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ABSTRACT 25 
 26 
Human cytomegalovirus (HCMV) gene expression during infection is highly regulated, 27 

with sequential expression of immediate early (IE), early (E) and late (L) gene transcripts. 28 

To explore the potential role of chromatin regulatory factors that may regulate HCMV 29 

gene expression and DNA replication, we investigated the interaction of HCMV with the 30 

cellular chromatin-organizing factor CTCF.  Here, we show that HCMV infected cells 31 

produce higher levels of CTCF mRNA and protein at early stages of infection. We also 32 

show that CTCF depletion by shRNA results in an increase in the major IE (MIE) and 33 

early gene expression and about 50-fold increase of HCMV particle production. We 34 

identified a DNA sequence (TTAACGGTGGAGGGCAGTGT) in the first intron (intron 35 

A) of MIE gene that directly interacts with CTCF. Deletion of this CTCF binding site led 36 

to an increase in MIE gene expression in both transient transfection and infection assays.  37 

Deletion of the CTCF binding site in the HCMV BACmid genome resulted in an about 38 

10-fold increase in the rate of viral replication relative to either wild-type or revertant 39 

HCMV. The CTCF binding site deletion had no detectable effect on MIE gene-splicing 40 

regulation, nor did CTCF knockdown or overexpression of CTCF alter the ratio of IE1 to 41 

IE2. Therefore, CTCF binds to DNA within the MIE gene at the position of the first 42 

intron to affect RNA polymerase II function during the early stages of viral transcription. 43 

Finally, the CTCF-binding sequence in CMV is evolutionarily conserved as a similar 44 

sequence in murine CMV (MCMV) intron A was found to interact with CTCF and 45 

similarly function in the repression of MCMV MIE gene expression mediated by CTCF. 46 

 47 
48 
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IMPORTANCE 49 

Our findings that CTCF binds to intron A of cytmegalovirs (CMV) major immediate-50 

early (MIE) gene and functions to repress MIE gene expression and viral replication are 51 

highly significant. First, it is, for the first time that a chromatin-organizing factor CTCF 52 

has been discovered to facilitate human CMV (HCMV) gene expression that leads to 53 

affecting viral replication. Second, the we identified a CTCF-binding motif in the first 54 

intron (also called intron A)that directly binds to CTCF and is required for CTCF to 55 

repress MIE gene expression. Finally, we show that the CTCF-binding motif is conserved 56 

in CMV because a similar DNA sequence was found in murine CMV that is required for 57 

CTCF to bind to MCMV MIE gene to repress MCMV MIE gene expression. 58 

 59 

INTRODUCTION 60 
 61 
 62 

Human cytomegalovirus (HCMV) is a human beta-herpesvirus that infects a large 63 

percentage of the human population and causes serious disease in 64 

immunocompromised individuals, especially in the setting of HIV-AIDS (23, 29, 46). 65 

CMV infection in permissive host cells consists of the following sequence of viral 66 

events (29): viral entry, immediate early (IE) and early gene expression, DNA 67 

replication, late gene expression, and finally, viral packaging and release. Major 68 

immediate-early (MIE) gene expression is one of the earliest events during CMV 69 

infection. The MIE gene is the most abundantly expressed viral gene at the IE stage 70 

and gives rise to several nuclear phosphoproteins that are critical for the regulation of 71 

viral and cellular gene expression and viral DNA replication (1, 4, 15, 24, 27, 37, 39, 72 

42, 44, 47, 48). Hence, the HCMV MIE gene has been the focus of much study. 73 
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HCMV MIE gene expression is under the control of the MIE promoter (MIEP). 74 

MIEP activity is predominantly regulated by a long upstream DNA sequence referred 75 

to as the MIE enhancer.  The MIE enhancer contains an array of cis-acting sites that 76 

bind cellular transcription factors such as NFkB, CREB/ATF, NF1, SP-1, AP1, RAR-77 

RXR, ISG, YY1, Gfi-1, ETS, SRF (serum response factor), Elk-1, and 78 

CAAT/enhancer binding protein (C/EBP) (26). Many of these binding sites are 79 

repetitive and have complex roles in regulating CMV IE transcription. Several 80 

transcriptional suppressor proteins can also regulate MIE gene expression, including 81 

members of the histone deacetylase family (HDACs) (31, 32), histone chaperone and 82 

chromatin remodeling factors (DAXX and ATRX) (54), and antiviral nuclear 83 

body/nuclear domain 10 (ND10) proteins (PML, Sp100, Daxx and ATRX) (22, 38, 49, 84 

