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ABSTRACT Herpes simplex virus 1 (HSV-1) is a human pathogen that can establish
a lifelong infection in the host. During latency, HSV-1 genomes are chromatinized
and are abundantly associated with histones in sensory neurons, yet the mechanisms
that govern the latent-lytic transition remain unclear. We hypothesize that the
latent-lytic switch is controlled by CTCF insulators, positioned within the HSV-1 latent
genome. CTCF insulators, together with the cohesin complex, can establish and
maintain chromatin loops that allow distance-separated gene regions to be spatially
oriented for transcriptional control. In the current study, we demonstrated that the
cohesin subunit Rad21 was recruited to latent HSV-1 genomes near four of the CTCF
insulators during latency. We showed that the CTCF insulator known as CTRS1/2,
positioned downstream from the essential transactivating immediate-early (IE) region
of ICP4, was only enriched in Rad21 prior to but not during latency, suggesting that
the CTRS1/2 insulator is not required for the maintenance of latency. Further, dele-
tion of the CTRL2 insulator, positioned downstream from the latency-associated tran-
script (LAT) enhancer, resulted in a loss of Rad21 enrichment at insulators flanking
the ICP4 region at early times postinfection in mouse ganglia, suggesting that these
insulators are interdependent. Finally, deletion of the CTRL2 insulator resulted in a
loss of Rad21 enrichment at the CTRL2 insulator in a cell type-specific manner, and
this loss of Rad21 enrichment was correlated with decreased LAT expression, sug-
gesting that Rad21 recruitment to viral genomes is important for efficient gene
expression.

IMPORTANCE CTCF insulators are important for transcriptional control, and increasing
evidence suggests that CTCF insulators, together with the cohesin complex, regulate
viral transcription in DNA viruses. The CTCF-cohesin interaction is important for the
formation of chromatin loops, structures that orient distance-separated elements in
close spatial proximity for transcriptional control. Herpes simplex virus 1 (HSV-1) has
seven putative CTCF insulators that flank the LAT and the IE, indicating that CTCF
insulators play a role in the transition from latency to reactivation. Contributions
from the work presented here include the finding that CTCF insulators in HSV-1
genomes are differentially enriched in the cohesin subunit Rad21, suggesting that
CTCF-cohesin interactions are establishing and anchoring chromatin loop structures
to control viral transcription.
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Herpes simplex virus 1 (HSV-1) is a human pathogen that can establish a lifelong
infection in the host. During acute infection, the virus infects mucosal or corneal

epithelial cells, where it replicates, produces progeny virus, and spreads. Following
acute infection, HSV-1 is transported by retrograde axonal transport to sensory neu-
rons in the peripheral nervous system, where it establishes a lifelong latent infection.
Latent viral genomes can periodically reactivate in response to a number of external
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stimuli, and, following reactivation, the virus can travel back to the periphery and cause
clinical disease, including diseases of the cornea that can ultimately lead to blindness
(1, 2).

During acute infection, the HSV-1 genome is organized into dynamic nucleosomes
that rapidly associate with histones to complete a series of sequential gene activation,
reversal of epigenetic silencing, and nucleosome destabilization steps that subse-
quently combat host chromatinization mechanisms aimed at silencing lytic gene
expression (3–11). In contrast, during latency, HSV-1 genomes are regularly chromati-
nized and are abundantly associated with histones in sensory neurons (12–14). During
latency, the HSV-1 genome is essentially silenced with the exception of the latency-
associated transcript (LAT). LAT is a multifunctional RNA that is abundantly expressed
in a fraction of sensory neurons (15). During latency, the LAT is populated with permis-
sive euchromatin marks, including acetyl-H3K9K14 and H3K4me2 (13, 16), while the
nearby immediate-early (IE) lytic regions bear repressive histone marks, including
H3K27me3 and H3K9me3 (17–20). At early times following the application of reactiva-
tion stimuli that include epinephrine iontophoresis in rabbits or sodium butyrate and
ganglion explant in mice, the histone marks associated with IE regions ICP0 and ICP4
rapidly undergo dynamic changes and become more euchromatic in nature (21–23).
However, the epigenetic mechanisms that govern the initial transcription of lytic genes
appear to be distinct from the epigenetic mechanisms that are involved in reactivation
from latency, the latter being linked to changes in neuronal stress response pathways
(24, 25). Understanding the key differences between epigenetic regulation of HSV-1
during the acute infection and those mechanisms involved in reactivation are critical
to understanding the latent-lytic switch in vivo. Nonetheless, these distinct epigenetic
mechanisms involved in controlling the latent-lytic switch remain elusive.

One intriguing possibility is that lytic and latent viral genomes and their transcrip-
tional abilities are controlled, in part, by chromatin insulators. Classically defined, chro-
matin insulators are the regulatory domains that separate distinct gene clusters and
prevent inappropriate signaling across transcriptional domains (26). CTCF insulators
are well-characterized vertebrate chromatin insulators that function when the 11-zinc
finger DNA binding protein CTCF (CCCTC-binding factor) binds to a conserved DNA
binding motif (26). These insulator elements can act as barriers and/or enhancer-block-
ers and can recruit corepressive or coactivating proteins to maintain transcriptional
control over gene regions. CTCF insulators can also self-dimerize to establish long-
range chromosomal interactions that facilitate the formation of chromatin loops (26).
In eukaryotic cells, host genomes are folded into CTCF-mediated spatially oriented
domains that are organized into compartmentalized structures, known as topologically
associated domains (TADs), to control transcription (27, 28). In TAD organization, CTCF
insulators can colocalize with the cohesin complex, a 4-membered protein complex
that is essential for chromatid cohesion in cell division and the establishment and
maintenance of long-range chromosomal interactions (chromatin loops) (29–33). The
cohesin complex is composed of four core proteins (SMC1, SMC3, SCC1 [Rad21], and
SA1/2 subunits) that form a ring-shaped structure (34). Cohesin colocalizes with CTCF
insulators and contributes to the organization and maintenance of chromatin loops, in
part by anchoring the loop structures formed (27, 34–36). The Rad21 subunit of cohe-
sin was originally identified for its role in DNA double-strand break repair (37), and this
subunit interacts with the SMC1 and SMC3 protein subunits of the cohesin complex to
form a tripartite ring-shaped structure that interacts with the SA subunit of the cohesin
complex for stabilization (38, 39). The C-terminal domain of the Rad21 subunit has also
been described as a participant in loading and holding of DNA in the cohesin complex
(40–42). Consequently, knockdown of cohesin subunits, including Rad21, results in the
reorganization of chromatin loops (30, 33, 43–51).

