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ABSTRACT

Human cytomegalovirus (HCMYV) gene expression during infection is highly regulated, with sequential expression of immedi-
ate-early (IE), early (E), and late (L) gene transcripts. To explore the potential role of chromatin regulatory factors that may regu-
late HCMYV gene expression and DNA replication, we investigated the interaction of HCMYV with the cellular chromatin-organiz-
ing factor CTCF. Here, we show that HCMV-infected cells produce higher levels of CTCF mRNA and protein at early stages of
infection. We also show that CTCF depletion by short hairpin RNA results in an increase in major IE (MIE) and E gene expres-
sion and an about 50-fold increase in HCMV particle production. We identified a DNA sequence (TTAACGGTGGAGGGCAG
TGT) in the first intron (intron A) of the MIE gene that interacts directly with CTCF. Deletion of this CTCF-binding site led to an
increase in MIE gene expression in both transient-transfection and infection assays. Deletion of the CTCF-binding site in the
HCMYV bacterial artificial chromosome plasmid genome resulted in an about 10-fold increase in the rate of viral replication rela-
tive to either wild-type or revertant HCMV. The CTCF-binding site deletion had no detectable effect on MIE gene-splicing regu-
lation, nor did CTCF knockdown or overexpression of CTCF alter the ratio of IE1 to IE2. Therefore, CTCF binds to DNA within
the MIE gene at the position of the first intron to affect RNA polymerase II function during the early stages of viral transcription.
Finally, the CTCF-binding sequence in CMYV is evolutionarily conserved, as a similar sequence in murine CMV (MCMYV) intron
A was found to interact with CTCF and similarly function in the repression of MCMV MIE gene expression mediated by CTCF.

IMPORTANCE

Our findings that CTCF binds to intron A of the cytomegalovirus (CMV) major immediate-early (MIE) gene and functions to
repress MIE gene expression and viral replication are highly significant. For the first time, a chromatin-organizing factor, CTCF,
has been found to facilitate human CMV gene expression, which affects viral replication. We also identified a CTCF-binding mo-
tif in the first intron (also called intron A) that directly binds to CTCF and is required for CTCF to repress MIE gene expression.
Finally, we show that the CTCF-binding motif is conserved in CMV because a similar DNA sequence was found in murine CMV
(MCMV) that is required for CTCF to bind to MCMV MIE gene to repress MCMV MIE gene expression.

H uman cytomegalovirus (HCMYV) is a human betaherpesvirus
that infects a large percentage of the human population and
causes serious disease in immunocompromised individuals, espe-
cially in the setting of HIV-AIDS (1-3). CMV infection in permis-
sive host cells consists of the following sequence of viral events (2):
viral entry, immediate-early (IE) and early (E) gene expression,
DNA replication, late gene expression, and finally, viral packaging
and release. Major IE (MIE) gene expression is one of the earliest
events during CMV infection. The MIE gene is the most abun-
dantly expressed viral gene at the IE stage and gives rise to several
nuclear phosphoproteins that are critical for the regulation of viral
and cellular gene expression and viral DNA replication (4-14).
Hence, the HCMV MIE gene has been the focus of much study.
HCMV MIE gene expression is under the control of the MIE
promoter (MIEP). MIEP activity is regulated predominantly by a
long upstream DNA sequence referred to as the MIE enhancer.
The MIE enhancer contains an array of cis-acting sites that bind
cellular transcription factors such as NF-kB, CREB/ATF, NFl1,
SP-1, AP1, RAR-RXR, ISG, YY1, Gfi-1, ETS, serum response fac-
tor, Elk-1, and CAAT/enhancer-binding protein (15). Many of
these binding sites (BSs) are repetitive and have complex roles in
regulating CMV IE gene transcription. Several transcriptional

July 2014 Volume 88 Number 13

Journal of Virology p. 7389-7401

suppressor proteins can also regulate MIE gene expression, including
members of the histone deacetylase family (16, 17), histone chaper-
one and chromatin remodeling factors (DAXX and ATRX) (18), and
antiviral nuclear body/nuclear domain 10 proteins (PML, Sp100,
Daxx, and ATRX) (19-22), which block viral transcription initiation.
In addition, the CMV MIE gene undergoes complex and essential
mRNA splicing. The MIE gene consists of five exons and four introns,
and the splicing factors also affect CMV MIE gene expression (23).
The first exon and intron A (the first intron) of the MIE gene are
noncoding; however, it remains unknown whether any DNA-bind-
ing factors that associate with the intron A region regulate MIE gene
expression or mRNA splicing.
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CCCTC-binding factor (CTCF) is a phosphorylated 11-Zn-finger
protein that regulates gene expression through complex architectural
functions in DNA and chromatin (24). CTCF is known to provide a
barrier (or boundary) function that either prevents repressive hetero-
chromatin from spreading into other domains or provides an en-
hancer-blocking function when the insulator is positioned between
the enhancer and the promoter (25). CTCF is also known to function
in the regulation of enhancer-promoter communication and has
more recently been implicated in the coordination of RNA polymer-
ase IT elongation and mRNA processing (26). Genome-wide chroma-
tin immunoprecipitation and DNA sequencing (ChIP-seq) experi-
ments revealed that CTCF binds to specific DNA sequences, most of
which are characterized as chromatin insulator elements (27). The 11
zinc finger domains are required for CTCF to bind to a 20-bp core
consensus found throughout the cellular and viral genomes (28, 29).
The role of CTCF in gene transcription can be either repressive or
activating. Recent studies have discovered that CTCF not only plays
important roles in the regulation of latent gene expression programs
of Epstein-Barr virus (EBV) (30) and Kaposi’s sarcoma-associated
herpesvirus (KSHV) (31, 32) but also plays a role in the lytic infection
of herpes simplex virus 1 (HSV-1) (33, 34). Whether or not CTCF is
involved in HCMV MIE gene expression has yet to be determined.

Here we report a role for CTCF in the negative regulation of
MIE gene expression during primary CMV infection. We show
that CTCF protein binds directly to a DNA element within intron
A of the CMV MIE gene and that this binding is important for its
transcriptional attenuation during primary infection. MIE intron
A is known to be important for optimal expression of the MIE
gene and viral infection (35). So far, there have been only a few
investigations that have explored the function of intron A in MIE
gene regulation and CMV infection (35-37). An NF-1 binding site
(BS) in the DNA that encodes intron A has been shown to be
important for proper regulation of the CMV MIE gene (35, 38).
Thus, our findings reveal that CTCF is another important compo-
nent of the transcriptional regulatory factors that regulate CMV
MIE gene expression from DNA elements downstream of the
transcriptional start site. Our findings also suggest that CTCF
binding may have an evolutionarily conserved function in the
regulation of herpesvirus infections.

