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ABSTRACT CTCF and the cohesin complex modify chromatin by binding to DNA
and interacting with each other and with other cellular proteins. Both proteins regu-
late transcription by a variety of local effects on transcription and by long-range to-
pological effects. CTCF and cohesin also bind to herpesvirus genomes at specific
sites and regulate viral transcription during latent and lytic cycles of replication. Ka-
posi’s sarcoma-associated herpesvirus (KSHV) transcription is regulated by CTCF and
cohesin, with both proteins previously reported to act as restrictive factors for lytic
cycle transcription and virion production. In this study, we examined the interdepen-
dence of CTCF and cohesin binding to the KSHV genome. Chromatin immunopre-
cipitation sequencing (ChIP-seq) analyses revealed that cohesin binding to the KSHV
genome is highly CTCF dependent, whereas CTCF binding does not require cohesin.
Furthermore, depletion of CTCF leads to the almost complete dissociation of cohesin
from sites at which they colocalize. Thus, previous studies that examined the effects
of CTCF depletion actually represent the concomitant depletion of both CTCF and
cohesin components. Analysis of the effects of single and combined depletion indi-
cates that CTCF primarily activates KSHV lytic transcription, whereas cohesin has pri-
marily inhibitory effects. Furthermore, CTCF or cohesin depletion was found to have
regulatory effects on cellular gene expression relevant for the control of viral infec-
tion, with both proteins potentially facilitating the expression of multiple genes im-
portant in the innate immune response to viruses. Thus, CTCF and cohesin have
both positive and negative effects on KSHV lytic replication as well as effects on the
host cell that enhance antiviral defenses.

IMPORTANCE Kaposi's sarcoma-associated herpesvirus (KSHV) is causally linked to
Kaposi's sarcoma and several lymphoproliferative diseases. KSHV, like other herpesvi-
ruses, intermittently reactivates from latency and enters a lytic cycle in which nu-
merous lytic mRNAs and proteins are produced, culminating in infectious virion pro-
duction. These lytic proteins may also contribute to tumorigenesis. Reactivation from
latency is controlled by processes that restrict or activate the transcription of KSHV
lytic genes. KSHV gene expression is modulated by binding of the host cell proteins
CTCF and cohesin complex to the KSHV genome. These proteins bind to and modu-
late the conformation of chromatin, thereby regulating transcription. We have ana-
lyzed the interdependence of binding of CTCF and cohesin and demonstrate that
while CTCF is required for cohesin binding to KSHV, they have very distinct effects,
with cohesin primarily restricting KSHV lytic transcription. Furthermore, we show that
cohesin and CTCF also exert effects on the host cell that promote antiviral defenses.
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aposi’s sarcoma-associated herpesvirus (KSHV) (human herpesvirus 8 [HHV8]) is a

gammaherpesvirus causally related to Kaposi's sarcoma, primary effusion lym-
phoma, and multicentric Castleman’s disease (for a review see reference 1). KSHV
maintains latent infection as an episome but intermittently may reactivate from latency
and express a regulated cascade of lytic cycle genes, which culminates in infectious
virion production. Expression of lytic cycle proteins may also exert pleiotropic effects on
the host cell and modulate the innate immune response, inflammation, cell prolifera-
tion, and survival (2).

CTCF and the cohesin complex, cellular proteins important in regulating transcrip-
tion and chromatin conformation, have been shown to bind to specific sites on
herpesvirus genomes and regulate both latent and lytic gene expression (3-15). CTCF
binds to approximately 25 major sites on the KSHV genome (6). Most of the CTCF sites
also exhibit colocalized cohesin binding, although the amount of cohesin binding is
overall smaller (6). Cohesin, a complex of three core proteins, SMC1, SMC3, and
SCC1/Rad21, essential for chromatid segregation (16), has also been recognized as a
global regulator of transcription (17). Its importance in transcriptional regulation, in
addition to its role in mitosis, is emphasized by the fact that several mutations affecting
cohesin function are associated with Cornelia de Lange syndrome, a human disease
associated with physical malformations and abnormalities in mental development (18).
The cohesin proteins form a ring-shaped structure that encloses sister chromatids (16,
19). Several other proteins are associated with cohesin and regulate the dynamic
association of cohesin with chromatin as it is sequentially loaded and dissociated from
chromosomes during mitosis and segregation (20). The specificity of cohesin localiza-
tion is complex and likely mediated by multiple proteins, including NIPBL, mediator,
transcription factors, and CTCF (21, 22). Thus, while cohesin binds to many human
chromosomal CTCF sites, it also binds to some sites independently of CTCF.

Cohesin and CTCF may have both positive and negative effects on transcription.
Many of the effects of cohesin and CTCF are thought to be mediated by facilitating and
stabilizing long-range interactions between promoters and enhancers (23). The most
likely mechanism is that CTCF binds to specific chromosomal DNA sites and that
cohesin facilitates the topological linking of DNA sequences in cis, similar to its role in
chromatid linkage in trans. Conversely, CTCF may perform insulator functions, prevent-
ing promoter-enhancer interactions and spreading of transcription into silenced gene
loci (24). Cohesin also is involved in the regulation of RNA polymerase Il (RNAP II)
pausing at promoters and relieves pausing, promoting RNA elongation (25).

Recently, we demonstrated that both cohesin and CTCF appear to act as restriction
factors for KSHV lytic gene expression and virion production (6). Depletion of either protein
limits lytic gene transcription, such that KSHV RNA accumulation and viral replication are
enhanced. Depletion of either protein results in markedly increased production of infec-
tious virions. Rad21 appears to exert a greater effect, as the knockdown (KD) of Rad21
resulted in >100-fold increases in virus yields, approximately five times more than the
knockdown of CTCF. Both proteins dissociate from the viral genome as lytic viral replication
proceeds, but Rad21 dissociates from viral genomes earlier and more completely than
CTCF. The loss of cohesin from the KSHV genome is site specific, as it remains bound to
some latent gene regions and to the terminal repeats. CTCF also exhibits site-specific
changes in KSHV genome occupancy during lytic replication, with decreased binding at
most but not all sites during lytic replication (6).