Interestingly, these CTCF-mediated long-range spatial interactions have also been
identified in a number of DNA viruses, including Epstein-Barr virus (EBV), Kaposi’s sar-
coma-associated herpesvirus (KSHV), and human papillomavirus (HPV), where they
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play roles in gene silencing and gene activation, chromatin barrier formation, nucleo-
some positioning, and RNA pol II progression and viral genome persistence (52–69).
Most recently, cohesin subunits Rad21 and SMC1 were shown to be recruited to HSV-1
lytic replication compartments, and knockdown of Rad21 and SMC1 resulted in
reduced RNA pol II occupancy and increased H3K27me3 enrichment, further suggest-
ing that cohesion recruitment facilitates HSV-1 lytic transcription (70).

In latent HSV-1 genomes, 7 putative CTCF insulators were previously identified and
cluster around the LAT and IE genes, likely to facilitate the formation of distinct chro-
matin domains during latency (Fig. 1) (64). We have characterized 4 of the 7 putative
insulators as enhancer-blocking insulators, some acting as enhancer-blocking insula-
tors in a cell type-specific manner (62), and demonstrated that (i) CTCF protein was dif-
ferentially enriched at these sites during latency, (ii) that the protein Suz12, part of the
Polycomb Repressive Complex 2, differentially colocalized to CTCF insulators flanking
the IE genes of HSV-1 during latency, and (iii) that CTCF was differentially evicted from
the sites flanking IE genes at very early times following the application of reactivation
stimuli in vivo (60, 62). Further, we showed that the global depletion of CTCF using
recombinant adeno-associated virus (rAAV) vectors resulted in long-term persistent
shedding of virus in the absence of reactivation stimuli in rabbits, suggesting that
CTCF depletion facilitated HSV-1 reactivation (61). These results indicated that CTCF
insulators played a key role in the maintenance of latency and that eviction of CTCF
protein from the viral genome was important for reactivation.

In the current study, we explored the hypothesis that cohesin is recruited to latent
HSV-1 genomes at or near CTCF insulators, potentially enabling chromatin loop forma-
tion. To test this, we utilized chromatin immunoprecipitation (ChIP) assays using an
antibody to the cohesin complex protein subunit Rad21 and combined those assays
with quantitative PCR (qPCR) at CTCF insulator sites to show that Rad21 was enriched
near 4 of the CTCF insulators in latent HSV-1 genomes in vivo. Interestingly, a CTCF in-
sulator downstream from the essential transactivating IE region of ICP4 (CTRS1/2) was
not significantly enriched in Rad21 during latency, but in ganglia harvested from mice
at 7 and 14 days postinfection (dpi), this site was significantly enriched in Rad21,

FIG 1 Schematic diagram of the nucleotide locations of the putative CTCF insulator sites in latent HSV-1 genomes. Genomic positions of CTCF binding
motifs in the HSV-1 genome. CTRS1/2 is 2 distinct CTCF binding clusters separated by fewer than 100 nucleotides. The nucleotide position of the core
CTCF binding cluster, known as CTRL2, and the depiction of the CTRL2 deletion site are shown.

Cohesin Binds to Latent HSV-1 Genomes Journal of Virology

June 2021 Volume 95 Issue 11 e00364-21 jvi.asm.org 3

https://jvi.asm.org


suggesting that the CTRS1/2 insulator is important for the establishment of latency but
not the maintenance of latency. Deletion of one of the CTCF insulators, the CTRL2 insu-
lator located downstream from the LAT enhancer (Fig. 1), did not impact the overall
enrichment of Rad21 during latency but significantly decreased Rad21 accumulation at
all CTCF insulators at 7 and 14 dpi in mouse ganglia, suggesting that Rad21 localization
to CTCF insulators prior to the establishment of latency is dependent on the CTRL2 in-
sulator. Finally, during productive infection, Rad21 was abundant near all CTCF insula-
tors in HeLa cells infected with wild-type (wt) virus, but deletion of the CTRL2 insulator
resulted in a loss of Rad21 localization to insulators near LAT and ICP4. In productively
infected differentiated Lund human mesencephalic (LUHMES) cells, Rad21 localized to
only two sites, CTRL2 and CTRS3, near the LAT and ICP4 regions, independent of the
presence of the CTRL2 insulator, suggesting that the CTRL2 insulator maintained dis-
tinct cell type-specific roles during productive infection and that CTRL2 and CTRS3 in-
sulator function was interdependent.

RESULTS
The mouse cellular control Tsix Site A was enriched in the cohesin subunit

Rad21. Chromatin immunoprecipitation assays (ChIP) using the Rad21 antibody were
combined with qPCR of near CTCF insulators in the HSV-1 genome using mouse tri-
geminal ganglion (TG) tissues harvested at 7, 14, and 28 days postinfection (dpi) with
HSV-1 strain 17Syn1. Since there were 5 individual CTCF insulator sites being eval-
uated for potential Rad21 enrichment, we first validated ChIP assays using cellular con-
trols prior to analyses of the individual insulators. As a positive control, we selected the
mouse cellular control Tsix Site A, a site that has a known CTCF insulator that is
enriched in CTCF in the mouse genome (71). In contrast, the negative cellular control
MT498 does not contain a CTCF binding site. Both Tsix and MT498 have been used by
us and others to successfully validate in vivo ChIP assays with the CTCF antibody (60,
62). To validate the Tsix site as a control for cohesin binding using the Rad21 antibody,
we measured both specific and nonspecific binding of Rad21 to cellular controls. After
sonication, samples were divided in two parts and incubated with either the Rad21
antibody or IgG as a control for nonspecific binding. Following DNA purification for
each of the ChIP replicates, we performed qPCR with primers specific for Tsix Site A and
MT498 (Table 1). Relative copies for the bound (B), input (I), and IgG fractions were
determined based on standard curves for each specific primer set. Relative bound/
input ratios and IgG/input ratios were calculated for each of the individual replicates
for comparison and statistical analyses. Here, we found significant enrichment (greater
than 10-fold) of the positive Tsix Site A compared to IgG, indicating that the pulldowns
were efficient and specific for the Rad21 protein and not due to nonspecific binding
(data not shown). The relative bound/input fractions for the cellular genes were plot-
ted for each of the ChIP assay time points, and one-way analysis of variance (ANOVA)
was done on the individual data sets to confirm that Tsix Site A was significantly
enriched in Rad21 relative to the negative cellular control MT498 (Fig. 2A to C). Experiments
that did not validate (no enrichment of Rad21 over IgG or less than a 2-fold enrichment of
Rad21 at Tsix Site A compared to MT498) were excluded from further analyses.

