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We report on the properties and function of two herpes simplex
virus-1 (HSV-1) microRNAs (miRNAs) designated “miR-H28” and
“miR-H29.” Both miRNAs accumulate late in productive infection
at a time when, for the most part, viral DNA and proteins have
been made. Ectopic expression of miRNA mimics in human cells
before infection reduced the accumulation of viral mRNAs and
proteins, reduced plaque sizes, and at vey low multiplicities of
infection reduced viral yields. The specificity of the miRNA mimics
was tested in two ways. First, ectopic expression of mimics carry-
ing mutations in the seed sequence was ineffective. Second, in
similar tests two viral miRNAs made early in productive infection
also had no effect. Both miR-H28 and miR-H29 are exported from
infected cells in exosomes. A noteworthy finding is that both miR-H28
and miR-H29 were absent from murine ganglia harboring latent virus
but accumulated in ganglia in which the virus was induced to
reactivate. The significance of these findings rests on the principle
that the transmission of HSV from person to person is by physical
contact between the infected tissues of the donor and those of
uninfected recipient. Diminished size of primary or recurrent lesions
could be predicted to enhance person-to-person transmission. Re-
duction in the amount of reactivating latent virus would reduce the
risk of retrograde transport to the CNS but would not interfere with
anterograde transport to a site at or near the site of initial infection.
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Herpes simplex viruses (HSVs) infect and multiply in cells at
the portal of entry, i.e., mouth or genitals (1). They then are

exported by retrograde transport to sensory or autonomic neu-
rons where they establish latent (silent) infection. In response to
neuronal stress, the virus reactivates and is transported antero-
grade to a site at or near the site of initial infection. At that site
the virus is available for transmission by physical contact between
the infected tissues of the donor and those of the uninfected
recipient (1, 2). In principle it would be expected that extensive
lesions on initial infection and on reactivation would seed more
neurons with latent virus and increase the transmission of virus
from person to person. This report challenges the hypothesis that
viral gene products uniformly enhance viral replication and spread.
This report centers on the function of two newly detected viral

microRNAs (miRNAs). Specifically HSV-1 and HSV-2 have
been reported to express at least 27 miRNAs (3–13). Analyses of
17 of these miRNAs have shown that they differ in their re-
quirements for synthesis in productively infected cells. Thus,
some are made in higher amounts in the absence of viral protein
synthesis, but others require viral protein synthesis for their
synthesis (14). A confounding problem associated with the
function of viral miRNAs is that miRNAs made in the course of
latent infections in neurons are also made in productively in-
fected cells, whereas some, but not all, miRNAs accumulating in
neurons in which latent virus is in the process of reactivation are
not made in appreciable amounts in productively infected cells (14).
Here we report the properties of two newly identified miRNAs
designated “miR-H28” and “miR-H29.” The key properties of

these miRNAs are (i) they are made late in infection, i.e., after
viral DNA and structural proteins have been made; (ii) they are
exported in exosomes; and (iii) they accumulate in neurons in
which the virus is in the process of reactivation from the latent
state but are absent from neurons harboring latent virus. Addi-
tional studies showed that ectopic expression of mimics of these
miRNAs in cells before infection reduces the rate of accumu-
lation of viral proteins, decreases plaque size, and at the same
time reduces viral yields in cells infected at a very low multi-
plicity of infection.
One hypothesis that could explain the evolution of these miRNAs

is the need to block excessive replication of reactivating virus for
two reasons. First, repulsive lesions on the mouth or genitals
would reduce physical contact between the infected tissues of the
transmitter and the uninfected tissue of the recipient. A second
reason may be to reduce the amount of virus made on reac-
tivation to ensure that the reactivated virus is transmitted an-
terograde to the mouth or genitals rather than retrograde to the
CNS. Retrograde transport would likely kill the host and block
further viral spread. In essence these studies support the con-
clusion that HSV-1 down-regulates its replication to enhance
its spread and that this process is executed by viral gene products.

