
consin, USA) to generate 5'-monophosphorylated RNAs. The small RNA libraries were pre-
pared using the Truseq small RNA library preparation kit following the manufacturer’s
instructions (Illumina, San Diego, CA). The resulting cDNAs were size selected (17-40 nt) by
polyacrylamide gel electrophoresis (6% Novex Tris-Borate-EDTA gel; Invitrogen). RNA
sequencing (50-bp single reads) was performed on the Illumina HiSeq2000 platform by the
Centre for Genomic Regulation, Barcelona, Spain (www.crg.eu).

Bioinformatic analysis of small RNA reads

The adaptor sequences were first trimmed from the RNA sequence data. Reads longer than 17
nt in length were mapped to the corresponding EBV (AJ507799.2) or HAAV (HAdV-2:
NC_001405.1, HAdV-3: NC_011203.1 and HAdV-5: AC_000008.1) reference sequences.
Sequencing reads were also mapped to the human reference genome (GRCh38.p5). Mapping
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Table 1. Tonsillar samples used in this study. Right or left tonsils (R or L) were used to purify B or T lymphocytes (B or T).

Sample Viral DNA copy number/10° cells Diagnosis Sex/Age Virus species
4LT 1.5x 103 Tonsillar hypertrophy m/3 HAdV-5
94LT 3.6x10° Tonsillar hypertrophy m/3 HAdV-5
oLT 1.2 x 10 Tonsillar hypertrophy fl4 HAdV-3
24T 2.1x10° Tonsillar hypertrophy m/3 HAdV-3
79RT 7 x 107 Tonsillar hypertrophy iz HAdV-3
26RT 2.3x10* Tonsillar hypertrophy m/2 HAdV-2

105LT 1.1x10° Tonsillar hypertrophy m/4 HAdV-2
13RT 1.8x10° Chronic tonsillitis f12 HAdV-5
66LT 1.9x 103 Chronic tonsillitis /29 HAdV-5
81RT 3.2x 102 Chronic tonsillitis /16 HAdV-5
98LT 6x10% Chronic tonsillitis m/30 HAdV-5
3RB 1.5x10* Tonsillar hypertrophy f/4 EBV
26RB Tonsillar hypertrophy m/2 EBV
31RB 1.9x10* Tonsillar hypertrophy m/22 EBV
32RB 2.6x10° Tonsillar hypertrophy m/16 EBV
47RB 3.8x10° Tonsillar hypertrophy /31 EBV
84LB 1.6x10° Tonsillar hypertrophy m/8 EBV
89RB 1.8x10° Tonsillar hypertrophy m/6 EBV
107RB 2.5x10° Chronic tonsillitis f/21 EBV
81LB 1.6x10° Chronic tonsillitis m/16 EBV

https://doi.org/10.1371/journal.pone.0177275.t001

to the reference human or viral genomes was performed using bowtie aligner [49] with no mis-
match allowed (EBV) or two mismatches allowed (HAdV). The mapping results were visual-
ized using Integrative Genomics Viewer (IGV) [50]. Classification of mapped reads based on
the annotation was done using FeatureCounts [51].

Results
Distribution of small RNAs in tonsillar lymphocytes

In a recent report we characterized the prevalence of EBV and HAdV infections in tonsillar B
and T lymphocytes isolated from patients diagnosed with tonsillar diseases [25]. Since miR-
NAs have been implicated in a variety of diseases, we decided to define the viral small RNA
profiles in the tonsillar B and T lymphocytes from the patients positive for EBV (EBV+) or
HAdV (HAdV+) infections using high-throughput small RNA sequencing. Sequencing reads
(~25-50 million per sample) were processed and mapped concurrently to the human and
EBV/HAAV genomes. The basic characteristics of the tonsil samples used in this study are
summarized in Table 1.

Importantly, the distribution of small RNA reads between different classes of genes in the
EBV+ B cell (S1A Fig) and HAdV+ T cell samples (S1B Fig) were similar. For example, 13 to
22% of the reads from EBV+ B cell samples and 17 to 31% of the reads from HAdV+ T cell
samples were mapped to cellular miRNA sequences annotated in the miRBase v21 database.
To determine if a specific miRNA pattern could be used to distinguish the cell type (B lympho-
cytes versus T lymphocytes) or diagnosis (tonsillar hypertrophy versus chronic/recurrent ton-
sillitis), we normalized the cellular miRNA data using the TMM (trimmed mean of M values)
method [52] and then analyzed the normalized values using the PCA (principle component
analysis) method [53] (S2 Fig). The PCA plot confirmed that tonsillar B and T lymphocytes
express discrete miRNA profiles. Three out of the four HAdV+ chronic/recurrent tonsillitis T
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lymphocyte samples and six out of the seven HAdV+ tonsillar hypertrophy T lymphocyte sam-
ples were grouped into the same subcluster. However, this method did not discriminate
between the EBV+ tonsillar hypertrophy and chronic/recurrent tonsillitis B lymphocyte sam-
ples (S2 Fig).

Expression profile of EBV-encoded miRNAs

To profile the expression levels of EBV small RNAs in the purified B lymphocytes, the sequenc-
ing reads were aligned to the viral genome. The mapping results were visualized in graphs
showing the genomic location of the BHRF1 and BART cluster 1 and 2 (Fig 2A) and the
EBER, BART?2 and v-snoRNA1 small RNAs (Fig 2B). Approximately 0.14% of the non-
human-mapped reads were aligned to the EBV pre-miRNA sequences present in the miRBase
v21.

EBV expresses 44 annotated mature miRNAs (miRBase v21) all derived from the 25 pro-
posed precursor hairpins located in the BHRF1 and BART clusters. In the tonsillar B cell sam-
ples, we detected 36 of the annotated EBV miRNAs and some previously uncharacterized EBV
miRNAs (see below). Interestingly, only two (26RB, 31RB) out of nine samples expressed a
miRNA from the Latency III specific BHRF1 cluster (miR-BHRF1-1, Fig 2A and S1 Table)
[54].

