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ABSTRACT Many herpesviruses express small noncoding RNAs (sncRNAs), including
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RNAs was also verified by TagMan gPCR in productively infected fibroblasts and

ARPE19 cells. Our results show VZV, like other human herpesviruses, encodes several

sncRNAs and miRNAs, and some may regulate infection of host cells.
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IMPORTANCE Varicella-zoster virus is an important human pathogen, with herpes
zoster being a major health issue in the aging and immunocompromised popula-
tions. Small noncoding RNAs (sncRNAs) are recognized as important actors in modu-
lating gene expression, and this study demonstrates the first reported VZV-encoded
sncRNAs. Many are clustered to a small genomic region, as seen in other human
herpesviruses. At least one VZV sncRNA was expressed in productive infection of
neurons and fibroblasts that is likely to reduce viral replication. Since sncRNAs have
been suggested to be potential targets for antiviral therapies, identification of these
molecules in VZV may provide a new direction for development of treatments for
painful herpes zoster.
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aricella-zoster virus (VZV; also known as human herpesvirus-3 [HHV-3]) infects most

of the nonvaccinated population during childhood in Western societies. Primary
infection infects lymphocytes, resulting in a viremia that mediates spread to the skin
and the ultimate generation of varicella vesicles across the body. VZV also enters
peripheral neurons, where viral genomes are retained for the life of the individual.
Reactivation of VZV results in viral replication and the disease herpes zoster (reviewed
in reference 1). Herpes zoster is almost always associated with pain, which can subse-
quently become chronic in postherpetic neuralgia (PHN). Zoster can also induce
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multiple neurological symptoms, with or without skin disease, and zoster on the face
can result in potentially blinding disease. Zoster has also been recently epidemiologi-
cally associated with cardiovascular disease, including both heart attack and stroke (2).
Unlike its close cousin, herpes simplex virus (HSV), VZV shows a high degree of human
specificity, which has largely prevented in vivo modeling of latent infections and
reactivation. Treatment options and prevention strategies for zoster and PHN remain an
important health issue in the Western world.

Small noncoding RNAs (sncRNAs), including microRNAs (miRNAs) 17 to 24 nucleo-
tides (nt) in length, have been studied intensively for the past 15 years because of their
ability to extensively modulate gene expression and translation via multiple targets.
miRNAs can downregulate target protein expression in cells by interfering with trans-
lation or by mediating mRNA degradation (reviewed recently in references 3 and 4).
Importantly, many operate through loose requirements for base-matching fidelity, and
the short “seed” recognition sequence of miRNAs allows them to modify the expression
of many proteins simultaneously. This provides an additional level of control of gene
expression that often complements that governed by transcription factors. sncRNAs
and miRNAs are encoded by genomes ranging from humans to small DNA viruses. In
addition to miRNAs, some sncRNAs in mammalian cells can regulate gene expression
at the transcriptional level (reviewed in reference 5).

There are nine human herpesviruses, which are characterized by lytic and latent or
persistent infections in most of the human population. To date, miRNAs have been
reported to be expressed by 7 of the 9 of the human herpesviruses. HSV-1 encodes at
least 29 miRNAs (6), while Epstein-Barr virus (EBV) may encode at least 44 (reviewed in
references 7 and 8). The miRNAs encoded by HSV-1, for example, are being studied for
their potential roles in neuronal infection and the establishment of the latent state (i.e.,
reference 9). Recent studies indicate that several are made in productive infection and
may act to limit viral spread (6). To the best of our knowledge, no miRNAs have yet
been described for HHV-7 and VZV. An early in silico search for predicted miRNAs in
herpesvirus genomes (10) revealed no VZV miRNA candidate sequences. However, it is
now recognized that bioinformatics approaches may not reveal all miRNA candidates.
To wit, the same bioinformatics search did not predict miRNAs in HHV-6A and -6B, but
several have since been discovered in these herpesviruses by next-generation sequenc-
ing (NGS) (11, 12). An NGS study of small RNAs in human peripheral ganglia obtained
from autopsy material that was latently infected with VZV did not identify any small
RNA species encoded by VZV with the appropriate molecular characteristics of miRNA,
even under conditions in which many HSV miRNAs were detected (13). However, the
frequency and genomic load of latent VZV-infected tissues, such as the trigeminal
ganglia, are known to be considerably lower than those of HSV (i.e., references 14 and
15), and it is quite possible that the sensitivity of detection was insufficient.

