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Introduction
Herpes simplex virus type-1 and -2 (HSV-1 and HSV-2) are 
neurotropic alphaherpesviruses belonging to the Herpes-
viridae family along with varicella-zoster virus. HSV-1 has a 
seroprevalence exceeding 50% in the USA, can cause both 
oral and genital ulceration, and is the most common etiol-
ogy of infectious blindness (keratitis) and viral encephalitis.1 
HSV-2 has a US seropositivity of 16%,2 and is the leading 
cause of genital ulcers worldwide. Both HSV-1 and HSV-2 
cause severe and potentially fatal infections in newborns and 
immunocompromised hosts.3,4 In addition, HSV-2 is a key risk 
factor for HIV-1 acquisition and transmission.5,6

After primary infection at mucosal surfaces, HSV-1 and 
HSV-2 establish lifelong latency in sensory neurons of the 
trigeminal ganglia and/or dorsal root ganglia, from which they 
can later reactivate, causing recurrent lesions. While antiviral 
therapy with acyclovir or related drugs diminishes the severity 
of primary or recurrent disease, and can reduce the frequency 
of asymptomatic HSV shedding and ulceration, it does not 
eliminate latent infection7 or reduce the HSV-associated risk 
of HIV transmission.8 Additionally, despite much effort, an 
effective vaccine for HSV remains elusive.9 Therefore, there 
is a need for new therapeutic approaches that target the virus 
in its latent state and hence would cure HSV infection.

Homing endonucleases (HEs, also referred to as mega-
nucleases) are highly specific rare-cutting endonucleases 

that recognize, bind, and cleave large DNA sequences 
 (usually >14 bp), thus introducing DNA double strand breaks 
(DSB). In their natural hosts, HEs are present within mobile 
genetic elements and promote self-propagation by targeted 
recombination, DNA DSB repair and gene conversion of their 
cognate target recognition sites.10 Due to their intrinsic prop-
erties, HEs are being developed as tools for targeted gene 
modifications.10 Targeted mutagenesis by HE is achieved 
by the induction of DNA DSB at specific target sequences, 
which stimulates the error-prone nonhomologous end join-
ing cellular repair mechanism. We have previously sug-
gested that rare-cutting endonucleases might be used in a 
new therapeutic approach to latent viral infections, in which 
targeted mutagenesis of essential viral genes would disable 
viral genomes and render the virus incapable of replication 
or reactivation from latency.11 HEs in particular offer certain 
advantages, including their high specificity of DNA cleavage 
due to the length of their target site (on average 20 bp), and 
their small size, which facilitates vectorization and delivery.11 
We have validated this approach in a culture model of HIV 
latency,12 and Grosse et al.13 recently showed that expression 
of HSV-specific HEs could inhibit active HSV-1 replication at 
low and moderate multiplicities of infection in cultured cells.

In this report, we used an in vitro model of HSV latency and 
an HSV1-specific HE to study targeted mutagenesis as an 
approach to disable latent virus. Our results demonstrate that 
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Following acute infection, herpes simplex virus (HSV) establishes latency in sensory neurons, from which it can reactivate 
and cause recurrent disease. Available antiviral therapies do not affect latent viral genomes; therefore, they do not prevent 
reactivation following therapy cessation. One possible curative approach involves the introduction of DNA double strand breaks 
in latent HSV genomes by rare-cutting endonucleases, leading to mutagenesis of essential viral genes. We tested this approach 
in an in vitro HSV latency model using the engineered homing endonuclease (HE) HSV1m5, which recognizes a sequence in the 
HSV-1 gene UL19, encoding the virion protein VP5. Coexpression of the 3′-exonuclease Trex2 with HEs increased HE-mediated 
mutagenesis frequencies up to sixfold. Following HSV1m5/Trex2 delivery with adeno-associated viral (AAV) vectors, the target 
site was mutated in latent HSV genomes with no detectable cell toxicity. Importantly, HSV production by latently infected cells 
after reactivation was decreased after HSV1m5/Trex2 exposure. Exposure to histone deacetylase inhibitors prior to HSV1m5/
Trex2 treatment increased mutagenesis frequencies of latent HSV genomes another two- to fivefold, suggesting that chromatin 
modification may be a useful adjunct to gene-targeting approaches. These results support the continuing development of HEs 
and other nucleases (ZFNs, TALENs, CRISPRs) for cure of chronic viral infections.
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mutations can be introduced in the latent HSV genome by HE 
expressed in combination with the 3′-5′ exonuclease Trex2. 
Furthermore, latently infected cells subjected to HE-medi-
ated mutagenesis show decreased HSV production after 
reactivation. Finally, the mutational frequency is significantly 
increased by treatment of HSV-infected cells with inhibitors of 
chromatin modification known to have an impact on epigen-
etic control of the HSV genome. Taken together, these data 
demonstrate the potential to use HE-mediated mutagenesis 
as a therapeutic approach to cure HSV-infected individuals.

Results
In vitro model for HSV latency/reactivation
During latency, HSV genomes are maintained as circu-
lar episomal DNA. Only latency-associated transcripts are 
expressed, in most but not all latently infected cells.14 In order to 
test whether targeted mutagenesis could be achieved in latent 
episomal HSV genomes, we modified a previously described 
in vitro model of HSV latency and reactivation.15 Latent HSV 
infection was established in primary human fibroblasts (HF) in 
the presence of interferon-α (IFN-α) and acyclovir (Figure 1a) 
using the green flourescent protein (GFP)-expressing HSV-1 
FΔUs5 virus (Figure 1b) at a multiplicity of infection (MOI) of 
2.5. After an initial burst of viral replication detected at 1 day 
postinfection (dpi) by GFP expression, the presence of viri-
ons in culture supernatant, and robust immediate early (IE) 
and late (L) gene expression, the virus established a latent 
infection. Latency in this model was characterized by a lack of 
GFP expression, no substantial IE and L gene expression, no 
 production of progeny virions, and low levels of latency-associ-
ated transcripts expression (Figure 1c,d and Supplementary 
Figure S1). HSV-1 could be reactivated from latently infected 
fibroblasts by infection with human cytomegalovirus (HCMV). 
This resulted in the accumulation of GFP, robust IE, and L gene 
expression and production of progeny virus in the culture 
supernatant  (Figure 1c,d and Supplementary Figure S1). 
These data suggested that this in vitro model of HSV latency is 
a reasonable surrogate for latent HSV during in vivo infection.

