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ABSTRACT There are seven conserved CTCF binding domains in the herpes simplex
virus 1 (HSV-1) genome. These binding sites individually flank the latency-associated
transcript (LAT) and the immediate early (IE) gene regions, suggesting that CTCF in-
sulators differentially control transcriptional domains in HSV-1 latency. In this work,
we show that two CTCF binding motifs in HSV-1 display enhancer blocking in a cell-
type-specific manner. We found that CTCF binding to the latent HSV-1 genome was
LAT dependent and that the quantity of bound CTCF was site specific. Following re-
activation, CTCF eviction was dynamic, suggesting that each CTCF site was indepen-
dently regulated. We explored whether CTCF sites recruit the polycomb-repressive
complex 2 (PRC2) to establish repressive domains through a CTCF-Suz12 interaction
and found that Suz12 colocalized to the CTCF insulators flanking the ICPO and ICP4
regions and, conversely, was removed at early times postreactivation. Collectively,
these data support the idea that CTCF sites in HSV-1 are independently regulated
and may contribute to lytic-latent HSV-1 control in a site-specific manner.

IMPORTANCE The role of chromatin insulators in DNA viruses is an area of interest.
It has been shown in several beta- and gammaherpesviruses that insulators likely
control the lytic transcriptional profile through protein recruitment and through the
formation of three-dimensional (3D) chromatin loops. The ability of insulators to reg-
ulate alphaherpesviruses has been understudied to date. The alphaherpesvirus HSV-1
has seven conserved insulator binding motifs that flank regions of the genome
known to contribute to the establishment of latency. Our work presented here con-
tributes to the understanding of how insulators control transcription of HSV-1.

KEYWORDS insulator, CTCF, HSV-1 reactivation, epigenetics, chromatin, mouse
ocular, in vivo reactivation, PRC2, Suz12, herpes simplex virus

erpes simplex virus 1 (HSV-1) establishes a lifelong latent infection in host sensory
neurons and is a significant human pathogen due to its ability to exit latency and
reactivate to cause clinical disease (1, 2). The primary infection occurs in the mucosal
epithelium, where the virus enters into the cell and is organized into dynamic nucleo-
somes that regulate lytic gene transcription (3). Following the establishment of latency
in host sensory neurons, lytic gene transcription is essentially silenced, and the latency-
associated transcript (LAT) is the only transcript abundantly expressed (4). The primary
LAT is an 8.5-kb noncoding RNA (ncRNA), and the 5’ exon region of the LAT contains
the LAT promoter and LAT enhancer, which together are deemed the reactivation-
critical region of LAT (5-7). Further, LAT expression likely plays a pivotal role in the
establishment and maintenance of latency by regulating the lytic transcriptional pro-
gram (8-10).
The latent genome exists as a circular episome associated with histones that bear
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histone marks corresponding to the transcriptional status of genes. For example, both
the LAT promoter and enhancer are enriched in the transcriptionally active histone
marks acetyl H3K9K14 (histone H3 acetylated at K9 and K14) and H3K4me?2 (histone H3
dimethylated at K4) during latency (11-13). In contrast, the juxtaposed immediate early
(IE) lytic genes of ICPO, ICP4, and ICP27 are predominantly enriched in the transcrip-
tionally repressive facultative heterochromatic histone mark H3K27me3 (histone H3
trimethylated at K27) during latency (9, 14-18). LAT transcription was shown to
downregulate lytic gene transcription during latency through the deposition of repres-
sive histone marks on the IE lytic promoters. In the absence of LAT, repressive histone
marks on these lytic promoters were less abundant (9, 10, 14), and these findings were
consistent with the observation that leaky lytic transcription occurs in LAT-null mutants
(19). Additional reports showed that facultative heterochromatic marks differentially
increased on the ICP4 promoter in the 17APst virus, a mutant with a 202-bp deletion
of the core promoter, and indicated that LAT transcription played a role in directing the
dynamic chromatinization of the HSV-1 genome during latency to allow for reactivation
(8). While it is clear that LAT expression is critical for the establishment and mainte-
nance of latency, the mechanism by which this occurs has not yet been established.
However, the organization of the LAT and IE transcriptional domains in latent HSV-1
indicates that chromatin insulator elements may be key functional components in the
control of gene expression.

Chromatin insulators are long-range cis-acting DNA sequence elements that have
the ability to regulate transcriptional domains and gene expression by preventing
inappropriate signaling from one transcriptional domain to another (20). Predominantly
characterized in eukaryotes, chromatin insulators consist of the insulator protein bound
to the DNA element. The most common insulator protein is CTCF, an 11-zinc-finger
nuclear protein that regulates transcriptional domains through a number of functions,
including promoter activation, repression, silencing, and barrier activity (21). Previous
sequence analysis of the HSV-1 genome identified seven conserved, reiterated CTCF
binding motifs during latency (22). Provocatively, these binding domains flank the
reactivation-critical region of the LAT and each individual IE gene region (22), indicating
that chromatin insulators may regulate individual gene regions in HSV-1. We subse-
quently showed that three of these CTCF binding sites were occupied by CTCF during
latency, including the CTRL2 site downstream from the LAT enhancer, CTa’'m upstream
from ICPO, and CTRS3 upstream from ICP4 (Fig. 1). All three sites were also characterized
as functional insulators with enhancer-blocking ability in rabbit skin cells (22, 23).
Finally, we showed that CTCF was evicted from DNA binding sites at very early times
postreactivation in vivo in mice latently infected with the wild-type (wt) virus 17Syn+
but not in mutants that lacked the ability to reactivate, indicating that CTCF eviction
was also an important component of reactivation (23).