50), which block the viral transcription initiation. In addition, the CMV MIE gene 85 

undergoes complex and essential mRNA splicing. The MIE gene consists of 5 exons 86 

and 4 introns, and the splicing factors also affect CMV MIE gene expression (11). The 87 

first exon and intron A (the first intron) of the MIE gene are non-coding; however, it 88 

remains unknown whether any DNA-binding factors that associate with intron A 89 

region regulate MIE gene expression or mRNA splicing. 90 

CCCTC-binding factor (CTCF) is a phosphorylated 11-Zn-finger protein that 91 

regulates gene expression through complex architectural functions in DNA and 92 

chromatin (34). CTCF is known to provide a barrier (or boundary) function that either 93 

prevents repressive heterochromatin from spreading into other domains or provides an 94 

enhancer-blocking function when the insulator is positioned between the enhancer and 95 

promoter (45). CTCF is also known to function in regulating enhancer-promoter 96 
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communication, and has more recently been implicated in coordinating RNA 97 

polymerase II elongation and mRNA processing (40).  Genome-wide ChIP-seq 98 

experiments revealed that CTCF binds to specific DNA sequences, most of which are 99 

characterized as chromatin insulator elements (6). The 11-zinc finger domains are 100 

required for CTCF to bind to a 20 bp core consensus found throughout the cellular and 101 

viral genomes (18, 21). The role of CTCF in gene transcription can be either repressive 102 

or activating. Recent studies have discovered that CTCF not only plays important roles 103 

in the regulation of latent gene expression programs of the Epstein–Barr virus (EBV) 104 

(51) and Kaposi’s sarcoma-associated herpesvirus (KSHV) (19, 41), but also plays a 105 

role in the lytic infection of herpes simplex virus-1 (2, 9). Whether or not CTCF is 106 

involved in HCMV MIE gene expression has yet to be determined. 107 

Here we report a role of CTCF in the negative regulation of MIE gene expression 108 

during primary CMV infection.  We show that CTCF protein binds directly to a DNA 109 

element within intron A of the CMV MIE gene and that this binding is important for its 110 

transcriptional attenuation during primary infection.  The MIE intron A is known to be 111 

important for optimal expression of MIE gene and viral infection (8). So far, there have 112 

been only a few investigations that have explored the function of intron A in MIE gene 113 

regulation and CMV infection (8, 25, 55). An NF-1 binding site in the DNA encoding 114 

intron A has been shown to be important for proper regulation of CMV MIE (8, 16). 115 

Thus, our findings reveal that CTCF is another important component of the 116 

transcriptional regulatory factors that regulate CMV MIE gene expression from DNA 117 

elements downstream of the transcriptional start site.  Our findings also suggest that 118 
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CTCF binding may have an evolutionarily conserved function in the regulation of 119 

herpesvirus infections. 120 

 121 

MATERIALS AND METHODS 122 

Tissue culture and viruses. The human embryonic diploid lung fibroblast cell line, 123 

MRC-5 (ATCC No. CCL171), HEK 293T cells, and BJ human foreskin fibroblast cells 124 

(ATCC No. CRL-2522) were maintained in Dulbecco's modified Eagle's medium 125 

(DMEM) supplemented with 10% fetal calf serum (FCS), 100 U/ml penicillin and 100 126 

ug/ml streptomycin (12). HCMV strain AD169 was obtained from ATCC. For 127 

immunohistochemical staining, cells were grown on round coverslips (Corning 128 

Incorporated, Corning, NY) in 24-well plates (Becton, Dickinson and Company, Franklin 129 

Lakes, NJ). 130 

Antibodies. Monoclonal antibodies against HCMV IE1/2 (MAB810) and FLAG (M2) 131 

were purchased from Sigma-Aldrich (Saint Louis, MO). The monoclonal antibody 132 

against tubulin (4G1) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 133 

CA). The polyclonal antibody against CTCF (NB500-177) was purchased from Novus 134 