Optimization of targeted mutagenesis efficiency and 
enzyme delivery
We used an HSV1-specific nuclease, HSV1m5, which was 
engineered from I-CreI.16 This enzyme has a single target 
recognition site of 24 bp in the HSV-1 genome located at the  
3′ end of the UL19 gene, which encodes the major capsid 
component VP5, an essential viral protein (Figure 1b).13 In 
addition to using an HSV1-specific nuclease, we added the 
3′-5′ exonuclease Trex2, which cleaves 3′ overhangs gener-
ated by HE-induced DNA DSB.17,18 Previous work has shown 
that combining HE with Trex2 increases the frequency of 
targeted mutagenesis in transformed and primary cells.18,19 
We tested the utility of Trex2 in enhancing HE-mediated 
mutagenesis by comparing HE-mediated sequence edit-
ing efficiencies in the absence or presence of Trex2 in 
reporter TERT-immortalized primary HF. In the absence of 
Trex2, the frequency of  mutation was low (5%), even after 
12 days of exposure to HE. However, the mutagenesis fre-
quency was increased up to sixfold when Trex2 was deliv-
ered concomitantly with the HE  (Supplementary  Figure S2 
and Supplementary Table S1). We therefore chose to use 

HSV1-specific HE in combination with Trex2 in subsequent 
experiments.

To deliver our DNA modifying enzymes, we investigated 
the use of adeno-associated virus. Self-complementary 
adeno-associated virus (scAAV) constructs were generated 
for the delivery and expression of HSV1m5, Trex2, GFP, and 
the control HE NV1, which targets a sequence present in the 
human genome but not the HSV viral genome  (Figure 2a). 
AAV serotype-2 was found to be the most efficient serotype 
for the transduction of primary human fibroblasts (Supple-
mentary Figure S3). The AAV delivery vectors could repro-
ducibly transduce at least 40% of fibroblasts latently infected 
with HSV, a substantially higher proportion than we observed 
with lentivirus vectors (data not shown), and thus we chose 
AAV for enzyme delivery in subsequent experiments.

Lack of toxicity in HE-exposed primary human fibroblasts
A search for potential off-target sites in the human genome 
revealed no human sequences with two or fewer mismatches 
to the HSV1m5 target site, only 66 sequences with three to 
five mismatches, and 570 sequences with six mismatches 
(Supplementary Figure S4). Therefore, we predicted that 
expression of HSV1m5 in human cells would have no overt 
cellular toxicity or cell death due to induction of DNA DSB in 
the cellular genome. To evaluate whether exposure of cells to 
HSV1m5, Trex2, or the combination of HSV1m5 plus Trex2 
would result in toxicity, we measured cell death by two differ-
ent assays in uninfected primary HF exposed to transgene 
delivery by AAV. As expected, exposure to increasing AAV 
delivery vector doses led to increased transgene expression 
(Figure 2b,c). However, there was no increase in the level of 
dead (Figure 2b) or apoptotic (Figure 2c) cells after exposure 
to HE, Trex2, or the combination of HE plus Trex2 compared 
to cells expressing GFP alone. Thus, our cultured cells toler-
ate expression of these enzymes well, allowing the use of this 
model to evaluate their utility against latent HSV genomes.

Gene disruption of latent viral genomes following 
 exposure to HSV1-specific HE and Trex2
To test whether our targeted mutagenesis approach could dis-
able HSV genomes in latent reservoirs, cells with latent HSV 
infection were exposed to the HSV1-specific HE, HSV1m5, 
in combination with Trex2 by AAV transduction (Figure 3a). 
Control latently-infected cells were transduced with either 
scAAV2-GFP alone or in combination with scAAV2-Trex2 to 
show that transgene expression was sustained for the dura-
tion of the experiment and detected in more than 40% of the 
cells (Figure 3b).

One potential outcome after exposure to HSV1-specific HE 
and the introduction of DNA DSB would be the degradation 
of the linearized episomal HSV genomes. Therefore, we first 
determined whether the exposure of HSV-latently infected 
cells to HSV1m5 and Trex2 led to a decrease in the number 
of HSV genomes. Quantification of HSV DNA by droplet digi-
tal polymerase chain reaction (ddPCR) in total cellular DNA 
extracted at 8 and 11 dpt showed no significant difference 
between any of the treatment groups or times of analysis 
(Figure 3c, P = 0.2 for both treatment and time). These data 
suggested that exposure to HSV1m5 and Trex2 did not result 
in a detectable degradation of latent HSV genomes.
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A second potential outcome after induction of DNA DSB 
in episomal HSV genomes would be repair via the nonho-
mologous end joining pathway, which would be expected 
to lead to insertions and/or deletions at the HSV1m5 target 
site. Since no detectable loss of HSV genomes in HSV1m5/
Trex2 exposed cells was observed by 8 or 11 dpt, we per-
formed PCR amplicon sequencing of the region containing 
the HSV1m5 target sequence. Latent HSV genomes from 
cells treated with HSV1m5 and Trex2 revealed deletions of 
1 to 6 bp in 9.3 and 8.7% of the PCR amplicons obtained from 
cells transduced for 8 and 11 days, respectively  (Figure 3d). 
Thus, we conclude that expression of HSV1m5 plus Trex2 
in cells carrying latent episomal HSV genomes results in 
targeted mutagenesis of viral sequences, but no detectable 
reduction in the quantity of HSV genomes.

Latently infected cells exposed to HE show decreased 
virus production after reactivation
Next, we determined whether exposure of latently infected 
cells to HSV1m5 and Trex2 had any effect on HSV reactiva-
tion. Primary HF latently infected with HSV were subjected 
to targeted mutagenesis and then reactivated 8 days later 
by infection with HCMV (Figure 4a). Following reactivation 
from latency, cells treated with HSV1m5/Trex2 showed an 
absence of virion in culture supernatant (Figure 4b; P = 
0.015) and a trend toward having lower numbers of intra-
cellular HSV genomes (Figure 4c; P = 0.14) compared to 
control cells that were either exposed to NV1/Trex2 or left 
unexposed (no enzyme). There was no statistical differ-
ence between NV1/Trex2-treated cells and the cells left 
unexposed (Figure 4c; P = 0.3). Both the absence of virion 