The expression profile of BART cluster 1 and cluster 2 miRNAs in the tonsillar B lympho-
cytes was very similar between the different patients samples (Fig 2A and Table 2), although
the expression level of individual miRNAs differed between patient samples (Fig 2A, see
below). Strikingly, miR-BART6-3p and miR-BART17-5p were the most abundant viral miR-
NAs in all samples, except patient 84LB, where they together accounted for 30% to more than
40% of the total EBV miRNA pool (Fig 3 and S1 Table).

Unusual mature EBV BART miRNAs in tonsillar B lymphocytes

Six of the mature EBV miRNAs detected in the tonsillar B lymphocytes have not been anno-
tated in the miRBase v21 database. Five of them appear to be derived from proposed precursor
hairpins where only one mature miRNA strand has been annotated in miRBase v21 (BHRF1-
1, BART15, BART16, BART22, BART12, Fig 4). Although not reported in the miRBase v21,
four of the miRNAs (miR-BART15-5p, miR-BART22-5p and miR-BART12-5p and miR-
BART16-3p) have been previously detected in EBV+ cells [55, 56]. The miR-BHRF1-1 miR-
NAs accumulated at very low levels and the novel miR-BHRF1-1-3p was only detected as one
read in one of the patient samples (31RB). The new EBV miRNA (named by us as miR-
BART16b-5p) originates from the miR-BART16 precursor hairpin as an alternative 5
BART16 miRNA, which is juxtaposed precisely upstream of the mature annotated miR-
BART16-5p sequence (Fig 4 and S3 Fig). Essentially all identified EBV miRNAs accumulate as
high or low abundant isoforms (so called isomiRs [57]) containing alternative 3" ends and in
some cases novel 5" ends compared to the miRBase v21 annotated sequences. Seventeen of the
detected miRNAs displayed a low abundance of 5 heterogeneous variants, while essentially all
of the miRNAs showed a large proportion of 3" heterogeneous miRNAs (Fig 4).

Accumulation of EBER- and v-snoRNA1-derived small RNAs in tonsillar
B lymphocytes
In addition to the BHRF1 and BART clusters encoded miRNAs, the EBERs and v-snoRNA1

produced small RNAs in the tonsillar B lymphocytes, respectively accounting for approxi-
mately 5% and 2% of the total EBV-derived small RNA pool (S2 Table).
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Fig 2. Genomic view of the sequencing reads mapped to the EBV genome. The alignment data are visualized in Integrative
Genomics Viewer (IGV). The coverage track shows the position of the EBV BHRF-1-1 and BART miRNAs (A) and EBER1,
EBER2 or v-snoRNA1 derived small RNA reads (B). The range of the number of sequencing reads is shown for each patient
sample. The abbreviation of patient samples was as follow: first patient number (Table 1) followed by right (R) or left (L) tonsil
followed by origin of tonsillar cells (B or T cells).

https://doi.org/10.1371/journal.pone.0177275.9002

The majority of the EBER-derived small RNA reads mapped to the 5" end of both EBER1
and EBER2 (Fig 5 and S4 Fig). In agreement with the differential EBER1 and EBER2 expres-
sion [30], most of the EBER-derived small RNAs originated from EBER1. As shown in Fig 5A,
a heterogeneous range of small RNAs originating from the EBER1 5" terminus were detected.
Further, the coverage of the EBER1 5" terminus was dominated by small RNA reads with a
length of 23-27 nucleotides. The EBER1 3" terminus generated much less small RNAs exhibit-
ing heterogeneity at both the 5" and 3" ends (less than five total reads each and therefore not
displayed in Fig 5A). In some individual patient samples, like 3RB and 31RB and to lesser
extent 47RB, reads were also detected from the EBER1 apical stem (54 Fig).

Although detected at a substantially lower abundance compared to the EBER1 small RNAs,
a similar trend was seen in the case of the EBER2-derived small RNAs (Fig 5B). The 5" small
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Table 2. The number and percentage of the EBV miRNAs corresponding to the miRNA genomic regions are shown in individual samples.

GenomicRegion

BHRF1

BART
Cluster1

BART
Cluster2

Total

Number and percentage of the EBV miRNAs
3RB 26RB 31RB 32RB 47RB 84LB 89RB 107RB 81LB

Total miRNAs present in the

region
5 0(0%) 1(20%) 2(40%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%)
17 14 13 15 11 10 8 (47%) 10 10 8 (47%)
(82%) (76%) (88%) (65%) (59%) (59%) (59%)
28 24 23 26 22 21 17 19 22 17
(86%) (82%) (93%) (79%) (75%) (61%) (68%) (79%) (61%)
50 38 37 43 33 31 25 29 32 25

(76%) | (74%) | (86%) | (66%) | (62%) | (50%) | (58%) | (64%) | (50%)

https://doi.org/10.1371/journal.pone.0177275.t1002

RNAs varied between 27-29 nucleotides in length, with scattered reads from the central region
and sequences near the 3 "terminus of EBER2.

It has been proposed that v-snoRNA1 might serve as a miRNA-like precursor, which is pro-
cessed by Dicer into small RNA species of different sizes [46, 47]. Indeed, our small RNA
sequencing data demonstrated that a large collection of small RNA reads originating from the
v-snoRNA1 5" and 3" termini were detected in tonsillar B lymphocytes (Fig 6). The large
majority of these reads mapped to the 3" terminus of the v-snoRNA1 gene with varied length
between 26-47 nucleotides (Fig 6).

HAdV mivaRNA expression in tonsillar T lymphocytes

Several studies have utilized high throughput sequencing to characterize viral small RNAs that
are produced during HAdV-5 lytic [42, 43, 58, 59] and persistent infections [60]. Collectively,
these studies have suggested that the VA RNA genes are the major source for small RNA pro-
duction during HAdV infections in established cell lines.

