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Significance

Human cytomegalovirus (HCMV) 
remains an important healthcare 
consideration driven by disease 
in at- risk populations associated 
with reactivation of this virus 
from latent infection. We show 
here that the establishment of 
latency is aided by a host nuclear 
architectural protein, CTCF. By 
binding two convergent sites on 
the virus major immediate early 
promoter/enhancer region, 
which largely acts as a switch 
from latency to reactivation, CTCF 
anchors a chromatin loop such 
that the virus promoter is 
maintained in a transcriptionally 
repressed state. Upon 
differentiation of cells, CTCF 
protein levels decrease, and this 
loop is alleviated as the virus 
reactivates. Our findings reveal 
further insight into the regulation 
of HCMV latency and promoter/
enhancer elements, which is 
broadly applicable across 
biological systems.
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Human cytomegalovirus (HCMV) is a prevalent pathogen that establishes life- long 
latent infection in hematopoietic cells. While this infection is usually asymptomatic, 
immune dysregulation leads to viral reactivation, which can cause significant morbidity 
and mortality. However, the mechanisms underpinning reactivation remain incompletely 
understood. The HCMV major immediate early promoter (MIEP)/enhancer is a key 
factor in this process, as its transactivation from a repressed to active state helps drive 
viral gene transcription necessary for reactivation from latency. Numerous host tran-
scription factors bind the MIE locus and recruit repressive chromatin modifiers, thus 
impeding virus reactivation. One such factor is CCCTC- binding protein (CTCF), a 
highly conserved host zinc finger protein that mediates chromatin conformation and 
nuclear architecture. However, the mechanisms by which CTCF contributes to HCMV 
latency were previously unexplored. Here, we confirm that CTCF binds two convergent 
sites within the MIE locus during latency in primary CD14+ monocytes, and following 
cellular differentiation, CTCF association is lost as the virus reactivates. While mutation 
of the MIE enhancer CTCF binding site does not impact viral lytic growth in fibroblasts, 
this mutant virus fails to maintain latency in myeloid cells. Furthermore, we show the 
two convergent CTCF binding sites allow looping to occur across the MIEP, support-
ing transcriptional repression during latency. Indeed, looping between the two sites 
diminishes during virus reactivation, concurrent with activation of MIE transcription. 
Taken together, our data reveal that three- dimensional chromatin looping aids in the 
regulation of HCMV latency and provides insight into promoter/enhancer regulation 
that may prove broadly applicable across biological systems.

cytomegalovirus | CMV | latency | epigenetics | CTCF

Human cytomegalovirus (HCMV) remains an important healthcare issue worldwide. As 
the prototypic betaherpesvirus, HCMV infects between 44% and 96% of the world’s 
population, with local seroprevalence levels highly linked to socioeconomic variables  
(1, 2). As with all herpesviruses, HCMV infection is life- long, residing in a latent state in the 
host. While primary infection rarely causes disease in healthy individuals, reactivation 
from latency can lead to severe disease in immunosuppressed individuals, including trans-
plant patients (3). Additionally, primary infection of the immunonaive causes congenital 
infection, which can lead to symptoms ranging from benign to those that include hearing 
loss, developmental impairments, and microcephaly, to name a few (4). HCMV latency 
is maintained within cells of the myeloid lineage through the epigenetic control of viral 
transcription. During viral latent infection, a limited number of viral transcripts are 
synthesized, although major immediate early (MIE) gene expression is repressed (5). 
Transcription from the MIE locus is driven by the MIE promoter (MIEP), as well as 
additional alternative promoters that function in specific contexts (6), and activation of 
these promoters is regulated through chromatinization, as well as various transcription 
factors (7, 8). During reactivation, however, the MIEP becomes derepressed as the virus 
switches to a lytic infection and is able to fully replicate (5).

