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ABSTRACT Inactivation of all herpes simplex virus (HSV) immediate early (IE) genes
to eliminate vector cytotoxicity results in rapid silencing of the viral genome, similar
to the establishment of HSV latency. We recently reported that silencing of a nonvi-
ral reporter cassette could be overcome in nonneuronal cells by positioning the cas-
sette in the viral latency (LAT) locus between resident chromatin boundary elements.
Here, we tested the abilities of the chicken hypersensitive site 4 insulator and the
human ubiquitous chromatin opening element A2UCOE to promote transgene ex-
pression from an IE-gene-inactivated HSV vector. We found that A2UCOE was partic-
ularly active in nonneuronal cells and reduced reporter promoter occupancy by a re-
pressive histone mark. We determined whether multiple transgenes could be
expressed under the control of different promoters from different loci of the same
virus. The results showed abundant coexpression of LAT-embedded and A2UCOE-
flanked genes in nonneuronal cells. In addition, a third reporter gene without known
protective elements was active in cultured rat sensory neurons. These findings indi-
cate that cellular antisilencing sequences can contribute to the expression of multi-
ple genes from separate promoters in fully IE gene-disabled HSV vectors, providing
an opportunity for therapeutic applications requiring mutually independent expres-
sion of different gene products from a single vector.

IMPORTANCE Gene therapy has now entered a phase of development in which a
growing number of recessive single gene defects can be successfully treated by
vector-mediated introduction of a wild-type copy of the gene into the appropriate
tissue. However, many disease conditions, such as neurodegeneration, cancer, and
inflammatory processes, are more complex, requiring either multiple gene correc-
tions or provision of coordinated gene activities to achieve a therapeutic outcome.
Although herpes simplex virus (HSV) vectors have the capacity to meet this need,
the challenge has been to genetically engineer the HSV genome in a manner to pre-
vent expression of any viral genes while retaining the ability to express multiple
therapeutic transgenes under independent transcriptional control. Here, we show
that non-HSV insulator elements can be applied to retain at least transient trans-
gene activity from multiple viral loci, thereby opening the door for more complex
gene therapy applications in the future.

KEYWORDS CTCF, HSV-1, ICP0, UCOE, cHS4, chromatin remodeling, gene therapy,
insulator, transgene expression, viral vector

Received 29 March 2018 Accepted 13 June
2018

Accepted manuscript posted online 27
June 2018

Citation Han F, Miyagawa Y, Verlengia G,
Ingusci S, Soukupova M, Simonato M, Glorioso
JC, Cohen JB. 2018. Cellular antisilencing
elements support transgene expression from
herpes simplex virus vectors in the absence of
immediate early gene expression. J Virol
92:e00536-18. https://doi.org/10.1128/JVI
.00536-18.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Justus B. Cohen,
jbc@pitt.edu.

* Present address: Yoshitaka Miyagawa,
Department of Biochemistry and Molecular
Biology, Nippon Medical School, Tokyo, Japan.

GENE DELIVERY

crossm

September 2018 Volume 92 Issue 17 e00536-18 jvi.asm.org 1Journal of Virology

https://orcid.org/0000-0003-1208-1883
https://doi.org/10.1128/JVI.00536-18
https://doi.org/10.1128/JVI.00536-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:jbc@pitt.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00536-18&domain=pdf&date_stamp=2018-6-27
http://jvi.asm.org


Studies over many years have extensively documented that progression of the
herpes simplex virus (HSV) lytic life cycle relies on the coordinated expression of

three classes of genes, the immediate early (IE), early (E), and late (L) genes (1). Key
aspects of this regulation are, first, activation of unique enhancers associated with the
promoters of the 5 IE genes by binding of the viral tegument protein VP16 and, second,
absolute dependence of E and L viral gene expression on the products of the ICP4 and
ICP27 IE genes. The remaining IE gene products have more specialized functions that
include overcoming host innate immunity and preventing genome silencing (2). Stud-
ies of the expression of members of the viral cascade have employed deletion mutants
of the IE genes, and it has been shown that inactivation of all 5 IE genes completely
silences the viral genome in nonneuronal cells (3, 4). Such highly defective recombinant
HSV vectors are without cytotoxic activity but also fail to express transgenes from
heterologous promoters (3, 4). In latently infected neurons, all IE genes are switched off,
yet a unique HSV gene referred to as the latency-associated transcript (LAT) gene
remains transcriptionally active. The molecular mechanism(s) underlying transition
from latency to active infection has remained elusive, although breaking the silencing
of the IE genes is undoubtedly an essential component (5, 6).

HSV is an attractive vehicle for transmitting genes to neurons due to its ability to
persist in these cells in a nonintegrated state and deliver expansive foreign sequences.
However, the challenge of eliminating all IE gene-associated cytotoxicity without losing
transgene expression potential has long been a confounding obstacle. We recently
showed that a foreign promoter introduced into the LAT locus was protected from
genome-wide silencing in the absence of all IE gene products and that this protection
was mediated in part by an upstream CTCF-binding repeat element referred to as
CTRL1 (7, 8). Here, we have sought to extend these observations by evaluating the
ability of cellular antisilencing elements to keep nonviral promoters active in an
otherwise silent genome.

In our previous work, we described the replication-defective vector JΔNI5, which has
all the IE genes functionally deleted, including the internal repeat (joint) region
separating the two unique segments of the viral genome. JΔNI5 is transcriptionally
silent in nonneuronal cells and devoid of cytotoxicity (7). We observed that a transgene
expression cassette inserted into the JΔNI5 genome adjacent to a reported enhancer-
type element (LATP2 or LAP2) (9, 10) in the LAT locus between CTRL1 and a second
CTCF motif repeat element, CTRL2, remained robustly active for at least 4 weeks in
contact-inhibited cells. While this vector can express multiple transgenes from a single
promoter using “self-cleaving” 2A peptides (59; Y. Miyagawa, J. B. Cohen, and J. C.
Glorioso, unpublished results), here, we explored the use of ectopic antisilencing
elements to create additional active loci that would allow separately controlled expres-
sion of multiple transgenes from a single vector. Unlike duplication of the LAT protec-
tive elements to serve at more than one location, an ectopic element would not be
expected to cause vector instability as a consequence of internal recombination events.

In order to protect chromosomally integrated transgenes against heterochromatin
formation, a number of genetic regulatory elements have been characterized and
tested in gene transfer vectors. Some of these regulatory elements, including insulators
and scaffold/matrix attachment regions (S/MARs), show border functions that shield the
transgene promoter from the chromosomal environment to reduce position effects (11,
12). Other elements, including the locus control regions (LCRs) and ubiquitous chro-
matin opening elements (UCOEs), exhibit a dominant chromatin-remodeling and
transcription-activating function (13).

Chicken hypersensitive site 4 (cHS4) is among the most extensively characterized
vertebrate insulators (11). It is located in the �-globin locus control region between an
�16-kb region of condensed chromatin and the �-globin gene cluster. It was found to
have both enhancer-blocking and barrier activities. The activity of cHS4 was mapped to
a 250-bp core element (14). While some studies have suggested that two copies of the
core element on each side of a transgene cassette are sufficient to provide essentially
full barrier activity (15, 16), others have used an extended (0.4-kb) core fragment (17,
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18) or the 1.2-kb full-length insulator in retroviral (19) and lentiviral (20) vectors to
achieve sustained, integration site-independent transgene expression.

