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The design of highly defective herpes simplex virus (HSV) vectors
for transgene expression in nonneuronal cells in the absence of
toxic viral-gene activity has been elusive. Here, we report that
elements of the latency locus protect a nonviral promoter against
silencing in primary human cells in the absence of any viral-gene
expression. We identified a CTCF motif cluster 5′ to the latency
promoter and a known long-term regulatory region as important
elements for vigorous transgene expression from a vector that
is functionally deleted for all five immediate-early genes and the
15-kb internal repeat region. We inserted a 16.5-kb expression
cassette for full-length mouse dystrophin and report robust and
durable expression in dystrophin-deficient muscle cells in vitro.
Given the broad cell tropism of HSV, our design provides a non-
toxic vector that can accommodate large transgene constructs for
transduction of a wide variety of cells without vector integration,
thereby filling an important void in the current arsenal of gene-
therapy vectors.
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One of the limitations of promising viral-gene transfer vec-
tors, including lentivirus, adeno-associated virus (AAV),

and adenovirus vectors, is their small genome-packaging capacity
(≤8 kb) (1), which precludes the incorporation of large or mul-
tiple therapeutic transgene cassettes (2–4). The large, double-
stranded DNA genome of herpes simplex virus (HSV; ∼152 kb)
contains a substantial number of genes that are not required for
infection, and redundant genes located in the repeats flanking
the unique long (UL) and short (US) segments of the viral ge-
nome represent additional regions that can be deleted without
significant loss of infectivity. Although HSV is a neurotropic
virus, inasmuch as it establishes natural latency in neurons, it is
capable of infecting a wide range of cells with high efficiency,
suggesting its potential for broad use as a gene-therapy vector.
The goal of this research was to create a vector capable of long-
term persistence and extended transgene expression in non-
dividing, nonneuronal cells without toxicity for the transduced
cell or potential rescue of replicating virus.
HSV-1 initiates a cascade of viral-gene expression that begins

with the expression of five immediate early (IE or α) genes. Two
of these genes, infected cell polypeptide (ICP) 4 and ICP27, are
essential for entry into the lytic-virus replication cycle, and HSV
gene-delivery vectors are therefore typically deleted for one or
both of these genes to mimic the latent state in sensory neurons
without the possibility of reactivation. In addition, the expression
of toxic nonessential IE genes, ICP0 and ICP22, has been down-
regulated by promoter manipulation or blocked by deletion (5–
11). The complete elimination of vector toxicity for nonneuronal
cells achieved by silencing all four of these IE genes results in
quiescent intranuclear episomal genomes that are diluted over
time in dividing cells but persist in nondividing cells (12–14).
However, transgene expression is also rapidly extinguished. Qui-
escence is due to global epigenetic silencing of the viral genome

and can be reversed by ectopic expression of ICP0 (15, 16). To
allow foreign gene expression without restoring ICP0, the trans-
gene must be selectively protected against epigenetic silencing.
Viruses that are deleted for the ICP4 and ICP27 genes can be

grown on complementing cells engineered to produce the cog-
nate essential gene products upon virus infection (7). However,
robust amplification of viruses that are in addition deleted for
the ICP0 gene requires further complementation. Stable main-
tenance of cell lines that inducibly express all three IE genes has
been a challenge due to leaky expression of the highly toxic ICP0
protein (10).
In the present study, we used HSV–bacterial artificial chro-

mosome (BAC) recombineering to reconstruct a previous rep-
lication-defective vector that expressed a low level of ICP0, was
capable of robust transient transgene expression, and displayed
minimal disturbance of mouse embryonic stem cell develop-
mental gene expression (17). In agreement with studies by others
(10, 13, 18), we found that complete elimination of ICP0 ex-
pression was required to limit vector toxicity for human fibroblasts
and that both viral-gene expression and transgene expression were
essentially abolished in this situation. To facilitate consistent
vector growth, we constructed a cell line that stably and efficiently
complements the multiple IE gene defects in this type of vector.
We show that a heterologous promoter–reporter gene expression
cassette remains transcriptionally active in human dermal fibro-
blasts (HDFs) when located in the latency-associated transcript
(LAT) locus but is silenced on deletion of a neighboring element
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rich in CTCF-binding motifs, designated CTRL [CCCTC binding
protein (CTCF) repeat long (CTRL)] (19), and the enhancer-
like latency active promoter 2 (LAP2 or LATP2) region. Reporter-
gene expression was also observed when the transgene cassette
with LAT elements was moved to other positions in a silent-
vector genome, but omission of the LAT elements abolished
expression. We present evidence that these results are not
unique to HDFs but also apply to other nonneuronal primary
human cells. Lastly, we show that residual cytotoxicity observed
with these vectors is eliminated by deletion of the BAC region,
and we illustrate the potential of our findings by documenting
vector-mediated expression of full-length dystrophin through at
least 7 d. Together, these results hold the promise of significantly
expanding the utility of HSV gene-transfer vectors to include
a wide range of nonneuronal cells.

Results
Vector Engineering and Virus Growth. We used Red-mediated re-
combineering in bacteria (20) to generate an HSV–BAC con-
struct, JΔNI5, that was deleted for the ICP0, ICP4, and ICP27 IE
genes, the promoter and translation initiation codon of the
ICP47 IE gene as part of a deletion that included the entire in-
ternal repeat (joint) region between the two unique segments
(UL, US) of the viral genome, and the consensus VP16-binding
(TAATGARAT) motifs in the ICP22 IE gene regulatory region
to change the expression kinetics of this gene to that of an early
(E or β) gene (Fig. 1A). To convert this BAC construct to in-
fectious virus, we created a novel U2OS-based cell line, U2OS-
ICP4/27, that permanently expresses ICP4 and produces ICP27
in response to infection with an ICP4/ICP27-deleted virus (Fig.
1B); U2OS cells naturally complement ICP0 (21), eliminating
the need to express this toxic protein. We performed a series of
experiments to confirm the anticipated characteristics of JΔNI5
in comparison with two control viruses, JΔNI2 and JΔNI3, that
had been produced as less debilitated predecessors of JΔNI5.
JΔNI2 contained the intact coding regions of ICP0 and ICP27
under the control of copies of the early HSV thymidine kinase
(TK) promoter (β0/β27) whereas, in JΔNI3, the ICP0 gene was
deleted (Fig. 1A). In all three JΔNI viruses, an mCherry reporter-
gene expression cassette was present at the position of the deleted
ICP4 locus in the US terminal repeat, and the glycoprotein B gene
was replaced with a hyperactive allele, gB:N/T (22), to enhance
virus entry into cells. The genotypes of these virus constructs and
all other HSV vectors generated in this study are summarized in
Table 1. The biological titers in plaque-forming units (pfu) per
milliliter and physical titers in viral genome copies (gc)/mL of the
virus stocks used in this work are listed in Table 2.
BAC transfection and virus-growth curves confirmed the dis-