Biologicals (Littleton, CO 80120). The monoclonal antibody against MCMV IE1 was 135 

provided by Dr. Stipan Jonjic (Croatia; 1:50 for IF and 1:200 for WB) (10). 136 

Plasmids and transfection. The plasmid pSVH carrying the intact HCMV MIE gene 137 

was a gift from Dr. R. Stenberg (43) and has been used in our laboratory previously (11). 138 

Plasmids expressing FLAG-tagged CTCF and Rad21 were described previously (19, 41). 139 

Plasmids expressing shRNAs against CTCF were purchased from Santa Cruz (cat.# sc-140 
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35124-SH). Plasmid pIE111, carrying a whole MCMV MIE gene, was a generous gift 141 

from Dr. Koszinowski (20). 142 

     The transfection of plasmids and BACmids was performed using Lipofectamine 2000 143 

(Life Technologies, Grand Island, NY), according to the manufacturer's instructions. The 144 

AD169-derived HCMV bacterial artificial chromosome plasmid (BACmid) HB5 (7) was 145 

used to generate all the HCMV mutants described in this study. 146 

Molecular cloning and mutagenesis. To delete the CTCF-binding sequence from intron 147 

A in pSVH or pIE111, we first removed intron A, then inserted a mutated one from 148 

which the DNA sequence (for pSVH: TTAACGGTGGAGGGCAGTGT; or for pIE111: 149 

TTTCCCGTGGAGGACTCCG) had been deleted. The resulting plasmid was named 150 

either pSVHdCTCFi or pIE111dCTCFi. 151 

       To delete the CTCF-binding sequence from intron A in HCMV BAC, we 152 

employed a seamless BAC technique using galK as the selection marker (52). Briefly, 153 

the BACmid HB5 was transformed into E. coli SW102. A galK DNA fragment that 154 

was made from pgalK by PCR and contains ends that were homologous with intron A 155 

of MIE was electroporated into SW102 (harboring HB5) to replace intron A by 156 

homologous recombination, which results in the following BACmid: HB5intronAgalK. 157 

Then the galK DNA was replaced with a PCR fragment made from intron A, from 158 

which fragment the CTCF-binding sequence had been deleted, resulting in 159 

HB5dCTCFi. The revertant HCMV BAC DNA (HB5dCTCiFRev) was produced from 160 

HB5dCTCFi by the same method. The resultant BACmids were transfected into MRC-161 

5 cells to make the following viruses: HCMVdCTCFi and HCMVdCTCFiRev. The 162 
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BACmids and viruses were verified by restriction enzyme digestion, DNA sequencing, 163 

and PCR. The complete MIE gene was sequenced and confirmed to be correct. 164 

Fluorescence Polarization (FP) Assay. FP assay can detect the binding of a small 165 

fluorescently labeled oligonucleotide to a protein of interest because of the property of a 166 

fluorescently labeled molecule to emit light with a degree of polarization when excited by 167 

polarized light, which is inversely proportional to the rate of molecular rotation (30). 168 

Fluorescence polarization experiments were used to measure the inhibition constant (Ki) 169 

of CTCF sites and were performed in 384-well black Optiwell™ plates. All wells were 170 

initially filled with 75 μl of assay buffer (100 mM Tris pH 8.0, 50 mM KCl, 0.6 mg/ml 171 

bovine serum albumin [BSA], 0.075% Tergitol-type NP-40) for 60 min at room 172 

temperature to prevent non-specific binding. To each well, 2 nM of FAM-6–labeled 36 173 

bp dsDNA probe (TCAGAGTGGCGGCCAGCAGGGGGCGCCCTT GCCAGA) with a 174 

known dissociation constant of 17 nM for CTCF's 11-zinc finger binding domain 175 

(CTCF11ZF) recombinant protein (a gift from Dr. Ronen Marmorstein, Univ. of Penn) 176 

was added to increasing concentrations of unlabeled dsDNA probe (0-5 μM). Seventeen 177 

nM of CTCF11ZF recombinant protein was then added to a final volume of 30 μl for 178 

each well and incubated for 60 min at 4 °C. Polarization values (in millipolarization units: 179 

mP) were measured using an Envision 2104 Multilabel Reader (PerkinElmer) at an 180 

excitation wavelength of 485 nM and an emission wavelength of 530 nM. Each 181 

measurement was completed in triplicate. All experimental data were analyzed using 182 