Myriad repressive and activatory host- derived transcription factors bind the MIE locus 
(7); nevertheless, our understanding of the transcriptional regulation of this region remains 
incomplete. Recently, Elder et al. showed expression of host CCCTC- binding protein 
(CTCF) is up- regulated and binds the MIE enhancer during HCMV latency in CD14+ 
cells (9), consistent with MIE locus repression. CTCF is a highly conserved zinc finger 
protein that acts as a transcriptional and epigenetic insulator and mediates higher- order 
chromatin conformation and looping in the nucleus (10). CTCF influences gene expression 
by many viruses, both during latent or persistent infections, as well as during reactivation 
and lytic infection (11). CTCF also binds numerous insulator regions on the herpes simplex 
virus (HSV) genome, and importantly, dissociation of CTCF from these sites is necessary 
for reactivation (12–14). Additionally, CTCF is enriched at sites across gammaherpesviruses 
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genomes, including Epstein–Barr virus (EBV), where it functions 
during latency and reactivation (reviewed in ref. 15). Mechanistically, 
CTCF aids in chromatin loop formation, differentially regulating 
transcription from certain genomic regions dependent on the stage 
of infection (15). Along with various other host factors (16), CTCF 
anchors loops through the interaction of two CTCF proteins that 
bind sites convergent to one another on the same DNA strand (10). 
Intriguingly, in addition to the CTCF binding site in the MIE 
enhancer (9), there is a second site in the MIE locus intron A (17). 
During lytic infection, CTCF association at this site is consistent 
with inhibition of MIE- driven transcription and overall viral rep-
lication (17). Pertinently, these two CTCF binding sites face one 
another, meaning that these sites are convergent. Hence, we 
hypothesized that CTCF regulates the local three- dimensional 
genome organization during HCMV infection.

Herein we show that CTCF binds both the MIE enhancer and 
intron A sites during CD14+ cell latent infection. Upon M- CSF 
treatment, which differentiates the cells and allows for virus reac-
tivation, CTCF protein levels decrease, concomitant with reduced 
binding to the MIE locus. Mutation of the MIE enhancer binding 
site abrogated CTCF binding, which resulted in a lytic- like infec-
tion, despite latent culture conditions. Moreover, we show CTCF 
binding to both the enhancer and intron A sites is consistent with 
loop formation across the MIE locus during latency, which is lost 
upon cellular differentiation and viral reactivation. Taken together, 
our data reveal CTCF regulates MIE- driven transcription through 
the formation of a three- dimensional chromatin loop, which is 
dynamically reversed during reactivation.

Results

CTCF Is Enriched at the MIE Locus during CMV Latency. Earlier 
work revealed CTCF binds the enhancer (9) and the first intron 
within the MIE locus (17) (Fig. 1A). To confirm these findings in 
our latency model systems, we mock-  or latently- infected THP- 1 

cells (Fig. 1 B–D) or CD14+ monocytes (Fig. 1 E–G) with wild 
type TB40/E- mCherry (WT) for 7 d, after which we treated a 
portion of each culture with differentiation stimuli for a further 2 
d. We then quantified UL123 transcription (Fig. 1 B and E) and 
IE1 protein expression (Fig. 1 C and F), both of which increase 
following differentiation stimuli. In latently infected cells, CTCF 
protein levels increase with WT infection, consistent with previous 
findings (9), which then decrease upon cellular differentiation 
(Fig. 1 C and F). We also found significant enrichment of CTCF at 
both the intron A and MIE enhancer sites (Fig. 1A) in both WT- 
infected THP- 1 (Fig. 1D) and CD14+ (Fig. 1G) cells, although the 
efficiency of binding is enhanced at the enhancer site, irrespective 
of cell type (Fig. 1 D and G). Additionally, following differentiation 
of the cells and derepression of the MIE locus, CTCF enrichment 
significantly decreases (Fig. 1 D and G), suggesting CTCF is lost 
as the cells differentiate and the virus reactivates.