Both NGS technologies and the bioinformatics tools for analyzing the data gener-
ated by NGS experiments for small RNAs have been greatly improved since the first
searches. Therefore, we initiated a new search for sncRNAs in NGS data of RNAs of <200
bp in length in VZV-infected cells. Two independent analyses of NGS data obtained
from VZV-infected human embryonic stem cell-derived (hESC) neurons infected pro-
ductively and quiescently (16) and from productively infected cultured human foreskin
fibroblasts (HFFs) revealed over 20 sncRNAs mapping to the VZV genome, with several
having predicted stem-loop precursors characteristic of miRNAs. Intriguingly, most of
the candidate sncRNAs clustered in or near the reiterated regions of the viral genome.
The presence of 7 of the identified sequences was confirmed by TagMan stem-loop
reverse transcription-PCR (RT-PCR) of small RNA in primary human fibroblasts and
ARPE19 cells. We then focused on one of these sequences predicted to have a
stem-loop precursor and confirmed its presence in VZV-infected fibroblasts and in
productively infected neurons. Transfection of a synthetic antagonist to this sncRNA
enhanced growth of VZV-infected foci. The sequence is upstream of the VZV immediate
early gene open reading frame 63 (ORF63), whose transcripts have been reported to be
expressed during VZV latency (i.e., reference 17 and reviewed in reference 18). We
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TABLE 1 NGS of small RNAs (<200 nt) from VZV-infected cells

Journal of Virology

No. of NGS reads:

17-24 nt aligned No. of unique reads 17-200 nt No. of reads 17-24 nt
Sample type and no. 17-200 nt to human genome mapping to VZV genome mapping to VZV genome
Neurons
Uninfected
1 15,409,516 7,234,809 0 0
2 18,535,803 15,941,006 2 0
3 15,688,047 7,917,409 3 0
Infected
1 14,167,260 5,323,812 6,693 482
2 16,747,763 13,481,851 12,282 1,645
3 15,012,737 8,171,776 23,339 858
Latently infected
1 13,620,130 4,129,576 28 10
2 15,885,742 11,004,344 94 41
3 13,987,171 6,663,047 65 29
Infected fibroblasts
1 14,092,008 4,830,665 11,458 3,160
2 11,473,036 8,660,687 8,019 2,015
3 11,633,714 6,879,540 9,693 2,437

speculate that the sncRNA described herein that limits lytic VZV replication may do so
via transcriptional rather than translational regulation (5). Our data establish that
VZV-infected cells do encode and express sncRNAs and miRNAs, and these are likely to
participate in the regulation of the life cycle of this ubiquitous pathogen.

RESULTS

Bioinformatics searches for VZV sncRNA following NGS of small RNA. Small
RNAs (<200 bp) from four experimental groups, consisting of uninfected neurons,
neurons infected productively or latently with VZV, and fibroblasts infected with VZV,
were made into libraries and sequenced using the Illlumina HighSeq platform. Sequenc-
ing of three independent experiments in each group yielded a total of 12 data sets. Two
distinct peaks of RNA length were detected in almost all the samples centered at 24 nt
(close to the canonical length of miRNAs) and 35 nt. Reads mapping to the human
genome were excluded from further analysis, and the remaining reads were aligned
with the VZV genome (Table 1). All reads of approximately 35 nt in length mapped to
the human but not the VZV genome, were suspected to be Y RNA (reviewed in
reference 19), and were not studied further.

Thousands of reads of 17 to 24 nt mapping to the VZV genome were detected in
neurons and fibroblasts productively infected with VZV (Table 1). RNA from latently
infected neurons contained small numbers of reads mapping to the VZV genome in all
three independent biological samples, but it is important to note only approximately
5% of neurons harbor VZV genomes according to our method of establishing VZV
latency in vitro. The reads mapping to the VZV genome were analyzed using three
widely used software packages designed to predict novel miRNAs: MirDeep2 (20),
miReap (http://sourceforge.net/projects/mireap), and MiReNa (21). Each of these pro-
grams uses a different algorithm and approaches to predict miRNAs from the NGS data.
Putative miRNAs (Table 2) with stem-loop precursors (Fig. 1A) were predicted by two of
the programs for the infected fibroblast data (MirDeep2 and MiReap), but there was no
overlap between them. In addition, there were only a few reads detected that were
defined as predicted miRNAs (<10 in each sample, with the exception of sequence n
in Table 2).

The low numbers of reads and inconsistency between the prediction tools led us to
seek potential VZV sncRNAs using another strategy. In this second strategy, similar
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TABLE 2 Potential VZV sncRNAs predicted using conventional bioinformatics tools

nt position?

No. of NGS

Sequence letter Sequence Strand Start End ORF reads Program
a UUAUGAACAGUUUAUAAUCAGU + 12056 12077 4 Mireap

b AAUGUUGAACUGGAUCUGUAGAGC + 15226 15249 5 Mireap

C GAACAAUUUGGGGUAUGGCGUUU + 33020 33042 ORF21 3 Mireap

d AAACGGCGUUGGAUGUUGUGUUGC + 39189 39212 5 Mireap

e AAACUCGACGUCUCCGAUGCG + 60550 60570 ORF33 antisense 4 Mireap

f CAAGGGGCUGCUUGUGAAGCA + 67401 67421 ORF37 4 Mireap

g CAUUGGUGUAUAUGCGUAUGUUGGAGUU - 69625 69652 ORF38 3 MiRDeep2
h AGAAGGUUUGCAGGAGCUAGUGAG - 69598 69621 ORF38 5 MiRDeep2
i AUGCCGAGCGUGCUUCUGAAUCGU + 74651 74674 ORF40 8 Mireap