MATERIALS AND METHODS

Tissue culture and viruses. The human embryonic diploid lung fibroblast
cellline MRC-5 (ATCC CCL171), HEK 293T cells, and B] human foreskin
fibroblast cells (ATCC CRL-2522) were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal calf serum, 100 U/ml
penicillin, and 100 pg/ml streptomycin (39). HCMYV strain AD169 was
obtained from ATCC. For immunohistochemical staining, cells were
grown on round coverslips (Corning Incorporated, Corning, NY) in 24-
well plates (Becton, Dickinson and Company, Franklin Lakes, NJ).

Antibodies. Monoclonal antibodies (MAbs) against HCMV IE1/2
(MAD 810) and Flag (M2) were purchased from Sigma-Aldrich (Saint
Louis, MO). The MAb against tubulin (4G1) was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). The polyclonal antibody
against CTCF (NB500-177) was purchased from Novus Biologicals
(Littleton, CO). The MAb against murine CMV (MCMV) IE1 was pro-
vided by Stipan Jonjic, Rijeka, Croatia (1:50 for immunofluorescence as-
say and 1:200 for Western blotting) (40).

Plasmids and transfection. Plasmid pSVH, carrying the intact HCMV
MIE gene, was a gift from R. Stenberg (41) and has been used in our
laboratory previously (23). Plasmids expressing Flag-tagged CTCF and
Rad21 were described previously (31, 32). Plasmids expressing short hair-
pin RNAs (shRNAs) against CTCF were purchased from Santa Cruz (cat-
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alog no. sc-35124-SH). Plasmid pIE111, carrying the whole MCMV MIE
gene, was a generous gift from U. H. Koszinowski (42).

Transfection of plasmids and bacterial artificial chromosome plasmid
(BACmids) was performed with Lipofectamine 2000 (Life Technologies,
Grand Island, NY), according to the manufacturer’s instructions. The
AD169-derived HCMV BACmid HB5 (43) was used to generate all of the
HCMYV mutants described in this report.

Molecular cloning and mutagenesis. To delete the CTCF-binding
sequence from intron A in pSVH or pIE111, we first removed intron A
and then inserted a mutated form from which the DNA sequence (for
pSVH, TTAACGGTGGAGGGCAGTGT; for pIE111, TTTCCCGTGGAG
GACTCCG) had been deleted. The resulting plasmid was named either
pSVHACTCFi or pIE111dCTCFi.

To delete the CTCF-binding sequence from intron A in the HCMV
BAC, we employed a seamless BAC technique with galK as the selection
marker (44). Briefly, BACmid HB5 was transformed into Escherichia coli
SW102. A galK DNA fragment that was made from pgalK by PCR and
contains ends that were homologous with intron A of MIE was electropo-
rated into SW102 (harboring HB5) to replace intron A by homologous
recombination, which resulted in the BACmid HB5intronAgalK. The
galK DNA was then replaced with a PCR fragment made from intron A,
from which a fragment containing the CTCF-binding sequence had been
deleted, resulting in HB5dCTCFi. The revertant HCMV BAC DNA
(HB5dCTCiFRev) was produced from HB5dCTCFi by the same method.
The resultant BACmids were transfected into MRC-5 cells to make the
viruses HCMVACTCFi and HCMVACTCFiRev. The BACmids and vi-
ruses were verified by restriction enzyme digestion, DNA sequencing, and
PCR. The complete MIE gene was sequenced and confirmed to be correct.

RNA isolation and real-time RT-PCR. Total RNA was isolated with
TRI reagent (Ambion, Inc., Austin, TX) and treated with DNase I (RNase
free; Invitrogen catalog no. 18047-019) according to the manufacturer’s
instructions. About 1 pg of treated RNA was used for reverse transcrip-
tion (RT), which was carried out with a SuperScript II First-Strand syn-
thesis kit (Invitrogen, Carlsbad, CA) and an oligo(dT) 20mer according to
the manufacturer’s protocol. To quantitatively examine the CTCF, IE1,
and IE2 mRNA levels in HCMV-infected cells, a real-time RT-PCR assay
was done with the QuantiTect SYBR green RT-PCR kit (Qiagen, Valencia,
CA). Quantitative PCRs (qPCRs) consisted of 50 cycles under optimal
conditions of 94°C for 20 s; 50°C for 60 s; 72°C for 30 s; and 80°C for 5 s,
an optimized data collection step. Fluorescence captured at 80°C was de-
termined to be absent from the signal generated by primer dimers. All
samples were run in triplicate. Data were collected by the iCycler iQ soft-
ware (Bio-Rad) and expressed as a function of the threshold cycle (C,),
which represents the number of cycles at which the fluorescent intensity of
the SYBR green dye is significantly greater than the background fluores-
cence. The C value is directly correlated to the log,, copy number of the
RNA standards. RNA copies were extrapolated from standard curves (C;-
versus log,, copy number) representing at least a seven-point serial dilu-
tion of standard RNA (10" to 107 copies/pl). RNA standards were used as
calibrators of the relative quantification of the product generated in the
exponential phase of the amplification curve for real-time RT-PCR. The
results showed the correlation coefficient for the standard curve to be
greater than 0.95. A melting temperature curve analysis was performed by
measuring (after the amplification cycles) the fluorescence during a pe-
riod of warming from 60 to 95°C. The primers used to determine tran-
scriptional levels of CTCF, IE1, and IE2 by real-time RT-PCR are listed in
Table 1.

FP assay. A fluorescence polarization (FP) assay can detect the binding of
a small fluorescently labeled oligonucleotide from a protein of interest be-
cause of the ability of a fluorescently labeled molecule to emit light with a
degree of polarization when excited by polarized light, which is inversely pro-
portional to the rate of molecular rotation (45). FP experiments were used to
measure the inhibition constant (K;) of CTCF BSs and were performed with
384-well black Optiwell plates. All wells were initially filled with 75 pl of assay
buffer (100 mM Tris [pH 8.0], 50 mM KCl, 0.6 mg/ml bovine serum albumin,
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TABLE 1 Primers used for real-time RT-PCR

Cytomegalovirus Gene Regulation

TABLE 3 PCR primers used in ChIP assay

Primer target

and direction Sequence
1E1
Forward 5" ATG TCC TGG CAG AAC 3’
Reverse 5" CAT CCT CCC ATC ATA TTA 3’
1E2
Forward 5" ATG TCC TGG CAG AAC 3’
Reverse 5" GGA TGC CCC GGG GAG AGG —3’
UL112/113
Forward 5" ATG GAT CTC CCT ACT ACC GTC3'
Reverse 5" GAA GCC TCG CCG TGC TGC ATA -3’
CTCF
Forward 5" ACCAACCAGCCCAAACAGAAC-3’
Reverse 5" GTATTCTGGTCTTCAACCTGAATGATAG-3’
MCMVIE1
Forward 5" ATAGCTTCACCATGCCTAGGATCA 3’
Reverse 5" GGGCATCTCAGGATCATACT 3’

