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A B S T R A C T

Most herpesviruses use both host and viral small non-coding RNAs (sncRNA), especially microRNA, to modulate
infection. Bioinformatic analyses of NGS data obtained from Varicella Zoster virus (VZV)-infected cells predicted
24 VZVsncRNA, seven of which were confirmed to be expressed in infected fibroblasts and neurons using stem-
loop quantitative reverse transcription PCR (SL-PCR). We here assayed for the expression of all 24 of the
bioinformatically predicted VZVsncRNA in cells productively infected by VZV using SL-PCR. 23 of the 24 pre-
dicted sequences were detected in VZV-infected ARPE19 cells and 19 of the 24 sequences in infected human
neurons generated by two methods from embryonic stem cells. We also show that blocking one of two newly-
tested VZV-encoded sncRNA using locked nucleotide antagonists significantly increased viral replication. These
findings suggest that further study of VZV encoded sncRNA could elucidate an additional level of regulation of
the life cycle of this pathogenic human herpesvirus.

1. Introduction

A recent focus of the herpesvirus field has been non-coding and
microRNAs and how they may control viral growth, latency and re-
activation (reviewed in (Cullen, 2011; Piedade and Azevedo-Pereira,
2016). Varicella Zoster virus (VZV, human herpesvirus-3) is a patho-
genic neurotropic human alphaherpesvirus, causing varicella (chick-
enpox) upon primary infection and herpes zoster (shingles) upon re-
activation from latency in the peripheral nervous system. The study of
how VZV growth might be regulated by non-coding RNAs has lagged
behind that of other human herpesviruses. Two published NGS studies
of latently infected human post-mortem ganglia failed to reveal any
sequences with the characteristics of miRNAs encoded by VZV (Umbach
et al., 2009; Depledge et al., 2018). However, a recent study of the VZV
transcriptome using long-read NGS has detected dozens of non-coding
RNAs (Prazsák et al., 2018). In addition, a recent study of enriched viral
RNA from human ganglia has suggested that latency is associated with
multiple spliced transcripts that could encode small non-coding RNAs

(Depledge et al., 2018).
We recently reported that NGS analyses of small (< 200 nucleo-

tides, nt) RNA in lytically-infected cultured human fibroblasts and
neurons revealed at least 24 sequences of 22–24 nt encoded by VZV,
one of which was predicted to fold into a miR structure (Markus et al.,
2017). The sequences of these potential small non-coding RNAs were
predicted based on a novel bioinformatic analysis using manual align-
ment of similar sequences from multiple reads. That study confirmed
the presence of 7 of these putative VZVsncRNA using stem-loop quan-
titative reverse-transcriptase-PCR (SL-PCR) in VZV infected human fi-
broblasts. NGS counts representing all the predicted VZVsncRNA were
also detected in small RNA extracted from human embryonic stem cell
(hESC) derived neurons infected productively with VZV, although
presence of only one was confirmed by SL-PCR. hESC-derived neurons
latently-infected with VZV also yielded NGS reads for several of the
VZVsncRNA. Given the current interest in the roles of multiple types of
viral non-coding RNA in gene control of expression of the herpesvirus
life-cycle, it is important to further investigate which of the NGS reads
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of small RNAs could be detected in VZV-infected cells using an in-
dependent assay.

We report here the results of a survey for the VZVsncRNA using
Taqman SL-PCR for all of the 24 VZVsncRNA we predicted to be en-
coded by the virus in samples of small RNA (<200 nt) extracted from
productively infected ARPE19 cells, which are highly permissive for
VZV replication, and from productively infected human neurons de-
rived from human embryonic stem cells (hESC, (Pomp et al., 2005),
(Birenboim et al., 2013)). In order to investigate whether expression of
VZV-encoded sncRNA may contribute to the regulation of VZV re-
plication, we measured infectious focus growth (Markus et al., 2017)
and performed plaque assays with VZV-infected ARPE19 cells trans-
fected with specific locked-RNA antagonists to two of these
VZVsncRNA.