The ability of CTCF insulators to recruit and interact with both coactivator and
corepressor proteins is important for the regulation of gene expression in mammalian
cells. For example, it was shown that a subpopulation of CTCF interacted with RNA
polymerase (Pol) Il to activate transcription of a reporter gene (24). Other reports
showed that CTCF recruited the corepressor proteins Sin3 and YB1 to repress the
transcription of the c-myc promoter (25), and CTCF directly interacted with Suz12, one
of the five proteins that comprise polycomb repressive complex 2 (PRC2) (26). PRC2
trimethylates histone 3 at lysine 27 (H3K27me3) to silence transcription and in mam-
malian cells, a CTCF-Suz12 interaction promoted allele-specific deposition of H3K27me3
on maternal Igf2 promoters to repress expression and control Igf2 imprinting (26). The
PRC2 is an important epigenetic regulating complex comprised of five proteins (EZH2,
SUZ12, EED, and RdAp46/48) and is responsible for the trimethylation of H3K27
(H3K27me3) to silence gene transcription (27). The fact that HSV-1 IE lytic regions are
populated with the heterochromatic histone mark H3K27me3 during latency indicates
that a corepressor protein may be recruiting PRC2 for genome maintenance. In support
of this, Cliffe et al. recently showed that the PRC2 protein Suz12 was recruited to the
LAT promoter, ICP8, and UL48 following the resolution of acute infection in mice
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FIG 1 CTCF occupation of the CTCF binding motif in HSV-1 during latency in mouse TG. (A) Genomic positions of CTCF binding
motifs in the HSV-1 genome. It should be noted that CTRS1/2 is actually two CTCF binding clusters separated by less than 100
nucleotides. There is an additional CTCF motif (CTUS1) identified by Amelio et al. (22) not shown in this figure. (B) ChIP data
are presented as a ratio of the relative copy numbers of the PCR target in two fractions (bound and input [B/I]), where the
bound fractions are representative of aliquots incubated overnight with anti-CTCF, and the input fractions are representative
of the total DNA present. Relative copy numbers in the B or | fraction were determined from the equation for the standard
curve specific to the primer/probe set used. ChIP assays were validated by determining the B/I ratios of the cellular controls
Tsix imprinting/choice center CTCF site A (positive control) and MT498 (negative control). Each ChIP assay was done using
pooled samples from three mice (6 TG pooled) (n = 8). All relative B/I ratios from each gene region were normalized to the
B/I ratio for the cellular control Tsix site A for that ChIP assay. Statistical data were determined by one-way analysis of variance
by comparing the B/I ratios of each gene region to the B/l ratio for the CTRL1 site (*, P < 0.01) as well as to the negative control,
gC (#, P < 0.05). U, unique long region; Ug, unique short region; R, repeat long region; R, repeat short region.

(postinfection [p.i.] day 14) in a LAT-independent manner but not to the ICPO and ICP4
promoters (14), suggesting that other elements may be directing PRC2 recruitment for
the deposition of H3K27me3 to these sites to repress them during latency. We
hypothesize that CTCF bound to the sites flanking the IE genes interacts with Suz12 in
the PRC2 to establish latency. In this work we show that CTCF enrichment, protein
recruitment, and insulator function at the individual HSV-1 sites were independent and
site specific. We also show that the insulators CTRL1 and CTRS3 have different enhancer-
blocking abilities depending on the cell type (neuronal or epithelial). This finding indicates
that these sites have different insulator activities during the lytic and latent stages of
infection. We found that Suz12 colocalizes predominantly to CTCF sites flanking the IE
genes of ICPO and ICP4 and not to these IE promoters, indicating that CTCF and Suz12 act
as corepressors that together establish repressive domains during latency by a Suz12-CTCF
interaction. This finding is further supported by our data showing that Suz12 enrichment
significantly decreases at the IE sites following reactivation.

RESULTS
The CTRL1 site is significantly more enriched in CTCF during latency. In 2006,
Amelio et al. used sequence analysis of the wt 17Syn+ latent genome and identified
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seven conserved reiterated consensus binding motifs for the insulator protein CTCF
(22). We subsequently showed that three of these identified sites, the CTRL2, CTa’'m,
and CTRS3 sites (located downstream of the LAT enhancer and upstream of the ICPO
and ICP4 promoters, respectively) (Fig. TA) were enriched in CTCF during latency in
mouse trigeminal ganglia (TG) following an ocular route of infection (23). We hypoth-
esized that individual CTCF sites may be differentially regulated, recruit different
coregulators to control lytic gene transcription, and have different insulator functions.
To further explore this hypothesis, we quantified CTCF binding on two additional CTCF
binding motifs in HSV-1, specifically the CTRL1 site upstream of the LAT promoter
(nucleotides [nt] 117159 to 117342), which segregates ICP27 from the LAT promoter/
enhancer elements, and the CTRS1/CTRS2 (CTRS1/2) combination site (nt 126571 to
127141), which is downstream of ICP4 (Fig. 1A) (22). Prior to PCR, all chromatin
immunoprecipitations (ChIPs) were validated using cellular controls as described in
Materials and Methods. All ChIP data are presented as normalized to the cellular control
mouse gene Tsix. Mice were ocularly infected with the wild-type virus 17Syn+, and a
latent infection was established in the mice (28 days p.i.). We harvested the TG and
performed ChIP assays combined with quantitative PCR (qPCR) to quantify enrichments
of CTCF bound to the CTRL1 and CTRS1/2 sites. Here, we found a significant enrichment
of CTCF bound to the CTRL1 site (>3-fold; P < 0.01), relative to all other CTCF binding
domains in the latent genome (all of these sites are significantly enriched in CTCF
relative to the level in the negative control, gC) (Fig. 1B). Collectively, our data suggest
that CTCF occupation of each individual site is differential.

The CTRL1 site and the CTRS3 site have cell-type-specific enhancer-blocking
activity. The CTRL2, CTa’m, and CTRS3 sites were previously shown to be insulators
that have the ability to block the LAT enhancer in rabbit skin cells (22, 23). Here, we
sought to determine if enhancer blocking was consistent among all CTCF sites char-
acterized in HSV-1 in reporter assays with epithelial cells. To test the ability of the
CTRL1, CTRS3, and the CTRS1/2 sites to block enhancer activity, we generated reporter
constructs using a commercially available pGL3 control plasmid and tested each
construct for enhancer-blocking function using standard luciferase assays in transient
transfections in Vero cells (23). These reporter constructs were generated to include the
core CTCF motif together with 300 to 1,200 bp of site-specific nucleotides upstream
and downstream of the core CTCF motifs since functional properties of eukaryotic
insulator elements are often located outside the CTCF binding sites (20). In addition, we
used CTRL2 and CTa'm constructs, together with the corresponding long-term expres-
sion element (LTE)/CTRL2 and LTE/CTa’m plasmids for direct comparison in these
reporter assays (Fig. 2A shows a schematic representation of the constructs). The results
for our reporter constructs tested in Vero cells are presented in Fig. 2B. Interestingly, the
CTRL1 reporter construct did not act as a functional enhancer blocker in Vero cells as
we observed no significant decrease in luciferase expression levels between the LTE
construct and the CTRL1/LTE reporter (Fig. 2B). By comparison, only the CTRL2 and
CTRS1 reporters displayed enhancer-blocking capability toward the LTE in Vero cells
(Fig. 2B). Baseline luciferase expression levels for both the CTa’'m and the CTRS3
reporters were on average 2.5- to 4-fold higher than the level of the control (pGL3)
reporter in Vero cells, and so additional comparisons of the CTCF and LTE/CTCF
constructs were done to determine if a decrease in luciferase expression could be
observed between these reporter constructs at the corresponding LTE/CTCF reporters.
By directly comparing the CTa’'m and LTE/CTa’m or the CTRS3 and LTE/CTRS3 reporters,
we found a decrease in luciferase expression (~2-fold) (Fig. 2B, #), indicating that these
sites may have weak enhancer-blocking activity in Vero cells, consistent with previous
reports showing that each site was a functional enhancer blocker in rabbit skin cells
(12). Nevertheless, these data confirm that the CTRL1 binding site of HSV-1 is not a
functional enhancer blocker in epithelial cells, indicating that CTRLT may have an
alternative insulator function not yet identified. In eukaryotic gene expression, CTCF
insulators have different cell-type-specific insulator functions and can recruit different
coregulatory proteins in response to cell type. To determine whether the CTCF binding
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FIG 2 Luciferase reporter constructs were generated to test the ability of the CTCF binding motif to block the LAT enhancer. (A) General schematic for construct
design. Each CTCF/LTE construct contained the specific CTCF binding site positioned between the LAT enhancer element and the simian virus 40 (SV40)
promoter in the pGL3 control vector. (B) Reporter assays in Vero cells. All transfections were done in triplicate wells and were repeated five times (n = 5). Data
are presented as both a comparison of the LTE to the LTE/CTCF construct and of the CTCF compared to the LTE/CTCF construct (¥, P < 0.001), comparing the
reduction in luciferase expression levels between the LTE and LTE/CTCF constructs, determined by unpaired one-tailed Student’s t tests in pairwise comparisons;
#, 2-fold reduction in luciferase expression levels between the CTCF and LTE/CTCF constructs. All luciferase values were normalized to the value for the pGL3
control, which was set to 1. (C) Reporter assays done in Neuro 2a cells. All transfections were done in triplicate wells and were repeated five times (n = 5). Data
are presented as both a comparison of the LTE to the LTE/CTCF construct and of the CTCF compared to the LTE/CTCF construct (¥, P < 0.001), comparing the
reduction in luciferase expression levels between the LTE and LTE/CTCF constructs, determined by unpaired one-tailed Student’s t tests in pairwise comparisons;
&, P < 0.01, comparing the reduction in luciferase expression levels between the CTCF and LTE/CTCF constructs.