Figure 1 In vitro model of herpes simplex virus (HSV) latency. (a) Timeline of the establishment of HSV latency in human fibroblasts (HF) 
and human cytomegalovirus (HCMV) reactivation of latent HSV. ACV, acyclovir; IFN, interferon. (b) Schematic representation of the HSV-1 
FΔUs5 genome. The long terminal and internal repeats (TRL and IRL), and the internal and terminal short repeats (TRS and IRS) bordering 
the unique long (UL) and unique short (US) regions are shown. A green flourescent protein (GFP) expression cassette is inserted in the Us5 
gene.42 The location of the target sequence recognized by the HSV-specific HE (HSV1m5) in the UL19 gene is indicated. (c) GFP expression 
as assessed by fluorescence microscopy at 1, 8, 11, and 13 days postinfection with FΔUs5. At day 11, cells were infected with HCMV AD169 
(multiplicity of infection (MOI) = 1) to reactivate latent HSV (×10 magnification). *Indicates sample analyzed after HSV reactivation. Presence 
of progeny virus in the cell culture supernatant is indicated on the right (PFU: Plaque forming unit; +++ indicates ≥ 100 PFU/ml; ++ indicates 
≥ 10 PFU/ml; - indicates no virus detected). (d) Reverse transcription polymerase chain reaction (RT-PCR) products for the immediate early 
gene UL54 encoding ICP27, late gene UL27 encoding glycoprotein B (gB) and latency-associated transcript (LAT) were generated from total 
RNA extracted at 1, 8, 11, 13 days postinfection with FΔUs5 and resolved on a 2% agarose gel. Reverse transcriptase (RT) was either added 
(+) or omitted (−). bp, base pair; mw, molecular weight size marker. *Indicates sample analyzed after HSV reactivation.
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in culture supernatant (P  < 0.001) and lower numbers of 
intracellular HSV genomes (P = 0.014) after HSV1m5/Trex2 
treatment were confirmed in a second independent experi-
ment (data not shown). PCR amplicon sequencing of the tar-
get site in the HSV genomes from HSV1m5-/Trex2-treated 
cells showed that 21% of the sequences contained deletions 
ranging from 1 to 13 bp (Figure 4d).

Impact of epigenetic modification of latent HSV genomes 
on HE-mediated targeted mutagenesis
Several recent reports have shown that the efficiency of 
HE-mediated genome editing can be influenced by epigen-
etic modifications that dictate chromatin structure.20,21 During 
HSV latency, epigenetic modifications have been implicated 
in repression of viral gene expression. The latent HSV 
genome is associated with histones bearing modifications 
characteristic of transcriptionally inactive DNA or heterochro-
matin, which can confer a compact structure to the DNA.22,23

To investigate the effect of epigenetic modifications of the 
latent viral genome on HE-mediated mutagenesis, we used 
the replication-deficient HSV-1 mutant virus d106, which is 
deleted for four genes encoding the immediate early protein 
ICP4, 22, 27, and 47 but retains ICP0 and expresses GFP 
under the CMV promoter from the locus of the ICP27 gene 
(UL 54). GFP expression is used as a surrogate marker for 
HSV gene expression.24 Repressive chromatin marks on 
the HSV d106 genome are detected after 24 hours following 
infection of primary human fibroblasts such as MRC5 cells, 
and the extent of the modifications can be modulated using 
the histone deacetylase inhibitor (HDACi) trichostatin-A 
(TSA), which decreases viral genome repression. In contrast, 
treatment with IFN-α has been shown to increase repression 
of the viral genome.25

To determine the impact of TSA or IFN-α on AAV trans-
duction and transgene expression, we analyzed control 
cells infected with d106 in the absence or presence of either 
TSA or IFN-α and subsequently transduced with both Trex2- 
and mCherry-expressing AAVs (Figure 5a,b). Exposure of 
the cells to either TSA or IFN-α during HSV infection had 
no effect on the efficiency of the subsequent AAV transduc-
tion, since a similar percentage of cells expressed mCherry 
fluorescence in these controls (Figure 5c). In contrast, 
drug treatment resulted in the expected increase (TSA) or 
decrease  (IFN-α) of GFP expression from the HSV genomes 
compared to untreated cells (Figure 5c).

To evaluate the impact of TSA or IFN-α treatment on HE-
mediated targeted mutagenesis of HSV, we first used the 
Surveyor nuclease assay (Figure 6a). Exposure to either 
HSV1m5 or Trex2 alone did not lead to detectable target site 
mutagenesis, regardless of treatment with IFN-α or TSA. In 
contrast, mutagenesis was readily detected when HSV1m5 
and Trex2 were coexpressed, in agreement with our previ-
ous results. The degree of mutagenesis as determined by the 
Surveyor assay was increased approximately twofold by the 
inclusion of TSA, which decreases viral genome repression. 
In contrast, IFN-α, which increases viral genome repres-
sion, completely eliminated detectable mutagenic events. 
These results were supported by PCR amplicon sequenc-
ing, with a twofold increase in mutation frequency observed 
when HSV1m5-/Trex2-exposed cells were treated with TSA 

compared to untreated cells (16.5% compared to 8%, respec-
tively), while no mutagenesis was detected for HSV1m5-/
Trex2-exposed cells treated with IFN-α (Figure 6b).

An increase in the frequency of HE-targeted mutagene-
sis efficiency was also seen in a similar experiment using 
a panel of different HDACi to treat d106-infected cells prior 
to exposure with HSV1m5/Trex2 (Figure 7a). None of these 

Figure 2 Lack of homing endonuclease (HE)-induced toxicity. 
(a) Schematic representation of scAAV vectors constructs for 
transgene delivery. CMV, cytomegalovirus early promoter; ITR, 
inverted terminal repeat. Human fibroblasts (HF) transduced for 4 
days with scAAV2 delivery vectors expressing the indicated protein 
(GFP, NV1, or HSV1m5 in the presence or absence of Trex2, or 
Trex2 alone) at a multiplicity of infection (MOI) of 1 × 102, 1 × 103, or 
1 × 104 vgs/cells per vector or untransduced (no AAV) were subjected 
to flow cytometry analysis following staining with either (b) live/dead 
stain or (c) anti-activated caspase-3 antibody. Untransduced control 
cells were treated with 0.5 µmol/l staurosporine (STS) 24 hours prior 
to analysis to provide a positive control for death and apoptosis. 
The insert graph shows the levels of transduction in control cells 
transduced with either scAAV2-GFP only or scAAV2-GFP and 
scAAV2-Trex2 at the indicated MOI. GFP fluorescence in control 
cells was measured by flow cytometry.
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drugs had a noticeable adverse effect on the subsequent 
levels of AAV transduction (Figure 7b). However, depending 
on the drug used a two- to fivefold increase in the percent-
age of mutations was observed at the HSV1m5 target site 
in HDACi-treated cells when compared to control (no drug) 
cells following HSV1m5/Trex2 exposure (Figure 7c). These 
data suggest that efficiency of targeted mutagenesis of HSV 
genomes can be increased if HSV-infected cells are treated 
with HDACi, and that TSA is the most efficient of the HDACi 
tested in our system.

Discussion
The goal of this study was to demonstrate targeted mutagen-
esis of latent HSV genomes using HSV-specific rare- cutting 
endonucleases. Previously, Grosse et al.13 showed that 
expression of HSV-specific HEs in cultured cells could inhibit 
subsequent HSV-1 infection at low and moderate multiplici-
ties of infection, but the impact of HSV-specific HE against 
established latent infection was not studied. The series of 
experiments presented in this report provide proof-of- concept 
that HSV-specific HE can mediate mutagenesis of latent HSV 
to disable the virus and limit subsequent reactivation.