Prism 3.0 software, and the inhibition constants were determined by fitting to the model 183 

logIC50 = log(10^l[logKi*(1 + [Fluo. Probe] / [Fluo. Probe Kd)] where Y = (low binding 184 

threshold) + (high binding threshold − low binding threshold) / (1 + 10^(X − LogIC50)). 185 
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 186 
Immunoblot analysis. Proteins were separated by sodium dodecyl sulfate-7.5% 187 

polyacrylamide gel electrophoresis (10 to 20 µg loaded in each lane), transferred to 188 

nitrocellulose membranes (GE Healthcare), and blocked with 5% nonfat milk for 60 189 

min at room temperature. Membranes were incubated overnight at 4 °C with primary 190 

antibody, and followed by incubation with a horseradish peroxidase-coupled secondary 191 

antibody (Amersham Inc.) and detection with enhanced chemiluminescence (Pierce, 192 

Rockford, Ill.) using the standard methods. Membranes were stripped with stripping 193 

buffer (100 mM beta-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.8) for 30 194 

min at 50 °C, washed with PBS-0.1% Tween 20, and used to detect additional proteins. 195 

 196 

RNA isolation and real-time RT-PCR. Total RNA was isolated using TRI reagent 197 

(Ambion, Inc., Austin, TX) and treated with DNase I (RNase free, Invitrogen, cat.# 198 

18047-019), according to the manufacturer’s instructions. About 1 μg of treated RNA 199 

was used for reverse transcription, which was carried out using a SuperScript II First-200 

Strand synthesis kit (Invitrogen, Carlsbad, CA) and an oligo(dT) 20mer, according to 201 

the manufacturer’s protocol. To quantitatively examine the mRNA level of CTCF, IE1, 202 

and IE2 in HCMV-infected cells, real-time RT-PCR was undertaken using the 203 

QuantiTect SYBR Green RT-PCR kit (QIAGEN, Valencia, CA). qPCR reactions 204 

consisted of 50 cycles with optimal conditions as follows: 94 °C for 20 s; 50 °C for 60 205 

s; 72 °C for 30 s; and 80 °C for 5 s, an optimized data collection step. Fluorescence 206 

captured at 80 °C was determined to be absent from the signal generated by primer 207 

dimers. All samples were run in triplicate. Data were collected by the iCycler iQ 208 

software (Bio-Rad) and expressed as a function of the threshold cycle (CT), which 209 
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represents the number of cycles at which the fluorescent intensity of the SYBR Green 210 

dye is significantly greater than that of the background fluorescence. The CT value is 211 

directly correlated to the log10 copy number of the RNA standards. RNA copies were 212 

extrapolated from standard curves (CT versus log10 copy number) representing at least 213 

a seven-point serial dilution of standard RNA (101 to 107 copies/μl). RNA standards 214 

were used as calibrators of the relative quantification of product generated in the 215 

exponential phase of the amplification curve for real-time RT-PCR. The results 216 

showed the correlation coefficient for the standard curve to be greater than 0.95. A 217 

melting temperature curve analysis was obtained by measuring (after the amplification 218 

cycles) the fluorescence during a period of warming from 60°C to 95°C. The primers 219 

used to determine transcriptional levels of CTCF, IE1 and IE2 by the real-time RT-220 

PCR are listed in Table 3. 221 

Plaque formation unit (PFU) assay. To detect the viral growth curve, MRC-5 or BJ-222 

kdCTCF or BJ-kdLuc cells were infected with HCMVwt AD169, HCMVdCTCFi, or 223 

HCMVdCTCFiRev viruses at a multiplicity of 0.05 PFU/cell. Medium and cells from 224 

infected cultures were collected at different days post-infection, and virus was obtained 225 

by three freeze-thaw cycles of the collected culture. Virus titers were determined on 226 

MRC-5 or BJ cells after analyzing plaque-forming units (PFU). A Student’s t-test was 227 

used to statistically analyze the difference between the two groups, and a p-value of less 228 

than 0.005 was used as the threshold for a significant difference. 229 

 230 

Chromatin Immunoprecipitation (ChIP) Assay. HEK 293T cells were transfected with 231 

pSVH for 24 hours or BJ-kdLuc and BJ-kdCTCF cells were infected with 232 
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HCMVdCTCFi, HCMVwt, or HCMVdCTCFiRev at an MOI of 0.5 for 12 hours and 233 

fixed with 1% formaldehyde then sonicated to shear the DNA into 100-300 bp fragments. 234 