Here we investigated the small RNAs accumulating in HAdV+ tonsillar T lymphocytes in
patients tested positive for HAdV-2, HAdV-3 and HAdV-5 DNA (Table 1). In comparison to
the EBV samples the number of HAdV specific small RNA reads were miniscule

30
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O
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g p
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Fig 3. The relative expression of the six most abundant EBV miRNAs in B lymphocytes from individual patients. The
relative expression of these miRNAs is shown as percentage of total EBV miRNA reads in the individual patients.

https://doi.org/10.1371/journal.pone.0177275.9003
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Cluster 1

EBV miR- 5p Reads 3p Reads EBV miR- 5p Reads 3 Reads
BHRFL-1 TAACCTGATCAGCCCCGGAGTT T CCCCGGGCCTGAAGAGGTTGAC T
TAACCTGATCAGCCCCGGAGT 2 BARTS TACGGTTTCCTAGATTGTACAG 901 GTCACAATCTATGGGGTCGTAGA 517
TAACCTGATCAGCCCCGGAG 1 TACGGTTTCCTAGATTGTACA 69 GTCACAATCTATGGGGTCGTA 18
TACGGTTTCCTAGATTGTA a4 GTCACAATCTATGGGGTCGTAG 26
BART3 Aiig‘;gz‘;:az‘;zgi; ;D ggg:gg:g:gé:gg:gg;? " TACGGTTTCCTAGATTGTACAGA 2 TCACAATCTATGGGGTCGTAGA 12
CocACCACTAGTCACCAGCT 7 ACGGTTTCCTAGATTGTACAG 3 TCACAATCTATGGGGTCGTAGAA 3
CGGTTTCCTAGATTGTACAG 2
BART4 GACCTGATGCTGCTGGTGTGCT 58 CACATCACGTAGGCACCAGGTGT [ CGGTTTCCTAGATTGTACAGATGAA 2
GACCTGATGCTGCTGGTGTGC 21 CACATCACGTAGGCACCAGGTGTC 1
CACCTRATACTACTCRTATE % CACATCACCTAGGCACCAGRT i BART9 TACTGGACCCTGAATTGGAAAC 33 TAACACTTCATGGGTCCCGTAGT 103
TACTGGACCCTGAATTGGAAA 37 TAACACTTCATGGGTCCCGTAG a4
BART1 TCTTAGTGGAAGTGACGTGCTGTG 137 TAGCACCGCTATCCACTATGTC a3 TACTGGACCCTGAATTGGAA 46 TAACACTTCATGGGTCCCGTA 15
TCTTAGTGGAAGTGACGTGCTGTGA 39 TAGCACCGCTATCCACTATGTCT 60 TACTGGACCCTGAATTGGAAACA 50 GTAACACTTCATGGGTCCCGTAG 1
TCTTAGTGGAAGTGACGTGCTGT 68
TCTTAGTGGAAGTGACGTGCTG 2 BART22 TGCTAGACCCTGGAGTTGAACC 26 TTACAAAGTCATGGTCTAGTAGT 516
TGCTAGACCCTGGAGTTGAAC 8 TTACAAAGTCATGGTCTAGTA 38
BART1S AGGGAAACATGACCACCTGAAGTCT 13 GTCAGTGGTTTTGTTTCCTTGA 2 TTACAAAGTCATGRTCTAGT pos
AGGGAAACATGACCACCTGAAGTC 6 GTCAGTGGTTTTGTTTCCTTG 7 TACAAAGTCATGGTCTAGTAGT pos
BARTS CAAGGTGAATATAGCTGCCCATCG 26 GTGGGCCGCTGTTCACCT 0
CAAGGTGAATATAGCTGCCCATCGA 8 TGGGCCGCTGTTCACCTARAG 1 BART10 GCCACCTCTTTGGTTCTGTACA 1 TACATAACCATGGAGTTGGCTGT 171
CAAGGTGAATATAGCTGCCCATC 33 ~ GCCACCTCTTTGGTTCTGTA 4 TACATAACCATGGAGTTGGCTG 63
AAGGTGAATATAGCTGCCCATCG 8 — (ACATAACCATEGAGTIGECT 36
o ACATAACCATGGAGTTGGCTGT 98
BART16b-5p  CAGGCTTTCAGGTGTGGAAT 6 -
|7} BART11 TCAGACAGTTTGGTGCGCTAGTTG 47 ACGCACACCAGGCTGACTGCC 0
BART16-5p  TTAGATAGAGTGGGTGTGTGCTCT 46 AGATCACCACCCTCTATCCAT 2 =) TCAGACAGTTTGGTGCGCTAGTT 110 ACGCACACCAGGCTGACTGC 1236
TTAGATAGAGTGGGTGTGTGCT 310 AGATCACCACCCTCTATCCATA 1 (&) TCAGACAGTTTGGTGCGCTAGT 138 ACGCACACCAGGCTGACTG 556
TTAGATAGAGTGGGTGTGTGCTC 34 ACGCACACCAGGCTGACTGCCT 46
AACGCACACCAGGCTGACTG 1
BART17 TAAGAGGACGCAGGCATACAAG 3348 TGTATGCCTGGTGTCCCCTTAGT 156
TAAGAGGACGCAGGCATACA 30 TGTATGCCTGGTETCOCCTTAG 29 BART12 ACCCGCCCATCACCACCGGAC 39 TCCTGTGGTGTTTGGTGTGGTT 51
TAAGAGGACGCAGGCATACAA 234 ACCCGCCCATCACCACCGGACA 33 TCCTGTGGTGTTTGGTGTGGTTT 7
CACCCGCCCATCACCACCGGAC 23 TCCTGTGGTGTTTGGTGTGGTTTT 20
TCCTGTGGTGTTTGGTGTGGT 16
BART6 TAAGGTTGGTCCAATCCATAGG 2 CGGGGATCGGACTAGCCTTAGA 4040
TAAGGTTGGTCCAATCCATAGGC 34 CGGGGATCGGACTAGCCTTAG 2517 BART19 ACATTCCCCGCAAACATGACATG 2672 TTTTGTTTGCTTGGGAATGCT 75
TAAGGTTGGTCCAATCCATAGGCT 30 CGGGGATCGGACTAGCCTTA 111 ATTCCCCGCAAACATGACATG 31 TITTGTTTGCTTGGGAATGCTC 2
CCGGGGATCGGACTAGCCTTA 7 TITTGTTTGCTTGGGAATGC 10
CCGGGGATCGGACTAGCCTTAG 18 TGTTTTGTITGCTTGGGAATGET 1
CCGGGGATCGGACTAGCCTTAGA 7
CCCGGGGATCGGACTAGCCTTA 4 BART20 TAGCAGGCATGTCTTCATTCC 0 CATGAAGGCACAGCCTGTTACC 0
TAGCAGGCATGTCTTCATT 3
BART21 TCACTAGTGAAGGCAACTAAC 1 CTAGTTGTGCCCACTGGTGTTT 4
TCACTAGTGAAGGCAACTAA 1 BART13 AACCGGCTCGTGGCTCGTACAG a9 TGTAACTTGCCAGGGACGGCTGA 6
BART18 TCAAGTTCGCACTTCCTATACA 16 TATCGGAAGTTTGGGCTTCGTC 21 AACCGGCTCGTGGCTCGTACAGA 2002 TGTAACTTGCCAGGGACGGCT 4
TCAAGTTCGCACTTCCTATAC 3 TATCGGAAGTTTGGGCITCGT 9 AACCGGCTCGTGGCTCGTACA 68 TGTAACTTGCCAGGGACGGCTG 5
TATCGGAAGTTTGGGCTTCG 13
TATCORAAGTITGRGCTTC 2 BART14 TACCCTACGCTGCCGATTTACA 40 TAAATGCTGCAGTAGTAGGGAT 481
TACCCTACGCTGCCGATTTAC 7 TAAATGCTGCAGTAGTAGGGATC 117
BART7 CCTGGACCTTGACTATGAAACA 206 CATCATAGTCCAGTGTCCAGGG 72 TACCCTACGCTGCCGATTTA 3 TAANTGCTGCAGTAGTAGGGATCT us
CCTGGACCTTGACTATGAAAC 303 CATCATAGTCCAGTGTCCAGGGA 60 :igg:igggiig:ﬂ:? i TAAATGCTGCAGTAGTAGGGA 3
CCTGGACCTTGACTATGAAA 277 CATCATAGTCCAGTGTCCAGG 119 L
CCTGGACCTTGACTATGAA 93 CATCATAGTCCAGTGTCCAG 62
TCCTGGACCTTGACTATGAAA 2 BART2 TATTTTCTGCATTCGCCCTTGC 129 AAGGAGCGATTTGGAGAAAATAAA 3
TATTTTCTGCATTCGCCCTTG 462 AAGGAGCGATTTGGAGAAAATAA 8
CTATTTTCTGCATTCGCCCTTG 2 AAGGAGCGATTTGGAGAAAATA 7
AAGGAGCGATTTGGAGAAAAT 10
AAGGAGCGATTTGGAGAAAA 6