The studies presented here benefited from an in vitro 
model of HSV latency and reactivation that was easy to 
establish and from which sample size was not a limiting fac-
tor. However, it was established in a non-neuronal cell type by 
repression of viral replication using antiviral drug treatment, 
and virus reactivation required induction. Establishment of 
virus latency and reactivation in this model therefore likely 
do not fully reflect in vivo infection. Despite these limita-
tions, however, the model reproduced the main characteris-
tic described for latent HSV in infected neurons, specifically 
the persistence of HSV genomes without detectable gene 
expression other than latency-associated transcripts, with 
subsequent reactivation and production of infectious virus 
(Figure 1). HSV1m5 was chosen from four HSV-specific HEs 
in a proprietary collection of engineered endonucleases for 
its higher cleavage activity, measured in an in vitro assay of 
targeted mutagenesis, compared to the other HSV-specific 
HEs (data not shown). This was supported by the observa-
tions made by Grosse et al.13 for HSV1m2, a variant form of 
HSV1m5. HSV1m5 targets VP5, a late viral gene encoding a 
structural protein. Targeting a late protein may have a lower 
impact than targeting an immediate early gene such as UL54 

Figure 3 Targeted mutagenesis of latent herpes simplex virus (HSV) genomes. (a) Timeline of HSV latency establishment in human 
fibroblasts (HF) and exposure to scAAV2 delivery vectors. HF were plated (105/well), pretreated with ACV (30 µmol/l) and IFN-α (200 U/ml), 
infected with HSV-1 FΔUs5 at a MOI of 2.5 and maintained in the presence of drugs for 9 days with daily replenishment. The drugs were 
removed and the incubation temperature increased to 40.5 °C to maintain HSV latency. HSV-infected HFs were then transduced with scAAV2 
expressing Trex2 and either HSV-1m2, NV1, or GFP at a MOI of 104 genomes/cell each and maintained in culture medium with ACV for either 
8 or 11 additional days. ACV, acyclovir; IFN, interferon. (b) Assessment of transduction levels with scAAV vectors by flow cytometry for GFP 
at 4, 8, and 11 days posttransduction in duplicate dishes of HSV-latently infected HF exposed to scAAV2-GFP alone or in combination with 
scAAV2-Trex2. Mean + SD. (c) Quantitation of HSV genomes in latently-infected HF exposed to scAAV2 vectors by ddPCR in triplicate dishes 
at 8 (open circle) or 11 (filled circle) days posttransduction. The bars represent the mean of the combined six dishes for each condition. (d) 
At 8 and 11 days posttransduction, the presence of mutations at the target site of HSV1m5 in HSV genomes from HSV1m5-/Trex2-treated 
cells was analyzed by polymerase chain reaction (PCR) amplicon sequencing. The HSV region containing the target site was PCR amplified 
from total genomic DNA obtained from triplicate dishes of HSV-latently infected HF treated with HSV1m5 and Trex2. The PCR amplicons 
were pooled, cloned and sequenced from individual bacterial colonies. The percent and type of mutations found are presented. Wt, wild-type 
sequence of the HSV1m5 target site. Bold indicates the four nucleotides constituting the 3′ overhangs generated by the DNA DSB; - indicates 
a deleted nucleotide.
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(encoding ICP27) or α4 (ICP4), which would exert antiviral 
effects at an earlier stage of the replication cycle. However, 
if only a fraction of viral genomes can be mutated, targeting 
a structural protein may be advantageous. Transdominant-
negative mutant forms of the protein could be generated, 
preventing the virus from completing its replication cycle and/
or forming infectious virus in reactivated cells when a mixture 
of wild-type and mutant proteins are being expressed.

The use of rare-cutting endonucleases for targeted muta-
genesis relies on the error-prone nature of the nonhomolo-
gous end joining repair pathway. In this study, we showed 
that exposure to HSV-specific HE resulted in the introduc-
tion of mutations within the target site in the latent HSV 
genome. Specifically, the exposure of cells latently infected 
with HSV to the HE HSV1m5, which targets a unique site 
in the UL19 gene, in combination with the 3′ to 5′ exonucle-
ase Trex2, resulted in deletions ranging from 1 to 13 bp at 
the targeted site (Figure 3 and Figure 4). Trex2, a 3′ to 5′ 
exonuclease, was coexpressed with HSV1m5, since several 
groups have now shown that the efficiency of HE-targeted 
mutagenesis can be greatly increased in the presence of 
Trex2  (Supplementary Figure S2 and Supplementary 
Table S1),18,19 which cleaves the 3′-overhangs resulting from 
HE cleavage of DNA. Removal of the 3′-overhangs before 
the cellular DNA repair machinery can accurately religate the 
DNA ends prevents precise repair and favors mutagenesis.

An alternative outcome after the introduction of a DNA DSB 
within an episomal DNA target (such as latent HSV) would 
be elimination/degradation of the linearized episome rather 
than repair and mutagenesis. However, in all the experiments 
performed for this study, no detectable loss of viral genomes 
was observed following exposure to the HE (Figure 3 and 
data not shown). In vivo, HSV establishes latency in neurons, 
which are terminally differentiated non-dividing cells. The 
experiments presented here were also performed in nondi-
viding cells, and thus we predict that exposure of HSV-latent 
genomes to HSV-specific HE in neurons may preferentially 
result in mutagenesis rather than the loss of viral genomes.

An important adjunct to mutagenesis of latent HSV 
genomes was the observation that exposure to HE plus Trex2 
greatly reduced viral reactivation from latently infected cells. 
HE/Trex2-exposed cells that were subsequently treated to 
induce viral reactivation had reduced levels of HSV genomes 
compared to controls, and produced no detectable progeny 
virus. In these cells 21% of the HSV genomes harbored a 
mutation at the site targeted by the HSV1m5 nuclease. This 
could account at least in part for the observed impact on viral 
replication following reactivation; however, there are still a 
substantial number of viral genomes with wild type sequence. 
As previously suggested by Grosse et al.,13 the impact of 
HE on virus replication could be the consequence of three 
nonexclusive mechanisms. First, mutations in an essential 
gene could prevent protein function and thus efficient viral 
replication. Second, the introduction of DNA DSB in the viral 
genome could lead to DNA degradation. Finally, cleavage of 
the viral genome could interfere with viral DNA replication, 
which for HSV occurs from the circular genome by a rolling 
circle mechanism.14 The complete absence of progeny virus 
production in our experiments may suggest that this latter 
effect is especially effective against HSV, perhaps because 

the newly synthesized viral genomes are particularly suscep-
tible to HE attack.