The anti-CTCF antibody or normal IgG was incubated with the DNA-protein mixture and 235 

ChIP assays were performed using the EZChIP kit (Millipore, Billerica, MA), according 236 

to the manufacturer’s instructions. The amount of the immunoprecipitated DNA by 237 

antibodies (normal IgG and anti-CTCF) was examined by real-time PCR in a 25 μl 238 

reaction using the primers shown in Table 1. All samples were analyzed in triplicate 239 

using SYBR Green 2× Master Mix (Applied Biosystems, Foster City, CA) on an Applied 240 

Biosystems 7900HT Fast Real-Time PCR System. After an initial denaturation 241 

incubation of 5 min at 95°C, 45 cycles of three-step cycling were performed with an 242 

annealing temperature of 60°C. Melt curve analysis was then performed to verify product 243 

specificity.  The ChIP efficiency for each antibody was calculated as % input using ΔCT 244 

method and the standard deviation was generated from the triplicate PCR reactions.  245 

 246 

Electrophoretic Mobility Shift Assay (EMSA). DNA fragments were labeled using T4 247 

polynucleotide kinase (Roche) in the presence of [32P]-ATP and purified using G-25 spin 248 

columns (GE Healthcare). Purified CTCF protein was a gift from Dr. Ronen Marmorstein 249 

(Univ. of Penn). Increasing amounts of purified CTCF protein (0, 50, 150, 450 ng) were 250 

incubated with the same amounts of purified probes for 30 min at room temperature in a 251 

total volume of 25 μl buffer containing 100 μM ZnSO4, 10 mM Tris-Cl PH 8.0, 60 mM 252 

KCl, 1 mM EDTA, 10 mM MgCl2, 0.05 μg/μl poly(dI-dC), 0.5 μg/ul bovine serum 253 

albumin, 0.05% NP40, 35 mM beta-mercaptoethanol, and 6% glycerol. The samples 254 
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were then separated by electrophoresis on a native 5% polyacrylamide gel. Gels were 255 

dried and analyzed using a Typhoon PhosphorImager system.  256 

 257 

CTCF knockdown. To make the CTCF knockdown (kdCTCF) cell line, we first co-258 

transfected 293T cells with a lentiviral plasmid expressing a short hairpin RNA (shRNA) 259 

against CTCF (pLKO.1-puro-CTCF; Sigma) and a packaging plasmid (pHR′8.2deltaR) at 260 

an 8:1 ratio as well as with the envelope plasmid (pCMV-VSV-G) (11). The transfection 261 

was performed using METAFECTENE® PRO (Biontex Laboratories, 262 

Martinsried/Planegg, Germany), according to the manufacturer’s instructions. Seventy-263 

two hours after transfection, lentiviruses encoding shCTCF was collected from medium 264 

by filtering through a 0.45 μm syringe filter to remove any 293T cells. BJ cells were 265 

infected by the lentiviruses, selected with 2 μg/ml of puromycin (Sigma) at 24 h post-266 

infection (p.i.), and the knockdown efficiency was assayed by western blot and 267 

immunofluorescence using anti-CTCF antibody. The resulting CTCF-depleted cells were 268 

labeled as BJ-kdCTCF. A control cell line labeled as BJ-kdLuc was generated using the 269 

same protocol as BJ-kdCTCF, instead that pLKO.1-puro-Luc encoding shRNA against 270 

luciferase (Sigma) was used to make the lentiviruses. The cell lines were maintained in 271 

minimal essential medium (MEM) with 1 μg/ml puromycin prior to the further 272 

experiments. 273 

 274 

RESULTS 275 

CTCF level is increased at the early stage of HCMV infection. As a first step to 276 

investigate the role of CTCF in HCMV infection, we tested whether CTCF gene 277 
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expression was affected by HCMV infection. In our studies of HCMV infection in human 278 

fibroblast cells (MRC-5), we found that CTCF can be up-regulated at early times of 279 

infection. As can be seen in Figure 1A, we infected MRC-5 cells with HCMV at an MOI 280 

of 0.5 for different lengths of time (as indicated). The whole cell lysates were collected 281 

and assayed by western blot to examine viral protein production using antibodies against 282 

viral proteins (IE1/IE2) and CTCF. We found that CTCF protein level was increased 283 

about 2.5 fold at 12 hpi and further induced to about 4.5 fold after 24hpi compared to 284 

what occurred in the mock cells. To learn whether the increase of CTCF occurs at the 285 

gene transcription level, we performed real-time PCR assays to compare CTCF mRNA 286 

levels at different time points of post-HCMV infection, to those levels at 0 hpi (Figure 287 