Rad21 enrichment was observed at four CTCF insulators during latency in vivo.
To determine if the cohesin subunit Rad21 could be detected at or near the individual
CTCF insulators in latently infected mouse TG, we harvested ganglia at 28 dpi and per-
formed ChIP assays using the antibody for the cohesin complex subunit Rad21 and
combined that with qPCR at unique nucleotide sequences immediately adjacent to
each individual CTCF site using primers and probes specific for that nucleotide region
(Table 1). Validation of the experiments was done prior to qPCR as described above,
and only replicates that showed greater than 2-fold enrichment of the positive cellular
control (Tsix Site A) over the negative cellular control (MT498) were used for further
analyses. Our result showed significant Rad21 enrichment relative to IgG at four of the
CTCF insulator sites, namely, the CTRL1 and CTRL2 insulators that flank the LAT 59 exon
region, the CTam upstream from ICP0, and the CTRS3 insulator, upstream from ICP4
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(Fig. 3), suggesting that these sites are involved in the formation of chromatin loops in
latent viral genomes. Strikingly, one insulator downstream from the IE ICP4, the CTRS1/
2 insulator, was not enriched in Rad21 relative to the IgG control, suggesting that this
insulator does not contribute to the maintenance of latency.

FIG 2 Validation of ChIP assays. ChIP assays were done using trigeminal ganglia harvested from mice infected
with wt 17Syn1 using the Rad21 antibody (n= 5). Assays were validated using the positive cellular control
mouse Tsix Site A and the negative cellular control mouse MT498 (a cellular region with no known CTCF
insulators present). Following ChIP with Rad21 antibody on ganglia harvested at 7, 14, or 28 dpi, qPCR was
performed using primers specific for the cellular controls (Table 1). Rad21 enrichment at each site was
calculated as the relative bound/input (B/I) ratio following qPCR. The bar graph presented is the average B/I for
all 5 biological replicates, and the individual experiment values are represented by the dot plots. Error bars are
measured for the standard deviations from the means for the 5 replicates. One-way ANOVA on independent
samples was used to determine statistical significance for each time point.

TABLE 1 Primers and probes

Target (accession no.) Primer or probe Sequence (59–39)
CTRL1 Forward primer AGCCAAGTTAACGGGCTACG

Reverse primer ATGCCAGCCCAACAAAATC
Probe CCTTCGGGAATGGGACTGG

CTRL2 Forward primer CCGCGGCTCTGTGGTTA
Reverse primer GGATGCGTGGGAGTGGG
Probe ACACCAGAGCCTGCCCAACATGGCA

CTam Forward primer GCTGCCACAGGTGAAACC
Reverse primer TGTAGCAGGAGCGGTGTG
Probe ACCTGCCCAACAACACAACT

CTRS1/2 Forward primer GCCCCTCGAATAAACAACGCTA
Reverse primer GTTGTGGACTGGGAAGGCGC
Probe GGTTGTTGCCGTTTATTGCG

CTRS3 Forward primer ATCGCATCGGAAAGGGACACG
Reverse primer CCAAGGTGCTTACCCGTGCAAA
Probe ACAGAAACCCACCGGTCCGCCTTT

Tsix Site A (AJ421479) Forward primer CGCAGGGCAGCCAGAA
Reverse primer TCTGGTGTTATCCCTTCCTGTCTT
Probe CAGCCATTCACAATCC

MT498 (NT_039554) Forward primer TACAAGATGCAAGTCTAGATATTTTAAGTCTATGTAT
Reverse primer ACACACACACACACACACACA
Probe CACACACACACAAACAC

LAT Forward primer ACCCACGTACTCCAAGAAGGC
Reverse primer TAAGACCCAAGCATAGACAGCCA
Probe TCCCACCCCGCCTGTGTTTTT

DNA Pol Forward primer AGAGGGACATCCAGGACTTTGT
Reverse primer CAGGCGCTTGTTGGTGTA
Probe ACCGCCGAACTGAGCG
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Rad21 accumulation was dynamic prior to the establishment of HSV-1 latency
in vivo. Previous evidence from our laboratory showed that individual CTCF sites were
enhancer-blocking insulators in a cell type-specific manner, suggesting that individual
CTCF insulators have different roles in lytic versus latent infections (59, 62). To deter-
mine whether binding of Rad21 at the viral insulator sites was differential, as the virus
established latency in mouse sensory neurons, we performed a series of ChIP assays on
mice infected with wild-type virus at 7 and 14 dpi. Assays were validated using cellular
controls as described above for the 28-dpi samples (Fig. 2A and B). The relative bound/
input ratios were normalized to the positive cellular control Tsix Site A in all samples to
normalize ChIP samples across the time points. Here, we found that overall Rad21
enrichment was very low in the 7-dpi samples compared to the 14- and 28-dpi sam-
ples, suggesting that cohesin loading on the genome was progressive over time and
could play a role in the establishment of latency in vivo (Fig. 4). Nonetheless, the direct
comparison of the individual insulators over the 3 infection time points showed that
the CTRL1 (insulator upstream from the LAT promoter) and CTRS3 (upstream from the
ICP4 region) insulators were significantly enriched in Rad21 relative to IgG at all time
points (Fig. 4A and E). The CTRL2 insulator downstream from the LAT enhancer was
not significantly enriched in Rad21 relative to IgG until 14 dpi, but this could be due to
limits of detection in these earlier samples (Fig. 4B). A similar observation was made for
the CTam insulator upstream ICP0 promoter (Fig. 4C). Interestingly, the CTRS1/2 insula-
tor located downstream from the ICP4 region was significantly enriched in Rad21 at
early times in the infection (7 and 14 dpi), but by 28 dpi no significant enrichment of
Rad21 was observed (Fig. 4D). These data suggest that Rad21 localization to HSV-1
genomes in neurons is dynamic, as latency is established, and that site-specific Rad21
enrichment is necessary for the establishment of latency (CTRS1/2), the maintenance
of latency (CTRL2 and CTam), or both (CTRL1 and CTRS3).