0.075% Tergitol-type NP-40) for 60 min at room temperature to prevent
nonspecific binding. To each well, 2 nM 6-carboxyfluorescein (FAM)-labeled
36-bp double-stranded DNA (dsDNA) probe (TCAGAGTGGCGGCCAGC
AGGGGGCGCCCTT GCCAGA) with a known dissociation constant of 17
nM for CTCF’s 11-zinc-finger binding domain (CTCF11ZF) recombinant
protein (a gift from Ronen Marmorstein, University of Pennsylvania) was
added to increasing concentrations of the unlabeled dsDNA probe (0 to 5
wM) (Table 2, CMV CTCEF BS). Seventeen nanomolar CTCF11ZF recombi-
nant protein was then added to a final volume of 30 l per well and incubated
for 60 min at 4°C. Polarization values (in millipolarization units) were mea-
sured with an Envision 2104 Multilabel Reader (PerkinElmer) with an exci-
tation wavelength of 485 nm and an emission wavelength of 530 nm. Each
measurement was done in triplicate. All experimental data were analyzed with
Prism 3.0 software, and the inhibition constants were determined by fitting to
the following model: log 50% inhibitory concentration (IC,) = log (1011 [log
K;- (1 + [fluorescent probe]/[fluorescent probe K,]), where Y = [low bind-
ing threshold + (high binding threshold — low binding threshold)]/[1 +
10N (X — log IC,,)].

Immunoblot analysis. Proteins were separated by sodium dodecyl
sulfate (SDS)-7.5% polyacrylamide gel electrophoresis (PAGE) (10 to 20
g loaded in each lane), transferred to nitrocellulose membranes (GE
Healthcare), and blocked with 5% nonfat milk for 60 min at room tem-
perature. Membranes were incubated overnight at 4°C with a primary
antibody and then incubated with a horseradish peroxidase-coupled sec-
ondary antibody (Amersham Inc.); this was followed by detection by en-
hanced chemiluminescence (Pierce, Rockford, IL) by the standard
method. Membranes were stripped with stripping buffer (100 mM

TABLE 2 Oligonucleotides used for EMSA

Oligonucleotide  Sequence

XqYqCTCFBS  GATCCTGCTGTGCCAGGGCGCCCCCTGCTGGCGA
CTAGGGCAACTA

XqYq ACTCF GATCCTGCTGTGCCAGAATACAAAATGCTAATAA
CTAGGGCAACTA

CMV CTCFBS  GTTGCGGTGCTGTTAACGGTGGAGGGCAGTGTAG
TCTGAGCAGTA

CMV ACTCF GGTAACTCCCGTTGCGGTGCTGAGTCTGAGCAG
TACTCGTTGCTG
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Primer target and direction Sequence
Intron A
Forward TGGCGGTAGGGTATGTGTCTGAAA
Reverse ACTCAGCTGCCTGCATCTTCTTCT
MIE 3’ UTR
Forward ATTAGTGGTGGCGGTGGTAGGTTT
Reverse ACGATCATCATCCCTGAGGCCAAA
XqYq
Forward ACGGGTGGAACTTCAGTAATCC
Reverse GTGAGCAAGCGGGTCCTGTA
10q
Forward ACGGTGCTCTGCCATTGC
Reverse GGCGCTGGACACCACTGTA
Actin
Forward GGCTCACCACTGCAGAAATCA
Reverse TTATCTTGGAGGTCCCCT
Intron Al
Forward ACTGCTCAGATCGTC
Reverse ATATTCTGTATTCTGC
Intron A2
Forward TGTACTCAGAGGCTG
Reverse AGTACGAGCAACACG
Intron A3
Forward GCGAAGGATCTCTCTTG
Reverse ACAGACAGAATCCTCT
MIE 3’ end
Forward GAGCGGTGAAGACCTG
Reverse ATCTGCCTCAAACTGG

B-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI, pH 6.8) for 30 min at
50°C, washed with phosphate-buffered saline—0.1% Tween 20, and used
to detect additional proteins.

PFU assay. To detect the viral growth curve, MRC-5, BJ-kdCTCF, or
BJ-kdLuc cells were infected with wild-type HCMV AD169 (HCMVwt),
HCMVACTCFi, or HCMVACTCFiRev at a multiplicity of infection
(MOI) of 0.05 PFU/cell. Medium and cells from infected cultures were
collected on different days postinfection, and virus was obtained by three
freeze-thaw cycles of the collected culture. Virus titers were determined
on MRC-5 or BJ cells after PFU analysis. Student’s t test was used to
analyze the statistical significance of differences between two groups, and
a P value of <0.005 was used as the threshold of significance.

Electrophoretic mobility shift assay (EMSA). DNA fragments (Table
2) were labeled with T4 polynucleotide kinase (Roche) in the presence of
[**P]ATP and purified with G-25 spin columns (GE Healthcare). Purified
CTCF protein was a gift from Ronen Marmorstein (University of Penn-
sylvania). Increasing amounts of purified CTCF protein (0, 50, 150, and
450 ng) were incubated with the same amounts of purified probes for 30
min at room temperature in a total volume of 25 pl of buffer containing
100 pM ZnSO,, 10 mM Tris-Cl (pH 8.0), 60 mM KCl, 1 mM EDTA, 10
mM MgCl,, 0.05 pg/pl poly(dI-dC), 0.5 pg/pl bovine serum albumin,
0.05% NP-40, 35 mM B-mercaptoethanol, and 6% glycerol. The samples
were then separated by electrophoresis on a native 5% polyacrylamide gel.
Gels were dried and analyzed with a Typhoon PhosphorImager system.

ChIP assay. HEK 293T cells were transfected with pSVH for 24 h or
BJ-kdLuc and BJ-kdCTCF cells were infected with HCMVdCTCFi,
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FIG 1 HCMYV induces CTCF production at an early time of infection. MRC-5 cells were infected with HCMV at an MOI of 0.5 for different times, as indicated.
(A) Whole-cell lysates were collected and subjected to SDS-PAGE to examine cellular and viral protein production by Western blot assay with antibodies against
viral proteins (IE1/IE2) and CTCEF. Tubulin was used as a sample-loading control. The fold increases in CTCF levels relative to mock-treated and tubulin controls
were calculated by Quantity One 4.5.0 software (Bio-Rad Laboratories, Richmond, CA). Quantification of CTCF levels (means * standard deviations) is shown
at the bottom as bar graphs generated from at least three independent viral infections and Western blot assays. (B) Total RNA was isolated from mock-infected
(0 hpi) or HCMV-infected cells, and 1 pg of the resulting sample was analyzed by quantitative RT-PCR. CTCF mRNA levels at different time points after HCMV
infection relative to the level at 0 hpi are shown. The bar graph represents the mean * standard deviation from three independent experiments. Statistically
significant differences were calculated by Student’s t test and are indicated at the top (P < 0.005).