Since our data indicate that CTCF is enriched at the MIE locus 
during latent infection yet lost upon differentiation of the cells as 
the virus reactivates, we hypothesized perhaps CTCF functions to 
maintain MIE repression during latency. To address this, we next 
designed a mutation at the enhancer- binding site to prevent CTCF 
association (SI Appendix, Fig. S1 A and B). We compared the MIE 
enhancer CTCF binding site to the predicted metazoan consensus 
sequence (18) and found that it was in fact longer than previously 
recognized (9) (SI Appendix, Fig. S1B). Additionally, our computa-
tional analyses of this region using PhysBinder (19) revealed a puta-
tive CREB binding site within the CTCF binding site sequence 
(SI Appendix, Fig. S1B). Since phosphorylated CREB binding to 
the MIE locus is critical for reactivation (20), we designed our muta-
tion such that this putative CREB binding site is retained 
(SI Appendix, Fig. S1B). To this end, we mutated nucleotides only 
within the highest region of homology with the consensus sequence 
to produce TB40/E- mCherry- CTCFmut (CTCFmut; mut), using 
previously described BAC recombineering technology (21). We then 
reverted the mutated nucleotides to the wild type sequence, generating 

Fig. 1. CTCF is enriched at intron A and MIEP during HCMV latency in THP- 1 and CD14+ monocytic cells. (A) Schematic of the CTCF binding sites in the MIE locus. 
CTCF is depicted as a purple triangle. Each exon, as well as intron A, the MIEP, and the enhancer element are shown. (B–D) THP- 1 cells or (E–G) CD14+ monocytes 
were mock-  or WT- infected (MOI = 1.0 TCID50/cell) under latent conditions. At 7 dpi, cells were cultured an additional 2 d (A–C) with vehicle (DMSO; −TPA) or TPA 
(+TPA) or (D–F) under latent conditions (−M- CSF) or in the presence of the differentiation stimulus, M- CSF (+M- CSF). (B and E) UL123 transcripts were quantified 
by RT- qPCR, and (C and F) host CTCF and CMV- encoded IE1 expression were assessed by immunoblot. Actin is shown as a loading control. Representative blots 
shown, n = 3. (D and G) CTCF enrichment was quantified at each MIE CTCF binding site. Data are shown as enrichment relative to the IgG control. The UL69 non- 
promoter region is shown as a negative control. (B, D, E, and G) Data points (open circles) represent the mean of three technical replicates. Error bars indicate 
SD of the mean of three biological replicates. *P < 0.05, **P < 0.01, ns = not significant.
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TB40/E- mCherry- CTCFrev (CTCFrev; rev). Following sequence 
validation of each newly generated virus, we then evaluated their 
lytic growth in NuFF- 1 fibroblasts by performing a multi- step 
growth curve. CTCFmut displayed wild type growth kinetics, as we 
observed no significant difference in either cell- free (SI Appendix, 
Fig. S1C) or cell- associated virus (SI Appendix, Fig. S1D) compared 
to WT or CTCFrev, suggesting the mutation does not impact 
HCMV lytic replication.

CTCF Enrichment at the MIE Locus Is Critical for Maintaining 
Viral Latency. We next evaluated the contribution of CTCF 
binding to the enhancer site to viral latency. First, to confirm the 
enhancer binding site mutation disrupts CTCF association, we 
assessed CTCF enrichment using chromatin immunoprecipitation 
(ChIP). To this end, we infected either THP- 1 or CD14+ cells 
with WT, CTCFmut, or CTCFrev under latent conditions for 7 
d, after which a portion of each infected culture was treated with 
differentiation stimuli for an additional 2 d. CTCF was indeed 
enriched at the enhancer- binding site in cells latently infected with 
WT or CTCFrev, which was lost upon cellular differentiation 
(Fig.  2 A and E), similar to our above observations (Fig.  1 D 
and G). In contrast, the CTCFmut- infected cells cultured under 
latent conditions failed to enrich CTCF at the enhancer site 
(Fig. 2 A and E), without impacting the required recruitment of 
phosphorylated CREB (20) to the locus (SI Appendix, Fig. S1B) 
during reactivation (Fig. 2 B and F). Since we hypothesize CTCF 
binding during latency impacts the activity of the MIE locus, we 
evaluated both UL123 transcription and IE1 protein expression. 
As expected, WT and CTCFrev infected cells maintained under 
latent conditions display low levels of UL123 mRNA, while 
CTCFmut infected cells cultured under the same conditions had 
significantly higher expression levels of UL123 transcript (Fig. 2 
C and G). Consistent with these data, IE1 is robustly expressed in 
CTCFmut cells infected under latent conditions, which increases 
in all infected populations following differentiation of these cells 
(Fig. 2 D and H), suggesting that CTCFmut- infected cells favor 