Deletion of the CTRL2 insulator resulted in a significant decrease in genomes
during latency but not at early times postinfection. We previously reported that a
recombinant virus with a 135-bp deletion of the CTRL2 insulator (DCTRL2) (Fig. 1) had
significantly higher mortality in infected mice and the mice that survived to 28 dpi
harbored significantly lower viral genomes in the mouse TG than those infected with
the wt 17Syn1 virus. Further, deletion of the CTRL2 insulator altered H3K27me3 enrich-
ment and increased lytic gene expression in vivo (63). Here, we sought to establish
whether viral genome loads were significantly different in mouse TG prior to the

FIG 3 Rad21 enrichment at CTCF insulators during latency in the mouse TG. Following ocular
infection of mice, TGs were harvested on 28 dpi, homogenized, and immediately fixed and processed
for ChIP assays using the Rad21 antibody or the IgG control. Subsequent qPCR using primers and
custom probes specific for nucleotide regions within 100 to 150 bp of the CTCF insulator sites was
performed on both the antibody aliquot and the IgG control. Relative copy numbers in the B, I, or
IgG fractions were determined from the equation for the standard curve specific to the primer/probe
set used. Each ChIP assay was done using a pooled sample of 3 mice (6 TG pooled); n= 5. All relative
B/I values were normalized to IgG (set to 1). The bar graph is presented as the average fold
enrichment of 5 biological replicates, and the individual experiment fold enrichment value is
represented by the dot plot. Error bars are measured for the standard deviations from the means for
the 5 replicates. One-way ANOVA on correlated samples was used to determine statistical significance
(*, P, 0.05).
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FIG 4 Rad21 accumulation was dynamic in vivo. Following ocular infection of mice with wt 17Syn1, TGs were harvested on 7 and 14 dpi for comparison to
28-dpi samples. Five biological replicates containing 3 mice (6 TG) were processed for ChIP assay with the Rad21 antibody or the IgG control. qPCR using
primers listed in Table 1 were was for both antibody and IgG samples. The relative B/I ratios were normalized to the Tsix B/I ratio for comparison across

(Continued on next page)
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establishment of latency in DCTRL2-infected mice compared to the wt-infected mice.
Mice were sacrificed at 7 and 14 dpi, and genome loads were quantified using the viral
cellular gene CTRS3 and the host cellular gene Tsix Site A. Relative copy numbers were
determined using qPCR as described for each of the biological replicates and were
plotted as a ratio between viral/host genes for both viruses (Fig. 5A and B). We
detected no significant difference in genome loads at 7 and 14 dpi between the two
viruses (Fig. 5C). However, both wt- and DCTRL2-infected mouse genome loads
decreased significantly by 28 dpi, and we found a significant (;5-fold) decrease in viral
genomes per ganglion in the DCTRL2- compared to wt-infected mice, consistent with
our previous report, suggesting that latency is not efficiently established in the ab-
sence of the CTRL2 insulator (63). The fact that equivalent numbers of viral genomes

FIG 4 Legend (Continued)
time points. The bar graph is presented as the average B/I for all 5 biological replicates, and the individual experiment value is represented by the dot
plot. Error bars are measured for the standard deviations from the means for the 5 replicates. Insets are presented to show 7 and/or 14 dpi for scale
differences. One-way ANOVA on correlated samples was used to determine statistical significance (*, P, 0.05). (A) Normalized B/I and IgG/I for CTRL1
insulator upstream LAT. (B) Normalized B/I and IgG/I for CTRL2 insulator downstream LAT. (C) Normalized B/I and IgG/I for CTam insulator upstream ICP0.
(D) Normalized B/I and IgG/I for CTRS1/2 insulator downstream ICP4. (E) Normalized B/I and IgG/I for CTRS3 insulator upstream ICP4.

FIG 5 HSV-1 genome copies in mice ganglia in wt 17Syn1 and the DCTRL2 recombinant following
infection. The number of HSV-1 genomes per sample was determined between wt 17Syn1 and
DCTRL2 viral infections. Relative copies of HSV-1 CTRS3 and mouse Tsix Site A were determined by
PCR for 7, 14, and 28 dpi. qPCR data are presented as the CTRS3/Tsix Site A ratio. (A) Genome copies
in wt 17Syn1. One-way ANOVA on correlated samples was used to determine statistical significance
between the individual dpi (*, P, 0.05). (B) Genome copies in DCTRL2. One-way ANOVA on
correlated samples was used to determine statistical significance between the individual dpi (*,
P, 0.05). (C) Comparison between genome copies of wt and mutant viruses. One-way ANOVA on
independent samples was used to determine statistical significance between the mutant and wt at
each individual dpi (*, P, 0.05).
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were found at 7 and 14 dpi in ganglia infected with both the wt and recombinant
viruses suggested that transport of viral genomes to neurons was not affected by the
deletion of the CTRL2 insulator, confirming that the inability for the mutant DCTRL2 to
establish latency in the neurons was not due to fewer genomes being delivered to TG
neurons.

Deletion of the CTRL2 insulator does not affect viral replication in differentiated
LUHMES cells.We previously reported that the DCTRL2 recombinant virus had attenu-
ated replication in epithelial cell lines but increased replication in the undifferentiated
mouse neuronal cell line (Neuro2A) (63). To determine what, if any, effect the deletion
of the CTRL2 insulator had on replication in terminally differentiated LUHMES cells, a
human neuronal cell line capable of supporting HSV-1 quiescence (72), we infected dif-
ferentiated LUHMES with wt and mutant viruses at an MOI of 1 and monitored HSV-1
replication through 48 hpi. HeLa cells were also infected with both viruses to serve as a
human epithelial cell line comparison. We found no significant difference in replication
of the wt and mutant viruses though 48 hpi in LUHMES cells, consistent with our find-
ings in mouse ganglia at 7 and 14days postinfection (Fig. 6A). In contrast, there was a
significant attenuation of replication of the DCTRL2 recombinant at earlier times, but by
48 hpi, the replication defect was no longer observed in the mutant, suggesting that at
later times postinfection in HeLa cells the replication defect can be overcome, likely due
to the higher number of genomes present at later times (Fig. 6B). Nevertheless, these
data support that there are distinct differences in epithelial and neuronal infections with
the DCTRL2 virus.