tinct complementation requirements of the three viruses (Fig.
S1). Also consistent with the genetic differences between these
three viruses, immunoblotting for IE gene products after in-
fection of noncomplementing HDFs detected ICP27 in both
JΔNI2- and JΔNI3-infected cells, a low level of ICP0 only in
JΔNI2-infected cells, and no products in JΔNI5-infected cells
(Fig. 1C). At 2 h postinfection (hpi), viral DNA levels in the
nuclei of HDFs infected with equal gc of the 3 JΔNI viruses were
similar while infections with equal pfu resulted in dissimilar nu-
clear gc levels (Fig. 1D), validating the use of gc titers to stan-
dardize virus input for comparisons of gene expression between
different viruses in the remainder of this study.

Viral- and Reporter-Gene Expression in Noncomplementing Cells.
Expression analysis by quantitative reverse transcription-
PCR (qRT-PCR) of several IE, E, and late (L or γ) genes in
infected HDFs confirmed that the ICP0 and ICP27 gene dele-
tions in JΔNI5 reduced viral-gene expression dramatically from
the already low levels detected in HDFs infected with JΔNI2 or
JΔNI3 at the same gc doses (Fig. S2). Expression of the mCherry

reporter gene from its ectopic promoter was also dramatically
reduced in JΔNI5-infected HDFs (Fig. S3A), ∼100-fold by the
ICP0 gene deletion (Fig. S3B, compare JΔNI2- and JΔNI3-infected

Fig. 1. Vector genome structures and complementing cells for virus pro-
duction. (A) Schematic representations of the genomes of WT HSV-1 KOS, as
present in KOS-37 BAC (57), and derivatives JΔNI2, JΔNI3, and JΔNI5. UL,
unique long segment; US, unique short segment. The US region in KOS-37
BAC and its derivatives is inverted compared with the standard represen-
tation of the HSV genome. Open boxes, terminal and internal inverted
repeats. Black boxes, deletions (Δ); the ICP47 promoter and translation ini-
tiation codon are removed as part of the joint deletion. Cross-hatched
horizontal box, the ICP22 IE gene converted to early-expression kinetics by
promoter TAATGARAT deletion (β22). All JΔNI recombinants described in
this study contain the hyper-activating N/T mutations in the gB gene (gB:NT)
(22) and a ubiquitin C promoter (UbCp)-mCherry cassette with the SV40
polyA region in the ICP4 locus. The BAC elements, including a chloram-
phenicol-resistance gene and β-galactosidase expression cassette, are located
between loxP sites in the UL37-UL38 intergenic region (57). (B) Western blot
analysis of U2OS-ICP4/27 cells. Uninfected cells and cells infected with JΔNI5
virus at an MOI of 1 were harvested at 24 hpi, and extracts were prepared
for gel electrophoresis; extracts from uninfected U2OS cells were used as
control. Blots were probed with antibodies for ICP4, ICP27, or α-tubulin as
a loading control. (C) Immunoblot analysis of IE gene products in HDFs. Cells
were infected with KOS, QOZHG, or JΔNI viruses at 1 pfu per cell, and
extracts were prepared at 24 hpi. Blots were probed with antibodies for the
indicated IE gene products or α-tubulin as a loading control. (D) Relative
nuclear viral DNA levels after infection with equal gc or pfu. HDFs were
infected with the indicated JΔNI vectors at 5,000 gc per cell (Left) or 1 pfu per
cell (Right). At 2 hpi, nuclear DNA was isolated, and relative viral gc numbers
were determined by qPCR for the gD gene normalized to the cellular 18S
rRNA genes.
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cells) and another approximately eightfold by the additional
deletion of the ICP27 gene (JΔNI3- vs. JΔNI5-infected cells).
These observations confirmed that the residual ICP0 and ICP27
expression from JΔNI2 is sufficient to prevent global transcrip-
tional silencing of the viral genome whereas deletion of these two
genes essentially eliminated all native and exogenous promoter
activity. Consistent with published studies (13), mCherry expres-
sion could be induced in JΔNI5-infected HDFs by superinfection
with a replication-defective ICP0+ virus [QOZHG; ICP4−/ICP27−/
β-ICP22/β-ICP47 (23)] (Fig. S3C). Thus, ICP27 was not re-
quired to derepress the silent JΔNI5 genome, and the small
amount of ICP0 expressed in JΔNI2-infected HDFs was suf-
ficient to support limited transcriptional activity throughout
the viral genome.

The LAT Locus Supports High-Level Transgene Expression from the
Silent JΔNI5 Genome. Upon infection of neuronal cells, HSV
enters a latent state in which the viral genome is transcriptionally
silent except for the LAT locus. We explored whether the LAT
locus would similarly allow a cellular promoter to remain active
in nonneuronal cells in the context of an otherwise silent viral
genome. To this end, we introduced an expression cassette con-
sisting of the CAG enhancer/promoter and EGFP gene (CAGp-
GFP) into the LAT 2-kb intron region of JΔNI5, creating a vector
construct referred to as JΔNI7GFP (Fig. 2A). As a control, we
introduced the same CAGp-GFP cassette into the UL3-UL4
intergenic region of JΔNI5, producing vector JΔNI6GFP (Fig.
2A); the UL3-UL4 intergenic region has been used by others for
nondisruptive insertion of transgene cassettes (24, 25) and is close

to, but outside, the LAT locus. Infectious viruses were produced
on U2OS-ICP4/27 cells, and the gc:PFU ratios of the new virus