2. Materials and methods

2.1. Viruses, infection and cells

The VZV used in these studies were a recombinant virus expressing
GFP as an N terminal fusion to ORF66 (VZV66GFP), derived from
parent of Oka cosmids as detailed previously (Erazo et al., 2008) and a
similar virus expressing monomeric red fluorescent protein (mRFP)
linked to the N terminus of ORF66, VZV66RFP, made by re-
combineering of a self-excisable VZV BAC originally described in
(Tischer et al., 2007) and generated as detailed previously (Markus
et al., 2017). Infection of ARPE19 cells (ATCC) and neurons was per-
formed using cell-associated or cell-free virus obtained from sonicates
of infected cells, either as the low speed supernatant or the pelleted
debris fraction, as detailed previously (Sloutskin and Goldstein, 2014).
Cells were harvested when at least 60% of cells were fluorescent, ty-
pically 4–5 days for ARPE cells and 6–7 days for neuronal cultures.

The human embryonic stem cell (hESC) line H9 (WA09) was
maintained on STO feeder cells in Nutristem (Biological Industries,
Israel) medium and differentiated to neurons using two methods. The
first method used PA6 stromal cell induction (Kawasaki et al., 2000) as
described in detail (Pomp et al., 2005). The second method was a
modification of the method in Birenboim et al using agarose microwells
(Birenboim et al., 2013). Briefly, hESC were dissociated with Accutase
(Sigma-Aldrich), and 750,000 cells seeded into a 256-well agarose
microwell dish made using silicone molds (Sigma-Aldrich). The cells
were aggregated for 4 days in the molds in a medium consisting of:
GMEM (Gibco/Life Technologies) 1% penicillin/ streptomycin (Biolo-
gical Industries (BI), 1% L-glutamate (BI) 1% pyruvate (BI), 10% KSR –
knockout serum replacement (Gibco), 1% non-essential amino acids
(BI), 0.1μm mercaptoethanol (Sigma-Aldrich), with BMP4 inhibitors
SB431542 (10μm) and dorsomorphin (2μm) (Tocris Bioscience). The
aggregates were then grown for an additional 10 days in the same
medium lacking the inhibitors. This was followed by plating the ag-
gregates on polylysine/laminin (Sigma-Aldrich) coated coverslips or
tissue culture plates in differentiation medium consisting of DMEM/F12
with neural growth and survival factors NGF, BDNF, NT3 and GDNF
(Alomone Labs) and B27 supplement. Dividing cells were eliminated
from the cultures using the mitotic inhibitors 24μM 5-fluorodeoxyur-
idine (F0503, Sigma-Aldrich) and 0.6μM cytosine arabinoside (C6645,
Sigma-Aldrich) added 4 days after plating. 24μM Uridine (U3750,
Sigma-Aldrich) was added to the medium in order to offset the toxicity
of the fluordeoxyuridine. Neuronal cultures were maintained for a total
of 10–14 days after removal from the molds. Immunofluorescent
staining for neurofilament proteins was performed with antibody 2H3
to the intermediate neurofilament subunit (NF-M) deposited to the
Developmental Studies Hybridoma Bank by Jessell, T.M. and Dodd, J.,
and Sigma-Aldrich (Merck) N4142 to the heavy neurofilament subunit
(NF-H).

2.2. RNA preparation and stem-loop Taqman PCR for sncRNA

RNA was extracted using the Hybrid-R kit for large RNA/small RNA
(Geneall, South Korea). RNA was treated with DNase (AMPD1, Sigma-
Aldrich). All primers and probes were designed as described in
(Mohammadi-Yeganeh et al., 2013). Primers were generated by Sigma-
Aldrich (Israel) and the probe was LGC Biosearch Technologies DLO-
RFB-5 (California, USA). The cDNA for each sncRNA was prepared in
separate reactions and converted to cDNA using MMLV reverse tran-
scriptase (Promega, # M1701) at increasing temperatures: 25 °C for
15min, 37 °C for 15min, 42 °C for 40min and finally 95 °C for enzyme
inactivation. qPCR reactions were performed with qPCRBIO probe mix
Hi-ROX (PCR Biosystems) using universal reverse and specific forward
primers. All qPCR reactions were performed in triplicate and averaged
to compensate for pipetting errors.