a lytic- like infection. Supporting these findings, UL123 (Fig. 2 C 
and G) and IE1 (Fig. 2 D and H) expression in the CTCFmut- 
infected cultures maintained under latent conditions are similar 
to levels observed following differentiation of the WT-  or 
CTCFrev- infected cells. Additionally, histones H3.3 and H2A.Z, 
epigenetic hallmarks of promoter activation (22), are enriched 
at the viral enhancer site (SI Appendix, Fig. S2), correlating with 
the transcriptional activity of the MIEP in each. Collectively, 
these data suggest that CTCF binding to the MIE enhancer site 
is critical for maintaining HCMV latency.

Our data suggest that CTCF binding to its site within the MIE 
enhancer is important for repression of the MIE locus. Thus, to 
determine whether this impacts the maintenance of viral latency, 
we infected CD14+ monocytes with WT, CTCFmut, or CTCFrev 
under latent conditions for 7 d, after which a portion of each 
infected culture was maintained under these conditions or treated 
with M- CSF to differentiate the cells, thus reactivating the virus. 
We then determined the frequency of infectious centers by extreme 
limiting dilution analysis [ELDA; (23)]. During latency, WT-  and 
CTCFrev- infected cells display a low frequency of infectious centers, 
which significantly increase following reactivation (Fig. 3 and 
SI Appendix, Fig. S3), as expected. In contrast, CTCFmut- infected 
cells display a significant increase in the frequency of infectious 
centers relative to that of WT-  or CTCFrev- infected cultures, despite 
their maintenance in medium- favoring latency (Fig. 3, open blue 
bars). Indeed, the CTCFmut- infected CD14+ cells treated with 
M- CSF exhibit a further significant increase in the frequency of 
infectious centers (Fig. 3 and SI Appendix, Fig. S3, checkered blue 
bars), which is more than eightfold higher than control viruses in 
differentiated cells (Fig. 3 and SI Appendix, Fig. S3, checkered black 
or gray bars), likely due to the fact CTCFmut- infected cells already 
favored a more lytic- like infection at the time of M- CSF addition. 
We and others have observed similar phenotypes when using mutants 
or conditions that result in the failure of the virus to undergo latency 
(e.g., refs. 24, 25). In sum, these data confirm CTCF binding to the 
MIE enhancer site is required for efficient viral latency.