Table 1. Selected gene modifications in vector constructs

Vector ICP0 ICP4* ICP22 ICP27 ICP47 gB† LAT‡ UL3/4§ UL45/46§ UL50/51§

KOS + + + + + + + — — —

KNTc + + + + + N/T + UbC-mCherry — —

QOZHG + Δ β CMV-GFP β + + — — —

JΔNI2 β Δ β β Δp N/T 3′Δ — — —

JΔNI3 Δ Δ β β Δp N/T 3′Δ — — —

JΔNI5 Δ Δ β Δ Δp N/T 3′Δ — — —

JΔNI6GFP Δ Δ β Δ Δp N/T 3′Δ CAG-GFP — —

JΔNI7GFP Δ Δ β Δ Δp N/T CAG-GFP — — —

JΔNI7GFPΔC1 Δ Δ β Δ Δp N/T CAG-GFP, ΔC1 — — —

JΔNI7GFPΔC2 Δ Δ β Δ Δp N/T CAG-GFP, ΔC2 — — —

JΔNI7GFPΔLP2 Δ Δ β Δ Δp N/T CAG-GFP, ΔLP2 — — —

JΔNI7GFPΔC12 Δ Δ β Δ Δp N/T CAG-GFP, ΔC12 — — —

JΔNI7GFPΔC12LP2 Δ Δ β Δ Δp N/T CAG-GFP, ΔC12LP2 — — —

JΔNI9GW Δ Δ β Δ Δp N/T Δ — GW¶
—

JΔNI9GFP Δ Δ β Δ Δp N/T Δ — CAG-GFP —

JΔNI9LAT-GFP Δ Δ β Δ Δp N/T Δ — LAT-CAG-GFP —

JΔNI10GW Δ Δ β Δ Δp N/T Δ — — GW¶

JΔNI10GFP Δ Δ β Δ Δp N/T Δ — — CAG-GFP
JΔNI10LAT-GFP Δ Δ β Δ Δp N/T Δ — — LAT-CAG-GFP
JΔNI10LAT-GFPΔC12LP2 Δ Δ β Δ Δp N/T Δ — — LATΔC12LP2-CAG-GFP
JΔNI5ΔB#1# Δ Δ β Δ Δp N/T 3′Δ — — —

JΔNI5ΔB#2# Δ Δ β Δ Δp N/T 3′Δ — — —

JΔNI7GFPΔB# Δ Δ β Δ Δp N/T CAG-GFP — — —

JΔNI7-GWL1 Δ Δ β Δ Δp N/T GW¶
— — —

JΔNI7mDMDΔB# Δ Δ β Δ Δp N/T CAG-mDMD — — —

+, intact WT gene; β, promoter modifications to change expression kinetics from immediate-early (IE) to early (E); Δ, complete gene deletion; Δp, promoter/
start codon deletion. All JΔNI constructs are deleted for the internal repeat (joint) region.
*All JΔNI viruses have the same UbC promoter-mCherry expression cassette in the deleted ICP4 locus.
†N/T, gB:D285N/A549T allele referred to herein as gB:N/T.
‡3′Δ, deletion in the LAT primary transcript region resulting from deletion of the ICP0 promoter and coding region (GenBank JQ673480, positions 1,522–
5,500) or promoter alone (JΔNI2, GenBank positions 1,522–2,234). Replacement insertions within the remaining portion of the LAT 2-kb intron are specified.
§Insertions are specified; —, no insertion.
¶GW, gateway recombination cassette.
#BAC-deleted viruses.

Table 2. Virus titers

Virus gc/mL (× 1011) pfu/mL (× 108) gc/pfu

KOS 5.33 130.00 41.02
KNTc 8.15 29.60 275.23
QOZHG 1.55 2.33 663.54
JΔNI2 3.28 4.00 819.98
JΔNI3 3.46 3.36 1,028.43
JΔNI5 11.74 5.00 2,347.65
JΔNI6GFP 7.30 2.66 2,744.20
JΔNI7GFP 3.99 1.86 2,144.88
JΔNI7GFPΔC1 1.66 0.50 3,310.18
JΔNI7GFPΔC2 8.42 3.50 2,405.25
JΔNI7GFPΔLP2 4.75 1.70 2,796.75
JΔNI7GFPΔC12 5.97 1.86 3,211.54
JΔNI7GFPΔC12LP2 8.03 3.00 2,676.55
JΔNI9GFP 6.70 2.00 3,352.08
JΔNI9LAT-GFP 5.58 2.66 2,097.43
JΔNI10GFP 10.50 1.66 6,328.27
JΔNI10LAT-GFP 2.30 0.93 2,460.11
JΔNI10LAT-GFPΔC12LP2 2.69 1.23 2,186.17
JΔNI5ΔB#1 6.50 8.66 750.98
JΔNI5ΔB#2 10.18 14.60 697.53
JΔNI7GFPΔB 26.55 14.30 1,856.67
JΔNI7mDMDΔB 7.01 3.66 1,916.53
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stocks were similar to that of JΔNI5 (Table 2). Both JΔNI6GFP
and JΔNI7GFP produced abundant green and red fluorescence
during amplification in U2OS-ICP4/27 cells, confirming the in-
tegrity of their transgene-expression cassettes. To examine the
abilities of these viruses to express the EGFP transgene in non-
complementing cells, HDFs were infected with increasing gc per
cell, and EGFP fluorescence was recorded at 3 dpi (Fig. 2B).
JΔNI7GFP-infected cells showed abundant, viral dose-dependent
EGFP expression whereas JΔNI6GFP infection produced limited
expression, even at the highest dose. Although we used a higher
virus input here than in earlier JΔNI5 infections, mCherry ex-
pression remained minimal. These results were confirmed by
qRT-PCR measurements of EGFP and mCherry mRNA levels at
3 and 5 dpi (Fig. 2C) and were consistent with the suggestion that
the JΔNI6GFP and JΔNI7GFP virus genomes, like the JΔNI5
genome, were silent in infected HDFs whereas the LAT locus
maintained transcriptional activity from a non-HSV promoter.
Because EGFP mRNA levels in JΔNI7GFP-infected cells were at

least as high at 5 dpi as at 3 dpi (Fig. 2C), we asked whether ex-
pression could be detected at later times when the cells are fully
contact-inhibited. The results showed that expression could persist
for at least 4 wk in some of the cells (Fig. 2D). Together, these
observations indicated that the LAT locus is a privileged site for
durable transgene expression in nonneuronal cells in the back-
ground of an HSV genome that lacks all IE gene expression.