UCOEs have also shown antisilencing effects. A prototypical UCOE, referred to as
A2UCOE, is located in the human HNRPA2B1-CBX3 locus. This locus contains a pair of
divergently oriented promoters that are associated with active histone modification
marks (21) within a methylation-free CpG island (22, 23). Based on these features, this
region has been proposed to serve a dominant chromatin-remodeling function. Its core
activity has been variously mapped, depending on the assay system, to 4.1-, 2.2-, 1.5-,
and 1.2-kb subfragments roughly centered on the dual-promoter region (23–27). In a
comparison among UCOE, MAR, stabilizing antirepressor (STAR), and cHS4 elements,
the 1.5-kb A2UCOE was the most effective in creating cell pools that produced stable,
high yields of a transgenic antibody (28). While other studies have shown that the CBX3
component is essential or even sufficient for A2UCOE function (29), it has been reported
that a 0.6-kb A2UCOE lacking CBX3 sequences was able to stabilize transgene expres-
sion (30).

In this study, we explored the ability of cHS4 and the 4.1-kb A2UCOE encompassing
the central CpG island and including unmethylated flanking CBX3 and HNRPA2B1
sequences (21) to increase and prolong transgene expression from a JΔNI5-derived
vector in human dermal fibroblasts. We observed that the full-length versions of both
elements were able to protect a cellular promoter positioned within a viral intergenic
region from global silencing of the HSV-1 genome. The 4.1-kb A2UCOE was superior to
cHS4 in terms of transgene expression level and duration and comparable in these
regards to the full complement of LAT-protective elements. The antisilencing capacities
of cHS4 and A2UCOE were also functional in virus-infected primary human muscle
precursor cells and human epidermal keratinocytes. As observed in our previous study
(7), the ubiquitin C (UbC) promoter driving mCherry expression in the ICP4 locus of
JΔNI5 and derivatives was active in rat sensory neurons, but not in nonneuronal cells,
suggesting that expression permissiveness at this site is neuronal cell dependent.

We took advantage of these observations to engineer a novel vector containing
three different transgenes (enhanced green fluorescent protein [EGFP], firefly luciferase
[fLuc], and mCherry genes) under the control of different promoters at different loci. All
three transgenes were simultaneously expressed in individual rat dorsal root ganglion
neurons in culture, and two of the three were coexpressed in rat hippocampus
following intracranial vector delivery. This vector design has potential for gene therapy
of peripheral and central nervous system (CNS) conditions that may benefit from
independently regulated expression of more than a single external gene product.

RESULTS
cHS4 and A2UCOE improve transgene expression from a highly defective HSV

vector. We created a series of HSV-1 recombinant viruses in which an EGFP expression
cassette controlled by the cytomegalovirus (CMV) enhancer/�-actin promoter fusion
(CAG) was flanked in different configurations by all or components of the 1.2-kb cHS4
insulator or the 4.1-kb A2UCOE fragment. We assembled these extended cassettes in
Gateway (GW) entry plasmids and recombined each with a GW destination cassette
located in the intergenic region between HSV-1 UL50 and UL51 genes in a previously
described HSV-bacterial artificial chromosome (BAC) construct, JΔNI10GW, containing a
highly defective HSV-1 genome (7) (Fig. 1). Viruses were produced by transfection of
recombinant BAC DNAs into U2OS-ICP4/ICP27 or U2OS-ICP4/ICP27-Cre cells that com-
plement the deleted ICP0, ICP4, and ICP27 genes; the latter cells also excise the BAC
region located between loxP sites (7). Viruses were named according to their GW
inserts, as indicated in Fig. 1. vCAG and vLAT are JΔNI10GFP and JΔNI10LAT-GFP,
respectively, as described by Miyagawa et al. (7).

We examined EGFP and mCherry reporter gene expression from the different viruses
in human dermal fibroblasts (HDFs) infected with equal numbers of virus particles
based on genome copy (gc) titers listed in Table 1. At 7 days postinfection (dpi), none
of the viruses showed detectable mCherry expression from the deleted ICP4 locus,
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while all the viruses produced detectable EGFP fluorescence, although at different
levels (Fig. 2A). In agreement with our previous study (7), transplanted sequences from
the LAT locus (vLAT) enabled prominent EGFP expression, whereas the CAG-EGFP
cassette without additional elements (vCAG) produced a comparatively low level of
EGFP fluorescence. Among the viruses, vUCOE2 generated the strongest EGFP fluores-
cence, while vHS4-S and vUCOE5 produced low levels, similar to vCAG. These results
were confirmed and extended by quantitative reverse transcription-PCR (qRT-PCR)
measurement of EGFP mRNA levels at 7 and 14 dpi (Fig. 2B). While mRNA levels

FIG 1 JΔNI10 genome engineering. (Top) Compared to the wild-type HSV-1 KOS genome represented at
the top, JΔNI10GW (7) has the entire internal repeat (joint) region (IRL and IRS); the remaining ICP0 (Δ0), LAT
(ΔLAT), and ICP4 (Δ4) loci; and the single-copy ICP27 (Δ27) gene deleted (red crosses). The promoter and
translation initiation codon of the ICP47 (Δ47) gene are also deleted, and the ICP22 promoter acts as an
early (�22) promoter due to deletion of its regulatory sequences. The glycoprotein B gene contains a pair
of entry-accelerating mutations (gB:NT) (58), and a GW destination cassette is located between the UL50
and UL51 genes, whose directions of transcription are indicated by arrows. A ubiquitin C promoter
(UbCp)-mCherry gene cassette is located at the position of the deleted ICP4 gene (Δ4). UL and US, unique
long and short segments; TRL and TRS, terminal repeats flanking UL and US, respectively; IRL and IRS, the
cognate internal repeats of UL and US, respectively. (Bottom) CAG promoter-EGFP cassettes flanked by
antisilencing elements in different configurations were inserted into JΔNI10GW through GW recombination.
vCAG contains a CAG promoter-controlled EGFP cassette and the rabbit �-globin polyadenylation (pA)
region. vLAT contains the EGFP expression cassette embedded in sequences from the LAT locus between
the LATP2 enhancer-type element and CTRL2, with CTRL1 included upstream of the LAT promoter (LAP1).
vHS4-S contains two tandem copies of the cHS4 core (core*2) at both sides of the expression cassette, while
vHS4-L contains the cassette flanked on each side by a single copy of the full-length (1.2-kb) cHS4. vUCOE1
contains the complete 4.1-kb A2UCOE (black boxes; exons) and a 218-bp cloning sequence (wavy line)
upstream of CAG. In vUCOE2, the linker sequence was deleted. vUCOE3 lacks both the linker and the first
intron of HNRPA2B1. In vUCOE4 and vUCOE5, the EGFP expression cassette is located in the divergent
promoter region separating the CBX3 and HNRPA2B1 transcription start sites, and in vUCOE5, the first intron
of HNRPA2B1 is deleted. Black boxes, UCOE exons; thick horizontal lines, UCOE introns and dual-promoter
region; arrows, transcription start sites and directions.
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decreased by an average of approximately 50% between the two time points, EGFP
expression in vLAT-, vUCOE2-, and vUCOE1-infected cells was clearly enhanced com-
pared to the vCAG baseline and other infected cells, whereas vHS4-L produced only a
modest increase in EGFP RNA levels relative to vCAG (Fig. 2B). These data indicated that
the 4.1-kb A2UCOE is capable of protecting a linked transgene expression cassette from
the rapid global silencing of the HSV-1 genome that occurs in the absence of functional
IE genes and that 2 copies of full-length cHS4 could provide some protection. Notably,
omission of the HNRPA2B1 intron abolished the antisilencing activity of A2UCOE
(compare vUCOE2 and -3), but preservation of the intron in vUCOE4 did not rescue
expression, indicating that disruption of the bidirectional promoter region of A2UCOE
was detrimental. Although EGFP fluorescence waned over time, it remained detectable
at 28 dpi in vUCOE1- and vUCOE2-infected HDFs (Fig. 2C). Together, these data showed
that the uninterrupted 4.1-kb A2UCOE, and to a lesser extent the full-length cHS4, was
capable of enhancing transgene expression from an extrachromosomal viral vector in
the absence of viral trans-acting, antisilencing gene products. Table 2 summarizes the
results of this analysis and our observations in additional cell types presented below.