HCMVwt, or HCMVdCTCFiRev at an MOI of 0.5 for 12 h and fixed with
1% formaldehyde and then sonicated to shear the DNA into 100- to
300-bp fragments. The anti-CTCF antibody or normal IgG was incubated
with the DNA-protein mixture, and ChIP assays were performed with the
EZChIP kit (Millipore, Billerica, MA) according to the manufacturer’s
instructions. The amount of DNA immunoprecipitated by antibodies
(normal IgG and anti-CTCF) was examined by real-time PCR in a 25-pl
reaction mixture with the primers shown in Table 3. All samples were
analyzed in triplicate with SYBR green 2X master mix (Applied Biosys-
tems, Foster City, CA) on an Applied Biosystems 7900HT Fast real-time
PCR system. After initial denaturation at 95°C for 5 min, 45 cycles of
three-step cycling were performed with an annealing temperature of
60°C. Melting curve analysis was then performed to verify product spec-
ificity. The ChIP efficiency with each antibody was calculated as a percent-
age of the input by the AC; method, and the standard deviation was
generated from triplicate PCRs.

kdCTCF. To make the CTCF knockdown (kdCTCF) cell line, we first
cotransfected 293T cells with a lentiviral plasmid expressing an shRNA
against CTCF (pLKO.1-puro-CTCF; Sigma) and a packaging plasmid
(pHR'8.2deltaR) at an 8:1 ratio, as well as with the envelope plasmid
(pCMV-VSV-G) (23). Transfection was performed with METAFECTENE
PRO (Biontex Laboratories, Martinsried/Planegg, Germany) according to
the manufacturer’s instructions. Seventy-two hours after transfection,
lentivirus encoding shCTCF was collected from the medium by filtration
through a 0.45-pm syringe filter to remove any 293T cells. BJ cells were
infected with the lentiviruses and selected with 2 wg/ml puromycin
(Sigma) at 24 h postinfection (hpi), and knockdown efficiency was as-
sayed by Western blot and immunofluorescence assays with anti-CTCF
antibody. The resulting CTCF-depleted cells were named BJ-kdCTCF. A
control cell line named BJ-kdLuc was generated by the same protocol as
BJ-kdCTCF, except that pLKO.1-puro-Luc encoding shRNA against lu-
ciferase (Sigma) was used to make the lentiviruses. The cell lines were
maintained in minimal essential medium with 1 pg/ml puromycin prior
to further experiments.
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RESULTS

The CTCF level is increased in the early stage of HCMYV infec-
tion. As a first step in investigating the role of CTCF in HCMV
infection, we tested whether CTCF gene expression is affected by
HCMYV infection. In our studies of HCMV infection of human
fibroblast (MRC-5) cells, we found that CTCF can be upregulated
atearly times of infection. As shown in Fig. 1A, we infected MRC-5
cells with HCMV at an MOI of 0.5 for different lengths of time (as
indicated). Whole-cell lysates were collected and assayed by West-
ern blotting with antibodies against viral proteins (IE1/IE2) and
CTCEF to examine viral protein production. We found that the
CTCEF protein level was about 2.5-fold higher at 12 hpi and about
4.5-fold higher after 24 hpi than that in mock-treated cells. To
learn whether the increase in CTCF occurs at the gene transcrip-
tion level, we performed real-time PCR assays to compare CTCF
mRNA levels at different time points of after HCMV infection
with the level at 0 hpi (Fig. 1B). We found that the CTCF mRNA
level was also enhanced by HCMV infection. The increase in
CTCF production after HCMYV infection might reflect a general
response of host cells to viral infection.

CTCEF represses MIE gene expression. To investigate the po-
tential effect of elevated CTCF levels on HCMV MIE gene expres-
sion, we assayed the effects of overexpression of CTCF on the MIE
gene locus in transient-transfection assays with plasmid vectors.
We cotransfected the HCMV subgenomic fragment containing
IE1/IE2 under MIEP control (pSVH) together with different
amounts of CTCF expression vector (pFlag-CTCF) or the vector
control into 293T cells. pSVH contains the intact MIE gene, in-
cluding the MIEP, enhancer, introns, and exons. Western blot
assays revealed that overexpression of CTCF had significant inhib-
itory effects on IE1/IE2 production and that the repressive effect of
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FIG 2 Effects of CTCF protein levels on MIE gene expression. (A) 293T cells were used for the cotransfection of 1 pg of pSVH (expressing IE1/IE2 under MIEP
control) together with different amounts (0.5, 1, 2, and 3 pg) of pFlag-CTCF or the vector control (by using 3 pg of pcDNA3 to supplement the total DNA in the
cotransfection system). Whole-cell lysate samples were used for Western blot assays to examine the production of IE1, IE2, and CTCF. Tubulin was used as a
sample-loading control. The fold variations in IE1/2 levels relative to pSVH and the vector control were quantified by Quantity One 4.5.0 software and are shown
at the bottom as bar graphs (means * standard deviations) generated from three independent experiments. (B) Same as panel A, except that total RNA samples
(1 g for each assay) were used for real-time RT-PCR to examine IE1 mRNA. The bar graph shows the average value of the IE1 mRNA level of pSVH with
pFlag-CTCEF relative to that of pSVH alone from three independent experiments (means * standard deviations). (C) Western blot assays performed to examine
CTCF depletion and IE1/IE2 production after the transfection of pSVH into BJ cells or B cells stably expressing shRNA against CTCF or control luciferase (Luc).
Tubulin was used to control the sample loading. The fold increases in IE1/2 levels relative to BJ cells alone were calculated by Quantity One 4.5.0 software and are
shown as bar graphs below the corresponding Western blot assays. (D) Same as panel C, except that real-time RT-PCR was used to examine IE1 mRNA levels in
stable knockdown cell lines transfected with pSVH. The levels of IE1 mRNA in different cells were compared to that in control BJ cells. The bar graph represents

the means * standard deviations of three independent experiments.

CTCF on IE1/IE2 expression is dose dependent (Fig. 2A). To de-
termine whether the repressive effect was due to the inhibition of
MIE gene transcription, we performed a real-time RT-PCR assay
and found that the repressive effect of CTCF on MIE gene expres-
sion occurred at the mRNA level (Fig. 2B). To further investigate
the effect of CTCF on MIE gene expression, we generated stable B]
cells depleted of CTCF by shRNA and transfected pSVH into BJ,
BJ-kdLuc, and BJ-kdCTCF cells. CTCF depletion was monitored
by Western blotting and demonstrated >80% depletion of CTCF
in BJ-kdCTCEF cells relative to control cells (BJ-kdLuc or parental
BJ cells). We found that the expression of both IE1 and IE2 was
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greater in kdCTCF cells than that in control cells (Fig. 2C). The
inhibition of MIE gene expression by CTCEF takes place at the RNA
transcription level, as the level of mRNA transcription from BJ or
BJ-kdLuc is significantly lower (~6-fold) than that from BJ-
kdCTCEF (Fig. 2D). These findings suggest that CTCF has repres-
sive effects on MIE gene expression.