j ACGGCACCGUAGAACCGACUGCGU + 86606 86629 ORF50 antisense 4 Mireap

k AUCGUAGAUGAUCAGAAGCCU + 106549 106569 ORF62 antisense 4 Mireap

| CAGCAGGUCCGGACGCGAACACGC + 107927 107951 ORF62 5 Mireap

m UUUCUGUCUCUGGCGCCCCGGUU + 107773 107795 ORF62 antisense 9 Mireap

n ACGCCAAUCGGAUACACUCUUU + 110191 110212 ORF63 promoter 90 MiRDeep2
o CCGUGCGCGAGUUUGUGGGGGAGG + 111854 111877 ORF64 4 Mireap

aThe nucleotide positions are those of the pOka genome (GenBank accession no. AB097933.1), the VZV origin of the recombinant virus used in this study.

sequences of small RNAs that aligned to the VZV genome starting at approximately the
same genomic position were displayed in an Excel spreadsheet and aligned with one
another manually. An example is shown in Table 3, where 14 different sequence reads
detected in a total of 179 reads were aligned. Using this method, 24 unique sequences
were detected a minimum of 25 times in pooled transcriptome sequencing (RNA-Seq)
data. The sequences and the numbers of reads from 2 independent experiments for
each cell type are shown in Table 4. Most of the sequences corresponded to predicted
mRNAs of known coding ORFs, but several were antisense to ORFs (mapping opposite
the coding strand), and some were located in between documented ORFs.

Since we do not yet know if these sequences are authentic miRNAs, we provisionally
named them as VZV small noncoding RNAs 1 to 24 (VZVsncRNA1 to -24). Flanking
sequences (available upon request) were added to the NGS-detected sequences (Table
4) to predict precursor stem-loop structures (Fig. 1B).

Mapping of the genomic positions of the 24 sncRNAs using the annotated VZV
genome Dumas (see Materials and Methods) revealed that most are clustered in the
genomic region between ORF56 and ORF63 (Fig. 2). miRNA clustering in other herpes-
viruses has been well documented (7, 8). Indeed, 9 of the 24 unique sncRNA sequences
mapped to the ORF or promoter of the transcriptional activator ORF62. Of the nine
mapping to ORF62, seven are predicted to be expressed as part of the mRNA for the
coding sequence and immediately upstream of ORF62, while two are antisense to the
ORF. An additional four sequences are coded within ORF61 and immediately upstream
of it. The sequences upstream of ORF61, VZVsncRNA12 and VZVsncRNA13, partially
overlap, but the overlap is not in their presumptive seed regions. Importantly, many of
the sequences were detected in more than 10 copies in the NGS analysis of samples of
both neurons and fibroblasts that were infected productively. This suggests that they
may have physiological roles (11).

The numbers of reads of several of these sequences differed between the cell types.
While most of the sncRNA sequences were present at highest levels in infected
fibroblasts, many of these were detected preferentially in productively infected neu-
rons. While only one sequence was detected in latently infected neurons at low copy
number, we suspect this may be an underrepresentation, since our previous studies
have indicated that only about 5% of the neurons in our latently infected hESC-derived
neuron cultures harbor VZV genomes (16). Therefore, reads from the latently infected
neurons are likely to be significantly diluted by the “noise” of the uninfected neurons
in the sample (see quantitative PCR [qPCR] results below). The lowest free energy
folding of potential precursors to these sncRNAs as predicted by RNAfold are shown in
Fig. 1B and indicate some have stem-loop-like structural predictions.
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FIG 1 (A) Predicted folding of precursors to potential sncRNAs identified in the first (A) and second (B)

bioinformatics analyses. Several of the folding predictions reveal a stem-loop structure consistent with

the mature sequences being miRNAs. The red lines indicate the NGS bioinformatically predicted sncRNA

sequences.
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TABLE 3 Manual alignment of similar sequences used in the second bioinformatics

analysis

Start nt Sequence? Length (nt) No. of reads®
110191 ACGCCAAUCGGAUACACUCUUU 22 41
110191 ACGCCAAUCGGAUACACUCUUUU 23 40
110192 CGCCAAUCGGAUACACUCUUUU 22 21
110192 CGCCAAUCGGAUACACUCUUU 21 15
110193 GCCAAUCGGAUACACUCUUUU 21 14
110193 GCCAAUCGGAUACACUCUUU 20 12
110190 UACGCCAAUCGGAUACACUCUUUU 24 9
110190 UACGCCAAUCGGAUACACUCUUU 23 6
110189 GUACGCCAAUCGGAUACACUCUUU 24 5
110191¢ ACGCCAAUCGGAUACACUCUUX 21 4
110195¢ XXCAAUCGGAUACACUCUUUU 19 4
110192¢ CGCCAAUCGGAUgCACUCUUX 20 3
110194¢ XCCAAUCGGAUACACUCUUUU 20 3
110190¢ UACGCCAAUCGGAUgCACUCUUU 23 2

aX represents missing nucleotides from the read, and lowercase letters represent deviations from the
consensus.

bThe total count is 179 reads.