motifs identified in the latent HSV-1 genome also have cell-type-specific insulator
function, we tested these reporter constructs in a neuronal cell line. When we tested
the CTRL1 plasmids in reporter assays using Neuro 2a cells, we found that the CTRL1
site was a potent enhancer blocker of the LAT enhancer, with luciferase expression
decreased by 5-fold in the CTRL1/LTE construct compared to the levels of the LTE and
the CTRL1 constructs (Fig. 2C). Similar results were found for the CTRL2, CTa’m, and
CTRS1 sites of HSV-1, where significant decreased luciferase expression was observed in
the LTE/CTCF reporters compared to levels of both the LTE and the respective CTCF
reporters (Fig. 2C). However, when we tested the ability of the CTRS3 site to block the
LAT enhancer in Neuro 2a cells, we found that this site was not a functional enhancer
blocker in neuronal cells, in contrast to the enhancer-blocking activity observed in
other epithelial cell lines (Fig. 2C) (23). These striking cell-type-specific differences in
insulator phenotypes indicate that the CTRLT and CTRS3 sites have dynamic insulator
functions during lytic (epithelial cells) and latent (neuronal cells) infections.

CTCF is not completely evicted from the CTRL1 site at early times postreacti-
vation. We hypothesized that CTCF eviction might be a fundamental step in the
process of reactivation and previously showed that CTCF was completely evicted from
the CTa’'m and CTRS3 sites upstream of the lytic promoters from the latent HSV-1
genome at early times following reactivation (23). To determine whether the CTRL1 and
CTRS1/2 sites also evict CTCF at early times postreactivation, we utilized two methods
of reactivation, sodium butyrate (NaB) treatment and explant-induced reactivation.
Following NaB treatment, the mouse TG were harvested at 1 h, 2 h, 3 h, 4 h, and 6 h.
ChlIP assays combined with real-time PCR analyses of the TG from NaB-treated mice
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FIG 3 CTRL1 remains enriched in CTCF following reactivation. (A) Mice latently infected with HSV-1 17Syn+ were subjected to intraperitoneal treatment with
sodium butyrate (NaB), and the TG were harvested at 1 h, 2 h, 3 h, 4 h, and 6 h. ChIP assays using anti-CTCF were combined with real-time PCR analyses to
compare TG from NaB-treated mice and latently infected mouse TG at the CTRL1 site. Time following NaB treatment is represented on the x axis. The 0-h time
point samples are from latently infected mice not subjected to NaB treatment. TG of three mice (6 TG) were pooled for each ChIP assay (n = 8 for each time
point done). There was a significant decrease in CTCF occupation of this site by 2 h post-NaB treatment (>3-fold; *, P < 0.01), but the site remained significantly
enriched in CTCF relative to the level of the negative control, gC (#, P < 0.05) (B) Explant-induced reactivation was done to confirm NaB results. TG of three
mice (6 TG) were pooled for each ChIP assay (n = 8 for each time point done). Data are consistent with results for NaB-treated animals where CTCF is not
completely evicted from the CTRL1 site (#, P < 0.05, one-way ANOVA). (C) CTRL1 is significantly more enriched than CTRS3 at 6 h postreactivation following
NaB (#, P < 0.05). (D) CTCF binding at the CTRS3 site is significantly lower by 2 h (*, P < 0.01) and is essentially abolished by 6 h postreactivation. (E) CTCF
is significantly lower at the CTRS1/2 sites by 4 h following NaB reactivation (#, P < 0.05). Statistical data were determined by one-way ANOVA by comparing
the B/I ratios at each time point shown. It should be noted that latent samples are the same samples used in the experiment shown in Fig. 1B.