CTCF binds to a DNA sequence in intron A of the MIE gene.
Since CTCF is a sequence-specific DNA-binding protein, we tested
whether CTCEF represses MIE gene expression through interaction
with a cis element in the MIE gene. As a first approach to search for the
DNA sequences interacting with CTCF, we used an in silico CTCF BS
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Exon 1

Cltatataagcagagctegtttagtgaaccdtcagatcqectggagacqccatecacqctattttgacctecatagaagaca
[ccqggaccgatecagecteegeggccgqgaacagtgcattggaacqeqggatteccegtgccaagagtgachtaagtac

cgcctatagactctataggcacaccectttggetcttatgcatgctatactgtttttggcttggggectatacacceeegettect
tatgctataggtgatggtatagettagectataggtytgggttattgaccattattgaccacteccctattggtgacgatacttte

NF-1-binding domian
Cattactaatccataacatggcetctttgccacaactatetetattggetatatgccaatactetgtecttcagagactgacacgg

actctgtatttttacaggatggggteccatttattatttacaaattcacatatacaacaacgccgtecceegtgeccgeagttttt
attaaacatagcgtgggatctecacgcgaatctcgggtacgtyticcggacatgggctettetecggtageggcggagette
cacatccgageectyg tgcctccageggeteatggtegeteggeagetecttgctectaacagtggaggecagac
ttaggcacagcacaatgcccaccaccaccagtytgecgeacaaggeegtygcggtagggtatgtgtetgaaaatgaget
cggagattgggctegeaccgetgacgecagatggaagacttaaggcageggeagaagaagatgcaggeagetgagttgt
CTCF-binding motif +834 +852
tgtattetgataagagtcagaggtaactcecgttgeggtoctattaacggtagagagcagtatagtetyageagtactegtty
tgccgegegey gacataatagctgacagactaacagactyttcctttccatgggtettttctgcadtcace.....
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FIG 3 CTCF interacts directly with intron A. (A) The DNA sequences of the HCMV MIE gene, from the TATA box to the beginning of exon 2, are shown. The
NEF-1and CTCEF BSs are underlined. Total exon 1 and partial exon 2 sequences are shown in the enclosing boxes. (B) An FP assay was used to determine whether
the DNA fragment was bound by CTCF. K;s were calculated by titrating the HCMV CTCF BS probe against a FAM-labeled probe with a known dissociation
constant and measuring changes in CTCF binding via FP assay. The graph represents the mean = standard deviation of three independent experiments. mP,
millipolarization units. (C) An EMSA was used to determine CTCF binding to DNA oligonucleotide probes containing putative BSs from HCMV intron A
(HCMV CTCF BS) or XqYq subtelomeres (XqYq CTCF BS), as well as oligonucleotides containing CTCF BS deletion (HCMV ACTCF) or point mutations in
CTCF recognition sites (XqYq ACTCEF). The positions of the free probe and the bound probe are indicated on the left. (D) ChIP assay with HEK 293T cells
transfected with pSVH at 24 h posttransfection with antibodies specific to CTCF or control IgG. qPCR was used to quantify ChIP efficiency with specific primers
in the regions indicated. The bar graph represents the mean percentage of the input for each ChIP from three independent PCRs * the standard deviation.

prediction tool (46) to analyze the potential CTCF BSs in the HCMV
MIE gene locus. One small DNA sequence (TTAACGGTGGAGGG
CAGTG), which localizes to the first intron of the MIE gene (referred
to as intron A), from site +834 to site +852 (Fig. 3A), received a high
score. To validate the prediction experimentally, we tested the ability
of purified recombinant CTCF protein to bind to this sequence in an
FP assay. In this assay, we measured the ability of a candidate CTCF
BS to compete with a known high-affinity BS (47). High-affinity BSs
have K;s between 5 and 40 nM, while low-affinity sites have K;s of
>100 nM. As shown in Fig. 3B, the CTCF BS derived from the intron
Aregion of CMV can compete efficiently with the high-affinity CTCF
BS, with a K; of 21.4 nM. This result suggests that MIE intron A region
contains a high-affinity BS for purified CTCEF in vitro.

To further confirm the direct binding of CTCF to MIE DNA,
we performed a DNA EMSA. In the DNA-protein binding reac-
tion system, different amounts of purified CTCF (0, 50, 150, and
450 ng) were added (Fig. 3C) with the same amount, respectively,
of the following *’P-labeled DNA probes: CMV CTCF BS with the
putative CTCF consensus sites, CMV ACTCF with the CTCF BS
deleted, XqYq CTCF BS containing the CTCF BS as a positive
control, and the CTCF BS substitution mutant XqYq ACTCF as a
negative control (48). EMSA results showed that purified CTCF
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protein bound to the CMV CTCF BS probe with an efficiency
similar to that of the XqYq CTCF BS probe, and deletion or mu-
tation of CTCF consensus sites diminished the binding by CTCF
(Fig. 3C). These finding indicate that CTCF interacts directly with
a short DNA sequence (TTAACGGTGGAGGGCAGTG) within
intron A of the MIE gene.

To determine whether CTCF interacts with intron A in vivo, we
performed a ChIP assay with rabbit anti-CTCF antibody or nor-
mal rabbit IgG as a control and 293T cells transfected with pSVH
for 24 h (Fig. 3D). As shown, IgG did not pull down any detectable
DNA from the samples tested, while anti-CTCF antibody pulled
down ~1% of the input DNA fragments in intron A, similar to
that observed for the positive-control CTCF BSs in the cellular
subtelomeres for XqYq and 10q (48). Two other fragments, one
from the MIE gene exon 5 3’ untranslated region (UTR) and the
other from the actin gene, were not immunoprecipitated, indicat-
ing the specificity of CTCF ChIP.