Results
The Isolation, Sequence, and Properties of HSV-1 miR-H28 and miR-
H29. Deep-sequencing analyses of cells infected with HSV-1(F)
[the prototype HSV-1 strain used in our laboratories (15)] led to
the identification of two heretofore unreported viral miRNAs.
The critical parameters of miR-H28 and miR-H29 are listed
in Table 1. In brief miR-H28 and miR-H29 were isolated
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from both infected HEK293T and HEp-2 cells. The miR-H28
sequence is antisense to and maps close to the N-terminal do-
main of unique long 4 (UL4) (Table 1). miR-H29 maps in the
same sense as the coding sequence of unique long 30 (UL30)
(Table 1). The function of UL4 is unclear. UL30 encodes the
viral DNA polymerase (1).
The patterns of accumulation of miR-H28 and miR-H29 in

the course of productive infection in HEK293T and HEp-2 cell

lines are shown in Fig. 1. In these studies, the cells were ex-
posed to 1 pfu of wild-type virus per cell and were incubated in
standard medium devoid of drugs or medium containing cy-
cloheximide or actinomycin D. The measurements obtained
were normalized with respect to the U6 small cellular RNA
present in mock-infected untreated cells (0 h). The results
show that expression of both miR-H28 and miR-H29 requires
prior viral protein synthesis in both cell lines. The accumulation

Table 1. Genomic location and sequence of HSV-1(F) miR-H28, miR-H29, and derivatives

miRNAs and derivatives miR-H28 miR-H29

Position in HSV-1 DNA 12,316–12,462 64,820–64,994
UL4 UL30

(antisense) (sense)
miRNA precursor

auaggcuauacgcgauggu ccaggguccuugaccccacu
cgucuguggauuggacauc uccggguuucaugugaaccc
ucgcgguggguagugagucc cguggugguguucgacuuu
cccgggccggguucggugga gccagccuguaccccagcau
acuguaaggggacggcgggu cauccaggcccacaaccugu
uaauauacaaugaccacgu gcuucagcacgcucucccug
ucggaucgcgcagagccgau agggccgacgcaguggcgca
aguaugugcu ccuggaggcgggcaaggacu

accuggagaucgaggu
Mature miRNA CGAUGGUCGUCUG CUGGAGGCGGGCAAG

UGGAU GACUACC
Total reads [HSV-1(F), 0.1 pfu per cell, 16 h]
HEK293T 487 415
HEp-2 432 505

NT UUCUCCGAACGUGUCACGUTT
M1-H29 CAGCUGCGGGGCAAGGACUACC
M2-H29 CACCUCCGGGGCAAGGACUACC

Boldface indicates the mature miRNA sequence and its location.

Fig. 1. Accumulation of miR-H28 and miR-29 in infected cells. Replicate cultures of HEp-2 cells (A and C) and HEK293T cells (B and D) were exposed to 1 pfu of
HSV-1(F) per cell and were mock-treated or incubated in medium containing 100 μg/mL cycloheximide (CHX) or 10 μg/mL actinomycin D (Act.D). The cells were
harvested at 1, 3, 6, 12, or 24 h postinfection. miR-H28 (A and B) and miR-H29 (C and D) were normalized with respect to U6 small cellular RNA detected in
mock-infected cells (0 h).
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of miR-H28 and miR-H29 increased above base levels at or after
12 h postinfection.

Ectopic Expression of miR-H28 or miR-H29 Mimics in HEp-2, HEK293T,
or Vero Cells Before Infection Results in Decreased Accumulation of
Viral RNA and Proteins, Reduced Yields of Virus, and Smaller Plaques.
In this series of experiments, HEp-2 or HEK293T cells were
transfected with miRNA corresponding to either a nontarget
sequence (NT) or mimics of miR-H28 or miR-H29. We exam-
ined the accumulation of mRNAs encoding key viral proteins
and infectious virus and the size of plaques formed by HSV-1(F)
in Vero cells transfected with a miR-H29 mimic. The sequences
of the NT miRNA and of miR-H28 and miR-H29 mimics are
shown in Table 1. The results may be summarized as follows:

i) The reduction in the accumulation of viral mRNAs as a func-
tion of the amounts of miR-H29 transfected into HEp-2
cells. The objectives of these experiments were twofold: to
determine whether the miR-H29 mimic is effective in reduc-
ing the accumulation of mRNAs of representative α (ICP27),
β (ICP8), or γ (VP16) genes and whether the effects are
dependent on the concentration of mimics transfected into
cells. Replicate cultures of HEp-2 cells were transfected with
160 nM of NT miRNA or varying concentrations of miR-H29
ranging from 0.08–160 nM. After 24 h the cultures were in-
fected with 0.1 pfu of wild-type virus per cell. After an addi-
tional 24 h the cells were harvested, RNAs were extracted,
and the selected mRNAs were measured by RT-PCR as pre-
viously described (16). The results (Fig. 2) show the amounts
of viral mRNA normalized with respect to 18s rRNA present
in cells transfected with NT miRNAs at 24 h postinfection.
The results show that the minimally effective concentration of
the mimics was 80 nM and resulted in a two- to threefold
decrease in the concentration of viral mRNAs.

ii) Viral protein accumulation is reduced in HEK293T or HEp-2
cells transfected with miR-H28 or miR-H29 mimics. Replicate
cultures of HEK293T or HEp-2 cells were mock transfected or
transfected with 150 nM of NT miRNA, miR-H28, or miR-
H29 mimics. After 24 h, the cells were exposed to 0.1 pfu of
wild-type virus per cell. The cultures were harvested at the
indicated times postinfection and then were solubilized, sub-
jected to electrophoresis in denaturing gels, and reacted with
antibodies to ICP4, ICP27, ICP8, VP16, UL38, or US11. The
proteins selected for study are the products of viral α-, β-, and
γ genes. GAPDH served as a loading control. The protein
bands were scanned with the aid of an ImageJ scanner and
were normalized with respect to the optical density of bands
produced in mock-treated infected cells. The results show that,
as is consistent with the low multiplicity of infection in mock-
transfected or NT miRNA-transfected cells, viral proteins
were first detected in appreciable quantities 12 h postinfection
and in higher amounts 24 h postinfection. In cells transfected
with miR-H28 or miR-H29 mimics the amounts of the viral
proteins were consistently lower than in mock-transfected
HEK293T cells, infected HEK293T cells transfected with
NT miRNA (Fig. 3A), or HEp-2 cells (Fig. 3B).

A key hypothesis underlying this report is that the miRNAs
involved in restricting the expression of viral genes are those
made late in infection. To test this hypothesis, we tested in the
same fashion the mimics of two miRNAs made early in infection.
The temporal patterns of accumulation of miR-H1-3P and miR-
H27 are shown in Fig. 4. The temporal patterns of accumulation
of the two miRNAs were determined as described in Materials
and Methods. The results (Fig. 3C) of studies performed as de-
scribed above show that the mimics of the two miRNAs made
early in productively infected cells had no effect on the accu-
mulation of viral proteins.
To test whether the reduction in the accumulation of viral

proteins was the consequence of transfection of the mimic, we
constructed two mutants, one, designated “M1,” with five
replaced nucleotides in its seed sequence (Table 1) and one,
designated “M2,” in which the nucleotides of the entire seed
sequence were replaced (Table 1). Replicate cultures of HEK293T
cells were mock treated or transfected with 150 nM of NT miRNA
or M1 or M2 miRNAs. After 24 h, the cells were exposed to 0.1
pfu of HSV-1(F) per cell, were harvested at the indicated hours
postinfection, and were reacted with antibodies to ICP4, ICP27,
UL38, or US11. Again GAPDH served as a loading control. The
results (Fig. 5) show that the pattern of accumulation of viral
proteins in cells transfected with the M1 or M2 miRNAs could not
be differentiated from those of mock-treated or NT miRNA-
transfected cells.