showed that by 2 h post-NaB treatment, the CTRL1 lost CTCF enrichment relative to the
latent time point but remained significantly enriched in CTCF, relative not only to the
negative control (gC) (Fig. 3A) but also to other CTCF binding sites, such as the CTRS3
site, where CTCF binding is essentially abolished by 6 h post-NaB treatment (Fig. 3C and
D); this suggests that the CTRL1 region may retain insulator capabilities during a
reactivation event. To ensure that the changes being observed with respect to CTCF
eviction were a consequence of reactivation and not a direct result of NaB treatment,
we confirmed our results using an alternative method of HSV-1 reactivation in the
mouse. Here, we employed the explant-induced HSV-1 reactivation model, an ex vivo
model that has been consistently and reliably used to study HSV-1 reactivation in
latently infected mice (28, 29). We harvested mouse TG latently infected with wild-type
17Syn+, placed them in supplemented medium, and incubated them at 37°C with 5%
CO, for 1, 3, or 6 h, as previously reported (28). ChIP assays were performed as
described for NaB experiments. The results from our explant-induced reactivation ChIP
experiments were consistent with the NaB experiments and confirmed that CTCF
enrichment decreased postexplant (Fig. 3B). We also examined the CTRS1/2 sites using
both NaB (Fig. 3E) and explant-induced reactivation (data not shown). Here, we
observed CTCF eviction with the CTRS1/2 site, consistent with the CTCF eviction from
the CTRL2, CTa'm, and CTRS3 sites following reactivation (23). It is important to note
that we also used PCR with HSV-1 DNA Pol primers to quantify HSV-1 genomes in
ganglia during latency and following reactivation at the time points listed in Fig. 3, and
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FIG 4 CTCF occupation is LAT dependent. The bar graphs represent ChIP assays using anti-CTCF as previously described. For each virus TG of three mice (6
TG) were pooled in one sample (n = 8). Relative enrichments for each gene region are shown for all three viruses. Statistical analyses were done for each site
comparing the wt, mutant, and rescue samples. (A) Diagram of the deletion relative to the CTRL1 site in HSV-1. (B) In the LAT-null mutant virus 17APst, CTCF
occupation of each site is significantly lower at all sites, excluding CTa’m (for all comparisons, asterisks indicate a P value of <0.05), relative to the levels of
wild-type and rescue viruses. (C) The number of HSV-1 genomes per sample was determined to show equivalent infections among the wt and mutant viruses.
Relative copy numbers of HSV-1 DNA polymerase and mouse APRT were determined by PCR using 8 mice (16 TG) that were latently infected with 17Syn+ or
17APst. TG were harvested at 28 days postinfection, and DNA was extracted. Data are presented as a ratio of HSV-1 DNA Pol/APRT. One-way ANOVA did not
indicate a significant difference in HSV-1 copy numbers between the viruses. (D) Decreased LAT expression for the 17APst virus was confirmed by qRT-PCR using
primers/probe sequences specific for the LAT intron and normalized to mouse APRT (n = 8). Mice ganglia latent with either wt or 17APst virus were harvested,

and RNA was extracted as described in Materials and Methods.

we found no significant difference in the number of genomes present, proving that the
CTCF eviction observed was not due to changes in genome loads following reactivation
(data not shown). These data further support that CTCF eviction during reactivation is
dynamic and site specific, with the CTRL1 site retaining bound CTCF following reacti-
vation.

CTCF occupation on the latent genome is differentially driven by LAT. LAT
expression may play a pivotal role in the establishment and maintenance of latency
through regulation of lytic gene expression. To determine whether LAT contributes to
the regulation of gene expression through a CTCF-mediated mechanism, we examined
CTCF occupation on the latent HSV-1 genome in a LAT promoter mutant virus, 17APst
(the deletion lies outside the CTRL1 binding motif) (Fig. 4A). Deletion of the 202-bp core
promoter of LAT results in >10,000-fold reductions in LAT expression during latency in
vivo (Fig. 4D). ChIP assays using anti-CTCF were performed using mouse TG harvested
at 28 days postinfection. Again, ChIP assays were validated using cellular controls as
described in Materials and Methods, and all viral targets were normalized to the host
mouse Tsix ratios so that comparisons could be made between viruses. Using gPCR, we
found that CTCF binding was significantly lower on the CTRL1, CTRL2, CTa’m, and
CTRS3 sites of the genome in the LAT-null mutant 17APst than of the wild-type virus
and the rescued 17APst virus (Fig. 4B). Comparison of the wild-type, rescued, and
mutant viruses show that there is a significant decrease in CTCF enrichment at all CTCF
binding sites in the LAT-null mutant at all sites except the CTa'm site, upstream of the
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ICPO promoter region of HSV-1, where CTCF enrichment is the lowest in wt virus (Fig.
4B). Further, the decrease in CTCF binding in the mutant is not the result of either
compensatory changes in the conserved DNA binding sequence or the deletion itself.
We observed no significant change in the CTCF enrichment of any sites in the rescue
of 17APst. Finally, the decreased CTCF enrichment observed in the mutant was not due
to decreased genome loads between the mutant and wild-type viruses as equivalent
infections were observed in both sets of ganglia (Fig. 4C). Taken together, these data
indicate that abundant CTCF occupancy on the HSV-1 genome during latency is linked
with the ability to express LAT.

Suz12 colocalized to CTCF insulators flanking the IE regions of HSV-1 during
latency. In mammalian genomes, it was demonstrated that CTCF interacted with the
protein Suz12 in the PRC2 complex, leading to allele-specific H3K27 methylation to
suppress maternal /gf2 promoters for gene silencing. Further, Cliffe et al. subsequently
showed that Suz12 is recruited to specific lytic promoters in a LAT-independent manner
following the resolution of the acute infection at p.i. day 14 but not to ICPO and ICP4
promoters (14). In our experiments, we sought to determine if CTCF interacted with
Suzl12 to potentially recruit the PRC2 complex to insulator sites for transcriptional
control. We performed ChlIP assays using anti-Suz12 combined with real-time PCR of
the individual CTCF binding motifs CTRL1, CTRL2, CTa’'m, CTRS1/2, and CTRS3 to
determine whether Suz12 was recruited to these sites that are enriched in CTCF during
latency in wild-type virus. We compared the ratio of bound to input (B/I) viral DNA
precipitated from the ChIP antibody for Suz12, with the B/I value of viral DNA precip-
itated with the nonspecific IgG antibody as a negative control, and the data are
presented as the fold-enrichment of Suz12 compared to the IgG level (Fig. 5A). We
found evidence that Suz12 was recruited to the CTa’m, CTRS1/2, and CTRS3 sires that
flank the ICPO and ICP4 gene regions of HSV-1 but not to the CTRLT and CTRL2 sites
around the LAT region (Fig. 5A). Our data indicate that CTCF bound to these insulator
sites may facilitate the recruitment of the PRC2 through a direct Suz12-CTCF interaction
to repress lytic IE transcription during latency. In support of this, ChIP assays done to
quantify Suz12 on the CTa’'m, CTRS1/2, and the CTRS3 sites in the mutant 17APst show
a significant decrease in Suz12 on the CTa’m and CTRS3 sites relative to wt levels (Fig.
5B). Since there is less CTCF bound to these sites in the mutant virus, the decreased
enrichment of CTCF at these sites in 17APst further support the hypothesis that Suz12
is recruited by CTCF. Additional gPCR was done on wt virus following the Suz12 ChIP
assays to confirm that Suz12 localized to the LAT promoter and VP16 sites, as previously
reported by Cliffe et al. (14). We found a significant enrichment of Suz12 on both of
these sites (Fig. 5C), indicating that the PRC2 complex might be recruited by other
corepressor elements in these regions. In contrast, we found no significant enrichment
of Suz12 on the ICP4 promoter region. This, combined with the fact that the ICP4
promoter is over 1,000 bp away from the nearest CTCF site (CTRS3), led us to conclude
that Suz12 and CTCF interact at the CTCF binding site and not the ICP4 promoter. We
also assayed by ChlIP the enrichment of Suz12 on the CTCF sites of HSV-1 at early times
post-NaB reactivation. Here, we found that Suz12 enrichment significantly decreased by
6 h postreactivation on the sites flanking the IE regions of ICPO and ICP4 (Fig. 5D).
Further, this time frame for the reduction of Suz12 is consistent with both CTCF eviction
and changes to the histone marks of these sites, further supporting the idea that CTCF
recruits the PRC2 through a Suz12-CTCF interaction to maintain IE repression during
latency. Conversely, no changes could be observed in Suz12 enrichment at the CTRL1
or CTRL2 sites following reactivation (data not shown for simplicity).