The CTCEF BS is required for repression of MIE gene expres-
sion by CTCF. To test the functional role of CTCF binding to
MIE, we generated an MIE gene-expressing construct (pSVH-
dCTCFi) in which the CTCEF-bindin sequences were deleted.
pSVH-dCTCFi was cotransfected with different amounts of pFlag-
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FIG 4 The CTCF-binding domain in intron A is essential for CTCF-mediated inhibition of MIE gene expression. (A) 293T cells were transfected with
pSVH-dCTCFi and different amounts of pFlag-CTCF (0, 0.5, 1, 2, and 4 pg) and assayed for IE1/IE2 expression by Western blotting at 24 h posttransfection. The
overexpressed CTCF level was examined by using anti-Flag antibody. Tubulin was used as a sample-loading control. The relative IE1/2 levels calculated by
Quantity One 4.5.0 software as described in the legend to Fig. 2A are shown as bar graphs below the corresponding Western blot assays. (B) Same as panel A,
except that total RNA samples (1 pg for each assay) were used for real-time RT-PCR in order to detect IE1 mRNA. The bar graph shows the mean IE1 mRNA level
of pSVH with pFlag-CTCF relative to that of pSVH alone from three independent experiments = the standard deviation. (C) 293T cells were cotransfected with
pSVH and various amounts (0.5, 1, 2, and 4 pg) of pFlag-Rad21 for 24 h. Whole-cell lysates were assayed by Western blotting with antibodies against IE1/IE2 to
detect MIE gene expression, with antibodies against Flag to examine Rad21 overexpression and with antibodies against tubulin as a loading control. The
quantification of IE1/2 levels relative to pSVH and the tubulin control is shown as bar graphs below the corresponding Western blot assays. (D) Same as panel
C, except that the real-time RT-PCR was performed to detect IE1 mRNA. The bar graph shows the mean IE1 mRNA level of pSVH with pFlag-Rad21 relative to
that of pSVH alone from three independent experiments * the standard deviation. (E) Western blot analysis of 293T cells transfected with pSVH alone, pSVH
with pRad21, pSVH with pCTCF, or pSVH with pRad21 and pCTCF with the antibodies indicated. The quantification of IE1/2 levels relative to pSVH alone and
the tubulin control is shown as bar graphs below the corresponding Western blot assays. (F) Same as panel E, except that the quantitative RT-PCR was performed
to examine MIE gene expression. The bar graph shows the mean IE1 mRNA level relative to that of pSVH alone from three independent experiments =+ the
standard deviation. Student’s ¢ test was used to statistically compare two groups as indicated at the top of the bar graph (¥, P < 0.005; **, P > 0.1).

CTCEF (0, 0.5, 1, 2, and 4 pg) into 293T cells for 24 h. Whole-cell
lysates were subsequently used to examine [E1/IE2 protein levels by
Western blot assay (Fig. 4A). The expression of Flag-tagged CTCF
was examined by using anti-Flag antibody. Total RNAs were used for
a real-time RT-PCR assay to determine IE] mRNA levels (Fig. 4B).

cohesin has been demonstrated by a series of studies (49-51). The
interaction of CTCF with cohesin might be important for CTCF if
itis to act as a domain boundary factor or a transcriptional repres-
sor (52). An important component of the cohesin complex is
Rad21, which was found to interact directly with CTCF (53). We

Our results indicated that neither IE1/TE2 protein nor mRNA levels
were inhibited by CTCF overexpression from pSVH-dCTCFi,
whereas CTCF overexpression efficiently repressed IE1/IE2 expres-
sion from wild-type pSVH, as was demonstrated previously in Fig. 2.
Therefore, the repressive effects of CTCF on IE1/IE2 gene expression
were disrupted when the CTCF BS was deleted from pSVH, suggest-
ing that the CTCF-binding motif is necessary for the repression of
MIE gene expression by CTCF.

Rad21 alone has no effect on MIE gene expression, but it in-
teracts with CTCF and enhances CTCF’s repressive effects on
MIE gene expression. The functional link between CTCF and
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asked whether Rad21 overexpression alters MIE gene expression
by cotransfecting pSVH with various amounts of pFlag-Rad21
into 293T cells (Fig. 4C and D). Whole-cell lysates were assayed by
Western blotting with antibodies against IE1/IE2 to detect MIE
gene expression and with antibodies against Flag to examine
Rad21 overexpression. We also used the total RNA for detection of
IE1 mRNA by real-time RT-PCR as shown in Fig. 4D. We found
that Rad21 overexpression alone did not affect IE1/IE2 expression
and MIE transcription. We next tested whether Rad21 could alter
the repressive effect of CTCF on MIE gene expression by cotrans-
fection of Rad21 and CTCF into 293T cells (Fig. 4E and F). As

jviasm.org 7395


http://jvi.asm.org

Martinez et al.

expected, the cotransfection of pSVH with pRad21 had no effect
on MIE gene expression and CTCF had a suppressive effect on
MIE gene expression. However, the cotransfection of pSVH to-
gether with both pCTCF and pRad21 produced an additive reduc-
tion of IE1 and IE2 protein and RNA expression. These data indi-
cate that Rad21 can augment CTCF’s repressive effects on MIE
gene expression when both proteins are expressed ectopically in
transient-transfection assays.

HCMYV BACmid lacking the CTCF-binding motif presents a
higher-replication phenotype. To determine whether the CTCF-
binding motif in intron A of the MIE gene is important for MIE
gene expression and HCMV replication in the larger context of the
viral genome, we generated CTCF mutations and revertants by
using HCMV BACmid technology (44). We have shown that
CTCF binds to intron A by using in vitro binding assays and a
transient-transfection system (Fig. 3). We next asked whether
CTCF is able to interact with intron A in vivo during HCMV
infection. MRC-5 cells were infected with HCM Vs generated from
BACmids at an MOI of 0.5 for 12 h and assayed by CTCF ChIP
(Fig. 5A). We found that CTCF bound to intron A with an
efficiency similar to that of BSs in the 10q subtelomere when
HCMVwt (Fig. 5A, right panel) or HCMVACTCFiRev (middle
panel) was used to infect MRC-5 cells. CTCF did not bind to
control DNA elements from either the MIE 3" UTR or the cellular
actin region, further demonstrating that CTCF interacts with intron
Ainvivo. As expected, the binding of CTCF to intron A was disrupted
when the mutant HCMVdCTCFi was used in the ChIP assay (Fig. 5A,
left panel). Taken together, these studies indicate that CTCF can bind
to intron A in vivo and that the CTCF-binding motif within intron A
is required for CTCF to interact with intron A.

We next asked whether deletion of the CTCF-binding motif
could affect IE1 and IE2 transcription. The HCMVs were used to
infect MRC-5 cells at an MOI of 0.1, and total RNAs taken from
the cells at different times after infection were examined for IE1
and IE2 mRNA levels by quantitative RT-PCR (Fig. 5B). We found
that the mRNAs of both IE1 and IE2 were present as early as 3 hpi
and that their levels were increased by infection with HCM-
VdACTCFi where the CTCF-binding motif in intron A of the MIE
gene was deleted. The IE1 and IE2 mRNA levels of HCMVACTCFi
at 3 hpi (Fig. 5B, left panel) were even higher than those of
HCMVwt (right panel) or HCMVACTCFiRev (middle panel) at 6
hpi; the same accelerated levels of mRNAs were observed at 6 and
12 hpi. However, the differences in the mRNA levels among all of
the infected cells were smaller at 24 hpi. Interestingly, the IE1/IE2
ratio remained the same, suggesting that the CTCF-binding motif
in intron A did not affect MIE gene splicing.

We then tested the effects of the CTCF-binding motif deletion
on viral replication by using PFU assays. As shown in Fig. 5C, the
revertant HCMV- and HCMVwt-infected cells show similar viral
replication kinetics. In contrast, titers of HCMVdCTCFi were
about 10-fold higher than those of the revertant and wild-type
viruses from day 5 postinfection and HCMVACTCEFi reached a
peak quicker than did the revertant HCMV and HCMVwt. The
results suggest that CTCF binding to the MIE gene intron A re-
stricts both HCMYV gene expression and viral replication.