Fig. 2. The miR-H29 mimic suppresses expression of viral mRNA. Repli-
cate cultures of HEp-2 cells in 24-well plates were transfected with an
miR-H29 mimic at the indicated concentrations or were treated with NT
miRNA for 24 h. The cells then were exposed to 0.1 pfu of HSV-1(F) per cell
for 1 h. Total RNA was extracted at 24 h postinfection. Five hundred
nanograms of total RNA was reverse-transcribed to cDNA by random
primers. ICP27, ICP8, and VP16 were quantified and normalized with re-
spect to 18s rRNA and are shown as fold change compared with RNA from
NT-treated cells at 24 h.
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iii) Effect of prior exposure to miR-H28 or miR-H29 on the
accumulation of infectious virus in HEK293T or HEp-2
cells. In these experiments, replicate cultures of HEp-2 cells
were mock treated or transfected with 150 nM of NT
miRNA or with miR-H28 or miR-H29 mimics. At 24 h post-
transfection the cells were exposed for 1 h to 0.1 or 0.01 pfu
of the HSV-1(F) per cell. The cells then were rinsed and
harvested at the times shown postinfection. Viral progeny
were titrated on Vero cells. The results shown in Fig. 6 in-
dicate that the accumulation of virus in cells transfected with
miR-H28 or miR-H29 and then infected with 0.1 pfu of virus
per cell was not significantly different from that in cells
transfected with control miRNAs. The virus yields from cells
transfected with miR-H28 and miR-H29 at 48 h postinfec-
tion were significantly lower (P = 0.02) than those obtained
from cells transfected with control miRNAs.

iv) In Vero cells transfected with the miR-H29 mimic, the
spread of wild-type virus from cell to cell is reduced, as
indicated by plaque sizes. Vero cell monolayer cultures
were mock transfected or transfected with 150 nM of NT
miRNA or the miR-H29 mimic. After 24 h the cells were
exposed to 0.001 pfu of HSV-1(F) per cell. The cultures
were fixed and stained with Giemsa at 48 h postinfection as
described in Materials and Methods. Representative pla-
ques photographed at the same magnification are shown
in Fig. 7. Examination of replicate cultures treated in the
same fashion showed that the plaques formed in cells trans-
fected with miR-H29 were significantly smaller than those
formed in mock-treated cells or in monolayer cultures
transfected with NT miRNA.

miR-H28 and miR-H29 Are Exported from Infected Cells via Exosomes.
To reduce the synthesis of viral gene products and viral spread
from cell to cell, miR-H28 and miR-H29 would have to be
exported from infected cells to uninfected cells before or
concurrently with the entry of the virus into newly infected
cells. Elsewhere we have described the export of miRNA in
exosomes (17). The objective of this series of experiments was

to determine whether miR-H28 and miR-H29 are exported
from infected cells in exosomes. In this series of experiments,
HEK293T or HEp-2 cell cultures were either mock-infected

Fig. 3. Accumulation of viral proteins in cells transfected with miR-H28, miR-H29, miR-H1-3P, and miR-H27 mimics. HEK293T cells (2 × 106) (A and C) or 2 × 106

HEp-2 cells (B) in a flask at 50–60% confluency were mock treated or were transfected with 150 nM of mimics or nontarget miRNA as indicated. After 24 h the
cells were either mock infected or exposed to 0.1 pfu of HSV-1(F) per cell for 1 h; then medium was replaced with fresh medium. The cells were collected 3, 6,
12, and 24 h postinfection. The proteins were electrophoretically separated in a 10% denaturing gel and reacted with antibodies against ICP4, ICP27, ICP8,
VP16, UL38, US11, or GAPDH. The protein bands were scanned with the aid of an ImageJ scanner. The optical density of the bands was normalized with
respect to the optical density of corresponding bands generated from mock-treated infected cells.

Fig. 4. Accumulation of miR-H1-3P (A) and miR-H27 (B) in productively in-
fected cells. Replicate cultures of HEK293T cells were exposed either to mock
infection or to 0.1 pfu of HSV-1(F) per cell and were collected 4, 8, 12, and
16 h postinfection. miR-H1-3P and miR-H27 were quantified and normalized
with respect to cellular small RNA U6 in mock-infected cells.
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or exposed to 10 pfu of HSV-1(F) per cell. After 24 h the
exosomes were purified from extracellular medium, and total
RNA was extracted both from exosomes and from the infected
cells as described in Materials and Methods. In earlier studies
(17) we have shown that miR-H3 and miR-H6 are present
both in infected cells and in exosomes derived from the cul-
tures (18). In the present study we quantified miR-H28 and
miR-H29 as well as miR-H3 and miR-H6 contained in cell
lysates and extracellular fluid. Analyses of miRNAs per-
formed in duplicate cultures (Fig. 8) show that the miRNAs

are present both in infected cells and in the exosomes
exported from infected cells.