DISCUSSION

The hypothesis that CTCF insulators regulate the establishment and maintenance of
transcriptional domains in HSV-1 latency is very provocative. Because HSV-1 lytically
replicates in epithelial cells but establishes latency in neurons, we hypothesized that
the CTCF insulators may function differently depending on the cell type. Therefore, we
generated reporter constructs and tested these constructs in Vero cells (epithelial) and
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FIG 5 Suz12 is recruited to CTCF binding sites flanking ICPO and ICP4. The bar graph represents ChIP assays using anti-Suz12 for the wt virus and for comparison
of wt and mutant viruses. qPCR was done on individual CTCF binding motifs of CTRL1, CTRL2, CTa’m, CTRS1/2, and CTRS3 following ChIP assays using anti-Suz12
(Millipore). (A) Nonspecific IgG antibody was used as a control for binding in the bound samples of each ChIP assay (n = 8). Data are presented as the fold
enrichment of Suz12 compared to the IgG level, where relative values for IgG were set to 1. Error bars represent the standard deviations between each fold
change for each individual ChIP assay done. There was a significant enrichment of Suz12 at the CTa’m, CTRS1/2, and CTRS3 sites relative to the level of the
antibody control, IgG (¥, P < 0.05; **, P < 0.01; ***, P < 0.01). (B) ChIP assays were done comparing Suz12 enrichment at the CTa’m, CTRS1/2, and CTRS3 sites
wt and mutant viruses (n = 6). Data are presented as fold change in Suz12 enrichment at each site for 17APst. The wt virus (17Syn+) enrichment for each site
was normalized to 1. There were significant decreases in the enrichments of the CTa’m and CTRS3 sites for 17APst relative to wt virus (¥, P < 0.05). (C) ChIP
assays using the Suz12 antibody followed by qPCR of viral targets, including the LAT promoter, ICP4, and VP16, were done. gC was used as a negative viral
control. We found significant enrichment of Suz12 on the LAT promoter and VP16 sites (*, P < 0.05) but not on ICP4. Nonspecific IgG antibody was used as
a control for binding in the bound samples of each ChIP assay (n = 8). Data are presented as the fold enrichment of Suz12 compared to the IgG level, where
relative values for IgG were set to 1. Error bars represent the standard deviations between each fold change for each individual ChIP assay done. Statistical data
were determined by one-way analysis of variance by comparing the B/I ratios of the viral targets to the ratio of the IgG control. (D) The bar graph represents
ChIP assays using anti-Suz12 for the wt virus following NaB reactivation, as described in Materials and Methods. qPCR was done on individual CTCF binding
motifs following ChIP assays using anti-Suz12 (Millipore). Nonspecific IgG antibody was used as a control for binding in the bound samples of each ChIP assay
(n = 8). Data are presented as the fold enrichment of Suz12 at each site during latency, where relative values for Suz12 bound/input and IgG bound/input were
set to 1. Error bars represent the standard deviations between each fold change value for each individual ChIP assay done. There was a significant decrease
in enrichment of Suz12 at the CTa’m, CTRS1/2, and CTRS3 sites by 6 h postreactivation (*, P < 0.05).

Neuro 2a cells as a model for neurons. We showed that the CTRL1 site does not function
as an enhancer blocker in epithelial cells but displays a potent enhancer-blocking
function in neuronal cells. This finding is consistent with another report showing that
elements in the CTRL1 motif have cell-type-specific functions in neurons and fibroblasts
(30). Further, CTCF interacts with the large subunit of RNA polymerase Il (RNA Pol Il) for
the activation of transcription in mammalian cells (24), and it has recently been shown
that during the lytic infection of HSV-1, CTCF recruits RNA Pol Il to the genome for
transcription (31), further supporting the hypothesis that CTCF sites have differential
functions during the lytic infection in epithelial cells and latent infection in neurons. We
also showed that the CTRS3 site upstream from the ICP4 promoter had weak enhancer-
blocking activity when the CTRS3 and LTE/CTRS3 constructs were compared in Vero
cells, but when we tested this construct in Neuro 2a cells, we found no enhancer-
blocking function, supporting our hypothesis that CTCF insulators in HSV-1 have
dynamic lytic/latent functions. We hypothesize that during latency, the CTRS3 site
functions as a silencer insulator to recruit corepressor protein complexes to repress
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ICP4 transcription. This hypothesis is supported by previous work showing enrichment
of repressive histone marks on the ICP4 gene region as well as our own data showing
that Suz12 is enriched on the CTRS3 site during latency and is evicted during reacti-
vation.

We quantified the binding of CTCF to CTRL1 and CTRS1/2 upstream from the LAT
promoter and downstream from the ICP4 region, respectively. We found that CTRL1
was significantly more enriched in CTCF than all other binding sites in HSV-1 during
latency. Further, upon reactivation, the CTRL1 site did not completely evict CTCF,
suggesting that this site retains some insulator function. While it is possible that CTCF
is not globally evicted from the CTRL1 site because not all HSV-1 genomes are
reactivating after NaB or explant treatment, we do not think that this is the case since
in such an instance the other CTCF sites would also retain CTCF following reactivation.
This is clearly not the case in the CTRS3 site, where CTCF binding is essentially abolished
during reactivation. Further, our findings are consistent with CTCF regulation in other
DNA viruses, where CTCF control of viral gene transcription has been described.
Specifically, reports have shown that CTCF associates with several regions of Kaposi's
sarcoma-associated herpesvirus (KSHV) in a cell cycle-dependent manner to repress
lytic transcription (32, 33) and that the binding of CTCF is dynamic. Following lytic
activation in KSHV, CTCF is not globally evicted; rather, it is gradually reduced at some
sites but maintained at others. These observations in KSHV are similar to the CTCF
binding and eviction dynamics we observed in HSV-1.