Depletion of CTCF enhances HCMV gene expression and vi-
ral replication. We next asked whether the depletion of CTCF
could affect HCMYV gene expression and viral replication during
viral infection. We infected BJ-kdLuc or BJ-kdCTCF cells with
HCMVwt, HCMVdCTCFi, or HCMVsCTCFiRev at an MOI of
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FIG 5 Deletion of the CTCF motif from intron A led to increases in HCMV IE
gene expression and viral DNA replication. (A) ChIP-qPCR analysis of CTCF
or control IgG with primers specific for the regions indicated in MRC-5 cells
infected with HCMVwt, HCMVdCTCFiRev, or HCMVdCTCFi at an MOI of
0.5 for 12 h. The bar graph represents the mean percentage of the input in each
ChIP from three independent PCRs * the standard deviation. (B) Quantita-
tive RT-PCR analysis of IE1 and IE2 mRNAs in MRC-5 cells infected with
HCMVs at an MOI of 0.1 at the indicated times after infection. The bar graph
represents the relative RT-PCR values from three independent experiments
(means * standard deviations). (C) MRC-5 cells were infected with the
HCMVs indicated at an MOI of 0.05, and the viral growth curve was deter-
mined by using PFU assays at the indicated times after infection. Student’s ¢
test was used to statistically analyze the difference between HCMVdCTCFi
infection and HCMVwt (P < 0.005) and HCMVdCTCFiRev (P < 0.005)
infections.

0.1 for different times, as indicated in Fig. 6A. A real-time PCR
assay was performed to determine the relative IE1, IE2, and
UL112/113 mRNA levels. We found that the expression of all
three genes was largely enhanced by infection with HCMVwt
(Fig. 6A, left panel) and HCMVACTCFiRev (middle panel) at
each time point in CTCF-depleted BJ cells (BJ-kdCTCF) rela-
tive to that in control cells (BJ-kdLuc). The increase in viral gene
expression caused by infection of BJ-kdCTCF cells with HCMVwt
and HCMVACTCFiRev was comparable to that caused by
HCMVACTCEFi infection of BJ-KdLuc cells (right panel), further
indicating that CTCF mediates a repressive effect on HCMV gene
expression during viral infection. In line with these results, no
significant differences in IE1 and IE2 expression from BJ-kdCTCF
or BJ-kdLuc cells were observed when HCMVdCTCFi was used
for infection (Fig. 6A, right panel). Interestingly, viral E protein
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FIG 6 Depletion of CTCF protein enhances HCMV gene expression and viral replication. (A) Quantitative RT-PCR analysis of IE1, IE2, and UL112/113 mRNAs
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indicated times after infection. Student’s ¢ test was used to statistically analyze the difference in viral production between BJ-kdCTCF and BJ-kdLuc cells at the

time points indicated (¥, P < 0.005; **, P < 0.05).

UL112/113 is expressed at a higher level in BJ-kdCTCF cells than
in BJ-kdLuc cells, suggesting that CTCF might play an additional
role in regulating viral E gene expression.

We then tested whether the depletion of CTCF could affect
HCMV replication with plaque formation unit assay. We found
that both revertant HCMV and HCMVwt infections of CTCEF-
depleted cells led to an about 50-fold increase in viral production
over that in control cells at 6 and 7 dpi (Fig. 6B, left and middle
panels). In contrast, HCMVdCTCFi infection of BJ-kdCTCF cells
resulted in an only 3-fold increase in viral replication over that in
control cells (Fig. 6B, right panel). These results suggest that CTCF
has a repressive effect on HCMYV replication and that the CTCF BS
in intron A is important for CTCF-mediated inhibition of viral
replication. Since HCMVACTCEFi infection in BJ-kdCTCF cells
was still able to produce about 3-fold more viral particles than
such an infection did in BJ-kdLuc cells, it is likely that CTCF might
repress HCMV replication by additional mechanisms besides di-
rect binding to intron A.

Homologous CTCF-binding domain in MCMYV intron A. We
next asked whether the CTCF BS was conserved in MCMV MIE gene
intron A. Alignment of HCMV intron A with MCMV MIE DNA
revealed strong conservation of the core CTCF recognition sequence
at a similar position relative to the transcription start site (+810 to
+828 in MCMYV and +834 to +852 in HCMV) (Fig. 7A). Compu-

July 2014 Volume 88 Number 13

tational analysis predicted that the MCMV DNA sequence shows a
CTCEF BS probability score greater than that of HCMV (Fig. 7B). To
determine whether CTCF actually interacts with the putative CTCF-
binding sequence in MCMYV intron A, we performed ChIP assays
with 293T cells transfected with pIE111 (expressing the MCMV MIE
gene under the control of the MCMV MIEP and containing all four
introns and five exons) (Fig. 7C, top panel). We designed three pairs
of primers from intron A: Al, for the fragment before the putative
CTCEF BS; A2, for the fragment containing the putative CTCF BS; and
A3, for the fragment after the CTCF BS. We found that anti-CTCF
antibody precipitated fragment A2 to a greater extent than fragment
A1l or A3 and did not precipitate any detectable DNA from the actin
gene region. This ChIP assay result suggests that CTCF interacts with
a conserved site in the first intron of the MCMYV MIE gene. To deter-
mine whether the putative CTCF-binding sequence in the MCMV
MIE gene is essential for the interaction of CTCF, we deleted the
sequence from plasmid pIE111, resulting in pIE111dCTCFi. The mu-
tant plasmid was transfected into 293T cells and assayed by ChIP for
CTCF binding (Fig. 7C, bottom panel). The results showed that
CTCF does not bind pIE111dCTCFj, indicating that the CTCF bind-
ing consensus site is required for the interaction of CTCF and the
MCMYV MIE gene.

Finally, we tested whether CTCF binding to the MIE gene affects
gene expression. We cotransfected different amounts of pFlag-CTCF
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blot assays. (E) Same as panel D, except that quantitative RT-PCR was used to determine IE1 mRNA levels. The bar graph represents the relative RT-PCR
values (means * standard deviations) from three independent experiments.

with pIE111 (Fig. 7D, left panel) or pIE11dCTCEFi (Fig. 7D, right = repress MCMV MIE gene expression via interaction with a BS located

panel) into 293T cell for 24 h. Whole-cell lysates were used for West-  within the first intron.
ern blot assays to examine IE1 gene production, as shown in the top
panels. Total RNA samples were used to detect [E1l mRNA by real- DISCUSSION

time RT-PCR assay (Fig. 7E). As shown in Fig. 7D, basal levels of IE1
were higher in pIE11dCTCFi than in pIE111. Furthermore, overex-
pression of CTCF significantly repressed the production of IE1 from
pIE111 but not from pIE111dCTCFi. Therefore, CTCF is also able to
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A complex combination of regulatory elements has been found to
control the expression efficiency of the HCMV MIE gene. The
investigative efforts of the past several decades have focused pri-
marily on the upstream enhancer and promoter sites, but the reg-
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ulatory features of the downstream transcribed regions are less
well studied. The transcribed regions of the MIE contain five ex-
ons and four introns, with the first exon lacking any protein cod-
ing sequence. The earliest experimental investigation of this re-
gion found that transcription factor NF-1 has the strongest
binding element in intron A among all five of the BSs in the MIE
region (38). Further study indicated that the interaction of NF-1
with this site was able to enhance MIE gene expression with a
transfection system and a reporter assay (35), suggesting that the
noncoding region within the transcribed sequence of the MIE
gene contributes to gene regulation at the early stage of HCMV
infection.