FIG 6 Replication was attenuated in HeLa cells, but not LUHMES cells, when the CTRL2 insulator was
deleted. (A and B) Differentiated LUHMES cells (A) or HeLa cells (B) were infected with either wt or
DCTRL2 at an MOI of 1 in triplicate. The cells were harvested at 6, 18, 24, and 48 h postinfection (hpi).
HSV-1 genomes were quantified by qPCR using HSV-1 DNA polymerase primers (Table 1). At 18, 24,
and 48 h, samples were normalized to the 6-h genome copies for an input normalization. Horizontal
bars represent the averages from 3 biological replicates with standard deviations from the means.
Statistical analyses were done by paired Student's t test (**, P, 0.001).
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Deletion of the CTRL2 insulator did not affect Rad21 enrichment during
latency. To determine whether deletion of the CTRL2 insulator resulted in an altered
enrichment of Rad21 near the CTCF insulators, we performed ChIP assays using Rad21
antibody on mice infected with the DCTRL2 recombinant at 28 dpi and compared rela-
tive enrichments over IgG to wt virus for each of the corresponding CTCF insulators. All
ChIP assays were done using ganglia harvested at 28 dpi from DCTRL2-infected mice
and were validated using the positive and negative cellular controls Tsix and MT498, as
previously described. To compare the two viruses, B/I ratios were normalized to IgG for
each individual experimental replicate, and the fold enrichments of Rad21 at each indi-
vidual site were compared between the wt and mutant viruses (Fig. 7). We found no
significant difference in Rad21 enrichment at any of the CTCF insulator sites in the
DCTRL2 mutant relative to wt virus. It should also be noted that in both the wt and
mutant viruses, there was no significant enrichment of Rad21 near the CTRS1/2 site rel-
ative to IgG (fold enrichment, ,1.6) (Fig. 7). These findings showed that the deletion
of the CTRL2 insulator did not significantly change Rad21 enrichment near CTCF insula-
tors during latency, suggesting that the CTRL2 insulator is responsible for efficient la-
tency establishment but not the maintenance of latency.

Deletion of the CTRL2 insulator in HSV-1 decreased Rad21 enrichment near
CTCF insulators at early time points following infection in vivo. To explore the pos-
sibility that Rad21 deposition to viral genomes was linked to the CTRL2 insulator at
early times postinfection in ganglia, we performed ChIP assays using Rad21 antibody
on mice infected with the DCTRL2 recombinant at 7 and 14 dpi (Fig. 8). Following ChIP
of TG from DCTRL2-infected mice, several key differences were noted between the
DCTRL2- and wt-infected animals at early times following infection. First, in the
DCTRL2 mutant the CTRL1 insulator was not enriched in Rad21 at 7 and 14 dpi (Fig.
8A). For comparison, in the wt-infected animals, the CTRL1 insulator was significantly
enriched in Rad21 at all infection time points (Fig. 4A). Rad21 enrichment was not
observed near the CTRL2 site in the DCTRL2 mutant virus through 14 dpi (Fig. 8B), in
contrast to the wt, where the site is enriched in Rad21 at 14 dpi. Finally, no Rad21
enrichment was observed in the DCTRL2 mutant at the CTRS1/2 or CTRS3 site that
flanks ICP4 (Fig. 8D and E), suggesting that the deposition of Rad21 on these sites is at
least in part dependent on the presence of the CTRL2 insulator.

FIG 7 Deletion of the CTRL2 insulator did not affect Rad21 enrichment at 28 dpi. ChIP assays using
the Rad21 antibody or the IgG control were done on mouse TG infected with the DCTRL2 virus at
28 dpi. Subsequent qPCR using primers and custom probes specific for nucleotide regions within 100
to 150 bp of the CTCF insulator sites was performed on both the antibody aliquot and the IgG
control. Relative copy numbers in the B, I, or IgG fraction were determined from the equation for the
standard curve specific to the primer/probe set and then normalized to IgG. B/I ratios for each site
were divided by the IgG/I normalized value so that comparisons between the DCTRL2 and wt
17Syn1 virus are graphed as fold enrichment relative to IgG. The bar graph is presented as the
average fold enrichment for all 5 biological replicates at 28 dpi for the wt and mutant viruses. One-
way ANOVA on independent samples was used to determine statistical significance between fold
changes relative to IgG between the two viruses.
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Deletion of the CTRL2 insulator eliminated Rad21 enrichment at the CTRL2 and
CTRS3 insulators in HeLa cells but not LUHMES cells. Our experiments in mouse TG
suggested that Rad21 enrichment at CTRL2 and CTRS3 is interdependent, as lytic repli-
cation is occurring. To explore this during the productive HSV-1 infection, we per-
formed ChIP assays using Rad21 antibody and qPCR at the CTCF insulator sites follow-
ing infection of differentiated LUHMES cells, a human neuronal model that supports
quiescent HSV-1 infections (72, 73). For comparison purposes, identical ChIP assays
were done in HeLa cells as a representative human epithelial cell line. The ChIP assays