Fig 4. Small RNA expression profile of EBV miRNAs and isomiRs in patient B lymphocytes. The miRBase v21 reference
sequence for each miRNA is shown in red and isomiRs of these miRNAs in black. Sequences not annotated in mirBase v21 are shown in
blue. The data is shown as the collective number of reads from all nine EBV positive patient samples (Table 1) subjected to small RNA

sequencing. The novel BART16b-5p miRNA originates from a position upstream of the characterized miR-BART16-5p (S3 Fig).

https://doi.org/10.1371/journal.pone.0177275.9004

(approximately 0.002% of non-human-mapped reads). We therefore allowed for two mis-
matches during the mapping against the HAdV reference genomes. In patient samples diag-
nosed with a HAdV-3 infection the virus-specific small RNA accumulation was at a
background level with a single read corresponding to the apical stem of the VA RNAI gene. In
the HAdV-2 and HAdV-5 positive patient samples the general trend was that the majority of
viral RNA reads mapped to the VA RNA region (Fig 7). Further, in the T lymphocytes tested
positive for HAdV-2 infection, the number of VA RNA-derived reads was much higher com-
pared to the HAdV-5 containing samples.

Alignment of the HAdV small RNA reads to the respective HAdV genomes showed that
between 12 and 99% of the viral small RNA reads in individual patient samples mapped to the
VA RNA genes. For both VA RNATI and VA RNAII the large majority of reads mapped to the
terminal stem region (Fig 8), a result compatible with the previous conclusion that the mivaR-
NAs are Dicer cleavage products [43]. For both VA RNAI and VA RNAII the 3" mivaRNA
showed a much higher coverage than the 5" mivaRNA. In fact, no reads corresponding to the
5" mivaRNAII could be detected in any of the patient samples (Fig 8). In contrast, the 3" strand
of VA RNAII (3" mivaRNAII-138) was, by far, the most abundant small RNA detected. This is
identical to the major 3" mivaRNAII species also detected in previous cell culture experiments
[42, 43, 58, 59]. In contrast, the 3" mivaRNAI, which is the most abundant mivaRNA
expressed in a lytic infection [43], showed heterogeneous 5" ends primarily located 10 nucleo-
tides upstream of the characterized Dicer cleavage site at nucleotide 138. In the HAdV-2