To extend these findings, we used a subset of the viruses to examine EGFP
expression in other cell types. In human muscle-derived stem cells (hMDSCs) infected
with vLAT or vUCOE2, EGFP fluorescence was elevated compared to vCAG-infected cells
through at least 14 dpi, and elevated transcript levels persisted at 28 dpi. In contrast,
EGFP expression in vHS4-L-infected cells was only slightly higher than in vCAG-infected
cells (Fig. 3A). A similar pattern was observed in human epidermal keratinocytes (hEKs),
although expression was more transient than in hMDSCs (Fig. 3B), likely a result of
ongoing cell division reducing vector numbers per cell while hMDSCs underwent
terminal differentiation. As in HDFs, mCherry fluorescence was not detected in any of
the infected cultures (Fig. 3A and B). These results indicated that the antisilencing
activity of A2UCOE in a highly defective HSV-1 vector is functional in different non-
neuronal cell types.

Transcriptional activity of flanking genes. We asked whether cHS4 and A2UCOE
affected the transcript levels of neighboring genes. The proximal UL50 and UL51 genes
are transcribed in opposite directions toward the CAG-EGFP cassette (Fig. 1 and 4A).
Surrounding CAG-EGFP with sequences from the LAT locus did not noticeably alter the
expression of either UL50 or UL51 in infected HDFs at 7 and 14 dpi (Fig. 4B and C),
indicating that the different elements of the LAT region (CTRLs and LATP2) neither
activated neighboring promoters nor protected the promoters from putative stimula-
tion by the CMV enhancer component of the CAG promoter. The cHS4 elements of
vHS4-L caused a slight increase in UL50 expression but did not alter the expression of
UL51 compared to vCAG, providing no evidence for either a boundary effect shielding
these genes from silencing or a CAG enhancer-blocking activity. In contrast, A2UCOE
had a stimulatory effect on the expression of both UL50 and UL51, albeit less pro-
nounced than its stimulation of EGFP expression (see Fig. 2B). These results indicated
that A2UCOE has an ability to enhance gene expression bidirectionally, although the

TABLE 1 Virus titers

Virus name No. of gc/ml No. of PFU/ml No. of gc/PFU

vCAG 1.86E12 1.03E9 1.80E3
vLAT 1.62E12 4.33E8 3.74E3
vHS4-S 1.75E12 4.33E8 4.05E3
vHS4-L 1.45E12 3.33E8 4.35E3
vUCOE1 1.97E12 1.13E9 1.74E3
vUCOE2 2.65E12 1.67E9 1.59E3
vUCOE3 2.85E12 1.77E9 1.61E3
vUCOE4 1.86E12 1.37E9 1.36E3
vUCOE5 1.84E12 9.33E8 1.97E3
vLuc 2.18E12 1.60E9 1.36E3
vU-Luc 1.52E12 1.33E9 1.14E3
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magnitude may vary with distance (Fig. 4A) and possibly the nature of the promoter
(CAG versus non-IE HSV-1 promoters).

Histone modification contributes to the activity of A2UCOE in HDFs. To inves-
tigate the mechanism underlying the antisilencing effect of A2UCOE on genes in our
highly defective HSV vector, we measured CAG promoter occupancy by total histone
H3 and lysine 9-trimethylated histone H3 (H3K9Me3), a repressive histone mark, in
vCAG- and vUCOE2-infected HDFs at 7 dpi. As shown in Fig. 5A, anti-H3 antibody
precipitated similar fractions of CAG input DNA from vCAG- and vUCOE2-infected cells
(�10%). However, CAG-associated H3K9Me3 was significantly less abundant in
vUCOE2-infected cells (0.08%) than in vCAG-infected cells (0.12%) (Fig. 5B), indicating
that A2UCOE provides protection against the accumulation of repressive histone marks
on the CAG promoter in a quiescent HSV-1 genome.

FIG 2 Transgene expression in infected HDFs at 7, 14, and 28 dpi. The cells were infected with the
indicated viruses at 25,000 gc per cell. (A) EGFP and mCherry fluorescence in infected HDFs at 7 dpi. All
the images of each marker were collected at a fixed exposure time and automatically adjusted for
optimal contrast and brightness (autoscale setting; Meta Imaging Series 7.7 MetaMorph software;
Molecular Devices). (B) Relative EGFP mRNA levels in infected HDFs as determined by qRT-PCR analysis.
Expression levels were normalized to gc in the same samples and are presented as means and SD relative
to the level in vCAG-infected cells at 7 dpi (see “Statistics” in Materials and Methods for details). ****, P �
0.0001; **, P � 0.01 compared to vCAG at the same time point (2-way ANOVA). (C) EGFP fluorescence in
vUCOE1- and vUCOE2-infected HDFs at 28 dpi.
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Since A2UCOE encompasses methylation-free CpG islands, we also explored
whether protection against DNA methylation played a role in the stimulatory effect of
A2UCOE on transgene expression. Viral DNA extracted prior to infection and at 7 days
post-HDF infection was treated with bisulfite to convert unmethylated cytosines to
uracil, a portion of the �-actin component of the CAG promoter was amplified by PCR,
and a number of cloned fragments were sequenced. As illustrated in Fig. 5C and D, the
CAG promoter was substantially free of methylation both in input viral DNA and in viral
DNA from infected HDFs. Thus, methylation was not responsible for the repressed
activity of the CAG promoter in vCAG-infected cells, and the A2UCOE insert in vUCOE2
did not act by preventing promoter methylation. Together, these results pointed to the
involvement of histone modification, but not blockage of DNA methylation, in the
mechanism of gene activation by A2UCOE in episomal HSV-1 DNA.

TABLE 2 Summary of EGFP expression in UL50/UL51

Element Virus Feature
Position relative to
CAG-EGFP

Fold changea

HDF hMDSC hEK rDRG

7 dpi 14 dpi 14 dpi 28 dpi 3 dpi 7 dpi 7 dpi 14 dpi

cHS4 vHS4-S Core*2 (2 � 250 bp) 5= � 3= 0.92 0.44
vHS4-L Full length (1.2 kb) 5= � 3= 2.72 1.29 2.89 1.68 2.87 0.51 2.03 0.44

UCOE vUCOE1 4.1-kb A2UCOE � 218-bp spacer 5= 10.88 4.98
vUCOE2 4.1-kb A2UCOE 5= 12.24 3.84 9.61 7.92 5.76 1.09 3.25 0.49
vUCOE3 A2UCOE without HNRPA2B1 intron 5= 1.02 0.51
vUCOE4 Split 4.1-kb A2UCOE CBX3 5=, HNRPA2B1 3= 1.66 0.75
vUCOE5 Split A2UCOE, no HNRPA2B1 intron CBX3 5=, HNRPA2B1 3= 0.84 0.23

LAT vLAT Split within 2-kb intron CTRL1/LAP 5=, CTRL2 3= 8.90 4.30 12.20 8.40 8.74 0.70 1.72 0.67
aFold change in mRNA relative to vCAG at the earlier time point per cell type.