Fig. 2. Mutation of the CTCF binding site in the MIE enhancer results in derepression of the MIE locus. (A–D) THP- 1 or (E–H) CD14+ cells were infected (MOI = 
1.0 TCID50/cell) under latent conditions with WT, CTCFmut (mut), or CTCFrev (rev). At 7 dpi, cells were cultured an additional 2 d (A–D) with vehicle (DMSO; −TPA) 
or TPA (+TPA), or (E–H) under latent conditions (−M- CSF) or in the presence of the differentiation stimulus, M- CSF (+M- CSF). (A, B, E, and F) Enrichment of (A and 
E) CTCF or (B and F) phosphorylated CREB (pCREB) at the MIE enhancer binding site was assessed by ChIP and is depicted as enrichment relative to the IgG 
control. (C and G) UL123 mRNA levels were quantified by RT- qPCR and are plotted relative to cellular GAPDH. (D and H) Cellular CTCF, HCMV IE1, and actin (loading 
control) expression were evaluated by immunoblot. Representative blots shown, n = 3. (A–C, E–G) Data points (open circles) represent the mean of three technical 
replicates. Error bars indicate SD of the mean of three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001.
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CTCF Mediates Looping between Convergent Binding Sites in 
the MIE Locus. Thus far, our findings reveal CTCF association 
with the MIE enhancer binding site impacts MIEP activity and 
viral latency. Further, our data show CTCF that is also enriched 
at the intron A site, though to lesser affinity than the enhancer 
site (Fig. 1 D and G). Importantly, the intron A site faces the 
enhancer site (Fig. 1A), consistent with a structure that has the 
potential to function in looping of the DNA (26). Furthermore, 
CTCF controls transcription from other virus genomes (27), thus 
there is precedence for CTCF- mediated regulation of HCMV 
gene expression. Taken together, this led us to hypothesize that 
looping, anchored by CTCF bound at the intron A and MIE 
enhancer binding sites during latency may, at least in part, control 
transcription from this locus. To test this, we employed chromatin 
conformation capture (3C) (28) to determine whether these 
two loci are closer in three- dimensional (3D) space than would 
otherwise be expected from a linear DNA strand. Briefly, THP- 1 
or CD14+ cells were infected with WT, CTCFmut, or CTCFrev 
(MOI = 1.0 TCID50/cell) for 7 d. We then either maintained 
the infected cells under latent conditions or treated them with 
differentiation stimuli for an additional 2 d, after which we assessed 
the 3D architecture of the genome by 3C- PCR (Fig.  4A). As 
controls, we retained a portion of the fixed cells prior to digesting 
the DNA (input), as well as following the enzymatic digestion step 
(digest). We then amplified the resulting ligated product, if any, 
by PCR. As expected, using PCR primers that span the intron A 
and enhancer CTCF binding sites resulted in the amplification 
of a 1,009 bp product in all “input” samples, whereas there was 
no product in our “digested” samples. However, in our “ligated” 
samples, PCR amplification resulted in 136 bp products in the 
WT-  and CTCFrev- latently infected cells (Fig. 4 B and F). The 

presence of this band was reduced in CTCFmut- infected cells 
cultured under latent conditions and was diminished further to 
undetectable levels following differentiation of either infected cell 
type. This is in comparison to low remaining levels of this 136 bp 
product in either WT-  and CTCFrev- infected cells treated with 
differentiation stimuli. While these data suggest the genome is 
looping in WT, latently infected cells, we were unable to detect the 
cohesin subunit, structural maintenance of chromosome protein 3 
(SMC3), at the MIE locus by ChIP (SI Appendix, Fig. S4), which 
is often, but not always, necessary for maintenance of CTCF- 
associated genomic loops (29). To ensure that DNA was loaded 
equally into each reaction, we amplified a NlaIII- insensitive region 
(150 bp) of the MIE locus (Fig. 4 C and G). Finally, to confirm 
specificity of the 3C- PCR primers for the region spanning the two 
CTCF binding sites, we Sanger sequenced products from the WT- 
infected THP- 1 cell input and ligated samples, thus confirming 
the DNA junction within the input fraction (Fig. 4D), as well 
as a shorter, chimeric sequence in the ligated sample (Fig. 4E), 

Fig.  3. Mutation of the CTCF binding site in the MIE enhancer results in 
increased virus replication in CD14+ monocytes. CD14+ monocytes were 
infected with WT, CTCFmut (mut), or CTCFrev (rev) (MOI = 1.0 TCID50/cell) under 
latent conditions. At 7 dpi, cells were either maintained under latent conditions 
(−M- CSF) or treated with the differentiation stimulus, M- CSF (+M- CSF) and co- 
cultured with naïve NuFF- 1 cells to quantify the frequency of infectious centers 
by ELDA. Each data point (circle) is the mean of three technical replicates 
(SI Appendix, Fig.  S3). Data are shown as fold change relative to WT latent 
(−M- CSF) culture conditions (open black bar). Error bars indicate SD of three 
biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001.