PLOS ONE | https://doi.org/10.1371/journal.pone.0177275 May 25,2017

9/21


https://doi.org/10.1371/journal.pone.0177275.g004
https://doi.org/10.1371/journal.pone.0177275

o ®
@ : PLOS | ONE EBV and adenovirus miRNAs in human tonsils

A EBER1
TCAGGACCTACGCTGCCCTAGAGGTTTTGCTAGGGAGGAGACGTGTGTGGCTGTAGCCACCCGTCCCGGGTACAAGTCCCGGGTGGTGAGGACGGTGTCTGTGGTTGTCTTCCCAGACTCTGCTTTCTGCCGTCTTCGGTCAAGTACCAGCTGGTGGTCCGCATGTTTTGAT — Reads
QL0 NeTa Yl cla fcTe'ae YT YT o O 9
L CAGGACCTACECTECCCTAGAGGTTTT .. .. . ... .t oe cet it et ot tei ot et et et cai s ee eee et ee eee et eet et et et e e e e et e et e e e oot e e e e e e 5
. AGGACCTACGCTGCCCTAGAGGTTTTGCTAGGGAGGAGACGTGTGTG . ... .. .. .. .\ wuues ce oee e oe oee ot oee ee e ee ee e cee e e e e e 5
. AGGACCTACGCTGCCCTAGAGGTTTTGCTAGGGAGGAGACGTGTG ... ... . . .. vt weeee ce oet oe ee oet ot oot e et ee e ee e et e e e e 13
. AGGACCTACGCTGCCCTAGAGETTTTGCTAGGGAGGAGACGT . . .. ..« ' e et et s oe et ee ee et ee eee et ee e e e e e e e e e 7
. AGGACCTACGCTGCCCTAGAGETTTTGCTAGGGAGGAGA .. . .. .. .. vt e e e e eias oe eet et ot eet et et e ee et e e e e e 12
. AGGACCTACGCTGCCCTAGAGGTTTTGCTAGGGAGGAG . .. .+ w. vev e et et tiees ee eeeee ee et ae el 9
 AGGACCTACGCTGCCCTAGAGGTTTTGETAGGGAGGA - ...+t oo o eet ot ee et oe teett e tit e e et e it et et e ot et et et e et e et oottt oot ettt e e es ee et e et e e et e e el 8
- AGGACCTACGCTGCCCTAGAGETTTTGCTAGGGAGE . .+« oo ot eevt ce ettt et ceee e e e e e e e e e e 6
.. AGGACCTACGCTGCCCTAGAGGTTTTGCTAGGGA . .. .. ... .. ... 9
. AGGACCTACGCTGCCCTAGAGGTTTTGCT . . ... .o v e . 9
.. AGGACCTACGCTGCCCTAGAGGTTTTGC .. . ... . .. .. ... .. 13
.. AGGACCTACGCTGCCCTAGAGGTTTTG . .. . ... . oo o e .. 440
.. AGGACCTACGCTGCCCTAGAGGTTTT ... .. . ... v oe oo e e e 445
.. AGGACCTACGCTGCCCTAGAGGTTT ... v v v ee e et e et e e 47
.. AGGACCTACGCTGCCCTAGAGGTT ... o v vt v vt e e ce e e e e 12
.. AGGACCTACGCTGCCCTAGAGGT . .. . 59
B N7 Y e Xl LTl 7.Yc7.YcTc PP Y 8
JYcTc7. o Yelclo el /Y7 S P 13

. CCCGGGTGGTGAGGACGGTGTCTGT . .. . 5
\.........GTCTTCGGTCAAGTACCAGCTGGTGGTCCGCATGTT ... 37

B  EBER2
AGGACAGCCGTTGCCCTAGTGGTTTCGGACACACCGCCAACGCTCAGTGCGGTGCTACCGACCCGAGGTCAAGTCCCGGGGGAGGAGAAGAGAGGCTTCCCGCCTAGAGCATTTGCAAGTCAGGATTCTCTAATCCCTCTGGGAGAAGGGTATTCGGCTTGTCCGCTATTTTT
T Ye e Xl [Tl ate YT YcTcy T 5
AGGACAGCCGTTGCCCTAGTEGTTTCG .. .. .. .. ooe ot ceit e et e e e e eee e e e 4
AGGACAGCCGTTGCCCTAGTEETTTCGGA . .. .o eoe we te s et ees ee e e e e e i e e 4

ieii . . AGTGCGGTGCTACCGACCCGAGGTC . . . e e eee et e e e 3
. ........ AGGTCAAGTCCCGGGGGAG . . .... .. ... 2
©.........TGCAAGTCAGGATTCTCTAATCCCTCTGGGAGAAGGGTA 2

Fig 5. Coverage of small RNA reads originating from EBER RNA1 (A) and EBER RNA2 (B). The top line in both panels shows
the full-length sequence of the respective EBER RNA. The nucleotide sequence and read count for each small RNA is indicated.
The most highly expressed small RNA fraction is shown boxed in both panels. Only sequences with a read count > 5 (EBER1)

or > 2 (EBER2) are displayed.

https://doi.org/10.1371/journal.pone.0177275.9005

samples the mivaRNAI-138 read was by far the most abundant 3" mivaRNAI (Fig 8), suggest-
ing a potential difference in processing of HAdV-2 and HAdV-5 VA RNAT in tonsillar T lym-
phocytes. The VA RNAI gene has two transcriptional start sites, which produce a major
transcript (75%, VA RNAI(G)) and a 3 nucleotide longer minor transcript (25%, VA RNAI
(A)) [61, 62]. Interestingly, in the majority of patient samples the VA RNAI 5" end coincided
with the minor VA RNAI(A) transcriptional start site (Fig 8).

Discussion

Here we report the expression profiles of EBV- and HAdV-encoded small RNAs in Band T
lymphocytes purified from the patient palatine tonsils.