miR-H28 and miR-H29 Are Expressed in Ganglionic Organ Cultures
During Reactivation but Not During the Latent State. Elsewhere
we reported that some miRNAs accumulate in murine trigeminal
ganglia harboring latent virus but that these miRNAs decrease in
amount during reactivation (14). In contrast a set of viral
miRNAs is detectable only after the latent viruses undergo
reactivation. The question we posed is whether miR-H28 and
miR-H29 accumulate during latency or on reactivation. The
protocol for these studies has been described in detail elsewhere
(19). In brief, trigeminal ganglia were excised 30 d after in-
oculation by corneal scarification. On day 30 postinfection the
trigeminal ganglia were excised and were processed immediately
or were incubated for 24 h in medium containing nerve growth
factor (NGF) or for the same length of time in medium con-
taining anti-NGF antibody. The virus reactivates in medium
containing anti-NGF antibody but is maintained in a latent state
for at least 18–24 h in medium containing NGF. Previous studies
have shown that most viral miRNAs expressed in ganglia during
reactivation from the latent state are absent in ganglia harboring
latent virus.
To determine whether miR-H28 or miR-H29 is expressed

during latency and reactivation, we repeated the protocols de-
scribed in detail elsewhere (14). Briefly, 5-wk-old CBA/J mice
were inoculated by the corneal route with 105 pfu of wild-type
virus per eye. The ganglia were excised 30 d postinfection and
were analyzed for the presence of miR-H28 and miR-H29 either
immediately or after incubation for 24 h in medium containing
anti-NGF antibody. The results (Fig. 9) show that miR-H28 and
miR-H29 were absent from freshly excised ganglia but were
present in ganglia induced to reactivate by incubation in medium
containing anti-NGF antibody.

Discussion
This report consists of two parts. In the first we report on the
properties of two newly discovered miRNAs, miR-H28 and miR-
H29. The second part stems from the observation that these
miRNAs are synthesized near the end of the viral replicative

Fig. 6. Virus yields from miR-H28– and miR-H29–transfected cells. Replicate cultures of HEp-2 cells were mock treated (Mock) or treated with 150 nM of miR-
H28, miR-H29, or the NT miRNA mimic. After 24 h of incubation, the cells were exposed to 0.1 pfu (A) or 0.01 pfu (B) of HSV-1(F) per cell for 1 h. The inoculum
then was replaced with fresh medium. The virus progeny were harvested at the times shown and were titered in Vero cells.

Fig. 5. Mutated miR-H29 mimics have no effect on the expression of viral
proteins. HEK293T cells (2 × 106) were mock treated with transfection re-
agent or were transfected with 150 nM of two different mutants of miR-H29
mimics or with nontarget miRNAs (NT). The sequences of mutants #1 and #2
(M1 and M2, respectively) are shown in Table 1. After 24 h the cells were
either mock infected or exposed to 0.1 pfu of HSV-1(F) per cell for 1 h; then
medium was replaced with fresh medium. The cells were collected 3, 6, 12,
and 24 h postinfection. The proteins were electrophoretically separated in a
10% denaturing gel and reacted with indicated antibodies. The protein
bands were scanned as described in the legend of Fig. 3.
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cycle, that is after the synthesis of viral DNA and proteins and at
a time when it could be expected that HSV had assumed full
control of the infected cell. This finding raises questions re-
garding the function of these miRNAs.
One hypothesis that could account for the late synthesis of

miR-H28 and miR-H29 stems from considerations of biologic
properties that are quasi unique to HSV. Specifically, HSV spreads
from person to person by direct (generally consensual) physical
contact between the tissues of an infected individual and those of an
uninfected individual. HSV is an exceptionally successful pathogen;
in many countries the penetration rate approaches 100% of the
population. Given the mode of transmission, it could be argued that
people with extensive lesions on the face or genitals would be less
likely to transmit the virus than individuals with barely visible le-
sions. In short, one hypothesis that could explain the late synthesis
of miR-H28 and miR-H29 is that their function is to restrict
virus spread.
To test this hypothesis, we used miR-H28 and miR-H29