2.3. Transfection of synthetic antagonists to VZV sncRNA and measurement
of their effect on VZV replication

Details of these procedures were described in our previous study
(Markus et al., 2017). In brief, monolayers of ARPE19 cells at ap-
proximately 80% confluence were infected with VZV66RFP-infected
ARPE19 cells at several concentrations in 96 well black-walled tissue
culture plates. Wells chosen for analysis had approximately 10–30 in-
fected cells 1dpi that would develop into well-separated infectious foci
(FOI) whose growth could be followed individually. At 1dpi, triplicate
wells were transfected with a synthetic antagonist RNA to VZV sncRNA
or scrambled RNA (Exiqon) using Dharmafect2 (Dharmacon) according
to the manufacturer’s instructions.

An automated microscope was then used to photograph entire wells
daily (36 images/well) using Micromanager v1.4 (https://micro-
manager.org/wiki/)in both fluorescence and brightfield illumination.
The micrographs were “stitched” together using the program Fiji and
the resulting composite images covered more than 95% of each well.
The composites generated in this manner were processed to enhance
contrast for clearly identifying the FOI. The course of progression of
growth of individual FOI was measured using ImageJ (https://imagej.
nih.gov/ij/). Quantification of infectious virus was determined by
plaque assays of cells collected on the last day of imaging (5-6dpi) and
then seeded on naïve ARPE19 cells. After 5 days, cultures were fixed,
stained with Crystal violet, and plaques counted. Data is represented as
the average ± the standard error of the mean. T-tests using equal
variance and two tails were performed with Microsoft Excel.

3. Results

3.1. VZV-infected ARPE19 cells express 23 of 24 bioinformatically-
predicted VZVsncRNA

Stem-loop qPCR (SL-PCR) was performed on small (< 200 nt) RNA
extracted from VZV66GFP-infected ARPE19 cells (Fig. 1A–C) using
specific primers (Table 1) designed for all 24 previously predicted
VZVsncRNA (Markus et al., 2017). Evaluation of NGS results for human
sncRNA showed that the expression of hsa-mir26 was at a high level
and showed little variation from sample to sample (Markus et al., 2017)
therefore SL-PCR was performed for this sncRNA in each sample and
used to normalize the expression of the VZVsncRNA (Watson et al.,
2007).

We obtained small RNA fractions from VZV-infected ARPE19 cells
from 8 independent experiments. Amplification of 23 of the 24
VZVsncRNA sequences was detected at a difference of at least 3 PCR
cycles in at least one infection/extraction of RNA, and most sncRNA
sequences were detected in the majority of at least 3 independent in-
fections/RNA extractions (Table 2). VZVsncRNA15, VZVsncRNA20,
VZVsncRNA21 and VZVsncRNA22 were amplified in only one of 3, 5, 2
and 7 experiments respectively. Because of the limited amounts of RNA
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obtained from the small-RNA isolation kit and variable efficiency of
extraction, we only assayed for some of the VZVsncRNA in each ex-
perimental infection/extraction. The quantitative results from two ex-
periments are shown in Supplementary Table 1. As can be seen in the
Supplementary table, the VZVsncRNA were detected at very different
levels, both within and between experiments (see discussion).

The only bioinformatically predicted VZVsncRNA we did not detect
by SL-PCR in VZV infected ARPE19 was VZVsncRNA3, which was not
amplified in four separate preparations of RNA from independent

infections. We note that the frequency of detection of VZVscnRNA de-
tected with SL-PCR did not correlate with the number of NGS reads
reported previously in infected fibroblasts. An extreme example was
VZVsncRNA22, whose sequences were present at the second highest
levels in infected fibroblasts in our NGS study (Markus et al., 2017) but
was detected in only one of 7 RNA preparations of VZV-infected
ARPE19 cells.