We detected 36 of the 44 previously miRBase v21 annotated mature miRNAs located in the
EBV BHRF and BART clusters (Fig 4). We also detected four BART (miR-BART15-5p, miR-
BART16-3p, miR-BART22-5p, miR-BART12-5p) and one BHRF miRNA (miR-BHRF1-1-3p)
not annotated in miRBase v21, but derived from the proposed precursor hairpins where only
one mature miRNA strand has previously been annotated (Fig 4). In line with our data, a
recent study has shown that miR-BART15-5p, miR-BART16-3p, miR-BART22-5p and miR-
BART12-5p are detectable at very low quantities in EBV+ cancer cell lines [56]. However,
since only miR-BART16-3p showed miRNA-like activity in reporter assays, the functional role
of these new small RNAs remains to be solved. In addition, the novel miR-BART16b-5p
miRNA appears to be processed from the miR-BART16 hairpin (S3 Fig) and positioned imme-
diately upstream of the miRBase annotated miR-BART-16-5p. Hypothetically, the cleavage
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Sequence v-snoRNA1 Reads

TCCCGATGATGATGACAACCGCGGCTGTCTGAAGCGGCTGACGAAATCGGTTGAGATTCTGATGA

TCCCGATGATGATGACAACCGCGGCTGTCTGAA . . .. e e et e ee e e e e 27
TCCCGATGATGATGACAACCGCGGCTGTCTGAAG . ...\ ceet vee e e e e e e i 17
. CCCGATGATGATGACAACCGCGGCTGTCTGAA . . ...\ oot oo e e e e e 25
. CCCGATGATGATGACAACCGCGGCTGTCTGAAA . ... s e e e e e e e 8
... ...ACCGCGGCTGTCTGAAGCGGCTGACGAAATCGGTTGAGATTCTGATG . 47
.. ......GCGGCTGTCTGAAGCGGCTGACGAAATCGGTTGAGATTCTGATG . 10
.. ......GCTGTCTGAAGCGGCTGACGAAATCGGTTGAGATTCTGATG . 27
. .......CTGTCTGAAGCGGCTGACGAAATCGGTTGAGATTCTGATG . 6
.. .....TGTCTGAAGCGGCTGACGAAATCGGTTGAGATTCTGATG . 5
. ......GTCTGAAGCGGCTGACGAAATCGGTTGAGATTCTGATG . 5
.~ .. ....AGCGGCTGACGAAATCGGTTGAGATTCTGATG . 38
... .....GCGGCTGACGAAATCGGTTGAGATTCTGAT .. 5
\.......GCGGCTGACGAAATCGGTTGAGATTCTGATG . 33
. ......CGGCTGACGAAATCGGTTGAGATTCTGATG . 66
... .. .GCTGACGAAATCGGTTGAGATTCTGATG . 5
... .....TGACGAAATCGGTTGAGATTCTGATG . 7
ACGAAATCGGTTGAGATTCTGATG v-snoRNA1**®

Fig 6. Coverage of small RNA reads originating from v-snoRNA1. The top line depicts the sequence of
full-length v-snoRNA1. The data is shown as the collective number of reads from all nine EBV positive patient
samples (Table 1) subjected to small RNA sequencing. The sequence of the previously characterized v-
snoRNA124PP [46] is shown in bold at the bottom.

https://doi.org/10.1371/journal.pone.0177275.9006

event generating the 5” end of miR-BART16-5p also generates the 3" end of miR-BART16b-
5p.

A 5" and 3" miRNA heterogeneity has previously been reported in several studies [55-57,
63-66]. We also observe a high degree of heterogeneity, particularly at the 3" end of the EBV
isomiRs (Fig 4). Many of these variants might result from nibbling of nucleotides from the
mature EBV miRNAs in cells. However, it appears less likely that the isomiRs are caused by
RNA degradation during sample preparation since spike in RNA experiments suggests that
shortening of RNAs preferentially occurs at the 5 end of the small RNA [67]. Since we also
detect a small number of reads with longer 5" or 3" tails it appears likely that we are detecting
non-canonical Dicer processing products [68]. In four cases (miR-BART4-3p, miR-BART5-
3p, miR-BART11-3p and miR-BART20-5p), we did not detect the annotated BART miRNA,
but instead isomiRs of these annotated EBV miRNA. If we also count these isomiRs as miR-
NAs the total number of EBV BART miRNAs detected is raised from 35 to a total of 39 EBV
BART miRNAs. It should be noted that in all cases, except one, where we detect an isomiR
instead of the annotated mature miRNA, the read count is extremely low (miR-BART4-3p,
miR-BARTS5-3p and miR-BART20-5p; Fig 4). The exception is the isomiR forms of miR-
BART11-3p, which was the fifth most abundant EBV miRNA in our read count (Fig 4).
Although the potential target mRNAs will change for isomiRs with alternative 5 ends we
note, with the possible exception of miR-BART3-5p (Fig 4), that all isomiRs with alternative 5’
ends have minute read counts compared to the corresponding mature miRNA.

Asymptomatic reactivation of EBV from a latent into a lytic infection is believed to occur
regularly, the predominant state is the latency phase 0 or I. Since miR-BHRF1-1 overexpres-
sion can potentiate induction of an EBV lytic infection [69], the observation that we did not
detect BHRF1 miRNA expression in 7 out of 9 patient (Fig 2A) is consistent with the
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Fig 7. Distribution of small RNAs reads from the HAdV genome in patient tonsillar ymphocytes. A
schematic drawing showing the position of HAdV transcription units is shown at the top. Reads derived from the
rightwards-transcribed strand is shown with black boxes and reads derived from the leftward-transcribed strand is
shown as grey boxes. The number of reads is shown on the y-axis. The abbreviation of patient samples was as
follow: first patient number (Table 1) followed by right (R) or left (L) tonsil followed by the origin of tonsillar cells (T or
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B lymphocytes). In the patient samples diagnosed with a HAdV-3 infection the virus-specific small RNA
accumulation was at a background level (data not shown).

https://doi.org/10.1371/journal.pone.0177275.9007

suggestion that most patients harbor a latent EBV infection with undetectable reactivation of a
Iytic phase. This is further supported by the very low accumulation of miR-BHFR1-1 and its
isomiRs in the two patients samples (26RB and 31RB). Also, a single read of the miR-BHRF1-1
variant (miR-BHFR1-1-3p) that we detect in patient sample 31RB is novel and has not previ-
ously been described (Fig 4). The expression profile of cluster 1 and 2 miR-BARTS in the ton-
sillar B lymphocytes was similar between different patients samples (Fig 2A and S1 Table) and
most of the annotated miR-BART's were detected in all patients. In fact, 8 to 15 out of the 17
miR-BART cluster 1, and 17 to 26 out of the 28 miR-BART cluster 2 miRNAs were observed
in the individual patient samples. Furthermore, our profiling reveals that miR-BART6-3p and
miR-BART17-5p were the first and second most abundant EBV miRNAs in the patient
derived tonsillar B cell population (Fig 3).