mimics. In this report we show that the yields of viral mRNAs
and viral proteins were reduced in cells transfected with the miR-
H28 and miR-H29 mimics. In contrast, mimics of miRNAs made
early postinfection had no effect on the accumulation of repre-
sentative viral proteins. Finally, the results also show that in cell
cultures transfected with miR-H28 and miR-H29 mimics before
infection the size of plaques—a direct measure of yields and cell-
to-cell spread of virus—is also diminished.
The mimics are surrogates of miRNAs, and hence their rele-

vance needs to be qualified. Foremost, we show that mutants in
the seed sequence of the mimics have no effect. The targets of
the mimics are unknown. They could be viral or cellular mRNAs
encoding a protein required for efficient transcription, protein
synthesis, or extracellular transport.
Finally, the concept that HSV encodes functions that limit its

own replication and spread is supported by numerous other
observations. Specifically,

i) Two components of innate immunity, protein kinase R (PKR)
and NF-κB, are important cellular defense mechanisms against
viral infections. Indeed, activation of PKR in the absence of
ICP34.5 can result in shutoff of protein synthesis and cell
death (20, 21). ICP34.5 precludes the shutoff of protein syn-
thesis but does not block the antiviral effects of PKR because
the depletion of PKR before infection results in significantly
higher virus yields (22). Similarly, activated NF-κB cannot be
depleted without a loss in virus yields (22). One hypothesis to
explain the data is that HSV has evolved functions that de-
pend on host defense mechanisms to control viral replication
and spread.

ii) STING (stimulator of interferon genes) is an important com-
ponent of the signaling cascade that leads to the activation of
IFN (23, 24). Recent studies show that STING is actively
maintained and exported via exosomes from infected cells
to uninfected cells (17). The response to STING depletion

Fig. 8. Analyses of exosomes for the presence of miR-H28 and miR-H29.
HEK293T (A) or HEp-2 (B) cells grown in T150 flasks were exposed to 10 pfu
of HSV-1(F) for 24 h. Exosomes were isolated from supernatant fluid, and
total RNAs from purified exosomes were extracted as described in Materials
and Methods. Total RNAs from cell lysates also were extracted as described
in Materials and Methods. miR-H29, -H28, -H3-3P, and -H6 present in exo-
somes and cell lysates were quantified and normalized to the U6 cellular
small RNA present in mock-infected cells.

Fig. 7. The miR-H29 mimic blocks virus spreading. Vero cells grown in six-well plates were mock treated with transfection reagent or were transfected with
150 nM of NT miRNA or the miR-H29 mimic. After 24 h the cells were exposed to 0.001 pfu of HSV-1(F) per cell for 1 h and then were rinsed and overlaid with
medium 199V (22). At 48 h postinfection the cells were fixed with 4% (wt/vol) paraformaldehyde for 30 min, stained with Giemsa for 30 min, and photo-
graphed at 5× magnification with the aid of an inverted microscope.
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varies. In immortalized euploid cells, STING depletion re-
sults in higher virus yields (25). Although the role of exported
STING remains to be verified, the data support the hypoth-
esis that it is a means by which the virus controls its spread.

iii) Viral DNA, on entering the nucleus, is coated by repressive
marks. Included among the repressors is a complex consisting
of HDAC-1 or 2, CoREST, and REST (16, 18, 19, 26, 27).
Insertion into the viral genome of a dominant-negative REST
that binds to REST response elements in viral DNA but
cannot bind associated repressors (e.g., CoREST) results
in a virus that is more lethal to mice than the wild-type
parent (27). If increased viral yields were beneficial to virus
spread, HSV would have evolved a genome free of REST
response elements.