We hypothesized that the PRC2 complex was recruited to the genome and specif-
ically to the CTCF binding motifs through a CTCF-Suzl12 interaction to establish
transcriptionally repressed domains around the IE genes as latency is established. CTCF
insulators directly interact with the protein Suz12 in mammalian cells, and since the
PRC2 is responsible for the trimethylation of H3K27 to silence transcription (27), CTCF
recruitment of PRC2 through a Suz12 interaction in HSV-1 was consistent with the
H3K27me3 status of lytic regions during latency. We found that Suz12 colocalized
primarily to CTCF binding domains that flank the ICPO and ICP4 gene regions of the
genome. We speculate that Suz12 enrichment around the IE gene sites is a regulatory
element maintaining repression of lytic transcription, and the mechanism by which
CTCF establishes these domains is under investigation and will be the subject of a
future manuscript. In contrast, Suz12 accumulation decreased at early times postreac-
tivation, consistent with the loss of CTCF binding and changes to histone marks at
those sites upon reactivation. These findings further support the idea that CTCF recruits
the PRC2 through a Suz12 interaction to repress IE transcription during latency. We also
note that SUZ12 was recruited to other sites that lie outside the CTCF binding domains,
including the LAT promoter site. These data are consistent with previous findings by
Cliffe et al., who reported that Suz12 occupied the LAT promoter region in mouse
ganglia at 14 days postinfection (14). This finding suggests that other regulatory
elements maintain the ability to recruit the PRC2. One possible explanation for our
observations is that the LAT, a long noncoding RNA (IncRNA), interacts with the PRC2
in @ manner similar to how host ncRNAs interact with and recruit the PRC2 for gene
repression (34).

Using a mutant virus, 17APst, we showed that CTCF recruitment on the genome is
LAT dependent, further indicating that LAT plays a pivotal role in silencing lytic
transcription through coordination of CTCF binding on the HSV-1 genome. While we
hypothesize that LAT transcription is essential for CTCF recruitment, our data do not
preclude that the deletion of the LAT promoter could result in changes to RNA Pol II
binding or changes to protein recruitment that would alter CTCF recruitment and
binding. Nevertheless, the finding that there is less CTCF bound to the mutant 17APst
virus CTCF binding sites is an interesting finding. If we consider that CTCF eviction is an
important component of HSV-1 reactivation, then one might expect that viruses that do
not reactivate have more CTCF bound to these sites to maintain repression of the
genome. However, this is not the case, and we consistently see significantly less CTCF
bound to viruses that do not reactivate in a site-specific manner (23). While our data
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show us that CTCF occupation is a LAT-driven phenomenon, we hypothesize that the
ability of the wt virus to establish higher-order chromatin structures for the regulation
of gene expression are also involved. CTCF can self-dimerize on insulators to form
higher-order chromatin structures, known as chromatin loops, which bring distant
enhancers and promoters into spatial proximity to regulate gene expression (35-37).
Consequently, CTCF insulators regulate the local balance of active and repressive
histone marks within chromatin loops through the recruitment of corepressors. The
differential regulation of each CTCF binding motif in HSV-1 could serve to place the LAT
enhancer into spatial proximity with lytic promoters to regulate gene expression, with
LAT expression being a critical element to the establishment of functional chromatin
loops in HSV-1. In support of our hypothesis, there is evidence that support roles for
chromatin loops in the regulation of other herpesviruses such as KSHV and Epstein-Barr
virus (EBV) (38, 39). In KSHV, CTCF and cohesion proteins colocalize to mediate DNA
looping (33). Conventional chromosome conformation capture (3C) assays in cell
culture have also identified a chromatin loop that likely mediates type | and type IlI
latency in EBV (40). We speculate that the differential regulation of each CTCF site in
HSV-1 may be related to genomic organization in 3D to regulate transcription in the
HSV-1 genome. These ideas are currently being explored in the animal models of HSV-1.

Conclusion. We found that CTCF binding sites in HSV-1 are independently and
dynamically regulated in a cell-type-specific manner, a finding consistent with CTCF
regulation of other DNA viruses. We explored the possibility that CTCF binding sites
may recruit the coregulatory protein complex, polycomb-repressive complex 2 (PRC2),
through a CTCF-Suzl12 interaction to establish transcriptionally repressed domains
during latency. Here, we found evidence that Suz12 colocalized to CTCF binding motifs
flanking the IE regions of ICPO and ICP4 in latent HSV-1. Our data indicate that CTCF
recruitment of the PRC2 through a Suz12-CTCF interaction may be a mechanism by
which lytic transcription is silenced during HSV-1 latency.

MATERIALS AND METHODS

Viruses and cells. All experiments were performed using ganglia from mice infected with HSV-1
strains 17Syn+ and 17APst (LAT promoter mutant from the 17Syn+ parent with a 202-bp deletion of nt
118664 to 118866; GenBank accession number NC_001806) (obtained from David C. Bloom, University of
Florida) and the 17APst rescued virus. All viruses were amplified and titrated on rabbit skin cells (CCL-68;
ATCC) using Eagle’s minimal essential medium (Life Technologies) supplemented with 5% calf serum, 250
U of penicillin/ml, 250 ug of streptomycin/ml, and 292 g of L-glutamine/ml (Life Technologies).

Mouse ocular infections. Female BALB/c mice 4 to 6 weeks of age (Taconic) were anesthetized using
intramuscular injections of ketamine and xylazine (200 mg/kg and 10 mg/kg body weight, respectively).
Using a 27-gauge needle, a light 2-by-2 crosshatch pattern was made on the corneal epithelium. Viral
suspensions of 150,000 PFU/eye in a 5-ul volume were added to each eye for 17Syn+, 17APst, and the
17APst rescued virus. Animals were considered latent at >28 days postinfection (12). To verify that
equivalent infections were established following infections with each virus, genome copies per ganglia
were measured by quantitative real-time PCR using primers and a probe specific for HSV-1 DNA
polymerase.

HSV-1 reactivation. Viral reactivation was induced using either intraperitoneal injections of sodium
butyrate (NaB) (41) or by using the explant method, as previously described (23). Following NaB
treatment, mice were euthanized at 1 h, 2 h, 3 h, 4 h, or 6 h post-NaB treatment, and the trigeminal
ganglia (TG) were rapidly removed and homogenized in cold phosphate-buffered saline (PBS) with
protease inhibitors for ChIP procedures (see method below). Latent TG samples were not treated with
NaB prior to homogenization for ChIP processing as 0-h samples. In explant-induced reactivation
experiments, the TG were harvested from latently infected mice, placed in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 1% fetal bovine serum and 2% penicillin-streptomycin and placed
in an incubator at 37°C with 5% CO, for 1 h, 3 h, or 6 h. Following incubation, the TG were removed from
the DMEM, placed in cold PBS with protease inhibitors, and processed for ChIP assays.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed as previously described
for mice using the specific antibody anti-CTCF or anti-Suz12 (Millipore) (12). Each ChIP assay contained
pooled TG (total of 6) of three mice. The TG were rapidly removed following euthanasia, the ganglia were
homogenized, and the chromatin was cross-linked in 1% formaldehyde (Sigma-Aldrich). The cross-linked
cell lysates were sonicated to shear the chromatin into fragments between 300 and 800 bp. Fragment
size following sonication was confirmed by agarose gel electrophoresis using a 1.5% agarose gel. The
sheared chromatin was precleared with salmon sperm DNA-protein A agarose beads (Millipore) prior to
antibody incubation. An aliquot representing one-fifth of the total sample volume was removed as a
sample input (I). The remaining sample was incubated in a cold room overnight with shaking with 2 ug
of antibody per 1 ml of sample or with IgG as a nonspecific antibody binding control. The chromatin-
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TABLE 1 Primers and probes used in this study