Interestingly, the miR-BART expression profile we detect in tonsillar B lymphocytes is remi-
niscent of the pattern observed in various EBV+ tumor cell lines derived from nasopharyngeal
cancer, gastric carcinoma and Hodgkin 's disease (all Latency II) or Burkit’s lymphoma (Latency
I) patients [15]. The EBV miRNA expression profile has also been characterized in normal
infected cells, like tonsillar germinal center B cells (GCB, Latency II) and memory B cells
(MemB, Latency 1/0) [15]. In these cells BHFR1-derived miRNAs and a large fraction of the
cluster 1 and cluster 2 BART miRNA were absent. Strikingly, in EBV+ tumor cells BHFR1
miRNA expression was drastically reduced and essentially all cluster 1 and 2 BART miRNAs
were expressed. Based on our profiling experiments, at least four EBV miRNAs (miR-BART7-
5p, miR-BART10-3p, miR-BART13-5p, miR-BART14-5p), which were absent in the GCB and
MemB cells, were detected in patient-derived tonsillar B cells. Since these EBV miRNAs also are
expressed in the aforementioned EBV+ tumor cells [15], it is possible that their expression in
our patient derived tonsillar B lymphocytes correlates with a specific pathogenic EBV infection
state, such as a Latency II/I program. Interestingly, miR-BART11-3p was not detected in GCB
or MemB cells but was highly expressed in EBV+ tumor cells [15]. In our study we did not detect
a single read corresponding to the canonical miR-BART11-3p. Instead we detected high num-
bers of miR-BART11-3p isomiRs with one or two nucleotides missing at their 3 “end (Fig 4).

There is a complex interplay between EBV miRNAs and viral or cellular target transcripts.
The viral targets of some of the EBV miRNAs are easy to determine because they are tran-
scribed as antisense sequences to the viral genes [6, 70-72]. The exact function of the majority
of viral miRNAs has yet to be fully understood, although most of the known miR-BART targets
are involved in extending infected cell viability, enhancing proliferation during latency estab-
lishment or evasion of the host immune response [5, 6].

Since all the samples in the current study exhibit the same set of highly abundant EBV miR-
NAs, we assume that these miRNAs play a crucial role in EBV pathogenesis possibly by con-
tributing to the establishment and/or maintenance of long-term latent infections or malignant
cell transformation. For example, the most highly expressed miR-BART6-3p (Fig 3) has been
shown to play an important role in the pathogenesis of Burkitt’s lymphoma by reducing IL-6
receptor and phosphatase and tensin homolog (PTEN) expression. Both proteins control vital
cellular functions such as cell proliferation, apoptosis, and immune surveillance. Impairment
of these key cellular pathways might result in immune evasion and malignant transformation
of the infected cells [73, 74].

Also, BART17-5p, which was the second most highly expressed EBV miRNA in our patient
samples (Fig 3), together with miR-BART1-5p and miR-BART16 inhibits the expression of
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Fig 8. Distribution of small RNA reads from the VA RNAI and VA RNAII genes in patient tonsillar

lymphocytes. The nucleotide position of the VA RNAI and VA RNAIl small RNA 5°ends are shown in the
panels with the number of reads depicted on the y-axis. For a detailed explanation of the nomenclature see
Kamel et al. [43]. In the patient samples diagnosed with a HAdV-3 infection only a single VA RNA derived

small RNA read was detected (not shown).

https://doi.org/10.1371/journal.pone.0177275.9008

PLOS ONE | https://doi.org/10.1371/journal.pone.0177275 May 25,2017

14/21


https://doi.org/10.1371/journal.pone.0177275.g008
https://doi.org/10.1371/journal.pone.0177275

@° PLOS | ONE

EBV and adenovirus miRNAs in human tonsils

LMP1 gene in nasopharyngeal carcinoma cells [71]. A reduced expression of the LMP1 gene is
vital for cell survival [47, 71, 75, 76], since LMP1 overexpression induces NF-kB-dependent
apoptosis [77, 78]. In addition, miR-BART17-5p, together with miR-BART19-3p and miR-
BART?7 down regulates the expression of tumor suppressor gene adenomatous polyposis coli
(APC), which is a well-known Wnt antagonist [79]. Therefore, these miR-BARTS can activate
the Wnt signaling pathway, which in turn induce the proliferation of EBV-infected epithelial
cells [79, 80]. MiR-BART?2 targets the 3" UTR of the viral DNA polymerase gene (BALF5).
Since BALF5 is required for the lytic phase of an EBV infection, miR-BART?2 could control the
latent-lytic switch by limiting BALF5 expression [70]. MICB (major histocompatibility com-
plex class I-related chain B) is another target for miR-BART2. MICB is a stress-induced ligand
for NK cells and CD8+ T cytotoxic cells, so down regulation of this protein results in less cell
dependent cytotoxicity of the EBV-infected cells [81, 82]. Inhibition of apoptosis might be
achieved by EBV miR-BARTS5 targeting the cellular pro-apoptotic PUMA gene [83]. EBV
miR-BHRF1-3 has been shown to reduce CXC-chemokine ligand 11 expression, which might
help an infected cell to hide from T cell recognition [84].