<Sequences with mismatches from the consensus.

Of particular note is that 1 of the 24 sequences detected using this analysis was the
most abundant short RNA identified in the previously described “conventional” bioin-
formatics analysis (sequence n in Table 2). This sequence was predicted by the miRNA
prediction software miRDeep2 to be a potential miRNA. Using our “manual alignment
of similar sequences” strategy, we found many more copies of the consensus sequence
in the data than were revealed by the initial bioinformatics analysis, including se-
quences in samples of productively infected neurons. Intriguingly, this sncRNA lies in a
genomic position that has been proposed to be a “bidirectional promoter for ORF62

TABLE 4 Potential VZV sncRNAs predicted using the second bioinformatics analysis

nt position? No. of NGS reads
sncRNA Latent Productive
no. Sequence Strand  Start End ORF Fibroblasts neurons neurons Total
1 CCCCUUCCGGACAGUAGUUUC - 560 580 ORFO 18 3 6 27
2b UACCGUAGAACUACGCGCCCGGGA  + 12641 12664 ORF10 349 0 26 375
3¢ UCUGAAUAAAAUGUUUAGC - 30836 30854 ORF21 2 0 28 30
4¢ CCGUGCAUGUCUGGAUUGAAGGG - 68227 68249 ORF37 antisense 0 0 25 25
5 UUGUUGCACCGGGGGACGUAGACC + 73097 73120 ORF40 14 0 12 26
6 CGCUAGACUGUUUUUCUGCUCA + 80199 80220 ORF42 antisense 22 0 5 27
7 AUGGCACGAUCGGGAUUGGAUAG + 84527 84549 ORF48 24 0 7 31
8¢ GAAAUGUCGGUUUCUGCAGGGUG - 85352 85374 ORF48 antisense 17 0 46 63
9b ACCCGAGAUCGAUUGGAGUGUUAU  — 100153 100176  ORF59 612 0 126 738
10¢ UCAACCCGAAAUUGUAGAGCCU - 103626 103647 ORF61 12 0 30 42
11¢ GAGACUCGAGCCCUGGUGUAACC - 103938 103960 ORF61 8 0 18 26
12 GCCCGGACAUUAGAAUACAGCCAG  — 104456 104479  ORF61 promoter 15 0 13 28
13 UUGGAUGCCCGGACAUUAGAAUAC — 104462 104485 ORF61 promoter 49 0 24 73
140 CGCCCGGCGGUCAAGGUGGAGCU - 105251 105273  ORF62 29 0 4 33
15¢ CGUGGCCGGUCGGUCGGUGGCGCY  — 105626 105649  ORF62 14 0 37 51
16 GUGUUUGCAUCGUCGCGCACCU - 106089 106110 ORF62 6 0 19 25
176 ACUGUCGACCCGAGACCUGGCCUU  — 106319 106342  ORF62 115 0 61 176
18¢ AGACCCGGAGGAUGUGAGGCUUCU - 106562 106585 ORF62 9 0 32 41
19¢ GACGGACCGGCCCCAAACGGGGGA — 106846 106869  ORF62 6 0 24 30
200 AAUGAUUUCUGUCUCUGGCGCC + 107768 107789  ORF62 antisense 30 0 12 42
21¢ CUUUUUACCCGAGAUGGACUGAGU  + 108451 108474  ORF62 antisense 8 0 50 58
220 UUGAAGGCUGCGAGAGCGUU - 109136 109155 ORF62 promoter 505 0 1,047 1,552
230 UACGCCAAUCGGAUACACUCUUUU  + 110190 110213  ORF63 promoter 108 0 15 123
24¢ AUUCAGAUCAUGCGGAGUCUUCA + 116079 116101  ORF68 14 0 21 35

9The nucleotide positions are those of the pOka genome (GenBank accession no. AB097933.1), the VZV origin of the recombinant virus used in this study.
VZVsncRNA14 to -23 lie in the terminal repeat region of the VZV genome; the positions given are for the first copy in the genome.

bsncRNAs whose presence was confirmed in VZV-infected fibroblasts by stem-loop RT-qPCR.

csncRNAs present at higher levels in VZV-infected neurons than in VZV-infected fibroblasts.
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FIG 2 Locations in the genome of 20- to 24-nt VZV sncRNAs obtained from VZV-infected cells. Sequences were identified by manual alignment (2nd analysis
in Table 3). A large portion of these sequences are present in the last 1/3 of the VZV genome, with a concentration in the coding and promoter and downstream
regions of VZV transcriptional activator ORF62. The upward arrows indicate the sncRNA coded for by the positive strand and the downward arrows indicate

the negative strand of the VZV genome. sncRNA4 was only found in the NGS analysis of productively infected neurons; all of the other sequences were found
in VZV-infected neurons and fibroblasts.

and ORF63” (22). We chose to further study this candidate miRNA, designated VZV-
sncRNA23.