CTRLs and LATP2 Support Transgene Expression from the LAT Locus. It
has been demonstrated that LAT expression during latency is
controlled by the latency-associated promoters (LAPs) 1 and 2
(26, 27). LAP1 is located upstream of the transcription initiation
site of the ∼8.3-kb unstable primary LAT transcript that is pro-
cessed to a stable 2-kb LAT intron whereas LAP2 is located
downstream of LAP1 in the first exon and extending into the
2-kb intron region. A LAP2-containing region extending some-
what further into the intron has been referred to as LATP2 (8).
In addition to acting as a promoter, it has been shown that the
LAP2/LATP2 region can act as a position-independent long-
term expression/enhancer element for transgene expression in
neurons (8, 28). However, it has also been reported that the LAT
locus is protected from global silencing of the viral genome
during latency by regions rich in CTCF-binding sites, termed
CTRLs, one located upstream of LAP1 (CTRL1) and the other
in the 2-kb intron just downstream of LATP2 (CTRL2) (29).
We therefore explored the potential roles of the LATP2 and
CTRL elements in enabling the observed EGFP expression in
JΔNI7GFP-infected HDFs. We deleted the three elements sepa-
rately and in combination from the JΔNI7GFP genome (Fig.
3A) and examined reporter-gene expression in infected HDFs
(Fig. 3 B and C). Deletion of either CTRL1 (ΔC1) or LATP2
(ΔLP2) caused a marked decrease in green fluorescence and
EGFP mRNA levels whereas the deletion of CTRL2 (ΔC2) had
only a minor effect. Deletion of both CTRLs (ΔC12) had the
same effect as the deletion of CTRL1 alone whereas deletion
of all three elements (ΔC12LP2) reduced expression further to
the level observed in JΔNI6GFP-infected cells. As expected,
mCherry fluorescence was visually undetectable in any of the
infected cells (Fig. 3B), suggesting that the different deletions
did not cause derepression of other sites in the viral genome.
These results indicated that both CTRL1 and the LATP2 region
play significant roles in protecting the linked transgene from
transcriptional silencing in the context of a viral genome that is
functionally devoid of all IE genes.

LAT Locus Protection of Transgene Expression Is Position-Independent.
To determine whether sequences associated with the LAT locus
are sufficient to protect an embedded transgene expression cas-
sette against silencing in the absence of IE gene products, we
inserted a restriction fragment corresponding to the LAT:CAGp-
GFP region of JΔNI7GFP, including the two CTRLs, LAP1 and
LATP2, at one of two ectopic positions in a JΔNI5 derivative that
was deleted for the same LAT region to avoid recombination
between the native and new sites. We first engineered a Gateway
(GW) recombination cassette into the intergenic region between
UL45 and UL46 (JΔNI9GW) or between UL50 and UL51
(JΔNI10GW) of the LAT-deleted JΔNI5 genome (JΔNI5ΔL)
(SI Materials and Methods) and then introduced the LAT:
CAGp-GFP fragment or just CAGp-GFP without LAT
sequences by recombination with the GW cassette (Fig. 4A). After
virus production on U2OS-ICP4/27 cells (Table 2), the vectors
were tested for reporter-gene expression in infected HDFs. At 3
dpi, the vectors that lacked LAT sequences surrounding the re-
porter cassette (JΔNI9GFP and JΔNI10GFP) showed low levels of
EGFP fluorescence (Fig. 4B) and mRNA (Fig. 4C) in infected
cells, similar to the JΔNI6GFP control vector, suggesting that the
two intergenic insertion sites were transcriptionally repressed, like
the intergenic region between UL3 and UL4 (Fig. 2). However,

Fig. 2. JΔNI6GFP and JΔNI7GFP genome structures and reporter-gene ex-
pression. (A) JΔNI7GFP contains a CAG promoter-EGFP expression cassette
with the rabbit β-globin polyA (pA) region in the 2-kb LAT intron region
between the LATP2 long-term expression/enhancer region and a down-
stream series of CTCF-binding motifs (CTRL2) in the intron. LATP2 extends
from the LAT transcription initiation site to within the 2-kb intron. JΔNI6GFP
contains the same CAG promoter-EGFP expression cassette between the
UL3 and UL4 genes. (B–D) EGFP and mCherry expression in infected HDFs.
(B) Cells were infected with JΔNI6GFP or JΔNI7GFP virus at different gc per
cell, and fluorescence was visualized at 3 dpi. (C) HDFs were infected with
JΔNI6GFP or JΔNI7GFP vector at 12,500 gc per cell and harvested 3 or 5 d
later for mRNA extraction and qRT-PCR analysis for the two reporter genes.
Expression normalized to 18S rRNA is shown relative to JΔNI6GFP-infected
cells on day 3. (D) HDFs were infected with JΔNI6GFP or JΔNI7GFP virus at
25,000 gc per cell, and EGFP fluorescence was photographed at 7, 14, and
28 dpi.
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when the reporter cassette was flanked at both sides by LAT
sequences (vectors JΔNI9LAT-GFP and JΔNI10LAT-GFP), EGFP
expression increased to the level observed in JΔNI7GFP-
infected cells (Fig. 4B), indicating that the antisilencing activity
of the LAT-derived regions is functional in a position-independent
manner. To confirm the dependence of this activity on LATP2
and either or both CTRLs, we introduced a LATP2- and CTRL-
deleted version of the LAT:CAGp-GFP fragment by GW re-
combination into the JΔNI10GW genome; the deletions were the
same as those in the LAT region of the earlier JΔNI7GFPΔC12LP2
vector (Fig. 3A). We found that the deletions reduced EGFP ex-
pression in infected HDFs, although not fully down to the level
observed with the LAT-free JΔNI10GFP vector (Fig. 4 C and D); it
is unclear why the ΔC12LP2 deletions seemed to have a smaller
effect here (∼3.5-fold) than in JΔNI7GFP (∼50-fold) (Fig. 3C).
However, our results clearly demonstrate that a portion of the
LAT locus that includes the two CTRLs, LAP1 and LATP2, can
protect an embedded transgene expression cassette in a position-
independent manner against global silencing of the viral genome in
the absence of IE gene expression and indicate that at least CTRL1
and LATP2 play a role in this activity. We also determined whether
the effect of the transferred LAT sequences was limited to the

embedded transgene. We observed moderate increases in the
levels of ICP22, ICP6, and glycoprotein C (gC) mRNA produced
by JΔNI10LAT-GFP compared with JΔNI10GFP (Fig. S4), but
these increases were substantially smaller than the increase in
GFP expression (Fig. 4B). Of interest, expression of the three
distal genes was also somewhat higher from JΔNI10LAT-GFP
than from JΔNI5 (Fig. S4), suggesting that the reach of the LAT
elements may be influenced by their context.

LAT Locus Elements Protect Transgene Expression in Other Cell Types.
To evaluate the applicability of our observations beyond HDFs,

Fig. 3. Effect of LAT locus elements on EGFP expression from JΔNI7GFP.
(A) Genome representations of JΔNI7GFP and derivatives deleted for CTRL1
(ΔC1), CTRL2 (ΔC2), or LATP2 (ΔLP2) individually or in combinations.
(B) Reporter-gene expression in infected HDFs. Cells were infected with the
indicated viruses at 12,500 gc per cell, and fluorescence was recorded at
3 dpi. (C) Relative EGFP mRNA levels in HDFs infected with JΔNI7GFP,
derivatives deleted for LAT elements, or JΔNI6GFP; viruses are identified by
abbreviated names. Cells were infected at 12,500 gc per cell and processed at
3 dpi for qRT-PCR analysis. Expression levels were normalized to 18S rRNA
and are presented relative to the level in JΔNI7GFP-infected cells.