Target and primer or probe

Primer sequence

Position? (nt)

HSV-1 CTRL1 117004-117071
Forward 5'-AGCCAAGTTAACGGGCTACG-3’
Reverse 5'-ATGCCAGCCCAACAAAATC-3’
Probe 5'-CCTTCGGGAATGGGACTGG-3’

HSV-1 CTRL2 120455-120643
Forward 5'-CCGCGGCTCTGTGGTTA-3’
Reverse 5'-GGATGCGTGGGAGTGGG-3’
Probe 5’-ACACCAGAGCCTGCCCAACATGGCA-3'

HSV-1 CTa’'m 126368-126560
Forward 5'-GCTGCCACAGGTGAAACC-3’
Reverse 5'-TGTAGCAGGAGCGGTGTG-3’
Probe 5'-ACCTGCCCAACAACACAACT-3’

HSV-1 CTRS1/2

127138-127303

Forward 5’-GCCCCTCGAATAAACAACGCTA-3’
Reverse 5'-GTTGTGGACTGGGAAGGCGC-3'
Probe 5'-GGTTGTTGCCGTTTATTGCG-3'
HSV-1 CTRS3 132247-132385
Forward 5'-ATCGCATCGGAAAGGGACACG-3'
Reverse 5'-CCAAGGTGCTTACCCGTGCAAA-3’
Probe 5’-ACAGAAACCCACCGGTCCGCCTTT-3’
HSV-1 gC 96331-96643
Forward 5'-CCTTGCCGTGGTCCTGTGGA-3’
Reverse 5'-GGTGGTGTTGTTCTTGGGTTTG-3’
Probe 5’-CCCCACGTCCACCCCCGACC-3!
HSV-1 DNA pol 65880-65953
Forward 5'-AGAGGGACATCCAGGACTTTGT-3'
Reverse 5'-CAGGCGCTTGTTGGTGTAC-3’
Probe 5'-ACCGCCGAACTGAGCA-3’
HSV-1 LAT Intron 119721-119795
Forward 5’-ACCCACGTACTCCAAGAAGGC-3’
Reverse 5'-TAAGACCCAAGCATAGAGAGCCA-3’
Probe 5'-TCCCACCCCGCCTGTGTTTTT-3’

aNucleotide positions are based on GenBank accession number NC_001806.

antibody complexes were collected with salmon sperm DNA-protein A agarose beads and eluted to
represent the bound (B) fraction. Both bound and input fractions were treated with 5 M NaCl, RNase A,
and proteinase K, and the DNA was finally purified using a QiaQuick PCR purification kit (Qiagen). Prior
to real-time PCR analyses of viral targets, all anti-CTCF ChlIP assays were validated by determining the B/I
ratios of the cellular controls Tsix imprinting/choice center CTCF site A (positive control) and MT498
(negative control) with the following primers: Tsix imprinting/choice center CTCF site A (GenBank
accession number AJ421479) forward, CGCAGGGCAGCCAGAA, and reverse TCTGGTGTTATCCCTTCCTGT
CTT, with probe CAGCCATTCACAATCC; mouse MT498 (NT_039554) forward, TACAAGATGCAAGTCTAGA
TATTTTAAGTCTATGTAT, and reverse, ACACACACACACACACACACA, with probe CACACACACACAAACAGC;
mouse adenine phosphoribosyltransferase (APRT) forward, CTCAAGAAATCTAACCCCTGACTCA, and re-
verse, GCGGGACAGGCTGAGA, with probe CCCCACACACACCTC (42). Only assays having a greater than
2-fold abundance of CTCF bound to the Tsix imprinting/choice center CTCF site A relative to the MT498
level were used in further analyses. The normalized B/I ratios for the viral gene gC was used as a negative
viral control due to the fact that it lies ~15 kb away from the nearest CTCF binding domain in HSV-1 and
therefore should not be associated with CTCF occupation in ChIP analyses. For the Suz12 assays, all
assays were validated with a negative-control ChIP using rabbit IgG (Abcam). All values for viral targets
were normalized to the level of the negative control.

Real-time PCR analysis of ChIP experiments. All real-time PCR experiments were performed using
TagMan universal PCR master mix, No AmpErase uracil N-glycosylase, on a gTower real-time PCR
detection system (Analytik Jena) using custom-designed primer-probe mixes (Applied Biosystems) with
the following general protocol: 95°C for 10 min followed by 45 cycles of 95°C for 15 s and then 60°C for
1 min. Threshold values used for PCR analyses were set within the linear range of PCR target amplification
based on a standard curve generated for each plate. Primer and probe sequence used for each viral
target are listed in Table 1.

Determination of bound/input ratios from ChIP. ChIP data are presented as a ratio of the relative
copy numbers of the PCR target in two fractions (bound and input), where the bound fractions are
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TABLE 2 PCR primers for HSV-1 targets

Journal of Virology

DNA Primer

target  direction Primer sequence Position (nt) PCR conditions

CTRL1 Forward 5'-TAGGTCCTTGGGGTAATGGAAAAGG-3’ 116959-117773 95°C for 5 min; 40 cycles of 98°C for 1 min, 60°C for 2 min,

and 72°C for 2 min; 72°C for 12 min

Reverse 5'-AAAACGAGGAGGAGGAGGAGAAGG-3'

CTRL2  Forward 5'-CAACACCCACGTCTGTGGTGT-3’ 120210-120941  95°C for 5 min; 30 cycles of 98°C for 10 s, 65°C for 1 min,

and 72°C for 2 min; 72°C for 12 min

Reverse 5'-GTCTCGGCACCCGTGGTC-3’

CTRS1/2 Forward 5’-CAGGTGAAACCAACAGAGCA-3’ 126376-126750 95°C for 5 min; 35 cycles of 94°C for 1 min, 60°C for 2 min,

and 72°C for 2 min; 72°C 12 min

Reverse 5'-GCCGCCAATCTCAGGTCAGA-3’

CTRS3 Forward 5’-GTCCCCGCCCTCCTCCGTC-3’ 131000-132600 95°C for 5 min; 35 cycles of 98°C for 10 s, 65°C for 1.5 min,

and 72°C for 1 min; 72°C for 12 min

Reverse 5'-ACGAGCAGGAAGCGGTCCACG-3'

representative of aliquots incubated overnight with the antibody or IgG and the input fractions are
precleared chromatin only (no specific antibody incubation). Standard curves were generated for each
PCR run for each gene region analyzed using serial dilutions of purified HSV-1 DNA or purified mouse
DNA using primer/probes specific for that region. Each ChIP assay was analyzed as follows. First,
duplicate PCRs were performed using DNA purified from either the bound (B) or input (I) fraction as the
target. The average cycle threshold (C;) for the bound fraction and the average C; for the input fraction
were then used to determine the relative quantity of target DNA in each fraction by using the equation
for the standard curve specific to the primer and probe set used. The quantity was expressed as a ratio
of the relative bound quantity to the relative input quantity (B/I ratio). All relative B/I ratios from each
gene region were normalized to the B/I ratio for the cellular control Tsix site A for the anti-CTCF
incubations or the B/I ratio for IgG for the anti-Suz12 incubations.

qPCR for genome copies/ganglia. Real-time primer probe sets specific to HSV-1 DNA polymerase
were used on all input fractions from ChIP samples to determine equivalent infections during latency and
following HSV-1 reactivation stimuli through 6 h. Real-time PCR was performed as described above. The
relative HSV-1 copy numbers for each sample were further normalized to the relative copy numbers of
the host control APRT.