In the light of these reports, the discovery that miR-H28 and
miR-H29 can be found in ganglia harboring viruses in the pro-
cess of reactivation from latent state but not in ganglia harboring
latent virus may be interpreted as an indication that HSV controls
the amount of virus produced during reactivation. The objective
may well be to block the transmission of virus to satellite cells but
not the anterograde transport of reactivated virus to mucous
membranes for transmission to uninfected individuals.
The strategy evolved by HSV, namely control of replication

and spread in the infected individual in return for enhanced
spread in the human population, does not eliminate the oc-
currence of severe and even lethal infections. The severity of
these infections could reflect mutatios in the viral genome or a
host’s impaired innate or adaptive immunity. The hypothesis
and supporting data presented here argue that in these cases
the probability of transmission to an uninfected individual
is reduced.

Materials and Methods
Cells and Virus Strains. HEK293T, HEp-2, or Vero cells were obtained from the
American Type Culture Collection and were maintained in 10% (vol/vol) FBS,
5% (vol/vol) FBS, or 5% (vol/vol) newborn bovine serum, respectively. HSV-1
(F) is the prototype HSV-1 strain used in our laboratories (15).

High-Throughput Sequencing. HEK293T and HEp-2 cells were either mock
infected or exposed to 0.1 pfu of HSV-1(F) per cell. The cells were harvested
16 h postinfection. Small RNAs were isolated and subjected to high-through-
put sequencing by Capital Bio Corporation to identify HSV-1–derived miRNAs.

miRNA Mimics. Mimics of miR-H28, miR-H29, and mutated miR-H29 mimics
were designed and purchased from GenPharma. The sequences are shown in
Table 1.

Antibodies. Antibodies against to ICP4 (28), ICP27 (28), ICP8 (Rumbaugh-
Goodwin Institute for Cancer Research, Inc.), VP16 (29), UL38 (30), and US11
(31) have been reported elsewhere. The antibody against GAPDH was pur-
chased from Cell Signaling Technology.

RNA Extraction. Total RNAs were extracted from murine trigeminal ganglia
(TG) harboring latent viruses or from infected cells by the mirVana miRNA
Isolation Kit (Ambion) or TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions and earlier reports (32, 33). Murine model
studies of HSV-1 latent infection and reactivation were performed at the
University of Chicago as described elsewhere (32), according to protocols
approved by the Institutional Animal Care and Use Committee of the Uni-
versity of Chicago.

Purification of Exosomes and Total Exosomal RNA. Exosomes were purified
from mock- or HSV-1(F)–infected cells with the aid of the Exosome Isolation
Kit (Life Technology). Then total RNA was extracted from the purified exo-
some with the aid of the Total Exosomal RNA & Protein Isolation Kit (Life
Technology) according to the manufacturer’s instructions.

Quantitative RT-PCR for miRNAs and Viral Genes. The miRNAs tested in this
study were reverse-transcribed in duplicate for real-time PCR after stem–

loop reverse transcription as described in detail in the TaqMan miRNA
reverse transcription kit (Applied Biosystems, Inc.). TaqMan MGB probes of
miR-H27, -H3-3p, -H6-3p, -H28, and -H29 for real-time PCR assays were
purchased from Applied Biosystems, Inc. A pair of locked nucleic acid-modified
primers for real-time quantification of miR-H1-3P were purchased from
Exiqon, Inc. The mRNAs of viral genes ICP27, ICP8, VP16, and 18s rRNA
were quantified by quantitative RT-PCR using the SYBR Green Real-time
PCR Master Mix Kit purchased from ToYoBo Life Science.

Virus Titration. HEp-2 cells were transfected with miR-H28 or miR-H29 mimics.
After 24 h the cells were exposed to 0.1 or 0.01 pfu of HSV-1(F) per cell. The
cells were harvested at indicated time of postinfection. Viral progeny were
titrated on Vero cells.

Plaque Assay. Vero cells in six-well plates were transfected with 150 nM of the
miR-H29 mimic or nontargeting miRNA for 24 h and then were exposed to
0.001 pfu of HSV-1(F) per cell for 1 h andweremaintained in complete DMEM
for 48 h. The cells were fixed with 4% (wt/vol) of paraformaldehyde for
30 min, rinsed three times with PBS, and stained with Giemsa.
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