FIG 3 Transgene expression in infected hMDSC (50,000 gc/cell) (A) and hEK (25,000 gc/cell) (B) cell cultures. (A) EGFP and mCherry fluorescence
at 14 dpi (left) and relative EGFP mRNA levels at 14 and 28 dpi (right). (B) Fluorescence at 3 dpi and relative EGFP mRNA levels at 3 and 7 dpi.
Images were collected as for Fig. 2A. mRNA data were obtained by qRT-PCR with normalization to viral gc in the same samples and are presented
as expression relative to that in vCAG-infected cells at 14 dpi (A) or 3 dpi (B). The data are means and SD; ***, P � 0.001, and ****, P � 0.0001
compared to vCAG at the same time point (2-way ANOVA).
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A2UCOE activity in neuronal cells. In our previous study (7), we observed differ-
ences between primary human nonneuronal cells, including HDFs, hMDSCs, and hEKs,
and rat dorsal root ganglion (rDRG) cultures in the expression of reporter genes from
IE gene-inactive HSV-1 vectors. While the mCherry gene in the ICP4 locus was essen-
tially silent in the human nonneuronal cells, it showed robust activity in rDRGs at 3 dpi.
Moreover, while CAG-EGFP inserted between the viral UL3 and UL4 genes was inactive
in the human cells, it too showed robust expression in rDRGs, matched in human cells
only when the expression cassette was located in the LAT locus (7). Among different
explanations, these results raised the unanticipated possibility that the IE gene-disabled
genome backbone used in these studies was relatively derepressed in rDRGs compared
to nonneuronal cells. Thus, it was of interest to determine whether CAG-EGFP located
in the UL50-UL51 intergenic region was detectably expressed in rDRGs and whether its
expression was enhanced by regulatory LAT, cHS4, or A2UCOE elements, as was seen
in nonneuronal human cells. Infection with vCAG, vLAT, vHS4-L and vUCOE2 produced
abundant expression of both EGFP and mCherry in rDRGs at 7 dpi (Fig. 6A) at a virus
dose substantially lower than that used in the human cell infections shown in Fig. 2 and
3. Quantitative analysis by qRT-PCR showed small differences in mCherry transcript
levels among the 4 viruses but increases in EGFP expression of �1.5 to 3-fold per viral
genome relative to vCAG (Fig. 6B). These results showed that the LAT, cHS4, and
A2UCOE elements had a smaller impact in rDRGs than in the human cells examined
earlier, consistent with the interpretation that the IE gene-deficient viral genome exists
in DRGs in a less transcriptionally repressed state than in other cells. At 14 dpi,
expression of EGFP and mCherry was reduced and was similar among the 4 viruses,
indicating that the modest insulator effects observed at 7 dpi were transient in rDRG
cultures.

Simultaneous expression of 3 distinct transgene cassettes from a single vector.
Our observations suggested that A2UCOE would allow the expression in nonneuronal
cells of 2 transgenes from different loci in the IE gene-inactive HSV-1 genome, raising
the possibility of mutually independent regulation. Furthermore, they suggested that

FIG 4 Structure of the UL50-UL51 locus in vCAG, vLAT, vHS4-L, and vUCOE2 (A) and relative UL50 (B) and UL51 (C) mRNA
levels in infected HDFs. The data are means and SD; *, P � 0.05; ***, P � 0.001; ****, P � 0.0001 compared to vCAG at the
same time point (2-way ANOVA).
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the same virus backbone would be able to express transgenes from 3 different loci in
DRGs and perhaps other neuronal cells, at least short term. To test these suggestions,
we introduced the fLuc gene under the control of the human EF1� promoter, with or
without A2UCOE, into the UL50-UL51 intergenic region of a dual-reporter, IE gene-
deficient vector, JΔNI7GFP (7), via a GW intermediate denoted JΔNI7GFP-GW (Fig. 7A);
JΔNI7GFP-GW differs from JΔNI10GW (Fig. 1, top) in that it contains CAG-EGFP embed-
ded within the native LAT locus. The resulting viruses, vLuc and vU-Luc (Fig. 7A),
produced comparable levels of EGFP fluorescence (Fig. 7B) and mRNA (Fig. 7C, 7 and
14 dpi) in infected HDFs, and neither virus produced detectable mCherry fluorescence.
In contrast, vU-Luc-infected cells contained substantially more luciferase enzymatic
activity at 7 dpi than vLuc-infected cells, and this level remained relatively unchanged
at 14 dpi (Fig. 7D). These results demonstrated directly that A2UCOE provides a means
to express 2 transgenes in nonneuronal cells from different promoters in the vector
genome. Furthermore, they indicated that A2UCOE, while capable of transiently stim-
ulating the expression of nearby viral genes (Fig. 4), does not significantly affect the
activity of distal genes (EGFP and mCherry).

We then sought to confirm that all three reporter genes of vLuc and vU-Luc could
be expressed simultaneously in rDRGs. We used immunofluorescence to visualize fLuc

FIG 5 (A and B) Total H3 (A) and transcriptionally repressive H3K9Me3 (B) associated with the CAG
promoters of vCAG and vUCOE2 7 days after infection of HDFs. qPCR was performed to determine the
amount of CAG DNA precipitated by each antibody. The graphs show the percentages of CAG DNA
precipitated with anti-histone H3 or K9Me3-specific anti-H3 as a percentage of total CAG DNA prior to
precipitation. The error bars represent SD in the results of 4 experiments. ns, not significant; *, P � 0.05;
Mann-Whitney test. (C and D) DNA methylation status of two different segments of the CAG promoter
in vCAG and vUCOE2 before infection and at 7 days post-HDF infection. Each row of circles represents
an individual cloned PCR product from the chicken �-actin component of the CAG promoter after
bisulfite conversion. Each circle represents a CpG site. The white circles represent unmethylated CpG
sites, and the black circles represent methylated CpG sites; the gray circles represent sites that could not
be determined. (C) Primer set M2. (D) Primer set M4.
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protein in the same fields as EGFP and mCherry fluorescence and observed extensive
overlap between the three types of signals from either virus (Fig. 8A). Although not
statistically significant, luciferase activity appeared moderately higher in vU-Luc- than in
vLuc-infected cells (Fig. 8B), consistent with the results shown in Fig. 6B. Likewise, EGFP
transcript levels appeared somewhat elevated (Fig. 8C), but mCherry expression was
essentially the same from the 2 viruses (Fig. 8D). It should be noted that in the episomal
configuration adapted by these viruses, the EGFP and mCherry genes are located near
one another while the fLuc locus is distal, arguing that any differential effect of A2UCOE
on EGFP and mCherry expression is likely not a function of linear distance.

Lastly, we examined vLuc and vU-Luc transgene expression in mouse brain follow-
ing stereotactic delivery of the vectors to the hippocampus. IVIS monitoring (see below)
of luciferin-dependent bioluminescence (Fig. 9A) showed peak luciferase activity at 3
days post-vector inoculation, declining to undetectable at 28 days (Fig. 9B). Notably, at
both 3 days and 7 days, the signal in vU-Luc-injected mice was stronger than in
vLuc-injected mice (Fig. 9B). Hippocampal sections from animals sacrificed at 8, 15, and
29 days were tested by indirect immunofluorescence for EGFP and mCherry expression.
Robust mCherry expression was observed at 8 days and persisted, albeit at reduced
levels, at 29 days (Fig. 9C). In contrast, very little, if any, EGFP signal was detected at any
time point. These results indicated that A2UCOE can enhance transient, independent
expression of a second transgene in the central nervous system to complement the
previously described durable expression of a first transgene positioned in the deleted
ICP4 locus (31, 32). It remains to be determined what mechanisms can account for the
rapid or immediate silencing of the LAT-based EGFP cassette of these vectors in mouse
hippocampus.

DISCUSSION

Replication-defective HSV holds promise as a vector for gene therapy because of its
large payload capacity and the establishment of its genome as an extrachromosomal
episome without integration into cellular DNA. We recently developed an innocuous

FIG 6 Fluorescence at 7 dpi (A) and relative EGFP (B) and mCherry (C) mRNA levels at 7 and 14 dpi in cultured rDRGs (3,000 gc/cell).
The mRNA data were obtained by qRT-PCR with normalization to viral gc in the same samples and are presented as expression
relative to that in vCAG-infected cells at 7 dpi. The data are means and SD; *, P � 0.05; ***, P � 0.001; ****, P � 0.0001 compared
to vCAG at the same time point (2-way ANOVA).
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HSV vector that is devoid of functional IE genes and is transcriptionally silent, with the
exception of transgene expression cassettes inserted into the LAT locus, mimicking
neuronal HSV latency in nonneuronal cells (7). We further showed that the privileged
status of the LAT locus as a transcriptionally active site in an otherwise silent HSV
episome is due in part to the presence of viral insulator-type elements in this region.
To expand the utility of this vector platform, here, we explored the question of whether
additional transcriptionally active sites can be created by insertion of cellular genetic
elements that possess an ability to protect linked genes from epigenetic silencing. We
found that the naturally hypomethylated cellular A2UCOE element enables adjacent
reporter gene transcription from cellular promoters inserted into the defective HSV
backbone, thereby providing a system for mutually independent expression of multiple
transgenes from a single vector.