Confirmation of expression of VZV sncRNAs by qRT-PCR. The presence of VZV-
sncRNA23 was next confirmed by an independent method, using a stem-loop primer
gPCR approach. The methods, primers, and probe sequences are listed in Table 5.
Primers and a TagMan probe were designed for detection of VZVsncRNA23, and qPCR
was performed on RNA from the same samples used in the NGS analysis. As shown in Fig.
3A, specific reactions for VZVsncRNA23 were found in all samples of cells infected by VZV,
but not in uninfected controls. Importantly, small amounts of VZVsncRNA23 sequence

TABLE 5 Primers used for RT-qPCR detection of sncRNA in VZV-infected cells

sncRNA no. or universal Primer
primer or probe orientation? Sequence®
sncRNA
2 Reverse GGTCGTATGCAAGAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCTCCCGGGC
Forward GACTGATACCGTAGAACTACGC
9 Reverse GGTCGTATGCAAGAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCCACCCTGC
Forward CGCGGAAATGTCGGTTTCT
14 Reverse GGTCGTATGCAAGAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCGGTTACAC
Forward TAAAGTATGAGACTCGAGCCCTG
17 Reverse GGTCGTATGCAAGAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCAAGGCCAG
Forward TATGATACTGTCGACCCGAGAC
20 Reverse GGTCGTATGCAAGAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCGGCGCCAG
Forward GCGGGCAATGATTTCTGTCT
22 Reverse GGTCGTATGCAAGAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCTCCCCCGT
Forward TATATATAGACGGACCGGCCCCAA
23 Reverse GGTCGTATGCAAGAGCAGGGTCCGAGGTATCCATCGCACGCATCGCACTGCATACGACCCACTGG
Forward AGACGTACGCCAATCGGATA
Universal reverse primer GAGCAGGGTCCGAGGT
Universal probe FAM-5'-TCCATCGCACGCATCGCACT-3'-BHQ-1

9The orientations of the specific reverse and forward primers are shown.
bFAM, 6-carboxyfluorescein; BHQ-1, black hole quencher 1.
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FIG 3 (A) TagMan RT-gPCR detection of the presence of VZVsncRNA23. RT-qPCR confirmed the NGS data
for fibroblasts and in neurons productively infected with VZV. In addition, the sequence was detected in
RNA from neurons latently infected with VZV, although the NGS data did not contain reads for this
sequence. ARPE19 cells infected with VZV also contained detectable VZVsncRNA23. (B) TagMan qPCR
detection of the presence of an additional six sncRNAs in VZV-infected fibroblasts. The numbers above
the columns indicate the number of reads in the NGS analysis for comparison. All seven sequences
(including VZVsncRNA23) were detected in two separate RNA extractions from infected fibroblasts
independent of the NGS experiments.

108

were detected by qPCR in latently infected neurons, although analysis of the NGS data
failed to detect reads with this sequence. Primer-TagMan probe sets to six additional
small RNA sequences present in NGS at more than 30 reads also successfully confirmed
the presence of these small RNAs as well as VZVsncRNA23 in VZV-infected fibroblasts
in two independent biological repeats distinct from the RNA used for the NGS (Fig. 3B).

Inhibition of VZVsncRNA23 increases spread of VZV. In order to evaluate the
potential physiological effect of VZVsncRNA23 expression on infection, we acquired a
specific and stabilized RNA inhibitor designed to block potential miRNA activities. This
inhibitor or a control fluorescein-labeled 20-nt RNA was transfected into ARPE19 cells
that had been inoculated 24 h earlier with small numbers (<100) of VZV66RFP-infected
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FIG 4 Analysis method for growth of individual foci of VZV infection in ARPE19 cells after transfection of
a control RNA (A and B) or a locked antagonist RNA to VZVsncRNA23 (C and D). Eighty-one micrographs
covering more than 95% of wells in a 96-well culture plate were taken with an automated microscope
1 day after transfection (2 dpi in panels A and C) and 6 days after transfection (7 dpi in panels B and D)
and assembled (“stitched” together) using the program Fiji. The area enclosed by the white rectangle in
panel B is shown at higher magnification in panel E. The infectious focus is blurred because it has been
treated with a Gaussian filter to eliminate photographic artifacts and smooth the outlines of the infected
cells. Panel F shows a thresholded image used for measurements. Black indicates RFP fluorescence
indicating the presence of virus, and the magenta line indicates the area to be measured as one
infectious focus.

ARPE19 cells. This approach was used so that formation and growth of individual
infectious foci could be identified and monitored for quantitation.