Our findings that cohesin and CTCF may play distinct roles in regulating KSHV
reactivation and virion production are mirrored by the differing effects of their knock-
down on KSHV lytic gene transcription (6). Consistent with the more profound effects
of Rad21 KD on virion production, Rad21 depletion consistently leads to greater
increases in KSHV lytic gene expression overall than does CTCF KD (3, 6). Furthermore,
the individual depletion of each of the two proteins leads to distinguishable effects on
the lytic transcriptional profile. Whereas most KSHV lytic genes are repressed by both
CTCF and cohesin, some are increased upon CTCF or cohesin KD, suggesting that the
transcription of a subset of genes is directly or indirectly stimulated by CTCF and/or
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cohesin binding (6). In addition, some genes show decreased expression during CTCF
KD but increased expression upon cohesin KD, suggesting that CTCF and cohesin exert
opposite effects on specific KSHV genes, with CTCF being required for efficient tran-
scription and cohesin inhibiting transcription (6).

Interpretation of these findings, however, is complicated by a lack of knowledge
regarding the interactions between cohesin and CTCF occupancy of the KSHV genome.
Previous findings on the interaction between cohesin components, such as Rad21, and
CTCF, when bound to the human genome, indicated that cohesin binding and local-
ization may require CTCF (26-28), but a similar analysis of the KSHV genome has not
been carried out. We first performed knockdowns of either CTCF, cohesin, or both
proteins simultaneously and measured virion production and lytic gene transcription.
To investigate the mutual interdependence of cohesin and CTCF binding, we per-
formed experiments in which either CTCF or Rad21 was knocked down individually,
followed by chromatin immunoprecipitation (ChIP) for both proteins, allowing us to ask
whether KSHV genome occupancy of either protein was affected by the other. The
results of these experiments demonstrated that CTCF and cohesin have distinct but
interrelated effects on KSHV lytic replication. We have determined that the effects of
Rad21 and CTCF on each other’s binding to the KSHV genome are not reciprocal and
that the pattern of interdependence varies significantly compared to binding to the
human genome. Since depletions of CTCF and cohesin have been reported to differ-
entially affect cellular chromatin structure and gene expression (29), we asked whether
we could detect changes in cellular gene expression relevant to viral replication in this
study. We found that both CTCF and Rad21 depletions have effects on cellular gene
expression, including the innate immune system, that have the potential to affect viral
replication indirectly.

RESULTS

Distinct effects of CTCF and Rad21 depletion on KSHV virion production. We
have previously shown that CTCF depletion prior to the induction of lytic replication led
to increased KSHV virion production and lytic gene expression (6). In addition, deple-
tion of Rad21, an essential component of cohesin (30), consistently led to greater
increases in KSHV transcription and virion production than CTCF depletion. The more
potent effects of Rad21 depletion on infectious virus production are shown in Fig. 1A.
The iSLK cell line, a renal epithelial cell-derived line infected with the KSHV Bac16
bacmid, transduced with a doxycycline-inducible Rta-expressing lentivirus, and robustly
and synchronously induced to permit KSHV lytic replication by doxycycline treatment,
was used for these experiments (31, 32). iSLK cells were transfected with either control
small interfering RNAs (siRNAs), CTCF siRNAs, or Rad21 siRNAs, and after 48 h to allow
for complete depletion of the targeted proteins, KSHV lytic replication was induced by
doxycycline treatment. After 5 days to permit maximal infectious virion production,
serial dilutions of filtered cell supernatants were incubated with 293T cells for 48 h.
Infected 293T cells that became green fluorescent protein (GFP) positive due to
infection by recombinant GFP-expressing KSHV were counted by flow cytometry, and
infectious virion titers were calculated as previously described (33). The results confirm
that Rad21 has a greater inhibitory effect on KSHV lytic replication and are consistent
with our previous report that lytic gene transcription is enhanced by either CTCF or
Rad21 knockdown, with Rad21 depletion having a greater enhancing effect on lytic
gene expression (6). The efficacy of CTCF and Rad21 depletion is shown in Fig. 1B.
Viabilities and numbers of cells after each knockdown were similar, as shown in Fig. 1C.

CTCF-cohesin interdependence when binding to the KSHV genome. CTCF bind-
ing is thought to recruit cohesin components to chromosomal sites where they
colocalize, and the depletion of CTCF leads to a variable loss of cohesin occupancy (26).
If a similar mechanism operated in KSHV, it would be expected that CTCF depletion
would lead to a concomitant loss of Rad21 and other cohesin components. Yet the
specific depletion of Rad21 alone caused greater increases in KSHV lytic transcription
than the depletion of CTCF (6), suggesting that the loss of CTCF may limit maximal
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FIG 1 Effect of CTCF or Rad21 depletion on KSHV virion production. (A) KSHV-infected iSLK cells were
transfected with either control siRNA (NC Si), CTCF-specific siRNA (CTCF Si) or Rad21-specific siRNA
(Rad21 Si). KSHV replication was induced by doxycycline treatment (+D) or mock induced (—D).
Supernatants from induced cells were used to infect 293T cells. Virus passage was quantitated by flow
cytometry of GFP-positive 293T cells. Each transfection/induction was performed in triplicate, and three
replicate infections were performed with each supernatant. Error bars denote standard errors of the
means (SEM) for all experiments. (B) Western blot showing the efficacy of CTCF and Rad21 KD with actin
as a loading control. (C) Cells were counted after each KD with vital dye staining. A minimum of 200 cells
per sample were counted.

transcriptional activation. Such an outcome could be explained if CTCF generally has
net positive effects on KSHV transcription, but cohesin has larger negative or restrictive
effects on transcription (model 1) (Fig. 2A). The depletion of CTCF thus would lead to
a loss of both CTCF and Rad21, a loss of CTCF's positive effects, and a concomitant loss
of Rad21’s negative effects. Since CTCF KD is postulated to have a net inhibitory effect
on transcription, the enhancing effects of Rad21 KD would be partially offset compared
to KD of Rad21 alone, which is hypothesized to have no effect on CTCF occupancy.
Variations of this model are also possible, in which Rad21 KD causes a loss of CTCF at
colocalized sites but does not affect sites at which CTCF alone is bound.