Fig. 4. Anti-silencing activity of LAT sequences positioned elsewhere in the
viral genome. (A) Construction of JΔNI9 and JΔNI10 vectors. A LAT region
spanning CTRL1, LATP2, and CTRL2 was removed from the JΔNI5 genome
(ΔLAT), and a GW recombination cassette was introduced between UL45
and UL46 to generate JΔNI9GW or between UL50 and UL51 to produce
JΔNI10GW (Upper). XhoI restriction sites were used to isolate a CAGp-GFP–
containing LAT fragment from JΔNI7GFP (Lower Left). The XhoI fragment
was cloned into pENTR1A (Lower Right) and transferred into JΔNI9GW or
JΔNI10GW by attL/attR recombination with the respective GW cassettes (LR
reaction) to produce JΔNI9LAT-GFP and JΔNI10LAT-GFP, respectively. As
controls, we also recombined the CAGp-GFP cassette without LAT sequences
via a pENTR1A intermediate into the GW locus of JΔNI9GW or JΔNI10GW,
producing JΔNI9GFP and JΔNI10GFP. (B) Reporter-gene expression in HDFs
infected with JΔNI9 or JΔNI10 viruses. HDFs were infected with the indicated
viruses at 12,500 gc per cell. EGFP and mCherry fluorescence were recorded
at 3 dpi. (C) EGFP mRNA levels in infected HDFs determined by qRT-PCR as in
earlier figures. Levels are shown relative to JΔNI9GFP- or JΔNI10GFP-infected
cells. JΔNI10ΔC12LP2-GFP was constructed by transfer of the XhoI LAT
fragment from JΔNI7ΔC12LP2-GFP into the GW site of JΔNI10GW, similar to
the construction of JΔNI10LAT-GFP above. (D) Effect of the deletion of both
CTRLs and LATP2 from JΔNI10LAT-GFP on transgene expression. HDFs were
infected at 12,500 gc per cell, and EGFP and mCherry fluorescence were
recorded at 3 dpi.
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we tested EGFP and mCherry expression from selected vectors
in other cell types. By qRT-PCR, we observed higher EGFP
mRNA levels in JΔNI7GFP-infected than in JΔNI6GFP-infected
human cells at 3 dpi (Fig. 5A). The greatest difference was ob-
served in BJ human foreskin fibroblasts (∼35-fold), similar to the
difference in HDFs (∼30-fold) (Fig. 2C). Human neonatal kera-
tinocytes (hEKs) showed the smallest difference (∼4.5-fold), with
intermediate values seen in human muscle-derived stem cells
(hMDSCs) (∼10-fold), human preadipocytes (hPADs) (approxi-
mately sevenfold), and human hepatocytes (hHEPs) (∼13-fold).
We also compared the two vectors in fetal rat dorsal root ganglion
(rDRG) neurons and found only a ∼2.5-fold difference. Fig. 5B
shows representative fluorescence images at 3 dpi from an in-
dependent experiment performed under the same infection con-
ditions. The results were largely consistent with the qRT-PCR
data. Of interest, whereas none of the human cells showed sig-
nificant mCherry fluorescence, abundant mCherry expression was
observed in both the JΔNI6GFP- and JΔNI7GFP-infected rat
DRG cultures. It is not yet known whether this observation is
unique to neuronal cells and may be a function of the promoter
driving mCherry-gene expression, the location of the expression
cassette in the viral genome, and/or the rat origin of the cells. We

were able to maintain hMDSCs for an extended period, allowing
the monitoring of EGFP expression over time in JΔNI7GFP-
infected cells. As shown in Fig. 5C, EGFP remained detectable
for at least 4 wk after infection, similar to our observation with
JΔNI7GFP-infected HDFs (Fig. 2D). Lastly, we determined for
some of the cells whether CAGp-GFP activity in the UL50/51
intergenic region was enhanced by flanking LAT sequences as in
HDFs. The results in Fig. 5D show a substantial enhancement in
all three cell types that may, for unknown reasons, exceed the
difference between JΔNI6GFP and JΔNI7GFP in the same cells.
Overall, these results indicated that the position-independent
antisilencing activity of genetic elements in the LAT locus is not
limited to HDFs but is operative in a variety of nonneuronal hu-
man cell types.

Elimination of Residual Vector Cytotoxicity by BAC Removal. Al-
though JΔNI5 and its derivatives displayed no overt toxicity for
noncomplementing cells, we evaluated this perception by quan-
titative cell viability (MTT) assay. HDFs and Vero cells were
infected with KOS, QOZHG, JΔNI2, JΔNI3, or JΔNI5 virus at
25,000 gc per cell, and assays were performed at 5 dpi. Surpris-
ingly, whereas toxicity for Vero cells was significantly reduced
between JΔNI2 and JΔNI3 (P < 0.001) and was no longer de-
tectable in JΔNI5-infected cells, the number of viable cells in
JΔNI5-infected HDF cultures remained well below the number
in mock-infected cultures and was not dramatically greater than
that in JΔNI2- or JΔNI3-infected cultures (Fig. 6A); QOZHG,
which overexpresses ICP0, was highly toxic for HDFs, similar
to replication-competent virus (KOS). A significant difference
between JΔNI5 and a fully IE gene-inactivated vector such as
d109 that was previously shown to be devoid of any toxicity for
human fibroblasts (13) is the presence of the loxP-flanked 11-kb
BAC region in the JΔNI5 genome. To eliminate this region
from our vectors, we used retroviral transduction to produce
a JΔNI5-complementing cell line expressing Cre recombinase,
U2OS-ICP4/27-Cre cells (Fig. S5A and SI Materials and Methods).
After infection of these cells with JΔNI5 virus, plaques were
screened by staining for LacZ activity expressed from the BAC
cassette, two negative viral clones were purified (JΔNI5ΔB#1
and JΔNI5ΔB#2), and accurate excision of the BAC region was
confirmed by PCR and sequencing through the remaining loxP
site (SI Materials and Methods). Cell-viability assays showed un-
impaired growth of JΔNI5ΔB-infected HDFs compared with
mock-infected HDFs whereas the BAC-positive JΔNI5 virus
again inhibited HDF growth (Fig. 6B). We next determined
whether the BAC region affects short- and long-term transgene
expression. We generated a BAC-deleted version of JΔNI7GFP
(JΔNI7GFPΔB) (Fig. S5B) and recorded EGFP expression over
time in infected HDFs compared with infections with BAC-
positive JΔNI6GFP and JΔNI7GFP (Fig. 6C); cytosine arabi-
noside (AraC) was included in the postinfection maintenance
media in this experiment to block cell division to prevent dilution of
vector genomes. No dramatic differences were observed in EGFP
fluorescence levels between JΔNI7GFPΔB- and JΔNI7GFP-
infected cells through 28 d postinfection. In the same experiment,
qRT-PCR measurements showed a moderately slower decline in
EGFP gene expression in JΔNI7GFPΔB- than in JΔNI7GFP-
infected HDFs (Fig. 6D). Together, these results indicated that
BAC deletion is advantageous for sustained transgene expression
in nondividing cells whereas the opposite effect may be observed
in dividing cells in vitro due to a higher rate of cell division and
thus faster dilution of viral genomes.