Intron A is the largest of the introns, measuring about 800 bp in
length and residing within the 5" UTR of the MIE gene. Here, we
identified a negative transcriptional control domain within intron
A. This domain is positioned in the MIE gene from +834 to +852
(Fig. 3A), approximately 490 bp from a positive regulatory do-
main, the NF-1-binding domain (+350). This newly identified
domain inhibits MIE gene expression through the interaction
with the chromatin boundary protein CTCF. Both an EMSA and
an FP assay were used to demonstrate the interaction between
purified CTCF protein and purified MIE DNA. The affinity of the
domain with CTCF is as strong as the positive control used for the
EMSA and the FP assay (Fig. 3B and C). The results of the EMSA
and the FP assay demonstrated that the interaction of CTCF pro-
tein with the intron A domain is direct. Furthermore, a ChIP assay
confirmed that the interaction of CTCF with intron A occurs in
vivo and that the short motif is required for CTCF-intron A inter-
action (Fig. 3D and 5A).

Interestingly, we also mapped the CTCF-binding domain in
MCMV intron A and discovered a strikingly homologous se-
quence in MCMV intron A (Fig. 7). With a ChIP assay, we showed
that CTCF interacts with MCMYV intron A and that the homolo-
gous sequence is required for the interaction of CTCF and the
MCMV MIE gene (Fig. 7C). Therefore, the CTCF-binding do-
main in intron A is conserved in CMVs. The conservation of a
CTCEF BS in approximately the same position within intron A of
the CMV MIE gene suggests that these CTCF BSs have an impor-
tant biological function. Our in vitro cotranscription experiments
determined that the 19-bp CTCF-binding motifs of both MCMV
and HCMV are required for the downregulation of MIE gene
expression by CTCF (Fig. 2, 4, and 7). We also found that CTCEF-
intron A interaction is important for HCMV infection and affects
HCMYV replication (Fig. 5 and 6), indicating that the interaction
between CTCF and intron A plays a functional role in regulating
viral gene expression and DNA replication.

CTCF can function as a chromatin boundary and enhancer-
blocking element, as well as contribute to DNA conformation and
long-distance interactions between regulatory elements (51).
CTCF s essential for embryonic development, as demonstrated in
the Drosophila and mouse models (52). The importance of CTCF
in the infection of several viruses, including EBV, KSHV, and
HSV-1, hasbeen reported, and it is believed that CTCF interaction
with the viral genome is important for persistent viral infection
and the maintenance of latency (30, 31, 33, 34). Multiple sites for
CTCF binding were identified in the EBV and KSHV genomes in
genome-wide studies (30). Interestingly, in KSHV, a major CTCF
BS was found to colocalize within the first intron of the major
latency transcript encoding LANA, vCyclin, and vFLIP (32). In
EBV, a major CTCF BS was observed in the first intron of the
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LMP2A gene, which is expressed at early times during primary
infection (54). Here, we demonstrate that CTCF also binds within
the first intron of both the HCMV and MCMV MIE genes. This
suggests that CTCF plays a universal and conserved role in the
regulation of complex transcripts in the herpesvirus family. In
agreement with this idea, we found that CTCF downregulates MIE
gene expression and inhibits viral replication (Fig. 6 and 7). The
function of CTCF binding in EBV and KSHV may be more com-
plex, since these viruses establish long-term latent infections.

CTCEF can colocalize with the cohesin complex (55), which has
been implicated in long-distance promoter-enhancer interac-
tions. Rad21 is a core component of cohesin and was found to
further stabilize CTCF-mediated repression of the MIE gene when
overexpressed in transient-transfection assays (Fig. 4E and F).
While we have not formally tested the role of cohesin in the regu-
lation of MIE gene expression during viral infection, it is tempting
to speculate that CTCF and cohesin may function to coordinate
the activity of the MIE enhancer as it acts on RNA polymerase
transcribing the MIE gene body. Therefore, CTCF-cohesin may
play a major role in regulating the communication between the
MIE enhancer and elongating RNA polymerase.

Intron A is a noncoding area of the MIE gene and resides
downstream of the gene promoter. Although it is clear that CTCF
interacts with the sequence in intron A (Fig. 3), it remains elusive
how CTCEF represses MIE gene expression. One of the mecha-
nisms CTCF uses to suppress gene expression is associated with
chromosomal looping interactions (24). It has been found that
CTCF regulates the expression of a variety of genes through
CTCF-mediated chromosomal looping interactions, while cohe-
sin is required for the formation of the loops (24, 27). Since re-
pression of MIE expression by CTCF can occur in a reporter plas-
mid, one might assume that chromatin looping is probably not
involved. This assumption is also supported by the fact that over-
expression of the cohesin component Rad21 alone has no effects
on MIE gene expression (Fig. 4C and D).

Promoter-proximal downstream transcriptional elements,
such as those located in intron A of the MIE gene, may function at
either the DNA or the RNA level. Elements located within introns
may be expected to regulate gene splicing. However, we found no
evidence that CTCF protein levels or the CTCF BS within intron A
altered the relative IE1 and IE2 mRNA levels. This suggests that
CTCF does not affect MIE gene splicing but functions predomi-
nantly at the level of transcription initiation or elongation. CTCF
has been implicated in the control of mRNA splicing in other
systems (26), and we cannot rule out the possibility that CTCF
may affect MIE gene splicing in some cell types or under some
infection conditions. Nevertheless, we found that the downstream
binding of CTCF has a clear role in restricting CMV infection
through the downregulation of MIE transcript generation.

In conclusion, we have identified a novel transcription control
element located within the first intron of the CMV MIE gene that
plays a major role in restricting MIE transcription and viral repli-
cation. We have shown that CTCF binds to this control element
and is responsible for the attenuation of viral infection. We pro-
pose that this CTCF-MIE gene control element constitutes a key
mechanism of viral infection regulation. The CTCF BS is con-
served in MCMYV and has strikingly high homology and similar
positions in MIE genes. This downstream control domain may
function by blocking RNA polymerase II elongation or MIE en-
hancer interactions. Intronic CTCF BSs are also observed at com-
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plex transcription units of EBV and KSHV, suggesting that CTCF
is a universal regulator of herpesvirus gene expression and repli-
cation.
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