FIG 8 Deletion of the CTRL2 insulator in HSV-1 decreased Rad21 enrichment 7 and 14dpi. ChIP
assays using the Rad21 antibody or the IgG control were done on mouse TG infected with the
DCTRL2 virus at 7 and 14 dpi (n= 4 to 5). Subsequent qPCR using primers and custom probes listed
in Table 1 were done on both the antibody aliquot and the IgG control. Relative copy numbers in
the B, I, or IgG fractions were determined from the equation for the standard curve specific to the
primer/probe set and then normalized to the cellular control Tsix Site A B/I for that ChIP assay for
comparison across time points. Bar graphs are presented for B/I and IgG/I, and one-way ANOVA on
correlated samples was used to determine statistical significance for the enrichment of Rad21 relative
to IgG for the individual dpi (*, P, 0.05). (A) Normalized B/I and IgG/I for CTRL1 insulator upstream
LAT. (B) Normalized B/I and IgG/I for CTRL2 insulator downstream LAT. (C) Normalized B/I and IgG/I
for CTam insulator upstream ICP0. (D) Normalized B/I and IgG/I for CTRS1/2 insulator downstream
ICP4. (E) Normalized B/I and IgG/I for CTRS3 insulator upstream ICP4.
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were validated by comparing the bound/input values for the positive control for
Rad21 enrichment in human cell lines (ERE2) to IgG/input. Experiments with a signifi-
cant enrichment of ERE2 to IgG (over 5-fold) were considered validated and used for
qPCR. During productive infection in HeLa cells, Rad21 was significantly enriched over
IgG at all of the CTCF insulators analyzed (Fig. 9A). Deletion of the CTRL2 insulator
resulted in a loss of Rad21 enrichment at the CTRL2 and CTRS3 insulators in HeLa cells
(Fig. 9B). However, in differentiated LUHMES cells, Rad21 enrichment was only
observed at the CTRL2 and CTRS3 insulators in wt virus, and deletion of the CTRL2 in-
sulator had no effect on Rad21 enrichment of viral genomes in neuronal cells during
the productive infection (Fig. 9C and D). These findings were exciting, again indicating
the CTCF-Rad21 interactions are cell type specific and that the CTRL2 and CTRS3 insula-
tors are interdependent.

LAT expression decreased in the absence of Rad21 enrichment at the CTRL2
insulator. A recent study by Li et al. showed that cohesin subunits Rad21 and SMC1
were recruited to HSV-1 lytic replication compartments, and knockdown of Rad21 and
SMC1 resulted in reduced RNA pol II occupancy, suggesting that cohesin recruitment
is important for HSV-1 lytic transcription (70). To determine if Rad21 enrichment at the
CTRL2 insulator could be correlated with LAT expression, we infected HeLa and differ-
entiated LUHMES cells at two multiplicities of infection (MOI; 0.1 and 1) and performed
quantitative reverse transcription-PCR (qRT-PCR) to quantify LAT expression in the two
cell types for the wt and the DCTRL2 mutant. We found strikingly different LAT expres-
sion profiles between these two viruses depending on cell type. First, in HeLa cells, LAT
expression was significantly lower in the DCTRL2 mutant (Fig. 10A). These data suggest
that LAT expression is dependent on Rad21 enrichment at or near the CTRL2 insulator,
since deletion of the CTRL2 insulator resulted in a loss of Rad21 enrichment at the
CTRL2 and CTRS3 insulators in HeLa cells. In contrast, in LUHMES cells, Rad21

FIG 9 Deletion of the CTRL2 insulator eliminated Rad21 enrichment at the CTRL2 and CTRS3 insulators in HeLa
cells but not LUHMES cells. ChIP assays using a Rad21 antibody were done in HeLa and differentiated LUHMES
cells at 24 hpi with either the wt or DCTRL2 virus (n= 4). ChIP assays were validated using the positive cellular
control ERE2, as described in Materials and Methods. All graphs represent the average bound/input (B/I) values
normalized to IgG and are presented as fold enrichments with standard deviations from the means. gC
represents the negative viral control (not associated with either CTCF or Rad21). Statistical analyses were
performed with a Student's t test for each of the CTCF sites B/I and IgG/I (*, P, 0.01, ***, P, 0.0001).
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enrichment at both the CTRL2 and CTRS3 insulators is consistent between the wt and
mutant viruses, and LAT expression is significantly increased in the DCTRL2 mutant
compared to the wt, supporting that Rad21 enrichment at the CTRL2 and CTRS3 insula-
tors is required for efficient LAT expression (Fig. 10B).

DISCUSSION

CTCF insulators are important regulatory domains that have multiple functions in
the context of DNA viral genomes, including establishing chromatin barriers, recruiting
coactivating and corepressing complexes, and maintaining the integrity of gene
expression (74, 75). CTCF insulators can self-dimerize in an orientation-specific manner
to establish chromatin loops to control gene expression over large genomic distances,
and other DNA viruses, such as EBV and KSHV, control lytic transcription in a CTCF
cohesin-dependent manner (65–67). To date, 7 putative CTCF insulators have been
identified in latent HSV-1 genomes, and the location of each of these sites within the
context of HSV-1 are oriented to flank the LAT and IE gene regions of the genome (64).
The locations of CTCF insulators in the context of the latent HSV-1 genome have long
suggested that CTCF insulators play a key role in not only the establishment of latency
but also the maintenance of latency. The disruption of CTCF binding to latent genomes
precedes reactivation, a finding that reinforces the hypothesis that CTCF insulators
maintain transcriptional integrity of the LAT and IE genes during latency.

We previously showed that the protein CTCF was differentially bound to individual
insulator sites, that the enhancer-blocking functions of key CTCF insulators in HSV-1
were cell type specific, and that CTCF was differentially evicted at early times postreac-
tivation, suggesting that the individual CTCF insulators in HSV-1 have independent
roles in the regulation of transcription during the lytic infection and during latency
that are likely location dependent (60, 62). Orientation-specific self-dimerization of
CTCF insulators results in the formation of higher-order chromatin structures known as
chromatin loops. In eukaryotic cells, genomes are folded into three-dimensional struc-
tures that are further organized into epigenomic compartments known as topologi-
cally associated domains (TADs). TADs serve as interaction hubs where regulatory ele-
ments, such as enhancers, can interact with genes to activate or silence transcription
(76–78). Recent studies have shown that the cohesin complex is an integral part of not
only the establishment of chromatin loops but also the organization and maintenance
of TADs. CTCF-cohesin interactions are codependent; the knockdown of cohesin results
in the disruption of TADs, the loss of loop formation, and the disruption of gene
expression in eukaryotic cells. Finally, recent evidence from the gammaherpesvirus