Conversely, it is possible that Rad21 and CTCF binding are completely independent
and that the depletion of either one does not affect the binding of the other (model 2)
(Fig. 2B). In this case, the different effects of CTCF and Rad21 KD on the magnitude of
transcriptional activation could still be explained but would require that the net effects
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FIG 2 Models for functional interaction of CTCF and Rad21 on the KSHV genome. (A) Model 1: Rad21 binding is dependent on
CTCF binding. Individual or colocalized CTCF (blue) and Rad21 (orange) binding is shown at a regulated gene locus in the KSHV
genome. At baseline, CTCF binding can have either positive (blue up arrow) or negative (blue down arrow) effects on transcription,
whereas Rad21 has only a negative effect (orange down arrow). Red arrows represent the additive effects of CTCF and/or Rad21
KD on expression at the gene locus. The horizontal red bar depicts the baseline level of gene expression without KD. The predicted
effect of CTCF KD is that the loss of CTCF leads to a net decrease in transcription, whereas the concomitant loss of Rad21 leads
to a greater net increase in transcription, cumulatively resulting in a moderate increase. KD of Rad21 leads to a loss of Rad21 alone,
producing a large transcriptional increase, without affecting the net positive effects of bound CTCF, resulting in a larger net
increase than with CTCF KD. (B) Model 2: Rad21 does not depend on CTCF binding. CTCF and Rad21 binding sites are depicted
as described above for panel A. CTCF binding, however, is postulated to have only negative effects, similar to Rad21, albeit not
as great as those of Rad21. CTCF KD therefore leads to a moderate increase in transcription, and Rad21 KD leads to a larger
increase. Neither KD affects the effect of the other protein on transcription.

of both proteins are inhibitory, with CTCF having a smaller restrictive potential than
Rad21. In this case, the depletion of either protein would independently have an
enhancing effect on transcription, with Rad21 KD having a greater enhancing effect.

In order to distinguish between these two models, we performed a reciprocal ChIP
experiment to directly examine the effect of depleting either protein on KSHV genome
occupancy by the other protein. After depletion of either Rad21 or CTCF with specific
siRNAs, or treatment with nontargeting control siRNAs, DNA was chemically cross-
linked, sonicated, and immunoprecipitated with an antibody (Ab) to either CTCF or
Rad21 (Fig. 3A). Deep sequencing of the immunoprecipitated DNA then allowed the
determination of the effect of CTCF or Rad21 depletion on the binding of both proteins.
The results clearly demonstrated that model 1 more closely describes the interdepen-
dence of CTCF and Rad21 binding than model 2. CTCF KD led to an almost complete
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FIG 3 Interdependence of CTCF and Rad21 binding to the KSHV genome. (A) Strategy for CTCF and Rad21
reciprocal ChlIP. iSLK/Bac16 cells were transfected with negative-control siRNA (NC Si), CTCF Si, or Rad21 Si. At 2
days posttransfection, each group was divided into two, and ChiIP-seq was performed with Rad21 or CTCF to
determine the effect of the depletion of either protein on the binding of the other protein. (B) Graphical
representation of reciprocal ChIP-seq. Relative read numbers are plotted on the vertical axis versus the reference
KSHV genome map on the horizontal axis. CTCF and Rad21 ChlP results for each sample are shown in the top six
panels, and the corresponding input samples (IN) are shown in the bottom three panels. As shown in tracks 3 and
4, CTCF KD leads to a loss of Rad21 binding, whereas Rad21 depletion does not affect CTCF binding. Rad21 KD is
more effective than CTCF KD in causing a loss of Rad21 binding at some sites (cf. tracks 6 and 4, highlighted with

a red bar). The tracks depict coverage per base, scaled per million mapped KSHV reads.

loss of Rad21 at sites where they bind together and where CTCF is lost. At sites where
CTCF remained bound despite KD (avid sites), Rad21 also remained bound (Fig. 3B). The
removal effect of CTCF KD on Rad21 occupancy was almost as efficient as that of Rad21
KD itself. Conversely, Rad21 KD had no detectable effect on CTCF occupancy, despite
the efficient removal of Rad21 at most sites.

Complex effects of CTCF and Rad21 depletion on KSHV gene expression and
virion production. Based on these findings, one would predict that KD of both CTCF
and Rad21 simultaneously would have essentially the same effect as CTCF KD on both
virus production and lytic transcription. We therefore examined KSHV infectious virion
production under these conditions of individual and double KD. KSHV-infected iSLK
cells were transfected with either Rad21 siRNA, CTCF siRNA, both siRNAs together, or
control siRNA. Forty-eight hours later, KSHV replication was induced with doxycycline
as described above, and infectious virus titers in the cell supernatants were determined
by infection of 293T cells and flow cytometry as described above (Fig. 4A). As expected,
Rad21 KD yielded a 368-fold increase over control siRNA KD, and CTCF KD resulted in
a lower 36-fold increase in the virus titer. Interestingly, double KD of both CTCF and
Rad21 yielded a larger amount of virus than KD of CTCF alone. Western blotting of cell
lysates from each KD confirmed that KD of each protein did not affect levels of the
other and that depletions of soluble CTCF and Rad21 were complete (Fig. 4B). These
results suggested that subtle differences in residual Rad21 or CTCF that remained
bound to the viral genomes could explain the differences between CTCF KD and double
KD of both Rad21 and CTCF. Indeed, a close examination of the magnitude of the
residual ChIP binding after each KD suggested that specific Rad21 KD led to the more
complete removal of Rad21 from the genome than CTCF1 KD (Fig. 3B, compare CTCF
Si/Rad21 Ab to Rad21 Si/Rad21 Ab). Thus, more complete removal of Rad21 would
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FIG 4 KSHV production in cells depleted of CTCF, Rad21, or both CTCF and Rad21. CTCF and/or Rad21
was depleted in iSLK/Bac16 cells prior to the induction of lytic replication. Cells were transfected with
either negative-control siRNA (NC Si), siRNA specific for CTCF (CTCF Si), siRNA specific for Rad21 (Rad21
Si), or both CTCF Si and Rad21 siRNAs (C+R Si). (A) KSHV replication was induced by treatment with
doxycycline. Five days later, supernatants from induced cells were used to infect 293T cells. Virus passage
was quantitated by flow cytometry of GFP-positive 293T cells. Each transfection/induction was performed
in triplicate, and three replicate infections were performed with each supernatant. (B, top) Cell lysates
were prepared 48 h after transfection and analyzed by immunoblotting with an anti-CTCF antibody or
anti-Rad21 antibody. (Bottom) Blots were stripped and reprobed with an anti-actin antibody as a loading
control.

occur upon double KD. Therefore, if Rad21 primarily has restrictive effects and CTCF has
net positive effects on KSHV transcription, double KD with more complete Rad21
removal would be expected to increase virus production more than CTCF KD with
incomplete removal of Rad21.