A2UCOE was first described in 2003 (22) and has since been tested in a variety of
systems for its ability to support persistent transgene expression from the innate
HNRPA2B1 promoter or external promoters. Where comparisons have been performed,
A2UCOE has been found to be more effective in blocking transgene silencing than cHS4

FIG 7 vLuc and vU-Luc genome structures and transgene expression in HDFs. (A) Schematic drawing of the vLuc and vU-Luc
genomes. A CAG-EGFP cassette was located in the LAT loci of both vectors. A GW cassette positioned in the intergenic region
between UL50 and UL51 was used to introduce an EF1� promoter-luciferase (fLuc) expression cassette with or without
upstream A2UCOE. (B) EGFP and mCherry fluorescence in vLuc- and vU-Luc-infected HDFs at 7 dpi. (C) EGFP mRNA levels of
vLuc- or vU-Luc-infected HDFs at 7 and 14 dpi expressed relative to vLuc at 7 dpi (qRT-PCR data were normalized to viral gc
in the same samples). (D) Luciferase activity in vLuc- or vU-Luc-infected HDFs at 7 and 14 dpi relative to vLuc at 7 dpi. The data
are means and SD; ***, P � 0.001, and ****, P � 0.0001 compared to vLuc at the same time point (2-way ANOVA).
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(28, 33), consistent with our results. The majority of UCOE studies concern the protec-
tion of transgene transcription from position effects at chromosomal integration sites,
showing that UCOEs provide uniformity in expression that directly correlates with the
transgene copy number and is stable through numerous cell divisions. Nonreplicating,
large episomal vectors like the defective HSV vectors used in this study (�138 to 150
kb) represent a different situation. Most importantly, the transgene position and
genetic context are predetermined and unique, excluding variable position effects. The
advantage of this situation is that it facilitates the study of regulatory elements in a
defined chromatin environment that in some instances can be manipulated. For
example, the HSV IE protein ICP0 blocks global heterochromatinization of the viral
genome (34), and its deletion, as in our study, allows an assessment of the
heterochromatin-blocking activity of cis-acting sequences by comparison of transgene
expression in populations of infected cells. HSV DNA, including that of replication-

FIG 8 Expression of the three vLuc and vU-Luc transgenes in infected rDRG cultures (3,000 gc/cell). (A) EGFP and mCherry
fluorescence and luciferase immunofluorescence (Anti-fLuc) at 7 dpi. Merge, overlay of the three fluorescence images. (B)
Luciferase activities at 7 and 14 dpi relative to vLuc at 7 dpi. (C and D) EGFP (C) and mCherry (D) mRNA levels at 7 and 14 dpi
relative to vLuc-infected cells at 7 dpi. The mRNA data were obtained by qRT-PCR with normalization to viral gc in the same
samples. The data are means and SD; P � 0.05 (not significant) for all vU-Luc compared to vLuc at the same time point (2-way
ANOVA).
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defective virions produced in complementing cells, is largely free of CpG methylation
during replication (35). On infection of noncomplementing cells, transgenes are initially
expressed from replication-defective vectors lacking ICP0, a cytotoxic protein, but are
then rapidly silenced, similar to virus entry into latency in neurons. However, in latency,
the viral genome remains unmethylated, and it has been shown that HSV gene
expression is regulated by posttranscriptional histone modification (36). In dividing
cells, such as preconfluent HDFs, partitioning of replication-defective viral genomes
into daughter cells, in addition, reduces viral gene expression per cell by a nonepige-
netic mechanism. In nondividing cells (e.g., DRG neurons), the viral genome copy
number per cell remains essentially constant.

Previous studies have shown that a 4.0-kb A2UCOE fragment similar to the 4.1-kb
region used in our work provided robust, stable transgene expression from the CMV
promoter in transfected cells through numerous passages; a 1.5-kb A2UCOE fragment
extending from CBX3 intron 1 to HNRPA2B1 intron 1 mediated moderately lower but
equally stable expression (23). Likewise, Zhang and colleagues (27) showed that the

FIG 9 Transgene expression in the brains of mice injected with vLuc, vU-Luc, or vehicle (PBS). (A) Luciferase activity in 3
representative mice per group at 3 dpi. The colors indicate activity levels. (B) Quantification of bioluminescence signals
(photons per second per square centimeter). Green, vLuc (n � 12 at 3 days and 7 days; n � 8 at 14 days; n � 4 at 28 days);
red, vU-Luc (n � 12 at 3 days and 7 days; n � 8 at 14 days; n � 4 at 28 days); yellow, PBS (n � 3 at 3 days and 7 days; n �
2 at 14 days; n � 1 at 28 days). The inset shows differences at the 7-, 14-, and 28-day time points in a lower bioluminescence
range. The data are means and standard errors of the mean (SEM) per group. *, P � 0.05; ***, P � 0.001; Mann-Whitney U test.
(C) Representative images of coronal sections from animals injected with vLuc (top) or vU-Luc (bottom) sacrificed on the
indicated days post-vector delivery. Blue, nuclei of neurons stained with Neurotrace; red, mCherry-positive cells. Higher
magnifications of the boxed areas are shown on the right.
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1.5-kb fragment and a 1.2-kb subfragment extending to the end of HNRPA2B1 exon 1
enabled stable lentivirus transgene expression from the spleen focus-forming virus
(SFFV) long terminal repeat (LTR), whereas the transgene was rapidly silenced in the
absence of the UCOE. These authors, in addition, showed that the antisilencing
activities of both fragments correlated with orientation-dependent blockage of SSFV
promoter methylation. In our study, the CAG promoter was largely unmethylated even
in the absence of A2UCOE sequences, and thus, UCOE-mediated promoter protection
from methylation was not responsible for the increased transgene expression we
observed from vUCOE1 and vUCOE2 compared to vCAG. By the same argument, it is
unlikely that the loss of transgene expression we observed on deletion of the
HNRPA2B1 intron was due to promoter methylation. Instead, our H3K9Me3 analysis is
consistent with the suggestion that A2UCOE prevents the deposition of repressive
histone marks on proximal promoters, as previously proposed (37).

We have not excluded the formation of HNRPA2B1-transgene fusion transcripts
resulting from transcription read-through from the HNRPA2B1 promoter, as previously
observed from the CBX3 promoter (25, 38), and subsequent HNRPA2B1 exon 1 splicing
to splice acceptors at the ends of our CAG and EF1� constructs just upstream of the
transgene. The intron 1 deletion (vUCOE3) would prevent these splicing events, as it
includes the HNRPA2B1 splice donor. Moreover, when we exchanged the positions of
the HNRPA2B1 promoter/transcribed region and the CAGp-EGFP cassette by inserting
CAGp-EGFP into the A2UCOE dual-divergent promoter region (vUCOE4), transgene
expression in HDFs was barely higher than in the absence of A2UCOE (Fig. 2B). Thus, in
both cases, reduced green fluorescent protein (GFP) expression was correlated with the
predicted absence of a productive read-through/splicing product. In vU-Luc-infected
cells, the putative HNRPA2B1-Luc transcription/splicing event would create a short open
reading frame (ORF) upstream of the luciferase ORF that might not interfere with
luciferase translation. In vUCOE2-infected cells, however, translation from the
HNRPA2B1 start codon in exon 1 would read out of frame into the EGFP ORF and
prevent the formation of a fluorescent product, arguing against a contribution of
read-through transcription to the EGFP signal. As the effect of A2UCOE on expression
of the linked reporter gene was larger in vU-Luc-infected than in vUCOE2-infected
HDFs, it remains possible that transcripts initiating at the HNRPA2B1 promoter contrib-
uted to the vU-Luc luciferase signal in these cells but not to the vUCOE2 EGFP signal
and not in neurons, where the difference was minimal.