Fig. 1. Micrographs of VZV-infected cultures and immunostained human neurons.
(A–C) A living culture of ARPE19 cells infected in a cell-associated manner with VZVGFP66 at 4dpi Panel A=GFP fluorescence reporting ORF66 protein expression;
panel B, phase contrast and panel C, a merged image of A and B. (D–F) A living culture of human neurons derived without feeder cells that were infected in a cell-
associated manner with VZVGFP66 at 6 dpi. Panel D shows GFP fluorescence; panel E shows phase contrast; panel F shows a merge of the images in D and E. Panels G
and H show fixed cultures of uninfected neurons immunostained for neurofilament medium (G- green) and heavy (H-red) subunits. Nuclei are stained with Hoeschst
(blue). Bars depict 100μm in all panels.
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3.2. Human neurons productively infected with VZV express 19 predicted
VZVsncRNA

VZV genomes in neurons of the peripheral nervous system generate
infectious virus after reactivation during herpes zoster that is trans-
ported anterogradely in axons to infect peripheral tissues. Our previous
study detected NGS counts for all the predicted sequences of potential
VZVsncRNA in productively infected neurons derived from hESC, but
the presence of only one of these was confirmed using SL-PCR. To assay
for the presence of the other VZVsncRNA by SL-PCR in infected human
neurons, we generated neurons from hESC using two different methods.
The first was that used in our NGS study, where neural differentiation of
hESC was induced by co-culture with PA6 murine stromal cells ((Pomp
et al., 2008), (Markus et al., 2017)). The second method used to gen-
erate neurons was induction of differentiation with growth factors
(without the use of animal feeder cells) much as described previously
(Birenboim et al., 2013, see methods). Micrographs of a living neuronal
culture prepared with this second method and infected with VZV66GFP
are shown in Fig. 1D–F, and micrographs of fixed neurons prepared
with this method stained for neurofilament proteins are shown in
Fig. 1G and H.

The small RNA fraction extracted from VZV-infected neurons gen-
erated by both methods contained 19 of the predicted VZVsncRNA by
SL-PCR analysis (Table 3). VZVsncRNA3 was not detected in infected
neurons in three separate experiments, as observed for infected ARPE19
cells. Importantly, all four VZVsncRNA mapping antisense to introns of
the recently-described VZV latency associated transcript VLT (Depledge
et al., 2018) VZVsncRNA10-VZVsncRNA13), were detected in produc-
tively infected neurons in most of the preparations. VZVsncRNA9,
which was previously detected at the highest levels in neurons in our
NGS data, was detected in the current study by SL-PCR in 75% of
neuronal RNA preparations. There were differences between neurons

and ARPE19 cells in terms of frequency of detection of some
VZVsncRNA. For example, VZVsncRNA20 was detected in three of four
RNA extracts from neurons tested, but only in 1 of 5 extractions from
ARPE19 cells. Again, the levels of NGS counts for VZVsncRNA in neu-
rons did not necessarily correlate with levels detected by SL-PCR, as
seen in ARPE19 cells. For example, while NGS counts for VZVsncRNA22
were highest in neurons, the VZVsncRNA was not detected by SL-PCR in
any of five experiments. In contrast, VZVsncRNA1, VZVsncRNA6,
VZVsncRNA7, and VZVsncRNA14, which all showed less than 10 NGS
counts in our previous study, were detected by SL PCR in at least 75% of
experiments. The reason for this disparity between detection with the
two methods remains to be elucidated.

3.3. Different effects of blocking two VZVsncRNA on viral growth in
ARPE19 cells

After confirming the presence of almost all the bioinformatically-
predicted VZVsncRNA by SL-PCR, we examined whether some of these
molecules may contribute to the regulation of VZV lytic replication. We
selected two VZVsncRNA to test using a live cell-imaging assay after
transfection of locked nucleic acid (LNA) antagonists to each
VZVsncRNA (Markus et al., 2017). These were 1) VZVsncRNA2, de-
tected in most (5/8) experiments by SL-PCR and 2) VZVsncRNA20,
detected only in 1 of 5 extractions from both ARPE19 cells and neurons
cells. Transfection of an LNA antagonist to VZVsncRNA2 did not result
in a significant effect on spread of foci of infection of VZV infection
(FOI) (n= 3, Fig. 2A–C). In contrast, transfection of an LNA antagonist
to VZVsncRNA20 enhanced FOI growth, both on the average and in
each experiment (n=3, Fig. 2D and E). Observing fluorescent FOI al-
lowed us to follow infection in living cultures daily, and the effects of
the LNA antagonist were significant by this assay from 3d post-

Table 2
Detection of VZVsncRNA by stem-loop RT-qPCR in infected ARPE19 cells.