In order to ask whether the transcription of individual KSHV genes was also affected
similarly by the depletion of CTCF and Rad21, we performed quantitative PCR (qPCR) on
samples from cells treated in the same manner as those in which virus production was
measured, as described above. Knockdown of either CTCF, Rad21, or both proteins in
iSLK/Bac16 cells was performed. KSHV replication was induced by the addition of
doxycycline or mock induced, and RNA was harvested 48 h after the induction of
replication. The expression of KSHV lytic RNAs was measured by gqPCR under each
condition of depletion and induction. As shown in Fig. 5, the pattern of gene expression
enhancement due to the knockdown of either CTCF or Rad21 was consistent with our
previous findings, showing that Rad21 KD led to consistently greater increases in gene
expression. Similar to the effects on virion production, double KD resulted in a level of
RNA expression intermediate between those of individual CTCF KD and Rad21 KD in
each case. These data indicate that the interrelated effects of CTCF and Rad21 on
transcription mediate the observed effects on virus production. Furthermore, these
results imply that the net effect of CTCF on KSHV gene transcription is positive but that
KD of CTCF, due to the concomitant loss of cohesin binding, leads to the derepression
of KSHV gene expression. It should also be noted that we previously demonstrated that
CTCF and/or Rad21 KD does not affect the amounts of the KSHV lytic transactivator Rta
(open reading frame 50 [ORF50]) expressed in this ORF50-inducible cell line (6).

Interactions of CTCF and Rad21 during binding to the human genome. Similar
interactions between CTCF and Rad21 binding at sites where they colocalize on the
human genome have been reported, showing that Rad21 binding is mostly dependent
on CTCF binding but not vice versa (26). In order to more closely examine the
interdependence of CTCF and Rad21 binding to the human genome, we analyzed the
binding patterns of CTCF and Rad21 by ChIP sequencing (ChIP-seq) at baseline and
after the depletion of either protein. In contrast to the pattern observed with KSHY,
there were 29,363 (65%) sites that were CTCF and Rad21 double positive, 12,164 (27%)
that were CTCF-only sites, and 3,426 (8%) that were Rad21-only sites (Fig. 6A). Thus,
unlike the situation with KSHV, only ~70% of the CTCF binding sites exhibited
colocalization of Rad21, and a small number of Rad21 peaks did not coincide with CTCF.
The interdependence of CTCF and Rad21 was also distinct from that observed with
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FIG 5 Effect of individual or combined depletion of CTCF and Rad21 on KSHV lytic cycle gene expression.
iSLK/Bac16 cells were depleted of CTCF (CTCF Si) and/or Rad21 (Rad21 Si) or mock depleted (NC Si) by siRNA
transfection followed by treatment with doxycycline (=D, mock treatment; +D, doxycycline treatment) to induce
lytic replication. RNA was prepared 48 h after the induction of replication, and relative quantification of mRNA
expression (RQ) for each lytic gene was performed by qPCR. Results for the early genes K9, ORF6, and ORF57 and
the late gene ORF47 are shown. Each transfection was performed in triplicate, and gPCR was performed with three
technical replicates per sample. The level of expression of each RNA was normalized to the level of expression in
uninduced cells.

binding to the KSHV genome. While the depletion of CTCF also led to a loss of Rad21
at most doubly bound sites, there was a significant percentage of sites where Rad21
binding was largely unaffected despite the loss of CTCF (10%) (Fig. 6B). In addition,
CTCF remained bound at 22% of the sites despite KD; the percentage of such avid CTCF
sites was thus higher than that observed with KSHV. The effect of Rad21 KD on CTCF
occupancy was also different from that observed with KSHV (Fig. 6C). At the majority of
sites where Rad21 was removed (61%), there was no effect on CTCF occupancy, similar
to KSHV. However, at 19% of the sites, Rad21 KD led to a concomitant loss of CTCF
binding. Similar to CTCF, ~19% of the sites displayed tight Rad21 binding, with no
change in Rad21 occupancy after KD. It therefore appears that overall, Rad21 binding
to the KSHV genome is much more dependent on CTCF than binding to the human
genome. Binding of both proteins to the host cell genome also does not appear to be
as labile as binding to the viral genome, with a larger percentage of bound sites being
resistant to either CTCF or Rad21 depletion. Furthermore, the interdependence of
binding also appears to be more complex, with a significant percentage of sites where
the depletion of one protein does not affect the maintained binding of the other.
Effects of CTCF and Rad21 depletion on host cell gene expression. The global
effects of CTCF and Rad21 depletion on the human transcriptome have not been
extensively characterized. Given the complex patterns of effects on binding observed
upon the depletion of CTCF and Rad21, it was possible that these proteins could have
unique effects on cell gene expression with relevance to viral replication. We therefore
examined the effect of either CTCF or Rad21 KD on cellular transcription by high-
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FIG 6 Interdependence of CTCF and Rad21 binding to the human genome. (A) Distribution of CTCF and
Rad21 binding sites on the human genome. Peaks were called using MACS2 as described in Materials and
Methods. (B) Effect of CTCF depletion on the binding of each protein at colocalized sites. Where CTCF
depletion leads to a loss of CTCF at a site, it is denoted CTCF negative; where it leads to a loss of Rad21,
it is denoted Rad21 negative. (C) Effects of Rad21 depletion on Rad21 and CTCF occupancy. Sites where
Rad21 depletion led to a loss of both Rad21 and CTCF, sites where neither protein is lost, and sites at
which Rad21 depletion causes a loss of Rad21 but does not affect CTCF occupancy are shown (61%).

throughput RNA sequencing (RNA-seq). RNA from iSLK cells in which either CTCF or
Rad21 KD had been performed was analyzed by deep sequencing. We separated the
genes that were most highly affected by either KD using a threshold of a log,-fold
change of 2. Using these criteria, we classified all human transcripts based on the
pattern of the response to either CTCF or Rad21 KD (Table 1). Since the level of an
individual transcript could either increase, decrease, or remain unchanged with either
KD, there are theoretically nine categories of gene responses, as shown in Table 1.
Again, unlike the effect on KSHV transcript levels, where virtually all lytic genes are
activated by CTCF and even more so by Rad21 depletion, the level of expression of the
vast majority of detectably expressed cellular genes (96%) was not highly affected by
either KD. Of the remaining eight categories, there were between 100 and 300 genes
in each category, except for one (there were no genes whose expression increased in

January 2020 Volume 94 Issue 2 e01279-19

Journal of Virology

jviasm.org 9


https://jvi.asm.org

Li et al.