A significant concern in the use of rare-cutting endonucle-
ases as a therapeutic tool is the possibility of toxicity. The 
HSV-specific HE used in this study was selected among a 
collection of engineered endonucleases derived from the 
I-CreI nuclease16 for its ability to cleave a DNA sequence in 

Figure 4 Impact of homing endonuclease (HE)-mediated 
mutagenesis on herpes simplex virus (HSV) reactivation. (a) 
Timeline of HSV latency establishment in human fibroblasts (HF), 
exposure to scAAV2 delivery vectors and reactivation following CMV 
infection. Triplicate dishes of latently-infected HF transduced at a 
multiplicity of infection (MOI) of 104 genomes/cell/vector with scAAV2 
delivery vectors expressing the indicated transgene were reactivated 
at day 20 (8 dpt) by infection with HCMV AD169 at a MOI of 1 for 
2 days in the absence of ACV. At 2 days postinfection with human 
cytomegalovirus (HCMV) (day 22; 10 dpt). ACV, acyclovir; IFN, 
interferon. (b) The presence of virion progeny in culture supernatants 
was assessed by plaque assay titration and (c) the number of 
intracellular HSV genomes was measured by ddPCR. Bars indicate 
the mean from the triplicate samples. (d) The HSV region containing 
the target site was PCR amplified from total genomic DNA obtained 
from triplicate dishes of reactivated HSV infected HF treated with 
HSV1m5 and Trex2. The PCR amplicons were pooled, cloned, 
and sequenced from individual bacterial colonies. The nature and 
number of the mutations found are indicated on the right side of each 
sequence. Δ: deletion; wt, wild-type sequence of the HSV1m5 target 
site. Bold indicates the four nucleotides constituting the 3′ overhang 
generated by the DNA DSB; - indicates a deleted nucleotide.
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the HSV-1 genome. As this enzyme was engineered to spe-
cifically recognize a chosen HSV-1 sequence, no extensive 
off-target cleavage analysis was performed. Only a small 
number of off-target sites with three to six mismatches were 
found in the human genome (Supplementary Figure S4). 
Nevertheless, this enzyme might be more likely to show toxic-
ity due to off-target activity than would more refined enzymes. 
In any event, our assays did not reveal overt toxicity, although 
we cannot completely eliminate the potential for off-target 
activity by this enzyme, especially after prolonged expres-
sion. Furthermore, none of the transduced cells presented 
any phenotypic features characteristic of cell transformation 
in the time frame of our study (data not shown). Some vector-
associated toxicity was observed at the higher AAV doses, 
which appeared to be related not to the enzyme activity but 

rather to the unpurified nature of the AAV stocks used in this 
study (see Materials and Methods). Future uses of nucleases 
for antiviral therapy will require an absence of toxicity due to 
off-target cleavage, and substantial recent effort has gone 
toward HE re-engineering strategies to generate efficacious 
and safe enzymes for use during in vivo therapy.16,26–29

Another potential concern regarding toxicity relates to the 
overexpression of Trex2. DNA DSB occur naturally in most 
cells, especially in mitotic cells, and some have questioned 
whether Trex2 might have deleterious effects on repair of 
these breaks. In this study, we detected no overt toxicity in 
cells in which Trex2 was overexpressed in the absence or 
presence of HE (Figure 2). Other groups have also evalu-
ated the potential toxicity of Trex2, and reported no effects 
on the cell cycle or growth kinetics, and no increase in muta-
genesis at off-target sites.17,18 Indeed, it was found that Trex2 

Figure 5 Impact of epigenetic modification of the herpes 
simplex virus (HSV) genome on homing endonuclease (HE)-
mediated mutagenesis. (a) Schematic of experimental timeline. 
MRC5 cells left untreated or drug-treated with IFN-α (200 U/ml) or 
trichostatin-A (TSA; 100 nmol/l), infected with recombinant HSV-1 
d106 at a multiplicity of infection (MOI) of 0.5 were transduced with 
scAAV2-HSV1m5 and scAAV2-Trex2 or scAAV2-mCherry and 
scAAV2-Trex2 at a MOI of 5 × 104 genomes/cell/vector for 2 days 
in the absence of drug. (b) Schematic representation of the scAAV 
delivery vectors used. CMV, cytomegalovirus early promoter; ITR, 
inverted terminal repeat. (c) Fluorescence microscopy analysis 
of GFP (HSV d106 gene expression; left column) and mCherry 
(AAV transduction; right column) in control d106-infected MRC5 
at a MOI of 5 × 104 genomes/cell/vector for 2 days. Percent of cells 
expressing GFP and mCherry fluorescence was also quantified by 
flow cytometry (percent of positive cells indicated in the upper left 
corner of each panel).
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PCR amplified from total genomic DNA obtained at 2 days post-
AAV transduction. PCR amplicons were cloned and sequenced 
from individual bacterial colonies. The frequency and nature of the 
mutations found are presented. N/A, not applicable, Δ: deletion; 
wt, wild-type target sequence. Bold indicates the four nucleotides 
constituting the 3′ overhang generated by the DNA DSB.
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expression decreased distal end-joining, suggesting that it 
may also reduce the susceptibility for deleterious transloca-
tions, and thus actually increase the safety of targeted gene 
modification.17,18

A critical issue for the use of HE as an antiviral agent will 
be to ensure effective enzyme delivery to the target cell. For 
this study, we used scAAV vectors because they allowed 
us to reproducibly transduce primary fibroblasts that have 
been maintained in culture for at least a week and there-
fore are no longer actively dividing. In our model system, the 
direct detection of HSV1m5 was not practical because the 
limited packaging capacity of our scAAV vectors precluded 
coexpression of HSV1m5 together with fluorescent protein. 
Therefore, fluorescent proteins in control cells were used as 
surrogate markers for evaluating the levels of transduction 
and transgene expression. In a separate study, we are cur-
rently modeling the relationship between HE efficacy and 
nuclease delivery and expression in the context of latent HSV 
infection as previously done for hepatitis B virus infection.30

AAV may also be well suited as an HE delivery vector for 
in vivo studies. AAV is only weakly immunogenic, and there are 
many different serotypes that can be used to transduce multiple 
cell types. AAV can infect neurons, can reach sensory neuro-
nal cell bodies by anterograde transport along the axon, and 

has been successfully used for gene delivery to neurons of the 
PNS.31,32 Several recent reports have shown that AAV vectors 
can infect neurons in the dorsal root ganglia and brain, with 
sustained long-term transgene expression.32,33 We used two 
separate AAV vectors for delivering the HE and Trex2 in this 
work, which may not be optimal for in vivo studies. Recently, 
we have generated new delivery AAV vectors with shorter 
promoter sequences, which allows the expression of both 
enzymes from a single scAAV vector. In this study, we showed 
that HE-mediated mutagenesis of viral sequences could be 
achieved after delivery of the HSV-specific HE with AAV vec-
tors, supporting the continued development of this approach. 
Alternatively, defective HSV vectors could be used in the event 
that AAV vectors do not transduce the same subpopulation of 
neurons latently infected by HSV. These HSV recombinant vec-
tors have been widely used in the development of gene trans-
fer therapeutics for the treatment of several diseases, including 
brain tumors and chronic pain (reviewed in ref. 34,35).