We found that the 4.1-kb A2UCOE had a greater enhancing effect on transgene
expression in HDFs and hMDSCs than in rDRGs. It is possible that this is related to
differences between rDRG neurons and other host cells in the activity of the CBX3
promoter, since it has been proposed that the cell-type-dependent strength of the
promoter pointing away from the transgene is a key determinant of the chromatin-
remodeling and antisilencing activities of A2UCOE (13, 27). However, the additional
expression of mCherry in rDRGs is consistent with the alternative suggestion that our
highly defective HSV vectors exist in a less transcriptionally repressed state in DRG
neurons than in other cultured cells. While our images of vLuc/vU-Luc-infected rDRGs
(Fig. 8A) suggest that most of the cells express all three transgenes, mCherry in
particular is notably absent in some. This is reminiscent of observations in trigeminal
ganglion (TG) cultures infected with the IE gene-disabled d109 vector (39) and likely
reflects differences between different neuronal subtypes present in both DRG and TG
cultures.

The suggestion that rDRGs in culture are relatively supportive of gene expression
from highly defective HSV backbones agrees with our previous observation that an IE
gene-inactive vector containing CAG-EGFP in the UL3-UL4 intergenic region produced
substantially more EGFP-positive cells per input gc in rDRGs at 3 dpi than in nonneu-
ronal cells (7). In contrast, we did not detect EGFP expression in rat hippocampus from
the UL3-UL4 locus in previous work (31). Likewise, while CAG-EGFP in the LAT locus was
active in cultured DRG neurons (reference 7 and this study), hippocampal expression
was not observed (but see below). These results are suggestive of significant differences
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between DRG and CNS neurons, although both are predominantly capable of trans-
gene expression from the terminal ICP4 locus, unlike the different nonneuronal cell
types we tested here and elsewhere (7).

The absence of detectable EGFP expression from the vLuc and vU-Luc vectors in
mouse brain is unexplained. Lilley and coworkers introduced a strong promoter (CMV)-
reporter gene cassette downstream of the LAP1-LATP2 components of the LAT gene in
an arrangement very similar to our CAG promoter-EGFP insertion in a vector backbone
that had the essential ICP4 and ICP27 genes and the IE gene-transactivating activity of
VP16 deleted. At 7 days post-vector injection into rat striatum, strong reporter expres-
sion was observed in both the striatum and the substantia nigra, increasing from a
moderate level at 3 days, and expression remained readily detectable at 1 month (40).
While the authors acknowledged the possibility of an apparently nontoxic, undetected
residual level of ICP0 expression from their VP16 mutant vector, we note that their
vector also differed from ours in other respects, including the strain background
(17syn� versus KOS), a complete deletion of the ICP34.5 neurovirulence gene, and the
retention of CTCF-binding sites deleted in our vectors. Guided by these observations,
we anticipate that further engineering may provide our vector with the ability to
express LAT-based transgene cassettes in the CNS.

The HSV genome contains multiple CTCF-binding regions, in addition to CTRL1 and
-2 (8). All of these regions are located within or near the long inverted repeats of the
viral genome, and each of the 5 IE genes, in addition to the LAT gene, is flanked by at
least one of these sites (8, 36). CTCF has insulator activity, defining chromatin bound-
aries that allow differential regulation of adjacent transcription domains (41–43). More-
over, in concert with cohesin, CTCF mediates DNA looping to distal CTCF-binding sites
(44, 45), suggesting the potential for various types of regulatory interactions among the
CTCF-binding regions of HSV (46, 47). Several laboratories have begun to unravel the
role of CTCF and its partners in the regulation of HSV latency and reactivation, painting
a complex picture of short- and potential long-range effects that may be influenced by
the products of some of the regulated genes, LAT and ICP0 in particular (47–53). The
extensive deletions in our vectors, which include all but 4 of the CTCF-binding sites in
most of the vectors shown in Fig. 1, the ICP0 promoter and coding region, and large
portions of the LAT gene, including key splicing signals for the formation of the stable
LAT introns (Fig. 7A) or the promoter, enhancer, intron, including CTRL2, and upstream
region, including CTRL1 (Fig. 1), can be predicted to profoundly alter the normal
CTCF-mediated regulation of viral gene expression in latency compared to the latent-
like state assumed by our vectors. We hypothesize that the unexpected long-term
reporter gene expression from the terminal ICP4 locus of our defective vectors in
central nervous system neurons in vivo (Fig. 9C) (31, 32) and the simultaneous lack of
reporter expression from the LAT locus reported here are consequences of the disrup-
tion of CTCF interactions and the loss of LAT and ICP0 functions. However, it is
uncertain whether A2UCOE activity is influenced by the same mechanisms. While we
suspect that the effects of A2UCOE can be duplicated in other locations distant from
known CTCF-binding sites, this remains to be shown. Likewise, while we may expect
that our vectors will act in human neurons much like they do in rodent neurons, this
comparison has yet to be performed.

In conclusion, our study shows that the 4.1-kb A2UCOE can be a valuable compo-
nent of highly defective HSV gene therapy vectors, particularly in nonneuronal cells.
The stimulatory effect of A2UCOE on transgene expression in neuronal cells is short
term but may be useful to increase the transient level of a regulator that induces an
expression cascade. This work holds promise for the development of increasingly
complex vectors for tightly controlled treatment of a variety of pathological conditions.

MATERIALS AND METHODS
Cells. HDFs, hMDSCs, hEKs, and rDRGs were cultured as described previously (7). For hMDSCs, the

medium was changed at 1 dpi to 2% (vol/vol) fetal bovine serum (FBS) with 100 U/ml penicillin and 100
�g/ml streptomycin to induce myogenic differentiation. U2OS-ICP4/ICP27 and U2OS-ICP4/ICP27-Cre cells
were as described previously (7).
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Plasmids. (i) pHS4-S. Plasmid pENTR-CAG-EGFP contains a CAG promoter (CMV enhancer/chicken
�-actin promoter/chimeric intron)-driven EGFP expression cassette between attL sites (7). To introduce
multiple-cloning sites (MCS) both between attL1 and the promoter and between the poly(A) region and
attL2, we performed a PCR with primer pair P1 (all the primers mentioned are listed in Table 3) to amplify
the plasmid backbone with terminal attL sites and digested the product at unique, attL-external XbaI and
StuI sites specified by the respective primers. A SpeI-StuI fragment containing the EGFP expression
cassette of pENTR-CAG-EGFP was isolated and ligated to the digested backbone PCR product to generate
pCAG-EGFP-MCS1. A SwaI-AscI fragment containing two tandem copies of the 250-bp cHS4 core (54) on
both sides of a tdTomato expression cassette was isolated from pBT268 (Addgene plasmid 36880; Liqun
Luo laboratory) and cloned between the two MCS loci flanking the CAG-EGFP cassette in pCAG-EGFP-
MCS1. The tdTomato cassette of the resulting plasmid, pENTR-cHS4-S, was then replaced with the EGFP
expression cassette from pCAG-EGFP-MCS1 to generate pHS4-S containing attL1-(2xcHS4)-[CAG-EGFP-
poly(A)]-(2xcHS4)-attL2.