Efficient Transduction of Dystrophin with the JΔNI5 System. To il-
lustrate the capacity of the JΔNI5 vector system, we chose to
insert the complete 14-kb cDNA encoding the murine version of
dystrophin, the defective protein in Duchenne muscular dystro-
phy (DMD) (30). Currently no helper-independent viral-vector

Fig. 5. Reporter-gene expression from JΔNI vectors in other noncom-
plementing cells. (A) The cells listed at the top were infected with JΔNI6GFP
or JΔNI7GFP at the gc per cell indicated below the panels of B. EGFP and
mCherry fluorescence were recorded at 3 dpi. (B) EGFP gene expression in
cells infected as in A was measured at 3 dpi by qRT-PCR analysis. Results
normalized to 18S rRNA are shown relative to JΔNI6GFP-infected cells. (C)
hMDSCs were infected with JΔNI6GFP or JΔNI7GFP virus at 50,000 gc per cell,
and EGFP fluorescence was photographed at 14 and 28 dpi. (D) qRT-PCR
determination of EGFP mRNA levels in hEK, hPAD, and hHEP cells 3 d after
infection with JΔNI10GFP or JΔNI10LAT-GFP at 12,500 gc per cell. Normalized
expression is shown relative to JΔNI10GFP-infected cells.

Miyagawa et al. PNAS | Published online March 16, 2015 | E1637

M
IC
RO

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423556112/-/DCSupplemental/pnas.201423556SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423556112/-/DCSupplemental/pnas.201423556SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423556112/-/DCSupplemental/pnas.201423556SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423556112/-/DCSupplemental/pnas.201423556SI.pdf?targetid=nameddest=SF5


system exists that is capable of vigorous production of full-length
murine or human dystrophin. We modified the JΔNI5 genome
by insertion of a GW cassette into the LAT region between
LATP2 and CTRL2, creating JΔNI7-GWL1, and then recom-
bined the cassette with the 16.5-kb insert of a pENTR construct
containing the complete mouse dystrophin cDNA between the
CAG promoter and the rabbit β-globin polyadenylation region
(Fig. S6). Including the mCherry expression cassette, the resulting
vector construct, JΔNI7-mDMD, carried ∼20 kb of transgene
sequences in addition to the BAC region. A small virus stock was
generated by transfection of U2OS-ICP4/27 cells, the BAC region

was deleted as described above by passage through U2OS-ICP4/
27-Cre cells, and a clonal isolate referred to as JΔNI7-mDMDΔB
was amplified to high titer (Table 2). Dystrophin-deficient mdx
mouse-derived muscle progenitor cells infected with JΔNI7-
mDMDΔB showed the presence of full-length dystrophin at 3 dpi
(Fig. 7A) and wide-spread expression in differentiated cultures at
7 dpi (Fig. 7B), supporting the utility of the JΔNI5 vector back-
bone for efficient transduction of nonneuronal cells with large
genes that cannot be accommodated by current vector systems.

Discussion
HSV offers a number of important features as a gene-therapy
vector, including its ability to infect a wide range of cells and
establish the viral genome as a stable extrachromosomal ele-
ment, efficient low-dose transduction that helps reduce inflam-
mation and the induction of antiviral immunity, and a very large
payload capacity that easily exceeds that of most vectors in
current use. However, whereas delivery of large payloads rep-
resents an important unmet need in the gene-therapy field, it has
not been possible to create HSV vectors that provide robust and
persistent transgene expression in the absence of cytotoxic viral
IE gene expression.
Our study reports the engineering of HSV vectors that are

both noncytotoxic and capable of persistent transgene expres-
sion. We created an HSV backbone that does not produce any
IE proteins in noncomplementing cells and explored the possi-
bility that the latency locus could be exploited to protect an
embedded cellular promoter against global silencing of the viral

Fig. 6. Residual JΔNI5 cytotoxicity and effects of BAC excision. (A) In vitro
cytotoxicity assay. HDFs and Vero cells were infected at 25,000 gc per cell,
and cell viability in triplicate wells was measured at 5 dpi by MTT assay.
Plotted values represent the mean ratios of virus-infected to mock-infected
cells. Differences between JΔNI2- and JΔNI3-infected Vero cells and between
JΔNI3- and JΔNI5-infected Vero cells (brackets) were statistically highly sig-
nificant (***P < 0.001). (B) BAC deletion eliminates JΔNI5 vector toxicity for
HDFs. HDFs (2 × 103) were infected with KOS, JΔNI5, or two different
JΔNI5ΔB isolates at 25,000 gc per cell, and cell viability in triplicate wells was
measured by MTT assay at the indicated hpi. Plotted values represent the
mean ratios of virus-infected to day-1 mock-infected cells. Statistically sig-
nificant differences between JΔNI5-infected and both JΔNI5ΔB#1- and
JΔNI5ΔB#2-infected cells are indicated by asterisks (**P < 0.01; ***P <
0.001). (C) Effect of BAC excision on JΔNI7GFP reporter-gene expression.
HDFs were infected with JΔNI6GFP, JΔNI7GFP, or BAC-deleted JΔNI7GFP
(JΔNI7GFPΔB) at 25,000 gc per cell, and EGFP fluorescence was visualized
at 4, 14, and 28 dpi. To prevent vector dilution by cell division, 1 μM AraC
(Sigma) was included in the postinfection maintenance media. (D) EGFP
mRNA levels in cells infected with JΔNI6GFP, JΔNI7GFP, or JΔNI7GFPΔB
viruses. HDFs were infected at 25,000 gc per cell and harvested on the in-
dicated days postinfection for mRNA extraction and qRT-PCR quantification
of EGFP gene expression. Data were normalized to viral gc numbers de-
termined in the same cultures and is presented relative to the normalized
value of JΔNI6GFP-infected cells on day 4.