For almost any application using HEs or other rare-cutting 
endonucleases, it would be desirable to have the greatest effi-
ciency of DNA cleavage. After exposure to HSV1m5/Trex2, the 
frequency of mutation at the target site in the HSV genome 
remained low (9%) despite sustained expression of the HE in 
50% of the cells over an 8- to 11-day period (Figure 3). In mice, 

Figure 7 Targeted mutagenesis in herpes simplex virus (HSV)-infected cells treated with histone deacetylase inhibitor (HDACi). 
(a) Schematic of experimental timeline. MRC5 cells were infected with recombinant HSV-1 d106 at a multiplicity of infection (MOI) of 0.5 in 
the absence or presence of drug, transduced with scAAV2 at a MOI of 5 × 104 genomes/cell/vector in the absence of drug for 4 days prior to 
analysis for mutational events. (b) Flow cytometry for green flourescent protein (GFP) fluorescence in control uninfected MRC5 cells cultured in 
the absence (no drug) or presence of the indicated HDACi for 2 days, then either left untransduced (no AAV) or transduced with scAAV2-GFP 
and scAAV2-Trex2 at a MOI of 5 × 104 genomes/cell/vector for 4 days in the absence of drug. (c) HSV1m5 target sequence analysis. The HSV 
region containing the HSV1m5 target site was PCR amplified using total genomic DNA obtained at 4 days post-AAV transduction from d106-
infected MRC5 exposed to HSV1m5 and Trex2 in the absence (none) or presence of the indicated HDACi. PCR amplicons were cloned and 
sequenced from individual bacterial colonies. The percent and nature of mutations in the HSV1m5 target site are shown. wt, wild-type sequence 
of the HSV1m5 target site. Bold indicates the four nucleotides constituting the 3′ overhang generated by the DNA DSB. Δ: deletion. HDACi 
used: trichostatin A (TSA 100 nmol/l), valproic acid (VA 1 mmol/l), 3-deazaneplanocin (DZNep 5 µmol/l), sodium butyrate (NaBu 5 mmol/l).
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viral burden as defined by HSV copy number and the number of 
infected cells appears to be linked to the rate of recurrence.36,37 
In immunocompetent individuals, HSV latency is established 
in only a small percentage of sensory neurons, ranging from 
2.0 to 10.5% for HSV-1, and the number of HSV genome cop-
ies in each latently infected neuron is modest (2–50 copies/
cell for HSV-1).38,39 There are ~10,000–20,000 neuronal cell 
bodies per ganglia, and only a few ganglia are at risk for infec-
tion. Thus, the total number of latently infected cells to target is 
low, and these cells are anatomically localized. Therefore, even 
incomplete elimination of latent genomes within infected neu-
rons might reduce disease severity and viral shedding, or even 
lead to the functional cure of HSV infection.

During latency, the HSV genome is chromatinized, and the 
associated histones harbor modifications characteristic of tran-
scriptionally inactive DNA or heterochromatin. These modifica-
tions confer a closed conformation to the DNA that can impede 
access by transcription factors and/or activators and may pro-
mote binding of transcriptional repressors leading to repression 
of gene expression.23 This closed DNA conformation may also 
limit access of the HE to its target sequence and reduce the 
efficiency of HSV-specific HE-mediated mutagenesis. When 
HSV is reactivated from latency, the heterochromatin marks 
on the viral genome are replaced with marks characteristics 
of transcriptionally active DNA. In vitro, HDACi such as TSA 
can reactivate latent HSV.40 In our study, when HSV-infected 
cells were subjected to TSA or other HDACi treatments prior 
to exposure to the HSV-specific HE, the frequency of targeted 
mutagenesis was increased by at least twofold. These data 
suggest that while targeted mutagenesis of latent HSV DNA 
can be achieved in our in vitro model of HSV latency, it may 
be limited due to the state of the latent viral genome, which 
makes the target sequence relatively inaccessible to the HE. 
Accessibility to the HE appears to be improved by treatment 
with HDACi. In fact, our experimental system using fibroblasts 
probably represents a particularly rigorous test for HE efficacy, 
since in neurons the viral genome is not as repressed as in 
latently infected primary fibroblasts.25 Furthermore, recent 
studies from Wald and colleagues demonstrated that HSV-1 
or HSV-2 seropositive healthy individuals have high frequency 
short subclinical HSV reactivation, suggesting that HSV may 
reactivate more frequently than previously reported.41 There-
fore, virus genomes may be more accessible to endonuclease 
in vivo than during our in vitro experiments.

Chronic viral infections such as HSV have long been con-
sidered incurable. Any hope of cure for these infections must 
by definition target the long-lived, latent form of the virus. Our 
work here demonstrates that the latent form of HSV can be 
effectively targeted by HEs introduced into cells using AAV, 
and that this results in mutagenesis of latent HSV episomes 
and elimination of viral reactivation. These results support the 
continued development of targeted endonucleases as a poten-
tial curative therapy. In vivo studies to determine the efficacy 
and tolerability of this approach are therefore critically needed.

Materials and methods

Cells. HEK 293T, HEp-2, and Vero cell lines (American Type 
Culture Collection), primary human foreskin fibroblasts (HF), 

human embryonic lung fibroblasts MRC5 (provided by Dr 
A. Cent) and, TERT-immortalized primary human fibroblasts 
(TERT-HF, obtained from Dr D. Galloway Fred Hutchinson Can-
cer Research Center, Seattle, WA) were propagated in Dul-
becco’s modified Eagle medium supplemented with 10% fetal 
bovine serum. F06, a Vero-derived cell line expressing ICP4 
and ICP27 was obtained from Dr J.A. Blaho and propagated as 
previously described.24 T30BS and reporter TERT-HF bulk cell 
lines were established after transduction of HEp-2 and TERT-
HF cells, respectively, with the lentiviral reporter vector pRRL.
SFFV.I-AniI-RS-GFP, followed by fluorescence-activated cell 
sorting of the GFP-positive cell population.12

Herpesviruses. FΔUs5 was derived from HSV-1 strain F 
with the ORF coding for GFP driven by the CMV promoter 
inserted in the Us5 gene encoding glycoprotein J (gJ)42 and 
was propagated on Vero cells. The IE mutant d106 was kindly 
provided by Dr J.A. Blaho and originally obtained from Dr 
N. DeLuca, and was propagated on F06 cells as previously 
described.24 This recombinant HSV-1 expresses only the 
immediate early gene ICP0, is defective for the four other IE 
genes and has a transgene construct consisting of the GFP 
gene driven under the HCMV promoter in the UL54 locus. 
HCMV strain AD169 was provided by Dr A. Geballe (Fred 
Hutchinson Cancer Research Center), and was propagated 
and titered on primary human fibroblasts.