VZVsncRNA qPCR+/n (%) NGS reads

sncRNA 1 2/4 (50%) 18
sncRNA 2 4/8 (50%) 349
sncRNA 3 0/4 (0) 2
sncRNA 4 2/3 (67%) 0
sncRNA 5 2/3 (67%) 14
sncRNA 6 5/5 (100%) 22
sncRNA 7 3/4 (75%) 24
sncRNA 8 1/3 (33%) 17
sncRNA 9 5/5 (100%) 612
sncRNA 10 4/4 (100%) 12
sncRNA 11 3/3 (100%) 8
sncRNA 12 3/3 (100%) 15
sncRNA 13 5/5 (100%) 49
sncRNA 14 4/5 (80%) 29
sncRNA 15 1/3 (33%) 14
sncRNA 16 3/3 (100%) 6
sncRNA 17 5/5 (100%) 115
sncRNA 18 3/3 (100%) 9
sncRNA 19 2/3 (67%) 6
sncRNA 20 1/5 (20%) 30
sncRNA 21 1/2 (50%) 8
sncRNA 22 1/7(14%) 505
sncRNA 23 3/6 (50%) 108
sncRNA24 2/2 (100%) 14

The second column shows the number of experiments in which the difference
between the signal from RNA extracted from mock infected and infected
ARPE19 cells was at least 3 cycles (qPCR+)/the total number of independent
experimental assays. The percentage of experiments where the VZVsncRNA was
amplified as a percentage of the extractions assayed is in parenthesis for direct
comparison. Values in bold are for those VZVsncRNA that were detected in the
culture medium, as well as in the cytoplasm of infected cells. For comparison to
results from our NGS analysis (Markus et al., 2017), counts for the VZVsncRNA
detected in VZV-infected human fibroblasts are presented in the 3rd column.

Table 3
Detection of VZVsncRNA by stem-loop RT-qPCR in infected hESC-derived
neurons.

VZVsncRNA qPCR+/n (%) NGS counts

sncRNA 1 2/4 (50%) 6
sncRNA 2 0/3 (0) 26
sncRNA 3 0/3 (0) 28
sncRNA 4 3/3 (100%) 25
sncRNA 5 1/2 (50%) 12
sncRNA 6 2/3 (67%) 5
sncRNA 7 3/3 (100%) 7
sncRNA 8 1/4 (25%) 46
sncRNA 9 3/4 (75%) 126
sncRNA 10 2/3 (67%) 30
sncRNA 11 2/3 (67%) 18
sncRNA 12 3/3 (100%) 13
sncRNA 13 2/3 (67%) 24
sncRNA 14 3/3 (100%) 4
sncRNA 15 0/3 (0) 37
sncRNA 16 3/3 (100%) 19
sncRNA 17 3/4 (75%) 61
sncRNA 18 3/4 (75%) 32
sncRNA 19 0/2 (0) 24
sncRNA 20 3/4 (75%) 12
sncRNA 21 1/4 (25%) 50
sncRNA 22 0/5 (0) 1047
sncRNA 23 1/6 (16%) 15
sncRNA24 1/3 (33%) 21

The second column shows the number of experiments in which the difference
between the signal from RNA extracted from mock infected and productively
infected human embryonic stem cell-derived neurons was at least 3 cycles
(qPCR+) as a proportion of the total number of independent experimental
assays. The percentage of experiments where the VZVsncRNA was amplified as
a percentage of the extractions assayed is given in parenthesis for direct com-
parison. For comparison to results from our NGS analysis (Markus et al., 2017),
counts for the VZVsncRNA detected in VZV-infected neurons are presented in
the 3rd column.
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transfection of the inhibitor (Fig. 2F). FOI growth does not necessarily
represent an increase in infectious virus, rather it measures the spread
of the virus. In order to obtain a more direct measure of the effect of
VZVsncRNA in the quantity of infectious virus generated, plaque assays
were performed with cells from two of the three experiments with the
LNA antagonist to VZVsncRNA20. In both experiments there was a
significant increase in the number of plaques formed by cells from the
wells treated with the inhibitor: in one experiment the inhibitor
transfection resulted in a 100% increase in plaques (25 ± 6 in the

control versus 52 ± 1 plaques in the inhibitor treated, p < 0.02) and
a 50% increase in the other experiment (23 ± 1 control, 34 ± 2 in-
hibitor, p < 0.01). These results, together with our previous observa-
tion that an LNA antagonist to VZVsncRNA23 increases VZV replica-
tion, indicate that some but perhaps not all SL-PCR detected
VZVsncRNA may regulate VZV replication in culture.