At 2 and 7 days postinfection (dpi [i.e., 1 and 6 days after transfection with the
inhibitor and control RNA]), more than 90% of the surface area of infected wells was
photographed with an automated microscope. The images were then “stitched” to-
gether in order to visualize the infected cells in the wells (Fig. 4A to D). Copies of the
images were prepared with the background subtracted (median filter and “rolling ball”),
and the contrast was improved with gamma adjustment. A Gaussian blur was then
performed in order to remove pixel artifacts and make the ORF66 RFP fluorescence
more homogeneous (Fig. 4E). All of the processed images were prepared automatically
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FIG 5 An sncRNA encoded by VZV interferes with VZV replication. Shown is quantification of the effect
of transfection of an antagonist to VZVsncRNA23 1 day after infection of ARPE19 cells on the growth of
individual infectious foci. The columns represent the increase in numbers of pixels representing fluo-
rescence in antagonist-treated versus control RNA-treated wells. Seventy antagonist-treated and 80
control RNA-treated foci were analyzed, and the difference between the groups was significant (P <
0.001). Error bars represent the standard error of the mean.

as a batch without user intervention, and all of the procedures were performed across
the entire photographed portion of the well.

The image files were then renamed alphabetically in pairs according to date (2 and
7 days postinfection [dpi] were used in the analyses) without indicating whether they
were transfected with the inhibitor or controls, and the quantitative analysis was
performed blind by three other individuals in the following manner: Using the unmod-
ified, stitched image of the well as a reference, the fluorescence was separated from the
background in a thresholding step (Fig. 4F) so that only infected cells were selected.
The area (in pixel units) occupied by fluorescence of individual foci of infection (FOI)
was then measured by delineating an area encompassing the FOI. The analysis was
performed first on the 7-dpi image of the pair, and then same FOI in the 2-dpi image
were identified (still blind in terms of which were experimental and which were control)
and quantified. FOI that touched the edges of the well were excluded from the analysis,
since they were growth constrained. Finally, the areas of the 2-dpi FOI were subtracted
from the 7-dpi images, giving a value correlating directly to spread of each FOI.

These measurements were performed on a total of 150 foci (80 for control RNA and
70 for inhibitor RNA) from 18 wells in three experiments. In each of the three
experiments, transfection with the inhibitor resulted in a statistically significant increase
in the average growth of FOI in each experiment (73, 39, and 35%; all P < 0.05),
indicating increased and/or more rapid infection by VZV. When the growth of FOI data
were pooled from all three experiments, the average enhancement of FOI growth was
46% (P < 0.001) (Fig. 5). These results strongly suggest that VZVsncRNA23 inhibits the
spread of VZV and therefore is a virally encoded, physiologically relevant small non-
coding RNA.

DISCUSSION

Virus-encoded miRNAs have been the topic of intensive study for more than a
decade, and herpesviruses encode the largest number of reported virus-encoded
miRNAs. Of the nine human herpesviruses, miRNAs have been reported for seven, the
exceptions being HHV-3 (VZV) and HHV-7. Our NGS of small RNA in VZV-infected
fibroblasts and neurons strongly suggests that that VZV expresses many sncRNAs, at
least one of which may fold like a classical miRNA and affect virus growth. Strikingly,
many of these sncRNAs map as a cluster near the end of the genome to the sequences
of ORFs 60 to 62. Indeed, no fewer than nine map to ORF62 and its presumed promoter.
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Our experiments were performed with a fluorescent derivative of the pOka strain of
VZV, which belongs to VZV clade 2. All 24 sequences discovered in our second
bioinformatics analysis were found to be identical in strains Dumas (clade 1) and Ellen
(clade 3). This perfect conservation of sequences between three different clades is
consistent with their having importance to the life cycle of the virus. These 24
sequences are also identical in the vaccine strain vOka, which has multiple genomic
changes from its parent strain, pOka, as a result of extensive passaging in guinea pig
embryo fibroblasts to reduce its virulence. This conservation is again consistent with
the sncRNAs having a functional role in VZV infection. The presence of seven of the
eight sncRNAs detected in 30 or more reads in fibroblasts by analysis of NGS data was
confirmed in VZV-infected fibroblasts by stem-loop PCR. Six of the seven (excluding
VZVsncRNA22) were also detected using stem-loop RT-qPCR in ARPE19 cells (not
shown).

VZVsncRNA23, the sncRNA predicted to have a stem-loop precursor, was detected
in both of our bioinformatics analyses of NGS of neurons and fibroblasts during
productive infection and also in neurons latently infected with VZV. Furthermore,
inhibition of its activity leads to a consistent and statistically significant increase in
growth of VZV infectious foci in ARPE19 cells. We therefore think it likely that VZV-
sncRNA23 acts by reducing replication of the virus by a yet undetermined mechanism.
This is similar to a recent report that two newly discovered HSV miRNAs, 28 and 29,
reduce viral replication in nonneuronal cells (6). We cannot exclude the possibility that
VZVsnc23 acts in other aspects of infection and spread of infection.

Several HSV miRNAs have been shown to inhibit productive infection in neurons
and have been implicated in the lytic-latent decisions governing infection using rodent
models. We are currently evaluating the possible roles of the predicted VZV sncRNAs in
our model for VZV latency and reactivation using the stem-cell-derived human neuron
system.

It has been suggested that sncRNAs are attractive targets for antiviral therapy
(23-25). Indeed, since the antagonist of VZVsncRNA23 increases viral spread, it is
possible that topical administration of a locked RNA with sequence based on VZV-
sncRNA23 could reduce virus growth. Therefore, our description of multiple sncRNAs
encoded by VZV may open the door to development of new therapies for herpes
zoster.