TABLE 1 Cellular gene transcripts categorized using a threshold of a 4-fold change based
on the pattern of response to either CTCF or Rad21 KD¢

Response
Category CTCF KD Rad21 KD No. of genes
1 T T 145
2 T - 287
3 T N 2
4 ~ T 208
5 - - 23,921
6 - Vil 124
7 NN T 0
8 U - 209
9 L L 99
Total 24,995

a1 1 1, gene expression was upregulated; —, gene expression did not change; | | |, gene expression
was downregulated.

response to Rad21 KD but decreased in response to CTCF KD). We performed gene
ontology (GO) analyses using the PANTHER database to investigate whether there were
any distinguishable pathways or functional groups of gene expression relevant to virus
replication that were affected by CTCF or Rad21 KD. Interestingly, in the category of
genes whose expression decreased by >2-log,-fold upon KD of either CTCF or Rad21,
several genes classified as being important in the interferon (IFN) response were
enriched, including all three 2’,5-oligoadenylate synthase isoforms (OAS1, OAS2, and
OAS3). Analysis of the subset of genes whose expression was not affected by Rad21 KD
but was decreased by CTCF, i.e., genes whose expression is dependent on CTCF,
revealed a strong enrichment of genes involved in homophilic cell adhesion via plasma
membrane adhesion molecules (Table 2). Interestingly, 27 members of the protocad-
herin gene cluster were found to be downregulated by CTCF KD. CTCF was previously
identified as a master regulator of protocadherin expression (34, 35), confirming the
validity of our analyses.

We then performed additional analyses where the threshold for fold change was set
at =2. The number of genes in each category then increased, as expected (Table 3). The
number of genes whose expression decreased with either CTCF KD or Rad21 KD then

Journal of Virology

TABLE 2 Cellular genes involved in homophilic cell adhesion downregulated with CTCF KD using a threshold of a 4-fold change

PANTHER protein class
(PANTHER ID)

Protocadherin alpha-3
Protocadherin alpha-13
Protocadherin alpha-10
Protocadherin alpha-1
Protocadherin beta-9
Protocadherin alpha-5
Protocadherin alpha-11

Protocadherin beta-10
Protocadherin alpha-4
Protocadherin beta-11
Protocadherin alpha-C2
Protocadherin alpha-6
Protocadherin alpha-7
Protocadherin beta-7
Protocadherin alpha-2
Protocadherin alpha-9
Protocadherin alpha-C1
Protocadherin alpha-12
Protocadherin alpha-8

Gene ID? Mapped ID Gene name
HUMAN|HGNC=8669|UniProtkB=Q9Y5H8 PCDHA3
HUMAN|HGNC=8667|UniProtkB=Q9Y510 PCDHA13
HUMAN|HGNC=8664|UniProtkB=Q9Y5I2 PCDHA10
HUMAN|HGNC=8663|UniProtkB=Q9Y5I3 PCDHA1
HUMAN|HGNC=8694|UniProtKkB=Q9Y5E1 PCDHB9
HUMAN|HGNC=8671|UniProtkB=Q9Y5H7 PCDHA5
HUMAN|HGNC=8665|UniProtkB=Q9Y5I1 PCDHA11
HUMAN|HGNC=1756|UniProtkB=Q12864 CDH17 Cadherin-17
HUMAN|HGNC=8681|UniProtkB=Q9UN67 PCDHB10
HUMAN|HGNC=8670|UniProtkB=Q9UN74 PCDHA4
HUMAN|HGNC=8682|UniProtkB=Q9Y5F2 PCDHB11
HUMAN|HGNC=8677|UniProtkB=Q9Y514 PCDHAC2
HUMAN|HGNC=8672|UniProtkB=Q9UN73 PCDHA6
HUMAN|HGNC=8673|UniProtkB=Q9UN72 PCDHA7
HUMAN|HGNC=8692|UniProtkB=Q9Y5E2 PCDHB7
HUMAN|HGNC=8668|UniProtkB=Q9Y5H9 PCDHA2
HUMAN|HGNC=8675|UniProtkB=Q9Y5H5 PCDHA9
HUMAN|HGNC=8676|UniProtkB=Q9H158 PCDHAC1
HUMAN|HGNC=8666|UniProtkB=Q9UN75 PCDHA12
HUMAN|HGNC=8674|UniProtkB=Q9Y5H6 PCDHA8
HUMAN|HGNC=8685|UniProtkB=Q9Y5E9 PCDHB14

Protocadherin beta-14

Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)
Cadherin (PC00069)

aSpecies and HGNC and UniProt accession numbers for each gene are as listed.
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TABLE 3 Cellular gene transcripts categorized using a threshold of a 2-fold change based
on the pattern of the response to either CTCF or Rad21 KD¢

Response

Category CTCF KD Rad21 KD No. of genes
1 T T 938

2 T - 950

3 T N 49

4 - T 709

5 - - 20,172
6 - L1 584

7 NN T 20

8 U - 915

9 L L 658
Total 24,995

a1 1 1, gene expression was upregulated; —, gene expression did not change; | | |, gene expression
was downregulated.

increased to 658. A gene ontology analysis of these genes also revealed highly
significant enrichment for genes involved in the cellular response to viral infection,
particularly those induced by interferons (Table 4). A list of the genes most highly
enriched in the type | IFN signaling pathway that are downregulated by either CTCF or
Rad21 KD is shown in Table 5. In order to confirm the effect of CTCF or Rad21 on these
transcripts, we performed gqPCR to measure the levels of five interferon-stimulated
genes (ISGs). As shown in Fig. 7, the expression of ISGs increased with the induction of
KSHYV replication, as might be expected. Furthermore, ISG expression was inhibited by
KD of either CTCF or Rad21, confirming the RNA-seq findings. These data therefore
suggest not only that CTCF and Rad21 have direct effects on KSHV transcription but
also that both proteins may play a positive role in the innate immune response and
interferon-mediated antiviral defenses.