Lentiviral vectors. pRRL.SFFV.I-AniI-RS-GFP, a lentivi-
ral reporter vector, was previously described in ref. 12. The  
lentiviral vectors pCVL.SFFV.(Y2 or E148D) I-AniI.T2A. 
Trex2.T2A.mCherry were generated by PCR amplification  
of (Y2 or E148D)I-AniI.T2A.Trex2 from pCVL.SFFV. (Y2 or  
E148D) I-AniI.T2A.Trex2.IRES.mTagBFP18 using primers  
pXhoI-atgHANLSF CCGCTCGAGGCCGCCACCATGGGATA 
TC AND pBglII-Trex2L CGCGAAGATCCTGGCTTCGAGG 
CTTGGAC; followed by cloning into the XhoI and BamHI sites 
of pCVL.SFFV.MCS2.T2A.mCherry. VSV-G-pseudotyped 
lentiviral vectors were produced and titered as described 
previously.12

scAAV vectors. pscAAV-CMV-HSV1m5, pscAAV-CMV-NV1, 
and pscAAV-CMV-Trex2 were generated by PCR amplifica-
tion of HSV1m5 or NV1 using primers KpnI-HA-nls GAGAT 
CGGTACCGCCGCCACCATGGGATATCCATACGATGT and 
XhoI-HSV1m5 GAGATCCTCGAGTCAAGGAGAGGACTTT 
TTCTTCTCAGAGA and Trex2 using primers KpnI-Trex2  
GAGATCGGTACCGCCGCCACCATGTCTGAGCCACC 
TCGGGCTGAGACCTTTGTA and XhoI-Trex2 GAGATCCT 
CGAGTCAGGCTTCGAGGCTTGGACCATCAGGTGGCAC.  
Each PCR amplicon was cloned into pscAAV-CMV-pA as  
a XhoI-NotI fragment. To make the plasmid pscAAV- 
CMV-pA, the CMV-pA cassette from the plasmid pShuttle- 
CMV43 was PCR amplified using the primers AscI-CMVF  
GAGATCGGCGCGCCCCTGCAGGTACTGTAATAGTAAT 
CAATTACGGGGTCAT and NaeI-SV40R GAGATCGGCCG 
GCCGCGTTAAGATACATTGATGAGTTTGGACAA, digested 
with AscI/NaeI and then cloned into the AscI/SnaBI sites of the 
plasmid pscAAV-GFP.44 scAAV viruses were generated by tran-
sient transfection of HEK 293T cells using PEI according to the 
method of Choi et al.45 Briefly, HEK 293T cells were transfected 
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with a scAAV vector, a plasmid that expresses the AAV capsid 
protein (pRepCap) from AAV serotype-2 and a helper plas-
mid that expresses adenovirus helper proteins (pHelper). At 
72 hours posttransfection, crude AAV lysates were made by 
collecting and resuspending the cells in AAV lysis buffer (50 
mmol/l Tris, 150 mmol/l NaCl, pH 8.5) before freeze-thawing 
four times. AAV stocks were filtered through a 0.45µm filter and 
stored at −80 °C. Low-level cellular toxicity was occasionally 
observed with these crude AAV stocks when used at high MOI.

Cell transduction with lentiviral vectors. For HEp-2- and 
TERT-HF-derived cell lines, 2 × 105 cells/well were plated 
in 12-well plates and either left to adhere for 12–16 hours 
before being transduced or immediately transduced with the 
indicated lentivirus construct in 1 ml culture medium con-
taining 4–8 µg/ml polybrene. The next day, the transduction 
medium was replaced with fresh culture medium and cells 
were incubated for the indicated time. If the incubation period 
was longer than 5 days, cells were passaged and diluted into 
new 12-well plates.

In vitro HSV latency. HSV-latently infected primary HFs were 
established as described by Wigdahl et al.15 Briefly, 5 × 105 
cells/dish were plated in 60 mm dishes, and pretreated for 24 
hours with 200 U/ml IFN-α (PBL Interferon Source; PBL, Pis-
cataway, NJ) and 30 µg/ml acyclovir (Sigma, St Louis, MO), 
before infection at a MOI of 2.5 with FΔUs5 virus in the pres-
ence of IFN-α and acyclovir. Culture medium was replenished 
daily with drugs for 8–10 days until establishment of latency. 
Then, the cells were incubated at 40.5 °C in culture medium 
without drugs to maintain latent infection. Establishment of 
latency was followed by microscopy analysis for the loss of 
GFP fluorescence and plaque assay for the absence of prog-
eny virus in culture supernatant. Viral latency was indicated 
by the absence of viral cytopathic morphologies, loss of GFP 
expression and lack of progeny virus in the culture superna-
tants as assessed by plaque assay titration on Vero cells. Prior 
to transduction with HE-expressing viral vectors, the superna-
tants from HSV-latently infected cells were transferred to Vero 
cell monolayers to confirm that HSV was quiescent with no 
viral reactivation and production of infectious virus.

Plaque assay titration. HSV stocks or culture supernatants 
either undiluted or serially diluted were applied to monolayers 
of Vero cells grown in six-well plate. After 3 days incubation at 
37 °C, plaques were counted.

HSV reactivation. Triplicate dishes of HSV-infected HF either 
left untransduced or transduced with indicated scAAV2 deliv-
ery vectors were infected with HCMV AD169 at a MOI of 
1–2 for 2 days at 37 °C in culture medium without acyclovir. 
HSV reactivation was assessed by one or more of the follow-
ing methods: flow cytometry analysis for GFP fluorescence, 
HSV genome quantification using ddPCR, and plaque assay 
titration. In this latter method, viral plaques observed are the 
result of infectious HSV replication and not due to HCMV, 
which only replicates in human fibroblasts.

DNA analysis. Genomic DNA (gDNA) was extracted using 
the DNeasy Tissue & Blood kit (Qiagen, Valencia, CA) 

after collection of the cells by trypsinization. Fifty nanogram 
of gDNA and Platinum Pfx DNA polymerase (Invitrogen,  
Carlsbad, CA) were used to PCR amplify the region con-
taining the I-AniI target site with primers against SFFV 5′ 
GGAAGCTTGCCAAACAGGATATCTGCGGTGAGC-3 ′ 
and TurboGFP 5′-GACTAGTCGGGTAGGTGCCGAAGTG 
GTAGAAGC-3′, and PCR program: 94 °C 2 minutes, 35 
cycles (94 °C 15 seconds, 60 °C 15 seconds, 68 °C 30 sec-
onds), and then 68 °C 10 minutes. The region of the HSV 
genome containing the target site for HSV1m5 was PCR 
amplified using UL19 B primers: forward 5′-GGCCGG 
CGGAAGTAGTTGAC-3′ and reverse 5′-CACCGACATGGG 
CAACCTTC-3′, with thermocycling conditions of: 94 °C  
5 minutes, 35 cycles (94 °C 30 seconds, 60 °C 30 seconds, 
70 °C 30 seconds), then 70 °C 5 minutes.