In addition to the conventional miRNAs, EBV encodes the EBER RNAs and v-snoRNA1,
which also produce miRNA-like small RNAs. The EBER-derived small RNAs are heteroge-
neous in size and generally originating from the 5 side of the terminal stem (Fig 5). While
these EBER-derived small RNA fragments have been detected by northern blot and deep
sequencing methods in other studies, no strong experimental evidence supports that they are
bona fide miRNAs [45, 47]. It is possible that they might be unspecific breakdown products of
the highly abundant EBERs [47, 64].

It has been suggested that v-snoRNA1 might act as a miRNA precursor [46] and become
processed by Dicer into miRNA-like molecules [47]. We identified a large number of small
RNA reads, which mapped to the 5" and particularly to the 3” termini of the v-snoRNA1 gene
(Fig 6). Essentially all of the RNA reads have the correct 3" nucleotide position (98%) but differ
by having additional nucleotides at the 5° end of the characterized v-snoRNA1°*PP, The v-
snoRNAL1 gene is transcribed antisense to the 3" UTR of the viral DNA polymerase gene,
BALFS5, and therefore could theoretically play a role in the viral life cycle by down regulating
BALFS5 expression [46]. In contrast to our result, in cultured EBV-infected B lymphocytes,
Hutzinger et al. [46] identified only a single 24 nt small RNA, designated as v-snoRNA1>*PP
from the 3" terminus of v-snoRNA1 which was not detectable in our small RNA sequence data
(Fig 6).

Both sides of the terminal stem of the VA RNAs from all tested HAdV types produce
miRNA-like small RNAs (the mivaRNAs) during virus growth in established cell lines [42, 43,
58, 59]. These mivaRNAs accumulate to large amounts at the late stage of a lytic HAdV-5
infection and constitutes more than 99% of all small RNAs derived from the HAdV-5 genome.
The mivaRNA expression has also been characterized in HAdV-5-infected B and T cell lines
that appear to undergo a persistent infection [60]. Here we will compare the mivaRNA pro-
duction in established cell lines with the patient-derived tonsillar T lymphocytes.

The accumulation of mivaRNAs in the tonsillar T lymphocytes was surprisingly low
(0.002%) compared to the EBV-specific small RNAs in B lymphocytes that accounted for
approximately 0.14% of non-human-mapped reads. This was surprising considering that the
DNA copy number was similar between the HAdV+ and EBV+ patient samples (Table 1). We
do not know whether this low expression profile of mivaRNAs in tonsillar T lymphocytes is
due to experimental artifacts or reflects the fact that the VA RNAs are not processed into
mivaRNAs during HAdV infection in the tonsillar T lymphcytes. Further, we do not detect
any distinct difference in the mivaRNA profiles (Fig 8) between patients diagnosed with tonsil-
lar hypertrophy or chronic/recurrent tonsillitis (Table 1, S2 Fig).
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In HAdV-5-infected established cell lines (HEK293, IMR90, A549) the major small RNA
accumulating is the 3" mivaRNAI-138 derived by processing of VA RNAIL The mivaRNAI-
138 species was also the major mivaRNAI detected in the HAdV-2 infected T cells. Surpris-
ingly, this species was undetectable in the HAdV-5 patient samples (Fig 8). Instead, HAdV-5
samples displayed an array of differently processed 3" mivaRNAI with a peak indicating a pro-
cessing site at nucleotide 128 (Fig 8). This is the same site as has previously been observed in
persistently infected lymphoid cell lines [60]. These data may suggest that despite the sequence
similarity between HAdV-2 and HAdV-5 VA RNAI [85] there might be other factors govern-
ing its processing into small RNA. The major mivaRNA detectable in patient T lymphocytes
was mivaRNAITI-138, which is derived from the 3" strand of VA RNAII (Fig 8). Interestingly,
the same small RNA is the major 3" mivaRNAII expressed during a lytic HAdV-5 infection.
The expression profile of the mivaRNAs in patient T cells was very similar to the mivaRNAI
and mivaRNAII expression observed in persistently infected lymphoid cell lines [60].

A surprising result was that the large majority of the 5" mivaRNAs derived from VA RNAI
had a 5" end coinciding with the minor VA RNAI(A) transcriptional start site (Fig 8), which
accounts for only 25% of VA RNAI species expressed during a lytic infection [61]. This might
be significant since we have previously shown that the mivaRNA derived from the VA RNAI
(A) transcriptional start site generates active RISC complexes capable of inducing RNAI [62].
The mivaRNA generated from the VA RNAI(G) transcriptional start site was more efficiently
assembled into RISC but generated unstable RISC complexes with a low cleavage activity. The
extremely low level of mivaRNA expression in the patient-derived tonsillar T lymphocytes
might suggest that the mivaRNAs are not key regulators of establishment or maintenance of
persistent HAdV infections in the palatine tonsils.

Supporting information

S1 Fig. Genotyping of the sequencing reads aligned to human genome. The pie charts dis-
play the distribution of the mapped reads from EBV+ (A) and HAdV+ (B) samples.
(PDF)

S2 Fig. Principle component analysis (PCA) of cellular miRNA expression in the tonsillar
B and T lymphocytes. The PCA analysis was performed on the data set normalized based on
the TMM method. For the T cell patient samples the diagnosis (tonsillar hypertrophy versus
chronic/recurrent tonsillitis) are shown circled.

(PDF)

S3 Fig. The proposed EBV miR-BART16 precursor RNA. The annotated BART16-5p
miRNA is shown in red whereas the new BART16-3p and BART16b-5p are shown in blue.
(PDF)

S4 Fig. Coverage of EBER derived small RNA reads in the EBV+ B lymphocytes from the
different patients. The boxes indicate the relative distribution of reads mapped to 5 or

3 'regions of EBERI and EBER2.

(PDF)

S1 Table. The expression level of the miRNAs in the individual patient samples is shown as
the percentage of each miRNA relative to the total miRNA content. The asterisk denotes
new miRNAs not annotated in miRBase v21. The highest-expressed miRNAs in each sample
are shown in bold.

(PDF)
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expression level of the small RNAs/miRNAs in individual patients is shown as the percentage
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