Since both CTCF and Rad21 KD led to increased KSHV replication, it was possible
that the effects of CTCF and Rad21 KD on the innate immune response were indirectly
mediated by viral gene products. Although possible, such effects are unlikely given that
the effect on ISGs was also observed in iSLK/Bac16 cells that were not induced to permit
lytic replication, in which the expression of lytic KSHV genes and virion production is
negligible. Nevertheless, we also examined ISG expression in iSLK cells that were not
infected by KSHV. As shown in Fig. 7B, the expression of several ISGs was also decreased
upon CTCF or Rad21 depletion in uninfected iSLK cells.

DISCUSSION

Modification of chromatin conformation by CTCF and cohesin plays a major role in
mammalian transcriptional regulation. Although most of the focus has been on the
topological organization of chromatin via loop formation and its effects on gene
activation and repression, local and direct effects of CTCF and cohesin on promoter
activity are also important (36). CTCF may act as a barrier insulator, preventing the
spread of transcription from regions of active to inactive chromatin (37, 38). CTCF also
binds to RNAP Il and can facilitate RNAP Il recruitment and elongation, while cohesin
may regulate pausing of RNAP Il (25, 39, 40). The relative contributions of these

TABLE 4 GO enrichment analysis of cellular genes whose levels decreased 2-fold with
either CTCF or Rad21 KD

GO biological process Expected®  Fold enrichment P value

Type | interferon signaling pathway 1.6 11.87 8.62E—11
Cellular response to type | interferon 1.6 11.87 8.62E—11
Response to type | interferon 1.7 11.16 2.53E—-10
Negative regulation of viral genome replication ~ 1.27 11.02 7.16E—07

aNumber of genes expected to occur by chance in each gene set for the listed GO pathways.
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FIG 7 Effect of depletion of CTCF or Rad21 on cellular interferon-regulated gene expression. (A)
Depletion of CTCF and/or Rad21 in iSLK/Bac16 cells followed by KSHV lytic replication induction was
performed. RNA was prepared 48 h after the induction of replication. Relative quantification of mRNA
expression (RQ) for each lytic gene was performed by qPCR. Results for Stat2, OAS1, OAS1, OAS2, OAS3,
OASL, and IFIT1 are shown. Each transfection was performed in triplicate, and qPCR was performed with
three technical replicates per sample. The level of expression of each RNA was normalized to the level
of expression in uninduced cells (NC Si, negative-control siRNAs). (B) Uninfected iSLK cells were
transfected with either negative-control siRNA, CTCF siRNA, or Rad21 siRNA. RNA was harvested, and
gPCR was performed for ISGs as described above for panel A. (C) Efficiency of CTCF and Rad21 KD in
panel B measured by Western blotting, with actin as a loading control.

mechanisms to gammaherpesvirus transcription remain to be fully defined. Work from
the Lieberman laboratory has demonstrated the formation of intragenomic CTCF-
dependent loops in KSHV (5, 7, 41). Using 3C and other chromatin conformation assays,
they showed that a major CTCF and cohesin binding site in the LANA intron formed
multiple loops with other KSHV genomic locations. Two such interactions were char-
acterized in detail, with the ORF50 promoter region and the 3’ end of the latency
region. Mutation of the CTCF binding sites in the latency region, or depletion of CTCF,
led to decreased loop formation between the latency region and ORF50 as well as
decreased ORF50 transcription. In addition, local effects of CTCF binding were also
reported, with mutation of CTCF binding sites in the LANA intron affecting RNAP I
binding at K12 and LANA promoter regions. The loss of CTCF binding decreased K12
transcription but increased LANA transcription and altered histone modification pat-
terns and nucleosome occupancy, indicating that CTCF may have complex local effects
independent of its ability to mediate long-range DNA interactions. The depletion of
cohesin leading to a loss of KSHV genome binding acts to activate lytic gene transcrip-
tion and virion production (3, 6). Because CTCF depletion also had similar effects, it
initially appeared that both CTCF and cohesin are negative regulators of lytic transcrip-
tion. However, our finding that CTCF depletion cannot be achieved without a concom-
itant loss of cohesin from the KSHV genome complicates the interpretation of findings
from experiments involving CTCF depletion or mutation of CTCF binding sites. It should
also be noted that during lytic replication, newly produced linear genomes are not
chromatinized when packaged. The extent to which CTCF and cohesin may affect
potential lytic transcription from such templates prior to encapsidation remains to be
determined.
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Our data are consistent with multifactorial mechanisms for CTCF regulation of KSHV
lytic gene transcription. The depletion of CTCF led to the loss of Rad21 at all KSHV sites
where CTCF binding was lost. In addition, CTCF KD led to the loss of CTCF at several
other sites that were not cooccupied by cohesin. As shown by the reciprocal ChIP
experiments, the interdependence of CTCF and cohesin binding to the KSHV genome
is unilateral; i.e., cohesin binding is almost entirely CTCF dependent but not vice versa.
This leads to a situation where CTCF removal leads to the removal of cohesin as well.
The effects of CTCF depletion are therefore actually the effects of the removal of both
cohesin and CTCF. The overall effects of CTCF on KSHV lytic cycle transcription and
virion production are thus likely to be a combination of its local effects, its effect on
long-range interactions, and local effects of cohesin occupancy that require CTCF. The
clearly more potent effects of cohesin removal in activating lytic transcription than
those of CTCF (and concomitantly cohesin) removal suggest that CTCF has generally
activating effects on KSHV lytic cycle transcription. While loop formation between the
LANA and ORF50 sites involving both CTCF and cohesin may enhance lytic cycle
transcription under some circumstances (5), the depletion of cohesin alone leads to
lytic cycle activation and virion production (3, 6), suggesting that repressive effects of
cohesin play a greater role in regulating KSHV lytic transcription. In addition, in the
experimental system used here, initial Rta protein is derived from an inducible trans-
gene, demonstrating that cohesin and CTCF have effects on lytic cycle transcription
independent of the regulation of the ORF50 promoter. In summary, CTCF appears to be
coopted by KSHV to act primarily as a positive activator of lytic cycle transcription. The
stimulatory effects of CTCF depletion, however, cannot be uncoupled from its effects
on cohesin binding, which is primarily inhibitory to KSHV lytic cycle transcription.