Fig. 7. Efficient JΔNI-mediated transduction by a large transgene.
(A) Western blot analysis of dystrophin expression in mock-, JΔNI7GFPΔB-,
and JΔNI7mDMDΔB-infected mdx mouse-derived muscle progenitor cells
(25,000 gc per cell) at 3 dpi. (Upper) Anti-dystrophin antibody (αDMD).
(Lower) Anti–α-tubulin antibody (α-tubulin) as loading control. (B) Dystro-
phin immunofluorescence (αDMD) and bright-field (Bright) images of mock-
and JΔNI7mDMDΔB-infected mdx muscle progenitor cells (50,000 gc per cell)
at 7 dpi.
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genome in nonneuronal cells, similar to the apparent protection
of LAT-promoter activity in latently infected sensory neurons.
A critical limitation of most existing replication-defective HSV

vectors is the presence of one or more expressed IE genes that
are activated on infection in a manner independent of other
viral-gene expression. ICP0 expression has proved especially
important for transgene activity because the elimination of ICP0
activity led to complete genome silencing (13, 16). Although
ICP0 has the attractive feature of preventing heterochromatin
remodeling and consequent transgene silencing (15), it can also
induce cell-cycle arrest in dividing cells and apoptosis in post-
mitotic cells (18, 31). To overcome this problem, HSV vectors
have been engineered to dramatically reduce but not eliminate
ICP0 expression in the hope that low levels of the protein would
maintain transgene activity without loss of cell proliferation or
viability (8, 9, 17, 32). However, these strategies do not univer-
sally eliminate vector toxicity for nonneuronal cells, which varies
with the target cell and multiplicity (7, 11). Our study confirms
that even low levels of ICP0 can reduce cell viability despite the
upside of maintaining some transgene expression. This reduced
viability may be a result of the action of ICP0 alone or possibly in
combination with leaky expression of other viral functions. Thus,
we and others have searched for a strategy to express transgenes
when all IE gene expression is shut down.
In one approach to achieve this goal, ICP0 has been sub-

stituted with similar IE genes from other herpesviruses, including
the pp71 gene of human cytomegalovirus (HCMV) (33, 34),
a betaherpesvirus, with the notion that the products of these
genes may provide the antisilencing functions of ICP0 without
toxicity (35). However, it is well-known that pp71 degrades a
chromatin-remodeling factor, hDaxx, followed by disruption of
the hDaxx–ATRX complex (36, 37) and members of the retino-
blastoma tumor-suppressor family of proteins (38). The disruption
of the hDaxx–ATRX complex can cause genomic instability (39)
whereas the loss of retinoblastoma family proteins dysregulates
normal cell-cycle progression (40, 41). Indeed, pp71 overexpression
seems to induce malignant alteration of the cell. Everett et al. have
used an inducible cell-line system to demonstrate that the ICP0
equivalents of the alphaherpesviruses, bovine herpes virus type 1
(BHV-1), equine herpesvirus type 1 (EHV-1), and pseudorabies
virus (PRV), can effectively derepress silent HSV-1 genomes (42).
However, they also reported that all three of these proteins ad-
versely affect cell growth, although less dramatically than ICP0.
Thus, prior results argue that the strategies of reducing ICP0 ex-
pression or substituting ICP0 with other herpesvirus transactivators
will not solve the problem of genome silencing in the absence of
ICP0 without deleterious effects on the cells.
Because the latency locus remains active in neuronal cells at

a time when all viral lytic genes are silenced, including the ICP0
gene, we and others reasoned that this locus might be a preferred
site for transgene expression from quiescent HSV genomes in
nonneuronal cells. Lilley et al. (32) used a highly debilitated
vector to demonstrate reporter-gene expression in Vero cells at
23 dpi from a LATP2-linked expression cassette in the UL41
locus, but residual ICP0 expression could not be ruled out. Our
results show that a foreign promoter inserted into the LAT locus
can drive robust short-term reporter-gene expression in the
complete absence of IE gene products in a variety of primary
human nonneuronal cells and that this expression can persist in
postmitotic cells. These attributes of our platform create a gene-
transfer vector with broad utility beyond the nervous system. We
proceeded to examine which elements within the LAT locus
provided for this remarkable transgene expression.
Recent findings have shown that, during latency, the cellular

CTCF protein is enriched on the two HSV CTRLs and that
acetylated histone H3, an epigenetic beacon of active transcrip-
tion, accumulates in the LAT region between these elements
(19, 43–45). These findings suggested that CTRLs may act as

boundary elements to shield the LAT locus against the spreading
of repressive epigenetic modifications (29), and it was shown in
short-term plasmid transfection assays that a fragment encom-
passing CTRL2 combines the functions of a typical insulator
(19). In the context of a complete viral genome, we found that
CTRL1, along with LATP2, was essential for preventing the
rapid silencing of an ectopic promoter in the LAT locus in
nonneuronal cells in the absence of all viral IE gene products
(Fig. 3). Furthermore, we showed that the LAT locus provides
protection against the silencing of an embedded promoter when
moved away from its native position in the viral genome (Fig. 4)
and supports long-term expression in postmitotic human fibro-
blasts (Figs. 2D and 6C) and striatal muscle cells (Fig. 5C).
CTRL1 consists of 46 copies of two separate, but overlapping,
CTCF-binding motifs whereas CTRL2 contains 9 copies of only
one of these motifs (19), perhaps explaining the greater effect of
CTRL1 than CTRL2 deletion on transgene expression in the
LAT locus. Recent evidence indicates that the function of in-
sulators is dependent on additional sequences aside from CTCF-
binding motifs, and thus a more complete analysis of these viral
elements will be required to determine whether they have spe-
cific limitations (46). LAP2 (LATP2) has been reported to
contain chromatin-binding elements that bend DNA, and such
activity could enhance the function of nearby foreign promoters
(47). Although some chromatin regulatory elements located
within the LAT promoter regions have shown tissue specificity, it
has been unclear whether LATP2 can be broadly useful to coun-
teract transgene silencing in nonneuronal cells in the absence of
ICP0 (48, 49). Our data indicate that, in combination with CTRL1
and to a lesser extent alone, it can.
We used a ubiquitin C promoter-mCherry cassette in the ICP4