Fig. 2. Effect on growth of VZV infectious foci and the numbers of viral plaques after transfection of antagonists to two VZVsncRNA.
Locked antagonists to VZVsncRNA2 (A–C) or to VZVsncRNA20 (D–G) were transfected one day after seeding small numbers of VZVRFP66-infected ARPE19 cells onto
monolayers of ARPE19. A scrambled sequence was transfected as a control. More than 80 FOI were measured for each experimental condition. The graphs in A and D
show the average change in size of individual foci of infection (FOI) between 1dpi to 5dpi in pixel units. No difference in growth of FOI was seen between control and
VZVsncRNA2 antagonist transfected wells (A, n=3). When an antagonist to VZVsncRNA20 was transfected, it increased the growth of the FOI by an average of 50%
(D, n= 3, p < 0.02). The data for the individual experiments presented as averages in A and D are shown in B and E respectively. RFP-expressing viruses allowed
examination of the FOI continuously and revealed that the differences in FOI size were inconsistent at all time points for VZVsncRNA2 (C) and significantly different
by 3 days after infection for VZVsncRNA20 (F). Cells from antagonist and scrambled RNA-transfected wells 7dpi were used to infect naïve ARPE19 cells, and standard
plaque assays were performed. The transfection of the antagonist resulted in about twice as many infectious plaques as the control, scrambled RNA (G) (n=2, data
from one of two experiments with similar results). Asterisks indicate statistical significance between control and transfected wells (p < 0.05).
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4. Discussion

In the present study, we used Taqman SL-PCR to probe small RNA
from VZV-infected ARPE19 cells and found that 23 of 24 sequences
previously predicted to be small RNA species encoded by VZV were
indeed detected. This indicates that the novel prediction method used
to evaluate NGS reads of small RNA, manual alignment of similar se-
quences, is indeed a viable predictive approach (Markus et al., 2017).
The current findings suggest that VZV is like other herpesviruses and
expresses multiple small RNAs in lytic infection. We have not yet been
able to precipitate these VZVsncRNA with antibodies to AGO2, and,
except for VZVsncRNA23, they are not predicted to fold as miR. The
VZVsncRNA species we have identified therefore may not be miR, and
their biogenesis, characteristics and mechanisms of action remain to be
elucidated.

A great deal of variability was observed both within and between
experiments in terms of the detection of the VZVsncRNA. Some were
only detected once by SL-PCR in several RNA preparations, while others
were detected in every RNA preparation. Similarly, the levels of the
VZVsncRNA detected varied greatly (Supplementary Table 1). Since
each stem-loop PCR reaction requires a separate RT reaction, large
amounts of RNA are required for these assays it is very difficult to test
for all sncRNA from a single RNA extraction. The variability in levels
and frequency of detection of the VZVsncRNA that we encountered
could be due to several factors. It is possible that these small RNAs are
broken down rapidly, or that variability arises from differences in cell-
lysis from infection, and/or the extractions themselves since they were
performed by several different investigators could have yielded dif-
ferent amounts of the VZVsncRNA in different experiments. In addition,
VZV infection of ARPE19 cells was performed by cell-associated infec-
tion which is not synchronous. This results in heterogeneity in the
stages of the viral replications cycle in different experiments, which also
probably contributed to the variation in VZVsncRNA detection from
sample to sample. Because of this issue of variability, we assayed for
some of the VZVsncRNA many times (Table 2), particularly those that
were encoded by genomic regions of interest or were present at high
count number in our NGS data.