(ii) pHS4-L. A SacI fragment containing the full-length 1.2-kb cHS4 insulator region was isolated from
pJC13-1 (54) (kindly provided by G. Felsenfeld, NIH/NIDDK) and cloned into the SacI site of pBluescript
to create pBS-cHS4. The SacI fragment was excised, its 3= overhangs were removed with T4 DNA
polymerase, and it was cloned into the filled-in SpeI site upstream of the CAG promoter in pENTR-CAG-
EGFP (pENTR-CAG-EGFP-HS4-L-up). The same blunt-ended SacI fragment was then cloned in the same
orientation into the StuI site downstream of the poly(A) region in pENTR-CAG-EGFP-HS4-L-up.

(iii) pUCOE1. A synthetic MCS generated by annealing oligonucleotides O1 was introduced between
the SwaI and FseI sites in the upstream MCS of pCAG-EGFP-MCS1 to create pCAG-EGFP-MCS2. A2UCOE

TABLE 3 Primer sequences

Primer
name Orientationa Sequence

P1 F ACTAGTGCGCGCGGCGCGCCACCCAGCTTTCTTGTACAAAGTTGG
R CCAACTTTGTACAAAAAAGCAGGCTATTTAAATGGCCGGCCCATATG

GTTAACAGATCTTCTAGAGCTAGCGGGCCC

P2 F TTGGGAGCATGCGAATGGAG
R CGCCGGTTCGAAATTCTGGGCACTTATGAATG

P3 F GGCCGCTTCGAAGCGTTACATAACTTACGG
R CGCCGCTCTGATTGGCTGCCGCCGCACCTC

P4 F CGAATTAGGGACCCTTCGAAGCAAGCTTTATTCCAAGAGGTAGTAACT
R AGCACCTCCGCACGGGACCC

O1 F ACCGGTGTATACTGGCCATGGCCGGCCTTAATATC
R GATATTAAGGCCGGCCATGGCCAGTATACACCGGT

Q1 F ATCATGGCCGACAAGCAGAAGAAC
R GTACAGCTCGTCCATGCCGAGAGT

Q2 F CCTGTCCCCTCAGTTCATGT
R GCTTCAAGTAGTCGGGGATG

Q3 F GTGACTACGGCCCTACCG
R GAAACCGGCATCCTCCTCG

Q4 F AGCACATCCGCGGACTTGTC
R ACCACCCCGGGTTCGAGG

Q5 F CTGACTGACCGCGTTACTCC
R CGTCATTAAACCAAGCGCTAA

M1 F GTGAAAGTTTTGAGGGGTTT
R AAAAATACAAAAAAAATTACAACCC

M2 F GTTTGTTTTTTTTTTGTGGTTG
R AAAAATACAAAAAAAATTACAACCC

M3 F GTAGGGATTTTTTTTGTTTTAAATT
R CATAATTAACAAAAACTCTAAAACC

M4 F GTAGTTATTGTTTTTTATGGTAAT
R CATAATTAACAAAAACTCTAAAACC

aF, forward; R, reverse.
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(22) was isolated from UCOE Hu-P (Millipore) as an AgeI-MscI fragment and inserted between the same
sites in the new MCS of pCAG-EGFP-MCS2.

(iv) pUCOE2. A 3= segment of A2UCOE and a 5= segment of the CAG promoter were separately
amplified from pUCOE1 using primer sets P2 and P3, respectively. The two PCR products joined at a BstBI
site were cloned into pUCOE1 between an SphI site in the amplified portion of the HNRPA2B1 intron and
a SnaBI site in the amplified CAG portion.

(v) pUCOE3. pUCOE2 was digested with Tth111I and BstBI, cutting at both ends of the HNRPA2B1
intron, and the large fragment was gel purified, its 5= overhangs were filled in with T4 DNA polymerase,
and it was self-ligated.

(vi) pUCOE4. pUCOE2 was digested with BstBI and HindIII, the 5= overhangs were filled in with T4
DNA polymerase, and the large fragment was self-ligated to generate pUCOE2 with CAG-EGFP deleted.
Adjacent BstBI and HindIII sites were inserted into this plasmid in the CBX3-HNRPA2B1 dual-divergent
promoter region by replacing a SanD1 fragment, extending from the center of the region into the
HNRPA2B1 exon, with a corresponding PCR fragment generated on pUCOE2 as the template with
SanDI-overlapping primers P4-F, specifying the inserted sites, and P4-R. The resulting plasmid was then
modified by BstBI-HindIII digestion and ligation to the CAG-EGFP BstBI-HindIII fragment from pUCOE2.

(vii) pUCOE5. pUCOE2 was digested with Tth111I and HindIII, the 5= overhangs were filled in with
T4 DNA polymerase, and the large fragment was self-ligated to delete CAG-EGFP, along with the
HNRPA2B1 intron. Introduction of cloning sites into the CBX3-HNRPA2B1 promoter region, followed by
CAG-EGFP insertion, was as described for pUCOE4 above.

(viii) pLuc. The mir-941 precursor in pEP-mir (Cell Biolabs) was removed by digestion with BamHI and
NheI, and the vector piece was blunt ended and self-ligated to generate an EF1� promoter-intron-
mCherry/Puro plasmid termed pEP-mCherry. The mCherry/Puro cDNA was replaced by EGFP from
pCAG-GFP (7) to create pEP-EGFP. EGFP was subsequently replaced with a blunted BamHI-SacI fragment
containing the firefly luciferase gene from pMIR-report (Ambion), producing pEP-luc. The complete
EF1�-luc cassette was then isolated from pEP-luc by partial digestion with ClaI and SpeI and used to
replace the CAG-EGFP cassette in pENTR-CAG-EGFP.

(ix) pU-Luc. The EF1�-luc cassette from pEP-luc was isolated as a 5= ClaI-EcoRI fragment and a 3=
EcoRI-BglII fragment. The two fragments were subcloned into BstBI-BglII-digested pUCOE2, replacing the
CAG-EGFP cassette. The PacI-NheI fragment separating A2UCOE from the EF1�-luc cassette was replaced
with the PacI-NheI fragment of pLuc to remove differences between pLuc and pU-Luc outside the
A2UCOE region.

Viral genome engineering. Viral genome constructs containing CAG-EGFP in the UL50-UL51
intergenic region were generated by LR clonase (Invitrogen)-mediated recombination between appro-
priate pENTR-based plasmids and the GW region of JΔNI10GW BAC DNA, essentially as described
previously (7). vLuc and vU-Luc were generated by GW recombination between pLuc or pU-Luc, and
JΔNI11GW. JΔNI11GW was engineered by Red/ET (Gene Bridges, Heidelberg, Germany)-mediated recom-
bination of a PCR-amplified GW-Zeo cassette (7) into the intergenic region between UL50 and UL51 of
JΔNI7GFP BAC (7) in Escherichia coli. All the BAC recombinants were confirmed by PCR analysis, field
inversion gel electrophoresis (FIGE) analysis of restriction enzyme digests, and targeted DNA sequencing.

Virus production. Recombinant viruses were produced by transfection of U2OS-ICP4/ICP27 cells
with purified BAC DNA, as described previously (7). Following cytopathic effect (CPE), supernatants were
harvested for standard virus amplification in the same cell line. The titers of virus stocks were determined
on U2OS-ICP4/ICP27 cells as PFU/ml. Genome copy titers (gc per milliliter) were determined by real-time
quantitative PCR (qPCR) for the viral gD gene (7). Deletion of the BAC region, including the associated
chloramphenicol resistance and lacZ genes, was essentially as described previously (7). Briefly, viruses
were passaged twice through U2OS-ICP4/ICP27-Cre cells, and isolated plaques generated by limiting
dilution were screened by PCR across the expected deletion and by staining for �-galactosidase activity.
Isolates with the BAC deleted were propagated on U2OS-ICP4/ICP27 cells.

Luciferase assay. Luciferase assays were performed with a luciferase assay system (Promega)
according to the manufacturer’s instructions. Cells were lysed with cell culture lysis reagent (CCLR;
Promega), and the lysate was used for both luciferase activity measurement in a BioTek Synergy2
microplate reader and PCR determination of viral genome copy numbers for normalization.