Fig. 4. Abrogation of CTCF binding at the enhancer binding site decreases 
chromatin looping. (A) Schematic of chromatin conformation capture (3C) –PCR 
technique. Purple triangles, CTCF. PCR primers, orange/green arrows. (B–E) 
THP- 1 or (F and G) CD14+ cells were infected (MOI = 1.0 TCID50/cell) with WT, 
CTCFmut (mut), or CTCFrev (rev) under latent conditions. At 7 dpi, cells were 
cultured an additional 2 d (B–E) with vehicle (DMSO; −TPA) or TPA (+TPA), or  
(F and G) under latent conditions (−M- CSF) or in the presence of the differentiation 
stimulus, M- CSF (+M- CSF). Cells were then fixed with formaldehyde and 
chromatin conformation capture (3C) was performed, as described in detail 
in Methods. (B and F) PCR analysis of 3C products using primers spanning the 
possible looping loci: a 1,009 bp product (uncut template, experimental loading 
control), 136 bp product (ligation of digested ends without the intermediary 
sequence). (C and G) Amplification of a 150 bp region within a sequence that 
is not cut with NlaIII is shown as a PCR loading control. (D and E) PCR products 
from (B) were excised from gels, purified, and Sanger sequenced to show (D) 
a wild type sequence and (E) a chimeric sequence. NlaIII site is underlined in 
black; sequence in the intronic and enhancer regions are also underlined in 
red and blue, respectively. (B, C, F, and G) Representative gels shown, n = 3.
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consistent with re- ligation of two usually separated sequences. 
Together, these data indicate CTCF mediates a loop between its 
intron A and enhancer binding sites.

Discussion

Herein we show CTCF binding at the MIE locus during HCMV 
latency is critical for repression of this region. Specifically, our data 
reveal that CTCF binds convergent sites in the enhancer and 
intron A (Fig. 1). Further, mutation of the enhancer- binding site, 
which limits CTCF association at the enhancer, results in a lytic- 
like infection in monocytic cells cultured under latent conditions 
(Fig. 2), and consistent with this, CTCFmut- infected cells fail to 
maintain viral latency (Fig. 3). Finally, our data reveal CTCF 
mediates repression of the MIE locus by mediating looping 
between its two convergent sites in the MIE locus (Fig. 4). 
Collectively, our findings reveal another layer by which the MIE 
region is regulated during latency and reactivation.

Convergent CTCF binding sites act as boundaries in the meta-
zoan genome, leading to looping of chromatin across megabase- 
 wide regions, thereby resulting in topologically associating domains 
(TADs). Additionally, CTCF- mediated looping occurs more locally 
between promoters and enhancers (10). Viral gene expression mod-
ulated via CTCF looping also occurs and plays important function 
in the lifecycle of many double- stranded DNA viruses, including 
alpha-  and gamma- herpesviruses (11). Our findings herein now 
add to our understanding of the function of CTCF during herpes-
virus infection and more specifically, CTCF- mediated control of 
betaherpesvirus regulation. While our data indicate CTCF binding 
to the enhancer site is critical for maintaining latency (Fig. 3), muta-
tion of the intron A CTCF binding site showed a 10- fold increase 
in viral replication during lytic infection of permissive cells (17), 
indicating the intronic site acts to repress transcription from this 
locus, possibly by affecting RNA polymerase II function. Although 
the impact of the intron A CTCF binding site in models of HCMV 
latency remain untested, it is attractive to hypothesize mutation of 
this site would similarly lead to the inability of the convergent sites 
to loop the DNA, resulting in derepression of the MIE locus.

What other host and or viral factors might influence CTCF-  
mediated repression of the MIE locus? Based on previous work (9) 
and our findings herein, we propose a model whereby US28-  
stimulated upregulation of CTCF protein expression (9) results in 
CTCF enrichment at, and looping of, the MIE locus in latently-  
infected myeloid cells. Chromatin loops are often anchored by 
CTCF through extrusion of the DNA/protein complex through a 
cohesin structure, until the point at which the convergent CTCF 
proteins interact (10). While we show the association of CTCF with 
the MIE locus is consistent with chromatin looping (Fig. 4), we were 
unable to detect cohesin binding in this region despite its presence 
at the host H19 control locus (30) (SI Appendix, Fig. S4). Perhaps 
this is not surprising; cohesin- CTCF complexes selectively anchor 
long- range loops, whereas loops formed by sequences in close range 
are likely anchored by CTCF alone (31). Whether another cellular 
or viral factor function in cohesin’s place is currently unknown. 
Nevertheless, the loss of this loop during reactivation of the virus is 
consistent with concomitant differentiation- dependent decreases in 
CTCF levels. Indeed, CTCF association with the two MIE binding 
sites is likely aided by a US28- mediated increase in CTCF protein 
levels (32). During latency, US28 signaling is also important for 
attenuating the function of transcriptional activators, such as AP- 1, 
to support maintenance of MIE- driven transcriptional repression 
(33, 34). Moreover, assessing genome- wide chromatin interactions 
during differentiation of THP- 1 cells to macrophages using Hi- C 
highlighted that AP- 1 is integral for directing post- differentiation 