locus to monitor the effect of sequential deletion of IE genes on
transgene expression. As expected, expression in HDFs declined
to essentially undetectable with the progressive removal of all IE
gene functions, but we could readily detect mCherry fluores-
cence during growth of the different vectors in complementing
cells, as well as on infection of unmodified U2OS cells. These
findings were consistent with the designs of the sequential JΔNI
backbones, and mCherry expression from JΔNI5 derivatives was
not demonstrably altered or elevated in other noncomple-
menting cells, with one notable exception, DRG neurons. Al-
though we do not yet know the cause of this difference, a recent
report by Harkness et al. noted greater persistence of tran-
scriptional activity within repeat regions of the IE gene-depleted
d109 vector than elsewhere along the genome in trigeminal
ganglion neurons, but not in MRC5 human embryonic lung cells
(50). The mCherry cassette in our vectors replaces the ICP4 gene
in the remaining repeat bordering US, a region flanked on each
side by a cluster of CTCF-binding motifs referred to by Bloom
and coworkers as CTaS (or B4) and CTRS3′ (or B6), respectively
(19, 29). Because the ICP4 gene is severely repressed in latently
infected neurons relative to the LAT region, it seems unlikely
that these elements alone are responsible for the enhanced
mCherry expression we observed in rat DRGs, and thus other
factors, including the nature of the transgene promoter, may play
an important role.
The application of highly defective HSV vectors for gene

therapy will require methods for efficient vector engineering and
subsequent production minimizing defective particles. We found
that our highly defective vectors can be readily produced as in-
fectious particles by transfection of the corresponding BAC
constructs into complementing U2OS-ICP4/27 cells and can be
amplified to high titers on these cells (Table 2). Importantly, be-
cause there is no sequence overlap between the complementing
genes in U2OS-ICP4/27 cells and the genome of JΔNI5 and its
derivatives, the risk of generating replication-competent revertants
is minimal. We used U2OS cells for vector complementation
because these cells naturally complement ICP0 function (21), thus
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eliminating the need to express this toxic protein. In the past, Vero
cells engineered to complement ICP0 in addition to ICP4 and
ICP27 have proven difficult to maintain (10) whereas our U2OS-
ICP4/27 line is stable. Moreover, we found that U2OS cells can
tolerate constitutive expression of ICP4 whereas the kinetics of
ICP4 induction in Vero-based cells in response to defective virus
infection can be slow (51). We have also added Cre recombinase
to our complementing line to eliminate the BAC region during
vector production. Removal of the 11-kb BAC insert had the
advantage of recreating space for recombinant sequences and
eliminating residual JΔNI5 toxicity for HDFs. Although bacterial
sequences have been shown to contribute to transgene silencing in
different vector systems (52), we observed only a modest increase
in long-term reporter-gene expression as a result of BAC excision.
It is also noteworthy that none of our BAC vector constructs
challenged the size limit for efficient viral-genome packaging into
virions, suggesting that the consistent growth acceleration we have
noticed after BAC excision is due to other factors, perhaps in-
cluding the elimination of possible recognition of the bacterial
sequences by pattern-recognition receptors such as TLR9. To-
gether, our U2OS-ICP4/27-Cre and U2OS-ICP4/27 cells provide
an effective and reliable means to produce safe stocks of highly
defective HSV vectors from engineered BAC constructs, impor-
tant attributes for application to patient therapies.
In summary, we describe for the first time, to our knowledge,

a nontoxic HSV-vector platform that can accommodate large
transgenes, exemplified by the 14-kb mouse dystrophin cDNA,
with continued expression in nonneuronal cells. Our results in-
dicate that proximity to certain elements from the LAT locus
protects transgene expression against viral-genome silencing.
This new generation of HSV vector represents a potent tool for
delivery of large payloads to both neuronal and nonneuronal
cells, suggesting that it will fill an important niche in the gene-
therapy vector arsenal.

Materials and Methods
Cells.Human osteosarcoma U2OS cells (ATCC) were grown in DMEMwith 10%
(vol/vol) FBS and penicillin-streptomycin (P/S). HDFs (PCS-201-010; ATCC) and
BJ human foreskin fibroblasts (CRL-2522; ATCC) were grown in DMEM with
10% (vol/vol) Embryonic Stem Cell Qualified FBS (Invitrogen) and P/S. Vero,
Vero-7b (7), and 293T cells were cultured in DMEM containing 5% (vol/vol)
FBS and P/S. hHEPs were isolated and cultured as described (53, 54). hPADs
(PT-5020; Lonza) were maintained with PBM-2 Basal Medium (Lonza).

hMDSCs (kindly provided by J. Huard, University of Pittsburgh, Pittsburgh, PA)
were cultured as described (55). hEKs (Invitrogen) were cultured in EpiLife
Medium supplemented with Human Keratinocyte Growth Supplement (both
from Invitrogen). DRGs were microdissected from day-15 rat embryos, dis-
sociated with 3 mg/mL type-I collagenase (Sigma) in Leibovitz’s L-15 media for
30 min at 37 °C with constant shaking, and plated on poly-D-lysine (Sigma)–
coated coverslips at ∼105 cells per well in 24-well plates in 500 μL of defined
Neurobasal medium with B27 supplement, Glutamax-I, Albumax-II, and P/S
(Gibco/Invitrogen), supplemented with 100 ng/mL 7.0S NGF (Sigma). At 1–3 d
post-plating, cultures were treated with 10 μM uridine and 10 μM fluo-
rodeoxyuridine (Sigma) in the above media for 1–2 d to limit the expansion of
dividing cells, such as fibroblasts and glia. Cells were then washed with PBS
and incubated with NGF-supplemented Neurobasal medium as above. Virus
infections were performed at 10–15 d after plating. Differentiation-prone
muscle progenitor cells from dystrophin-deficient mdx mice (kindly provided
by J. Huard and B. Wang, University of Pittsburgh, Pittsburgh, PA) were iso-
lated and cultured as described (56).

U2OS-ICP4 cells (Fig. S1A) were generated by infection of U2OS cells with
purified ICP4 lentivirus as described in SI Materials and Methods. Puromycin
(2 μg/mL)-resistant clones were isolated and screened by infection with ICP4-
deficient virus (QOZHG) at a multiplicity of infection (MOI) of 0.5 before
immunofluorescent staining for ICP4. U2OS-ICP4/27 cells were similarly
generated by infection of U2OS-ICP4 cells with purified ICP27 lentivirus,
selection for resistance to puromycin (2 μg/mL) and blasticidin (10 μg/mL),
and screening of QOZHG-infected clones for ICP27 immunofluorescence. We
tested the stability of the JΔNI5-complementing properties of the U2OS-
ICP4/27 clone used in this study by plaque assay at different cell passages and
found no significant decline in plaquing efficiency through at least 20 pas-
sages (Table S1).

Additional materials and methods are provided in SI Materials and Methods
and Tables S2 and S3.
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