FIG 10 LAT expression decreased when Rad21 enrichment at the CTRL2 insulator decreased. (A and B) HeLa
cells (A) and differentiated LUHMES cells (B) were infected with wt or DCTRL2 virus at 0.1 and 1.0 MOI in
triplicate. After 6 h, cells were harvested and RNA was extracted. qRT-PCR was performed for LAT intron primer
and probe (Table 1). 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. Viral transcripts were normalized to GAPDH.
Statistical analyses were performed with a Student's t test (***, P, 0.0001).
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field has indicated that cohesin is colocalized with CTCF and facilitates the formation
of DNA loops that are both CTCF and cohesin dependent (65, 67). Considering this, we
hypothesized that HSV-1 would utilize similar mechanisms for transcriptional regulation
during latency. Our key finding that one of the cohesin complex subunits, Rad21, colocal-
ized within ;600bp of 4 of the CTCF insulators during latency suggests that these four
insulators are involved in the formation of chromatin loops to regulate transcription. The
location of the CTCF insulators that maintain Rad21 enrichment during latency, namely,
the CTRL1 and CTRL2 insulators that flank the LAT and the CTRS3 insulator upstream from
the ICP4 promoter (Fig. 1), suggests the 3-dimensional structure of the latent viral genome
is oriented in such a way that the LAT enhancer could be spatially oriented near the ICP4
promoter. This is further supported by our findings from the HeLa and LUHMES ChIP
assays that indicated that the CTRL2 and CTRS3 insulators were interdependent. Genomes
with a spatial orientation of the LAT and ICP4 regions could allow for the LAT enhancer to
activate ICP4 following instances where CTCF binding is disrupted at these sites. Earlier
work done in our laboratory has already shown that CTCF binding is abolished at the
CTRS3 insulator at early times postreactivation (60).

Interestingly, not all of the CTCF insulators that have been identified were enriched
in Rad21 during latency. Specifically, the CTRS1/2 insulator, positioned downstream of
the IE transactivator ICP4, notably was not enriched in Rad21 during latency in wt vi-
rus-infected mice. This was an intriguing finding, considering that we had previously
characterized the site as an enhancer-blocking insulator in both epithelial and neuro-
nal cell types, suggesting that it plays a role in the regulation of gene expression by
blocking the LAT enhancer (60, 62). One possibility is that the CTRS1/2 insulator func-
tions in a linear manner during latency rather than as part of a chromatin loop.
Another, perhaps more intriguing, possibility is that the CTRS1/2 insulator is involved
in the formation of a chromatin loop when the virus is lytically replicating. This possi-
bility is supported by our findings that in wt virus at 7 and 14 dpi, the CTRS1/2 insulator
is enriched in Rad21 when the viral genome loads are very high in TG, but by 28 dpi,
the CTRS1/2 insulator is no longer enriched in Rad21. One possibility is that genomes
enriched in Rad21 at the CTRS1/2 insulator target a different population of neurons
that are either permissive for lytic expression (79) or maintain different LAT expression
levels (73). Our ChIP data from wt-infected HeLa cells showing that CTRS1/2 is enriched
in Rad21 and this enrichment is correlated with LAT expression support this possibility.

Finally, we knew from previous studies that deletion of the CTRL2 insulator resulted
in a loss of barrier insulator function (59), decreased latency establishment, decreased
H3K27me3 occupation on the viral genome, and increased lytic transcription in neu-
rons (63). In the current study, Rad21 enrichment during latency was not affected
when the CTRL2 insulator was deleted. However, we found significantly decreased
enrichment in Rad21 at the insulators flanking ICP4 and the CTRL2 site prior to latency
in the CTRL2 mutant virus. These findings suggest that Rad21 enrichment of CTRL2
during a productive infection is involved in the establishment of latency. This is con-
sistent with our data showing all of the CTCF insulators are enriched in Rad21 in HeLa
cells infected with wt virus, but in the CTRL2 deletion mutant, Rad21 enrichment is lost
at the CTRL2 and CTRS3 insulators. The fact that both the CTRL2 and CTRS3 insulators
remain enriched in Rad21 in LUHMES cells in both viruses highlights the significant cell
type differences in insulator function. We speculate that these cell type-specific differ-
ences are due to different spatial orientations of genomes in epithelial cells versus neu-
ronal cells during productive versus latent infections, and work to address this impor-
tant question is underway.

MATERIALS ANDMETHODS
Viruses and cells. Vero cells (ATCC CCL-81) and HeLa cells (ATCC-CCL-2) were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) (catalog no. 15-013; Corning) supplemented with 10% fetal bovine se-
rum (FBS) and 1% antibiotic-antimycotic solution (catalog no. 15240062; Gibco) in a humidified atmos-
phere with 5% CO2 at 37°C and passaged at regular intervals when the cells were 70 to 80% confluent.
The wild-type HSV-1 strain, 17Syn1 (GenBank accession number NC_001806), and the recombinant
DCTRL2 viruses were both obtained from D. Bloom (University of Florida), and the mutant virus was
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sequenced prior to use in animals (63). Both viruses were grown in Vero cells supplemented with 1%
FBS and 1% antibiotic-antimycotic solution at 37°C. The titers of viruses were determined on Vero cells
in triplicate.

LUHMES cells. The LUHMES neuronal cell line (CRL-2927; ATCC) was cultured and differentiated as
described previously (72, 80). Briefly, for CHIP assay, 1� 105 LUHMES cells were seeded in T-75 flasks pre-
coated with 50mg/ml poly-L-ornithine (catalog no. P3655; Sigma) and 1mg/ml fibronectin (catalog no.
F2006; Sigma) in DMEM-F12 medium supplemented with 1% N2 supplement, fibroblast growth factor,
and 1% antibiotics in humidified atmosphere with 5% CO2 at 37°C. After 48 h, cells were differentiated
for 5days in DMEM-F12, 1% N2 supplement, 1% antibiotics, 10mg/ml tetracycline, 100mg/ml rhDGNF,
204 mM cyclic AMP (cAMP). An extra flask was used for differentiated LUHMES cell counting before infection.
Cells were infected with wt or recombinant HSV-1 virus at 1 MOI in the differentiation media. After 1h, me-
dium was removed and replaced with fresh differentiation media. Cells were harvested and processed for
ChIP, followed by qPCR as described below. For LAT expression experiments, 50,000 cells were seeded in pre-
coated 6-well plates, and cells were differentiated for 5days. Cells were infected with wt or recombinant
HSV-1 virus at 0.1 and 1 MOI in differentiation media. Cells were harvested for RNA at 6 hpi. qRT-PCR was
performed using LAT primers and probe (Table 1).