AP1- bound activation hubs at key macrophage genes (35), indicat-
ing chromatin loops are both stabilized or diminished via transcrip-
tion factor modification. Further, HCMV- encoded GPCR UL33 
signaling mediates CREB activation, which ameliorates MIE repres-
sion and facilitates, at least in part, viral reactivation (20). Intriguingly, 
one of these cAMP response elements (CREs, 5′- TGACGTCA- 3′) 
to which CREB binds resides within the extended CTCF binding 
sequence in the MIEP enhancer (SI Appendix, Fig. S1B). Hence, it 
is possible that CREB activation, in addition to attenuated CTCF 
protein levels, tips the balance from the binding of repressive factors 
to those that are activators of the MIE locus, resulting in complete 
viral reactivation.

Taken together, our findings show the association of host CTCF 
protein at the MIE locus during HCMV latency, at least in part, 
functions to repress MIE- driven transcription by forming a repres-
sive chromatin loop between the enhancer and intron A CTCF 
anchor sites. Loss of this loop during differentiation of cells is 
concurrent with reduced binding of CTCF and derepression of 
the MIE locus, consistent with reactivation of the virus. Whether 
this form of gene expression control is found further across the 
HCMV genome during latency/reactivation and/or lytic infection 
requires further studies, as those recently performed for gamma-
herpesviruses EBV (36) and KSHV (37). Moreover, whether addi-
tional host and/or viral proteins bind or interact with CTCF at 
these sites (16) play a part during latency, as shown for 3D control 
of transcription of other viruses (38–40), remains unanswered. In 
addition to AP- 1, BRD4 also affects chromatin looping during 
differentiation (41). Understanding the involvement of BRD4 in 
this mechanism is critical, as this bromodomain protein represents 
a potential therapeutic target for HCMV infection (42). Thus, 
further inroads into our understanding of how virus gene expres-
sion is controlled through mechanisms such as these could improve 
future HCMV- specific therapies.

Methods

Cells and Viruses. Methods for cell culture, propagation of viruses, and gener-
ation of viral recombinants are included in SI Appendix, Methods.

Latency and Reactivation Assays. Experimental details for these assays are 
in SI Appendix, Methods.

RNA and Protein Analyses. Details regarding analyses of RNA and protein are 
included in SI Appendix, Methods.

Multistep Growth Analyses. Experimental approaches for analyzing viral 
growth are in SI Appendix, Methods.

Extreme Limiting Dilution Assay (ELDA). Reactivation efficiency of HCMV 
infection in CD14+ monocytes was measured by ELDA, essentially as described 
previously (23). Briefly, CD14+ cells were latently infected for 7 d and then either 
maintained under latent conditions or cultured in reactivation medium. Cultures 
were then serially diluted twofold onto naive NuFF- 1 cells and cultured for an 
additional 14 d. The production of infectious virus was quantified using viral- 
expressed mCherry as a marker of infection and ELDA software [bioinf.wehi.edu.
au/software/elda/index.html; (43)].