Quantitative reverse transcription-PCR. qRT-PCR was performed as previously described (7) using
a Cells-to-cDNA II kit (Ambion) for mRNA extraction and cDNA synthesis. The qPCR primers for GFP (Q1),
mCherry (Q2), UL50 (Q3), and UL51 (Q4) are listed in Table 3. The results were normalized to the viral
genome copy numbers measured in lysates prior to the DNase step for RNA isolation.

Immunofluorescence. Transduced rDRGs were fixed in Buffered Formalde-Fresh (Fisher Scientific) at
room temperature for 10 min and blocked with 5% normal goat serum– 0.2% Triton X-100 in phosphate-
buffered saline (PBS) for 1 h at room temperature. After blocking, the cells were incubated with
anti-luciferase antibody (Abcam; ab21176; 1:500) at 4°C overnight, and biotin (Sigma; B7389; 1:1,000)-
avidin (Invitrogen; A11236; 1:1,000) was added the next day for a 1-h incubation at room temperature.
Fluorescence images were collected with an Olympus FV1000 confocal microscope.

ChIP. Two million HDFs were plated in 10-cm dishes for infection the following day (5,000 gc/cell).
At 7 dpi, chromatin immunoprecipitation (ChIP) was carried out as described by Nelson and colleagues
(55). Briefly, infected HDFs were cross-linked with 37% formaldehyde for 15 min, and the reaction was
quenched with 1 M glycine. Cells were collected by centrifugation, washed in cold PBS, and lysed in
immunoprecipitation (IP) buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5% [vol/vol] NP-40,
and 1.0% [vol/vol] Triton X-100). The lysates were sonicated using an S-3000 Misonix sonicator. Immu-
noprecipitations were carried out overnight at 4°C with normal rabbit IgG (Santa Cruz; sc-2027), rabbit
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anti-histone H3 antibody (Millipore; 06-755), or rabbit anti-H3K9Me3 (Millipore; 07-442). Dynabeads
M-280 sheep anti-rabbit IgG (Life Technologies) was used to precipitate the antibody-bound DNA. A
fraction of the sonicated cells was used as the input control. qRT-PCR was carried out using primer set
Q5 within the CAG promoter.

Bisulfite conversion and sequencing. Viral DNA was extracted with a DNeasy blood and tissue kit
(Qiagen) prior to (input) and at 7 days after infection of HDFs. Bisulfite conversion was carried out using
an Epitech kit (Qiagen) according to the manufacturer’s instructions. The converted input DNA was
amplified with primer pair M1, and the converted DNA from infected HDFs was amplified with primer pair
M2, followed by a nested PCR with primer pair M1 using GoTaq DNA polymerase M300 (Promega) to
examine the viral DNA methylation status of a 5= portion of the �-actin component of the CAG promoter.
Likewise, primer pairs M3 and M4 were used for pre- and postinfection viral DNA PCR to determine the
methylation status of a 3= portion of the �-actin segment of the CAG promoter. The PCR products were
gel purified and cloned into pCR2.1-TOPO using a TOPO TA Cloning kit (no. 450641; Invitrogen). Inserts
of individual clones were sequenced using the M13 reverse primer.

Animals. Male CD1 mice were purchased from Charles River Italy (Calco, Lecco, Italy). Experiments
were performed at the University of Ferrara in compliance with the guidelines for the ethical treatment
of experimental animals (authorization from the Italian Ministry for Health D.M. 18/2017-PR).

HSV-1 infusion in vivo. General anesthesia was induced in 25- to 30-g mice by coadministration of
ketamine (45 mg/kg of body weight intraperitoneally [i.p.]) and xylazine (7 mg/kg i.p.) and was
maintained with 1.4% isoflurane in air (flow, 1.2 ml/min). The animals were placed in a stereotactic frame
on a temperature-controlled heating pad, and a total of 2 � 109 viral genome copies was injected into
the right dorsal hippocampus. Viral vectors (vLuc and vU-Luc; n � 12 mice/vector) or PBS (n � 3) was
injected by stereotactic placement of a custom-made borosilicate glass needle (56). The needle tips were
chamfered by laser microdissector cutting (LMD6500 Laser Microdissection System; Leica Microsystems,
Wetzlar, Germany) (angle, 140°; inner and outer diameters at the tip, 80 and 100 �m, respectively). An
additional hole (diameter, 10 �m) was opened 100 �m above the tip to favor spreading of the injected
virus (56). The needle was bottom filled with the viral solution and linked to a microperfusion pump set
to inject a total of 2 �l at a flow rate of 0.3 �l/min. The stereotactic coordinates (57) were 1.6 mm lateral,
1.9 mm posterior to bregma, and 1.9 mm deep from dura. Carprofen (5 mg/kg i.p.) was administered after
surgery to prevent pain.

In vivo bioluminescence imaging. At selected time points (3, 7, 14, and 28 days postsurgery), mice
were anesthetized with 2% isoflurane and oxygen, and D-luciferin substrate (Roche) was injected i.p. at
a dose of 200 mg/kg. In vivo bioluminescence was detected 8 min after the injection in a total-body
luminometer (IVIS Lumina; Caliper-PerkinElmer, Hopkinton, MA, USA). Photon emissions in the region of
interest were quantified with Living Image software (Caliper).

Tissue preparation. Animals were deeply anesthetized with pentobarbital and transcardially per-
fused with PBS, followed by 4% paraformaldehyde in 0.1 M PBS. Brains were isolated and postfixed in 4%
paraformaldehyde for 1 h, cryoprotected in 30% sucrose at 4°C until the tissue sank, and flash-frozen in
isopentane prechilled at �80°C.

Tissue immunofluorescence. Twenty-micrometer coronal sections were cut at �20°C in a cryostat
(Leica), rinsed in 0.1 M PBS, permeabilized for 10 min in 0.3% Triton X-100 –PBS, and blocked for 30 min
in 0.1 M PBS with 10% normal goat serum. The sections were then incubated overnight at 4°C with
primary antibodies diluted in 0.1 M PBS: rabbit anti-mCherry (Abcam), 1:500; chicken anti-GFP (Abcam),
1:200. The sections were washed twice in PBS and stained for 2 h at room temperature with 1:500-diluted
Alexa Fluor 594 goat anti-rabbit or Alexa Fluor 488 goat anti-chicken antibody (Molecular Probes,
Eugene, OR, USA).

NeuroTrace staining. After rehydration in 0.1 M PBS, sections were permeabilized with 0.1% Triton
X-100 in PBS for 10 min, washed twice for 5 min each time in PBS, and stained with NeuroTrace 435/455
Blue Fluorescent Nissl stain (ThermoFisher; dilution, 1:200) for 20 min at room temperature. The sections
were then washed twice in PBS and finally left for 2 h at room temperature in PBS before imaging.

Statistics. For quantitative analyses in cell culture, two plaque-purified isolates per vector construct
were tested in parallel in duplicate wells in 48- or 96-well plates. Each experiment was then repeated
once on a separate day with one of the two isolates per construct. Data were recorded for each well, and
the mean of the duplicate wells was calculated. Viral genome qPCR and mRNA qRT-PCR measurements
were performed in duplicate or triplicate per well, and the mean qRT-PCR value was normalized to the
mean viral genome qPCR value for each well. The data were analyzed separately for each isolate and
repeat experiments by 2-way analysis of variance (ANOVA), with the exception of Fig. 5 (Mann-Whitney
test). The representative data shown (means and standard deviations [SD] of duplicate wells) are from
one isolate per vector construct, with the exception of Fig. 7 (combined data from duplicate wells for 2
isolates). In vivo bioluminescence results were analyzed by Mann-Whitney U test.

Data availability. The materials described in this publication are available on request to members
of the scientific community for noncommercial purposes.
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