Mouse ocular infections. Four- to 6-week-old female BALB/c mice (Taconic) were anesthetized by
isoflurane in accordance with University of Wisconsin veterinary guidelines. Using a 27-gauge needle, a
light 2 by 2 crosshatch pattern was made on the corneal epithelium. Equal MOIs of virus (150,000 PFU/
eye), as determined by standard plaque assay, were applied to both eyes of each mouse. Mice were
monitored daily through postinfection day 28 for signs of morbidity and mortality. Mice were monitored
through the duration of the experiment for signs of morbidity and mortality. Animals were considered
latent at .28 days postinfection. Mice were sacrificed at 7, 14, or 28 dpi and processed immediately for
ChIP assays. Each ChIP assay replicate contained 3 mice (6 TG) per sample.

HSV-1 DNA replication in cell culture. HeLa cells and differentiated LUHMES cells were infected
with the wt and recombinant HSV-1 strains described above at an MOI of 1 in triplicate. The media were
replenished (DMEMplus 1% FBS plus 1% antibiotics) for HeLa and differentiation media for LUHMES
(DMEM-F12, 1% N2, 1% antibiotics, 10mg/ml tetracycline, 100mg/ml rhDGNF, 204mM cAMP) after an
hour following infection. The cells were harvested at 6 h, 18 h, 24 h, and 48 h. The genomic DNA was
extracted by phenol-chloroform extraction. The HSV-1 DNA was quantified by qPCR using HSV-1 DNA
polymerase primers (Table 1). The genome copy numbers at 18, 24, and 48 h were normalized to the 6-h
time as an input measure.

qPCR for genome copies/ganglion. Genome copies per ganglion were measured by quantitative
real-time PCR using primers and a probe specific for CTRS3 (Table 1). All real-time PCR experiments were
performed using TaqMan universal PCR master mix and No AmpErase uracil N-glycosylase on Agilent
AriaMx real-time PCR using custom-designed primer-probe mixes (Life Technologies) with the general
protocol of 95°C for 10min (1�) and then 95°C for 15 s, followed by 60°C for 1min (45�). Threshold val-
ues used for PCR analyses were set within the linear range of PCR target amplification based on a stand-
ard curve generated for each plate. The relative HSV-1 copy numbers for each sample were normalized
to the relative copy numbers of the host control Tsix Site A (Table 1).

RNA expression. HeLa cells and differentiated LUHMES cells were infected with wt and recombinant
HSV-1 virus at 0.1 and 1.0 MOI in triplicate. The viruses were replaced with their respective fresh low-se-
rum media after an hour of infection. After 6 h, cells were harvested in TRIzol reagent (T9424; Sigma),
and RNA was extracted according to the manufacturer’s protocol. The qRT-PCR was performed using a
Superscript III platinum one-step qRT-PCR system (11732-088; Invitrogen) for LAT intron primer and
probe (Table 1) with a general protocol of 50°C for 15min (1�) followed by 95°C for 3min (1�) and then
95°C for 15 s followed by 60°C for 1min (40�). 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. Viral
transcripts were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 4333764; TaqMan
gene expression assay; ThermoFisher).

ChIP assays. ChIP assays were performed as previously described for mice using the specific anti-
body anti-Rad21 (Millipore). Each ChIP assay contained three mice pooled (6 TG). The TG were rapidly
removed following euthanasia, the ganglia were homogenized, and the chromatin was cross-linked in
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% gel. The sheared chromatin was precleared with salmon sperm DNA pro-
tein A-agarose beads (Millipore) prior to antibody incubation. An aliquot representing 1/5 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 2mg of antibody per 1ml of sample or with IgG as a nonspecific antibody
binding control. The chromatin-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 purified using a QIAquick PCR purifi-
cation kit (Qiagen).

qPCR analysis of ChIP experiments. All qPCR experiments were performed using TaqMan universal
PCR master mix and No AmpErase uracil N-glycosylase on an Agilent AriaMx real-time PCR system using
custom-designed primer-probe mixes (Applied Biosystems) (Table 1) with the general protocol of 95°C
for 10min (1�) and then 95°C for 15 s, followed by 60°C for 1min (45�). Threshold values used for PCR
analyses were set within the linear range of PCR target amplification based on a standard curve gener-
ated for each plate.
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Determination of B/I ratios from ChIP experiments. ChIP data are presented as a ratio of the rela-
tive copies of the PCR target in two fractions (bound and input), where the bound fractions are represen-
tative 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 pri-
mers/probes specific for that region (Table 1). Each ChIP assay was analyzed as follows. First, qPCR was
performed using DNA purified from either the B, I, or IgG fraction as the target. The average cycle thresh-
old (CT) for the bound fraction and the average CT 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. For IgG incubated samples, the ratios were calculated as IgG/I. The
quantity was expressed as a ratio of the relative bound quantity to the relative input quantity (B/I ratio)
and then compared to IgG/I ratios for graphs. For some figures, the relative B/I ratios from each gene
region were normalized to the B/I ratio for the cellular control Tsix Site A B/I so that comparisons
between different treatment groups could be done.

ChIP validation. Prior to real-time PCR analyses of viral targets, all ChIP assays were validated by
determining the B/I ratios of the cellular controls Tsix imprinting/choice center CTCF site A (positive con-
trol) and MT498 (negative control) (81). Only assays having a greater than 2-fold abundance of Rad21
bound to Tsix imprinting/choice center CTCF site A relative to MT498 were used in further analyses. For
ChIP assays done in the human cell lines (HeLa and LUHMES), validations were performed using the pos-
itive-control ERE2 compared to IgG as a negative control, as previously described (82) (Table 1).

Statistical analysis. One-way analysis of variance (ANOVA) and Student’s t test were performed
using SigmaPlot 12.5 by analyzing the individual normalized B/I ratios for a specific gene region to the
IgG/I values as correlated samples. For comparisons between samples at different time points or
between the two viruses, one-way ANOVA with independent samples was used. The P values are indi-
cated on the graphs above the time point at which a significant change was determined statistically.
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