Chromatin Immunoprecipitation (ChIP). THP- 1 cells infected as indicated 
above were then fixed in 1.0% formaldehyde for 15 min at RT, prior to quenching 
with 125 mM glycine for 5 min. Cells were lysed in ChIP buffer [150 mM NaCl; 
50 mM Tris- HCl, pH 7.5; 5 mM EDTA; 0.5% Igepal- CA630; 1.0% Triton X- 100; 
protease inhibitors (Roche)] and debris was removed by centrifugation. Chromatin 
was then sheared to 0.3-  to 1.0- kb fragments using a Diagenode Bioruptor Pico 
(30 s on/30 s off, 12 cycles) (42) and aliquots stored as input controls. CTCF was 
immunoprecipitated using protein A agarose (MilliporeSigma) and 2 µg of anti- 
CTCF antibody (Abcam, ab188408) or rabbit IgG isotype (Abcam, ab171870) as 
a negative control. Histones were immunoprecipitated using specific primary 

http://www.pnas.org/lookup/doi/10.1073/pnas.2315860121#supplementary-materials
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antibodies [H3.3, ab176840; H2A.Z, ab150402 (both from Abcam)]. DNA was captured 
by incubation with Chelex beads (BioRad), eluted by boiling, treated with proteinase K 
treatment (0.2 ng/μL), and finally purified using chromatography columns (BioRad). 
For CD14+ monocytes, sonicated samples were chromatin- immunoprecipitated using 
the ChIP- IT PBMC kits (Active Motif), according to the manufacturer’s instructions (42). 
The same sonication conditions and quantities of antibodies used for THP- 1 cells were 
also used for processing the CD14+ cells. Enrichment of target- bound DNA in both 
cell types was then quantified against rabbit isotype control (set to 1.0) using primers 
directed at the MIE locus, the UL69 non- promoter region (34, 44) or the host H19 
locus (30) as negative controls, or the host GAPDH promoter as a positive control for 
histone immunoprecipitations (45) (SI Appendix, Table S2).

Chromatin Conformation Capture (3C)- PCR. 3C was performed essentially as 
previously described (38). Briefly, THP- 1 or CD14+ cells (3 × 106) were infected 
as described above and then washed in 1× PBS and resuspended in 1.0 mL 10% 
FBS)/PBS. Cells were fixed in 10 mL total of 1.0% formaldehyde in 10% FBS/
PBS for 10 min at RT before glycine (125 mM final concentration) treatment for 
5 min. Cells were then pelleted (500 × g) at 4 °C for 10 m, after which they were 
resuspended in 1.0 mL of ice- cold lysis buffer [10 mM Tris- HCl, pH 7.7; 10 mM 
NaCl; 5 mM MgCl2; 0.1 mM EGTA; protease inhibitors (Roche)] and incubated 
on ice for 10 min before nuclei were pelleted (400 × g) for 5 min at 4 °C. Next, 
cell nuclei were resuspended in 500 μL of 1.2× restriction enzyme buffer and 

0.3% SDS (final concentration) and incubated at 37 °C under shaking at 300 rpm 
(Eppendorf Thermomixer). After 1 h, 50 μL of 20% Triton X- 100 was added and 
samples were incubated at 37 °C for an additional 1 h under shaking (300 rpm). 
At this point, 10% of each sample was retained as an input control, while 200 U 
of NlaIII were added to each remaining sample and incubated overnight at 37 °C  
under shaking (300 rpm). Samples were then halved and 50% was retained as a 
digest control. SDS (0.1% final concentration) was added to the remaining half of 
each sample and then incubated for 25 min at 65 °C with shaking (300 rpm). Next, 
6.5 mL of 1.15× ligation buffer containing Triton X- 100 (1% final concentration) 
was added, and samples were incubated for 1 h at 37 °C under gentle shaking (100 
rpm). T4 DNA ligase (100 U) was then added, and samples were incubated for 4 h 
at 16 °C, followed by 30 min at RT. All input controls, digest controls, and ligation 
samples were then treated with 30 µg proteinase K for 16 h at 65 °C, followed by 
300 µg RNase A for 30 min at 37 °C. DNA was then isolated by phenol:chloroform 
extraction and alcohol precipitation, and all samples were resuspended in 10 mM 
Tris- HCl, pH 7.5 for use in PCR. All 3C primers are listed in SI Appendix, Table S2.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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