Interestingly, the wholly one-sided dependence of cohesin on CTCF binding to the
KSHV genome was different from that observed in the cellular genome. While the
general pattern of cohesin dependence on CTCF was maintained, there was a signifi-
cant number of sites where Rad21 occupancy was maintained despite CTCF depletion
and even sites where Rad21 depletion appeared to decrease CTCF binding, suggesting
that local effects of cohesin and CTCF may play complex roles in regulating gene
expression in addition to their effects on chromatin conformation. While we cannot rule
out a small amount of residual CTCF after KD at such sites, cohesin has also been shown
to bind to the human genome together with transcription factors, independently of
CTCF, and to have a functional role in estrogen-regulated transcription (42). Such a
model of individual CTCF and cohesin effects is consistent with the intriguing finding
that either cohesin or CTCF depletion affected the expression of several key compo-
nents of the interferon response. These genes are present on several different chro-
mosomes, unlike the protocadherin cluster, which is coordinately regulated by CTCF
(34, 43, 44). While long-range topological effects of CTCF/cohesin on each individual
interferon-induced gene cannot be ruled out, it leaves open the possibility that binding
of CTCF and/or cohesin may independently and locally activate the transcription of
these genes. We previously demonstrated that IFIT1, IFIT2, and IFIT3, as well as OAS2
proteins, inhibit KSHV lytic replication and virion production (45). Experiments using
depletion of CTCF or cohesin or mutation of CTCF binding sites therefore have the
potential to alter the cellular phenotype and viral biology by mechanisms unrelated to
their direct effects on viral DNA genomes, which should be considered in the inter-
pretation of findings from such studies. The finding that CTCF and cohesin may broadly
regulate the interferon response also raises the possibility that cohesinopathies, human
diseases in which various genes in the cohesin pathway are mutated, may result in
subtle immunodeficiency and affect resistance to viral infections.

MATERIALS AND METHODS

Cells and plasmids. 293T cells were grown at 37°C in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and glutamine. iSLK cells (31) (gift of Don Ganem,
UCSF) were maintained in DMEM containing 10% charcoal-stripped FBS (Sigma) and 1% glutamine with
250 ug/ml G-418 and 1 pg/ml puromycin. iSLK cells were infected with wild-type (WT) KSHV derived from
the bacmid Bac16, expressing enhanced green fluorescent protein (eGFP) and hygromycin resistance
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(32). Bac16 KSHV-infected iSLK cells (iSLK/Bac16 cells) were maintained in a solution containing
1.2 mg/ml hygromycin, 250 ug/ml G-418, and 1 pg/ml puromycin.

CTCF and Rad21 knockdown. On-target plus smart pool siRNAs for CTCF (catalog no. L-020165-
00-0005), Rad21 (catalog no. L-006832-00-0005), and the negative control (catalog no. D-001210-03-20)
were purchased from Thermo Scientific. Each siRNA at a 10 nM final concentration was transfected into
iSLK/Bac16 cells using Lipofectamine RNAIMAX (Invitrogen) according to the manufacturer’s protocol.
Immunoblotting was performed to verify the knockdown of the relevant protein.

Induction of lytic gene expression and virus replication and quantification of infectious virus
release. To induce KSHV lytic gene expression or virus replication, iSLK/Bac16 cells were depleted of
CTCF, Rad21, or both CTCF and Rad21 simultaneously. Two days later, cells were treated with 1 ug/ml
doxycycline to induce lytic replication. Cells were harvested at 48 h postinduction for RNA preparation.
At 48 h postinduction, cell viability was greater than 94% by vital dye staining. For virus production,
supernatants of the cells were harvested at 5 days postinduction, cleared by centrifugation twice, and
filtered through a 0.80-um-pore-size cellulose acetate filter. Serial dilutions of supernatants were used to
infect 293T cells. Forty-eight hours after infection, flow cytometry was performed to measure the number
of GFP-positive cells, each representing a cell infected by a GFP-expressing KSHV virion (33). Each
infection was done in triplicate, and each infected cell sample was assayed by flow cytometry. Based on
the dilution factor, infectious virus titers in the iSLK cell supernatant were calculated.

Immunoblot analysis. Protein samples from lysed cells were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with rabbit polyclonal anti-CTCF
(Millipore), anti-Rad21 (Bethyl), or anti-actin monoclonal antibody (Sigma) and horseradish peroxidase-
conjugated secondary antibody (GE Healthcare), followed by visualization with the Clarity Western ECL
substrate.

RNA isolation and analysis. Total cellular RNA was isolated from washed cell pellets using Qiazol
and Qiagen miRNeasy columns according to the manufacturer’s protocols. Reverse transcription-PCR
(RT-PCR) was performed with Power SYBR green RNA-to-CT master mix (Applied Biosystems) according
to the manufacturer’s protocol. Each sample was analyzed in triplicate with gene-specific primers, and
B-actin was used as the endogenous control. The gene-specific primers were as follows: K9/vIRF1 Q1F
(5'-CGGCATAGCTGTGCTTACCA-3'), K9/VIRF1 Q1R (5'-CATTGTCCCGCAACCAGACT-3'), OAS1 Q1F (5'-GCG
CCCCACCAAGCTCAAGA-3’), OAST QTR (5'-GCTCCCTCGCTCCCAAGCAT-3'), OAS2 Q1F (5'-ACCCGAACAG
TTCCCCCTGGT-3'), OAS2 Q1R (5'-ACAAGGGTACCATCGGAGTTGCC-3'), OAS3 Q1F (5'-TGCTGCCAGCCTTT
GACGCC-3’), OAS3 Q1R (5'-TCGCCCGCATTGCTGTAGCTG-3'), OASL QTF (5'-GCGGAGCCCATCACGGTCAC-
3’), OASL Q1R (5'-AGCACCACCGCAGGCCTTGA-3"), ORF6 Q1F (5'-CTGCCATAGGAGGGATGTTTG-3’), ORF6
Q1R (5'-CCATGAGCATTGCTCTGGCT-3"), ORF47 Q1F (5'-AGCCTCTACCCTGCCGTTGTTCT-3’), ORF47 Q1R
(5'-ACGACCGCGACTAAAAATGACCT-3'), ORF57 Q1-5 (5'-GCAGAACAACACGGGGCGGA-3’), ORF57 Q2-3
(5'-GTCGTCGAAGCGGGGGCTCT-3’), Stat2 Q1F (5'-ATCATCCGCCATTACCAGTTGC-3’), Stat2 Q1R (5'-CGG
GGGATTCGGGGATAGA-3’), B-actin Q1F (5'-TCAAGATCATTGCTCCTCCTGAG-3'), B-actin Q1R (5'-ACATCT
GCTGGAAGGTGGACA-3'), IFIT1 Q1F (5'-GGAATACACAACCTACTAGCC-3), and IFITT Q1R (5'-CCAGGTCA
CCAGACTCCTCA-3').