There is accumulating evidence that small non-coding RNAs, espe-
cially miR, are secreted and may exert their effects on other cells after
being transported in small membrane-deliminated vesicles such as
exosomes (i.e. Kalamvoki et al., 2014). In preliminary experiments we
detected the presence of many of the VZV sncRNA in the medium using
two protocols for isolating and concentrating exosomes, and this frac-
tion was immunopositive for the exosomal marker CD81 (not shown).
However, since exosomes and VZV virions are similar in size, we cannot
be sure that the VZVsncRNA we detected in this fraction was in exo-
somes or in viral particles or both. The secretion of alphaherpesvirus
miR ((Kalamvoki et al., 2014),(Han et al., 2016)) suggests that further
investigation into the export of VZVsncRNA may be worthwhile.

We previously showed that VZVsncRNA23 represses spread of VZV,
since the transfection of an LNA antagonist to it resulted in a significant
increase in FOI size using a live-imaging assay (Markus et al., 2017).
That initial study was expanded here by assaying antagonists to two
additional VZVsncRNA for their effects on the spread of VZV. The an-
tagonist to VZVsncRNA20 increased the spread of FOI, while that to
VZVsncRNA2 did not have a significant effect. FOI measurements using
fluorescent indicator viruses only report cells expressing the VZV-
fluorescent fusion protein. Plaque assays complemented these experi-
ments and indicated that the larger FOI from wells treated with the
antagonist to VZVsncRNA20 included larger numbers of VZV-infected
cells capable of infecting naïve cells. These results suggest that
VZVsncRNA20 is a biologically relevant molecule in the replication of
VZV and acts to repress productive infection. Similar results were re-
ported for two HSV miRNA, miR-H28 and miR-H29 (Han et al., 2016).

The VZVsncRNA2 antagonist, despite this VZVsncRNA often being
detected by SL-PCR and being present at relatively high levels in the

NGS study, lacked a modulating effect on VZV spread. A possible ex-
planation is that multiple transcripts containing this coding sequence of
this sncRNA have been recently described (Prazsák et al., 2018). Its
sequence is included in a monocistronic form of ORF10, a bicistronic
form ORF 9–10 and a tricistronic form ORF9A-9–10 and it may be
generated from all of them without having an actual physiological role.
Such RNAs would still be detected by SL-PCR or as NGS counts. Other
possibilities include the timing of the transfection, the concentration of
the antagonist, the sensitivity of the assay, or an effect on some aspect
of the viral life cycle not easily observed in these cells. Study of addi-
tional VZV-permissive cell types may reveal that they function in a cell-
type specific role. Our results obtained from inhibition of
VZVsncRNA20 indicate that the reverse is also true regarding NGS
counts and function: the presence of a sequence at low levels in NGS
does not eliminate the possibility that the sncRNA can play a role in the
life-cycle of the virus.

Two of the VZVsncRNA detected by both NGS (Markus et al., 2017)
and by the SL- PCR assay used here are VZVsncRNA12 and
VZVsncRNA13. Both are encoded within the apparent leader sequence
of ORF61 and are antisense to introns of the recently reported spliced
latency-associated transcript, VLT. The VLT transcript was detected not
only in human post-mortem latent infected ganglia, but also in pro-
ductively infected cells (Depledge et al., 2018). It is therefore important
to determine if these VZVsncRNA can modulate lytic and latent infec-
tions. Studies inhibiting these VZVsncRNA in lytically-infected ARPE19
cultures using LNA antagonists are ongoing. However, due to the small
numbers of latently-infected neurons obtained in our cultures the SL-
PCR assay may not be sensitive enough to detect VZVsncRNA in them.
Future improvements in the efficiency of establishment of latency in
our in-vitro system may reveal if these VZVsncRNA are expressed
during VZV latency and if they influence productive or latent infections
in neurons, as seen in for miR in other herpesviruses.

The field of therapeutics based on short oligonucleotides and tar-
geting RNA (reviewed recently in (Crooke et al., 2018; Levin, 2019)
including targeting miR (Simonson and Das, 2015), has seen an ex-
plosion in the past several years. Since we have now found that at least
two of the VZVsncRNA are able to modulate VZV growth in culture,
study of VZVsncRNA may not only provide new insights into the
biology of VZV infection, but also inform the development of novel
therapeutics for VZV infection, especially painful herpes zoster.
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