An important issue to be addressed in future studies is the precursor RNAs from
which these sncRNAs are derived and their genomic location. In particular, the stron-
gest candidate miRNA, VZVsncRNA23, lies in the intergenic region between ORF62 and
ORF63, lying very close to the origin of replication of VZV in the terminal repeats of
short region of the VZV genome. This area has been studied and was shown by
mutational analysis to be part of a bidirectional promoter containing sequences that
regulate expression of both of these proteins (22). Multiple transcripts encoding ORF63
protein are transcribed from this region from several start sites (17), and it is possible
that one or more of these transcripts are precursors to both the ORF63 protein and VZV-
sncRNA23. It is even possible that that there are some transcripts that may cross the
region and the origin of replication. Indeed, HSV has been suggested to carry tran-
scripts that span its origin of replication only under certain conditions, named L/ST
transcripts (26).

It is also intriguing that many of the VZV sncRNAs lie in the ORF62 region, since HSV
ICP4 is the homolog of VZV ORF62, and several HSV miRNAs are proposed to target
ICP4 (27). In the case of the VZV sncRNAs described here, most are encoded on the
same strand as ORF62, but two of them (VZVsncRNA20 and VZVsncRNA21) are encoded
by the opposite strand and could therefore potentially target the RNAs containing the
ORFs. Six VZVsncRNAs are located close to one another within the ORF62 coding
sequence; therefore it is possible that the ORF62 transcript, in addition to encoding the
viral transactivator, also gives rise to sncRNA with independent activities. It would be of
great interest to compare the sncRNAs of all three human alphaherpesviruses to one
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another in terms of their function and position once more is learned about the VZV
sncRNA.

miRNAs usually modulate protein expression by preventing translation or destabi-
lizing transcripts in the cytoplasm. Both VZVsncRNA22 and VZVsncRNA23 map within
the presumed bidirectional promoter region of immediate early genes ORF62 and
ORF63 containing sequences that regulate their expression (22). These sncRNAs could
therefore act in the nucleus by a mechanism known as transcriptional gene silencing
(reviewed in reference 5). The presence of both of these sncRNAs was confirmed by
stem-loop RT-gPCR. If this mechanism is validated for VZV, it will be the first example
of the use by a virus of transcriptional gene silencing, which has only been shown so
far in mammalian cells. Therefore, VZV, in addition to joining the majority of human
herpesviruses by encoding miRNAs in their genome, may yet reveal another mecha-
nism for these ubiquitous and extremely evolutionarily successful viruses to control
their replication.

MATERIALS AND METHODS

Cells, viruses, and infection. Human perinatal foreskin fibroblasts (HFFs) and neurons generated
from the hESC line H9 were prepared and grown as detailed in reference 28. Infections for NGS analysis
and for stem-loop RT-PCR were performed using a recombinant VZV expressing green fluorescent
protein (GFP) as an N-terminal fusion to ORF66 (VZV66GFP) as detailed previously (29). This study also
used a new recombinant VZV derived from the parent of Oka bacterial artificial chromosome (pOka BAC),
as detailed in reference 30. Briefly, the VZV strain pOka was obtained at passage 7 in human lung
fibroblasts by Kinchington directly from Takahashi in 1986 and grown for three to five further passages
in MeWo cells into stocks. The amplified stock was then supplied to Ann Arvin (Stanford University, CA),
and her group derived from it an overlapping 4-cosmid-based genetic system (31). The cosmid system
was then used to generate the VZV BAC single-plasmid systems through a rescued infectious virus
intermediate (30). In the present study, a VZV similar to the VZVGFP66 recombinant described previously
(29) was developed by recombineering of the pOka BAC to place the gene for monomeric red fluorescent
protein (mRFP) at the N terminus of and in frame with ORF66, using lambda Red recombination, as
previously described (15). Virus was generated by transfecting MeWo cells with the BAC DNA, and
cell-free virus preparations were prepared in ARPE19 cells as described previously (32).

Generation of small RNA libraries and NGS sequencing. Neurons (with a minimum of 2 weeks of
terminal differentiation following plating) and fibroblasts at 95% confluence were infected with cell-free
VZV preparations containing approximately 4 X 10> PFU/ml. (The exact multiplicity of infection [MOI]
could not be determined for neurons because neuron density and numbers in these cultures are difficult
to assess due to their three-dimensional nature.) RNA was prepared from infected cultures showing 80%
to 100% GFP or mRFP expression, before plaque formation in fibroblasts and development of obvious
cytopathology in neurons (33). Cultures containing approximately 5% latently infected human neurons
were prepared as we detailed previously (16). Total RNA was extracted with TRIzol reagent (Sigma-
Aldrich) as described previously (16), and libraries were prepared with an Illumina TruSeq small RNA
library preparation kit. Twelve samples (3 from infected fibroblasts, 3 from lytically infected neurons, 3
from mock-infected neurons, and 3 from latently infected neurons established as previously detailed
[16]) were sequenced using an lllumina 2500 Hiseq instrument at the Israel National Center for
Personalized Medicine.