ChIP assays. A chromatin immunoprecipitation (ChIP) assay was performed as previously described
(6), with some modifications. Briefly, iSLK/Bac16 cells were transfected with CTCF siRNA and/or Rad21
siRNA or negative-control siRNA at a final concentration of 10 nM. A total of 50 million iSLK cells were
harvested 48 h after transfection for reciprocal ChIP. After sonication, each sample was split into two
parts and immunoprecipitated with anti-CTCF antibody or anti-Rad21 antibody. Libraries were con-
structed from the chromatin-immunoprecipitated DNA and input samples. Single-end reads of 50 cycles
were sequenced on an lllumina HiSeq2000 platform. Sequence reads were mapped to the KSHV genome
(GenBank accession no. GQ994935.1). Library preparations, lllumina sequencing, and sequencing data
analysis were performed by the University of Utah Huntsman Cancer Institute microarray facility.

High-throughput deep sequencing of RNA and data analysis. RNA samples from iSLK/Bac16 cells
were prepared and analyzed as previously described (6). Briefly, iSLK/Bac16 cells were transfected with
a 10 nM final concentration of CTCF siRNA and/or Rad21 siRNA or negative-control siRNA (10 nM final
concentration). Two days later, cells were treated with 1 ug/ml doxycycline. Cells were collected at 48 h
postinduction. RNA samples were prepared using Qiagen miRNeasy kits. A total of 1.5 mg of each RNA
was poly(A) selected, and libraries were prepared using the Illumina TruSeq RNA sample preparation
protocol (catalog no. RS-930-2001) and validated using an Agilent bioanalyzer. RNA sequencing libraries
were sequenced (50-cycle single-end reads) using an Illlumina HiSeq2000 instrument.

Reference fasta files were generated by combining the standard chromosome sequences from hg19
and the KSHV sequence from NCBI accession no. NC_009333.1. Ensembl transcript annotations for hg19
were downloaded from the UCSC table browser and combined with the KSHV gene annotations listed
under NCBI accession no. NC_009333.1. Gene annotations were created by merging transcripts with the
same gene identifier. All possible splice junction sequences from each gene’s transcripts were generated
using USeq’'s MakeTranscriptome application using a radius of 46. These splice junction sequences were
added to the combined hg19 and KSHV sequences and run through Novoindex (v2.8) to create the
RNA-seq reference index. Reads were aligned to the transcriptome reference index described above
using Novoalign (v2.08.01), allowing up to 50 alignments for each read. USeq’'s SamTranscriptomeParser
application was used to select the best alignment for each read and convert the coordinates of reads
aligning to splices back to genomic space. Differential gene expression was measured using
USeq'sDefined Region Differential Seq application. Briefly, the numbers of reads aligned to each gene
annotation were calculated. The counts were then used in DESeq, which normalizes the signal and
determines differential expression (46).
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then filtered to retain peaks with at least a 5-fold signal over the background.
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Bioinformatic analysis of ChIP-seq data. (i) Peak calling. Reads were aligned to the combined
human (hg19) and KSHV (GenBank accession no. GQ994935.1) genomic sequences using Novoalign
(v2.08.01). Peaks were called between each pair of ChIP and input samples using MACS2. The results were

(ii) Peak counts. Read counts for each peak were generated for the six ChIP samples using bedtools
(v2.27.0) multicov. The control Si/CTCF Ab sample peak definitions were used for all CTCF ChIP samples,
and the control Si/Rad21 Ab sample peak definitions were used for all Rad21 ChIP samples.

(i) Count normalization. ChIP samples were grouped into four pairs: control Si/CTCF Ab plus CTCF
Si/CTCF Ab, control Si/CTCF Ab plus Rad21 Si/CTCF Ab, control Si/Rad21 Ab plus CTCF Si/Rad21 Ab, and
control Si/Rad21 Ab plus Rad21 Si/Rad21Ab. The number of mapped reads in the top shared peaks was
calculated for each sample in the pair. First, shared peaks for each pair were identified using the
“bedtools intersect,” requiring that at least 50% of each peak overlapped (-f 0.50 -r). Next, read counts
were summed for the 10% of shared peaks with the highest combined count across the pair. Reads were
normalized by dividing the raw counts by the number of mapped reads in the top shared peaks and then
multiplying by 1 million.
(iv) CTCF/Rad21 intersection. Shared CTCF and Rad21 peaks were identified using the bedtools
intersect command on the control Si/CTCF Ab and control Si/Rad21 Ab peak definitions, requiring that
at least 50% of each peak overlapped.
(v) KD peak calling. A normalized peak count ratio was calculated for each pair: control Si/CTCF Ab
plus CTCF Si/CTCF Ab, control Si/CTCF Ab plus Rad21 Si/CTCF Ab, and control Si/Rad21 Ab plus CTCF Si
Rad21 Ab. If the CTCF Si/Rad21 Si normalized peak count was less than 50% of the control Si peak count,
the peak was considered absent in the knockdown. Each peak was then categorized based on the
presence or absence of peaks after knockdown in the four pairs.
Data availability. The data discussed in this publication have been deposited in the NCBI Gene
Expression Omnibus (GEO) (47) and are accessible through GEO accession no. GSE138105 and
GSE138937.
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