Quantitative reverse transcription-PCR (qRT-PCR) analysis. Mouse TG were isolated and placed in
RNAlater and stored according to the manufacturer’s specifications. RNA was extracted by removing
RNAlater from samples and adding TRIzol reagent (Sigma-Aldrich) to each sample. Briefly, each TG was
homogenized in 1.2 ml of TRIzol, and following the addition of 0.2 volume of chloroform, samples were
centrifuged for phase separation. RNA was precipitated from the aqueous phase using 0.7 volume of
isopropanol, followed by DNase treatment using DNA-free (Ambion), according to the manufacturer’s
directions. Reverse transcription using random primers was performed with a high-capacity cDNA reverse
transcription kit (ABI), according to the manufacturer’s instructions. Briefly, 20-ul reaction mixtures
contained DNase-treated RNA, manufacturer-supplied buffer, deoxynucleoside triphosphate mix, 1 uM
random hexamer primer, 1 U of RNase inhibitor (Ambion), and Multiscribe reverse transcriptase.
Real-time PCRs were performed on cDNA according to the above-described procedures and protocols
using the LAT intron primers and probes shown in Table 1 (mouse APRT forward, 5'-CTCAAGAAATCTA
ACCCCTGACTCA-3’; reverse, 5'-GCGGGACAGGCTGAGA-3'; probe, 5'-CCCCACACACACCTC-3’).

PCR through CTCF motifs. Endpoint PCR was done using viral DNA purified from either wt or mutant
virus to determine if there was a difference in the sizes of the consensus motifs as a result of the deletion of
the LAT promoter sequence. Endpoint PCR was done using a HotStar HiFidelity polymerase kit (Qiagen).
Primer sequences and PCR conditions for each fragment amplified by PCR are listed in Table 2.

Plasmid constructs and enhancer blocking assays. The HSV-1 LAT enhancer (nucleotides [nt]
118888 to 119477) was directionally cloned into the 5’ Kpnl and 3’ Mlul polylinker sites of the pGL3
control vector (Promega) using PCR-generated Kpnl and Mlul linkers to generate the pGL3-control/LTE
enhancer plasmid, as previously described (22). Additionally, a 2.1-kb fragment (nt 118888 to 120942)
with the LAT enhancer and CTRL2 insulator in their native HSV-1 configurations was directionally cloned
into the 5’ Kpnl and 3’ Xhol polylinker sites of the pGL3 control plasmid using PCR-generated Kpnl and
Xhol linkers to create pGL3-control/LTE+CTRL2 (23). Other constructs generated included the CTRL1 and
the CTRS1 regions of HSV-1. First, a 932-bp fragment (nt 117056 to 117988) containing sequences
flanking the core CTCF binding cluster of CTRL1 (Fig. 1A) was generated in the pGL3 control plasmid and
sequence verified (Biomatik). The pGL3-control/CTRL1 plasmid was then used to generate pGL3-control/
LTE+CTRLT by directionally cloning the LTE fragment into the 5’ Kpnl and 3’ Sacl sites of the
pGL3-control/CTRL1 plasmid using PCR-generated Kpnl and Sacl linkers. Another plasmid containing
sequences flanking the core CTCF binding motif CTRS1 (Fig. 1A) was generated by PCR with Nhel and
Xho1 linkers (nt 126376 to 126758). The pGL3-control/CTRS1 and pGL3-control/LTE+CTRS1 plasmids
were generated by directionally cloning the CTRS1 into the 5’ Nhel and 3’ Xhol sites using PCR-
generated Nhel and Xhol linkers to create the indicated plasmids. The CTa’m and the CTRS3 constructs
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were generated as follows: a 1.3-kb fragment (nt 125013 to 126375) containing sequences flanking the
217-bp core CTCF binding cluster of CTa’m (Fig. 1A) was generated by PCR with Nhel and Xho1 linkers.
The pGL3-control/CTa’m and pGL3-control/LTE+CTa’'m plasmids were generated by directionally clon-
ing the CTa’m fragment into the 5’ Nhel and 3’ Xhol sites of the pGL3 control or the pGL3-control/LTE
enhancer, respectively, using PCR-generated Nhel and Xhol linkers. A 1.6-kb fragment (nt 131000 to
132600) containing sequences flanking the core 111-bp cluster of the CTCF binding motif CTRS3 (Fig. 1A)
was generated by PCR with Nhel and Xhol linkers. The pGL3-control/CTRS3 and pGL3-control/
LTE+CTRS3 plasmids were generated by directionally cloning the CTRS3 site into the 5’ Nhel and 3’ Xhol
sites using PCR-generated Nhel and Xhol linkers. Transient transfections were done using 1 pg of each
luciferase test construct described above in 24-well dishes seeded 24 h earlier with either Vero cells or
Neuro 2a cells (ATCC) at 2 X 105 cells/ml (ATCC). Five hundred nanograms of phRL-TK Renilla construct
was cotransfected as a control for transfection efficiency. Each luciferase construct was tested in triplicate
and repeated five times. Transfections were carried out using 5 ul of SuperFect transfection reagent
(Qiagen) per reaction well according to the manufacturer’s protocols. Following a 24-h incubation, the
cells were lysed, and luciferase levels were tested using a Dual Luciferase Reporter Assay kit (Promega)
according to the manufacturer’s protocols, and the levels were measured using a Berthold Technologies
TriStar LB 941 Luminometer with MikroWin 2000.

Statistical analysis. One-way analysis of variance (ANOVA) was performed using SigmaPlot, version

12.5, by analyzing the individual normalized B/I ratios for a specific gene region during latency compared
to the normalized B/I ratio for that same gene region following NaB treatment (or explant-induced
reactivation) at each individual time point analyzed by ChIP. The P values are indicated on the graphs
above the time point at which a significant change was determined by one-way ANOVA. For luciferase
assays, unpaired one-tailed Student’s t tests in pairwise comparisons of the CTCF construct and CTCF-LTE
constructs were done.

Ethics statement. The animal studies were approved by the Institutional Animal Care and Use

Committee of the Louisiana State University Health Sciences Center, New Orleans (institutional animal
welfare assurance no. A3094-01).
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