PCR amplicon sequencing. PCR amplicons contain-
ing the target region obtained as described above were 
cleaned using the QIAquick PCR purification kit (Invitro-
gen) and cloned into the PCR Blunt-TOPO vector using 
the Zero Blunt TOPO PCR cloning kit (Invitrogen). For Y2 
I-AniI target sequence analysis, plasmid DNA was isolated 
using the FastPlasmid mini kit (5 Prime) and sequenced 
as described previously.12 For HSV1m5 target sequence 
analysis, bacterial colony sequencing was performed by 
Genewiz (Seattle, WA). In the experiments described in 
Figure 3e and Figure 4d, PCR amplicons were obtained 
from triplicate dishes, purified and combined prior to TOPO 
blunt cloning.

Quantification of cellular HSV DNA by ddPCR. A duplex digital 
PCR was performed to measure the levels of cellular HSV DNA 
on the QX100 droplet digital PCR system (Bio-Rad Laboratories, 
Hercules, CA) at the University of Washington, Department of 
Laboratory Medicine, Molecular Virology Laboratory. DNA sam-
ples were extracted from cells as described above. Copies of 
HSV DNA were quantified using the following gB primers/probe 
set: HSV-qPCR-F CCGTCAGCACCTTCATCGA; HSV-qPCR-R  
CGCTGGACCTCCGTGTAGTC and probe HSVgbProbe 
6FAM-CCACGAGATCAAGGACAGCGGCC-BHQ1. Cell num-
bers were determined using the following beta-globin primer/
probe set: BETAU 5′-TGAAGGCTCATGGCAAGAAA-3′, BETAL  
5′-GCTCACTCAGTGTGGCAAAGG-3′, and probe BetaPb 
5′-Hex-TCCAGGTGAGCCAGGCCATCACTA-BHQ1-3′. Beta-
globin is a reference gene for cell count that exists at two 
copies/cell.

The ddPCR reaction mixture consisted of 12.5 µl of a 2X 
ddPCR Mastermix (Bio-Rad), 1.25 µl of each 20X primer-
probe mix, and 10 µl of template DNA in a final volume 
of 25 µl. 20 µl of each reaction mixture was loaded onto a 
disposable plastic cartridge (Bio-Rad) with 70 µl of droplet 
generation oil (Bio-Rad) and placed in the droplet generator 
(Bio-Rad). The droplets generated from each sample were 
transferred to a 96-well PCR plate, and PCR amplification 
was performed on a 2720 Thermal Cycler (Applied Biosys-
tems, Carlsbad, CA) with the following conditions: 95 °C for 
10 minutes, 40 cycles of 94 °C for 30 seconds, and 60 °C 
for 1 minute, followed by 98 °C for 10 minutes and ending at 
4 °C. After amplification, the plate was loaded onto the drop-
let reader (Bio-Rad), and the droplets from each well of the 
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plate were automatically read at a rate of 32 wells/hour. Data 
were analyzed with QuantaSoft analysis software (Biorad, 
Hercules, CA) and quantitation of target molecules presented 
as copies/µl of PCR reaction. For quantification of both cel-
lular and supernatant HSV levels, values were standardized 
to cellular β-globin levels.

Surveyor nuclease analysis. The surveyor nuclease assay 
was performed using the Surveyor Mutation Detection kit 
(Transgenomic, Omaha, NE) according to the manufactur-
er’s instructions. PCR amplification of the region containing 
the HSV1m5 target site in HSV genomes was done using 
the UL19B forward and reverse primers as described above. 
Digested PCR products were resolved in a 3% agarose gel, 
and quantified using ImageJ software (National Institute of 
Health, Bethesda, MD) to determine the  levels of gene dis-
ruption. The level of gene disruption was calculated using 
the formula: 100 X (1-(1-fraction cleaved)1/2) where fraction 
cleaved = the density of cleavage product/(density of cleav-
age product + density of uncleaved product).

Reverse transcription polymerase chain reaction (RT-PCR) 
detection of HSV transcripts. RNA was extracted using 
QIAshredder and RNeasy kit (Qiagen) per the manufactur-
er’s recommendations. RT-PCR was performed on 1 µg total 
RNA using the Quantitec RT kit (Qiagen) after treatment with 
DNase I to remove potential viral DNA contamination. The 
primers and conditions for RT-PCR have been described pre-
viously.46 No reverse transcriptase (-RT) controls were also 
performed (Figure 1d).

Toxicity assays. After collection by trypsinization, cells were 
stained either for viability/cytotoxicity using the live/dead stain 
(Life technologies, Grand Island, NY) as per manufacturer 
recommendations or apoptosis using FITC anti-activated 
caspase-3 antibody (BD Biosciences San Jose, CA) as pre-
viously described47 and then analyzed by flow cytometry on a 
BD LSRII flow cytometer.

Flow cytometry. Expression of fluorescent proteins (GFP and 
mCherry) was analyzed using a BD LSRII flow cytometer after 
collection of the cells by trypsinization. To analyze GFP fluores-
cence in TERT-HF, and T30BS reporter cell lines, cells were 
treated with 1 µmol/l MG132 (Calbiochem, La Jolla, CA) for 6 
hours, collected by trypsinization and immediately analyzed. 
Cell sorting for GFP fluorescence to establish the TERT-HF and 
T30BS reporter cell lines was performed using a BD FACSVan-
tage. All data were analyzed using FlowJo software (TreeStar, 
Ashland, OR).

Microscopy analysis. Images were acquired using a micro-
scope (TE2000; Nikon, Melville, NY) equipped with a CCD 
camera (CoolSNAP ES; Photometrics) and analyzed using 
MetaVue (Universal Imaging, Downingtown, PA). Images 
were taken with a ×10 objective.

Inhibitors.  Cells were treated with either TSA (100 nmol/l), 
sodium butyrate (5 mmol/l), valproic acid (1 mmol/l; Sigma), 
or 3-deazaneplanocin A (5 µmol/l; Cayman chemical, Ann 
Arbor, MI).

Statistical analysis. Multiple sample comparisons  (Figure 3d) 
were done with two-way analysis of variance (Prism V5.0d). 
Multiple sample comparisons (Figure 4b,c) were made with 
two-way nonparametric analysis of variance using permu-
tation tests and the Bray-Curtis dissimilarity measure on 
ranked data (PERMANOVA6).48
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