Conventional bioinformatics analysis. NGS reads obtained after trimming of the lllumina se-
quences were aligned to the human genome (GenBank accession no. hg19) at all possible positions using
Bowtie2 (-n 0) with perfect matches (0 mismatches). The remaining reads that did not map perfectly to
the human genome were passed on to the following analysis steps: reads of a length of <17 nt or >35
nt were removed, and unique sequences were summarized (i.e., when multiple reads had exactly the
same sequence, they were replaced by a single “pseudo-read” with an ID containing read number
information). Small RNA-Seq reads were then collected that aligned perfectly to the widely studied and
well-annotated VZV genome Dumas (NCBI accession no. NC_001348.1).

After alignment to the Dumas genome, the reads were fed into the web-based miRNA prediction
programs MirDeep2 (https://www.mdc-berlin.de/8551903/en/), miReap (https://sourceforge.net/projects/
mireap/), and MiReNa (21). miRDeep2 identifies potential miRNA precursors in a genome using mapped
reads as guidelines. It identifies reads that could correspond to mature miRNAs and excises the genomic
sequences and flanking sequences. miRDeep2 then invokes Bowtie to map the sequencing reads to
potential precursors and invokes RNAfold to predict the RNA secondary structures of precursors that
resemble a typical miRNA hairpin structure. Then, the miRDeep2 core algorithm determines whether to
call a candidate a potential miRNA.

MIReNA was run with the following parameters: (i) a minimum free energy (MFE) allowed for a miRNA
precursor of 18 kcal/mol and (ii) a minimum number of reads matching a pre-miRNA of 3. Like miRDeep2,
MIReNA computes secondary structures of all extended sequences containing the potential miRNA and
scans them to filter out those that do not satisfy suitable combinatorial and physicochemical conditions.
MIReNA also evaluates the most stable potential folding structures or, in case of equal stability of the
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matching (i.e, an equal MFE value), the longest sequence. Predicted stem-loop precursors were then
generated by the programs.

Search for sncRNAs in VZV by manual compilation of similar sequences. lllumina sequences were

trimmed and reads mapping perfectly to the human genome were removed as just described. The
remaining reads with similar sequences starting in approximately the same position in the VZV genome
were combined from all the samples and aligned visually in an Excel spreadsheet. Consensus sequences
from the alignment were subjected to BLAST searches against three additional VZV genomes: pOka
(GenBank accession no. AB097933.1 [the virus from which the recombinant VZV used in this study was
derived]), vOka (GenBank accession no. AB097932.1), and Ellen (GenBank accession no. JQ972913.1). The
obtained sequences with additional 5" and 3’ VZV genomic sequences from Dumas (sequences available
on request) were fed into RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) in order
to determine if stem-loop precursors could be predicted to exist for each putative sncRNA.

Stem-loop TagMan PCR for sncRNA. Infection of HFFs or ARPE19 cells was performed using

cell-associated or cell-free VZV66GFP until approximately 90% of cells were GFP positive. RNA was
extracted using miRNeasy (Qiagen) or the Hybrid-R kit for mRNA/small RNA (Geneall, South Korea). All
primers and probes were designed as described in reference 34. Primers were generated by IDT (Israel),

and the probe was DLO-RFB-5 from LGC Biosearch Technologies (Petaluma, CA).
The cDNA for each sncRNA was prepared in a separate reaction. cONA was made using Moloney

murine leukemia virus (MMLV) reverse transcriptase (M1701; Promega) at increasing temperatures: 25°C
for 15 min, 37°C for 15 min, 42°C for 40 min, and finally 95°C for enzyme inactivation. All qPCRs were done
in triplicates and averaged to compensate for pipetting errors.

The RNA used for qPCR of latently and productively infected neurons was from samples used for the

NGS just described. Evaluation of the NGS results for human sncRNAs showed that the expression of the
miRNA hsa-mir26 was at a high level and showed little variation from sample to sample in those used
for NGS (not shown); therefore qRT-PCR was performed for this sncRNA in each sample and used to
normalize the expression of the VZV sncRNAs (35).

Effect of an inhibitor of VZVsncRNA23 on VZV replication. A locked RNA antagonist to the VZV

sncRNA identified in both bioinformatics analyses was designed by and purchased from Exiqon.
Approximately 100 infected ARPE19 cells from a culture with approximately 70% infection with VZV-
RFP66 were added to confluent ARPE19 cells (a ratio of approximately 1:100) in wells of a 96-well plate
in order to obtain a relatively low-density infection, where infected foci could be followed individually.
At 24 h postinfection, the antagonist or a fluorescein-labeled scrambled control RNA (SIC007; Sigma-
Aldrich) was transfected using Dharmafect 2 (Dharmacon) according to the manufacturer’s protocol.
Growth of individual foci of infection (FOI) was measured from images of living cultures using a
quantitative analysis method that is detailed in Results.
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