1B). We found that CTCF mRNA level was also enhanced by HCMV infection. The 288 

increase of CTCF production by HCMV infection might reflect a general response of 289 

host cells against viral infection. 290 

CTCF represses MIE gene expression. To investigate the potential function of elevated 291 

CTCF levels on HCMV MIE gene expression, we assayed the effects of over-expression 292 

of CTCF on the MIE gene locus in transient transfection assays using plasmid vectors.  293 

To this end, we co-transfected the HCMV subgenomic fragment containing the IE1/IE2 294 

under MIEP (pSVH) together with different amounts of CTCF expression vector (pFlag-295 

CTCF) or vector control into 293T cells. pSVH contains the intact MIE gene including 296 

MIEP, enhancer, introns, and exons. Western blots revealed that the over-expression of 297 

CTCF had significant inhibitory effects on IE1/IE2 production, and the repressive effect 298 

of CTCF on IE1/IE2 expression is dose-dependent (Figure 2A). To determine whether 299 

the repressive effect was due to the inhibition of MIE gene transcription, we performed a 300 
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real-time RT-PCR assay and found that the repressive effect of CTCF on MIE gene 301 

expression occurred at the mRNA level (Figure 2B). To further investigate the effect of 302 

CTCF on MIE gene expression, we generated stable BJ cells depleted for CTCF by 303 

shRNA and transfected pSVH into BJ, BJ-kdLuc, and BJ-kdCTCF cells. CTCF depletion 304 

was monitored by western blot, and demonstrated that >80% depletion of CTCF in BJ-305 

kdCTCF relative to control cells (BJ-kdLuc, or parental BJ cells). We found that both IE1 306 

and IE2 expression were increased in CTCF knockdown (kd) cells relative to control 307 

cells (Figure 2C). The inhibition of MIE gene expression by CTCF takes place at the 308 

RNA transcriptional level as the mRNA level from BJ or BJ-kdLuc is significantly lower 309 

(~6 fold) than that from BJ-kdCTCF (Figure 2D). These findings suggest that CTCF has 310 

repressive effects on MIE gene expression. 311 

 312 

CTCF binds to a DNA sequence in intron A of the MIE gene. Since CTCF is a 313 

sequence-specific DNA-binding protein, we tested whether CTCF represses MIE gene 314 

expression through interaction with a cis-element in the MIE gene. As a first approach to 315 

search for the DNA sequences interacting with CTCF, we used an in silico CTCFBS 316 

prediction tool (5) to analyze the potential CTCF-binding sites in the HCMV MIE gene 317 

locus. One small DNA sequence received a high score: TTAACGGTGGAGGGCAGTG, 318 

which localizes to the first intron of the MIE gene (referred to as intron A) from the site 319 

+834 to +852 (Figure 3A). To experimentally validate the prediction, we tested the ability 320 

of purified recombinant CTCF protein to bind to this sequence using a fluorescence 321 

polarization (FP) assay.  In this assay, we measured the ability of a candidate CTCF site 322 

to compete with a known high affinity binding site (35).  High affinity bindings sites have 323 
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Ki values between 5 and 40 nM, while low affinity sites have Ki >100 nM.  As can be 324 

seen in Figure 3B, the CTCF site derived from the intron A region of CMV can compete 325 

efficiently with the high affinity CTCF binding site with a Ki of 21.4 nM. This result 326 

suggests that MIE intron A region contains a high affinity binding site for purified CTCF 327 

in vitro. 328 

      To further confirm the direct binding of CTCF to the MIE DNA, we performed a 329 

DNA electrophoretic mobility shift assay (EMSA). In the DNA-protein binding reaction 330 

system, different amounts of purified CTCF (0, 50, 150, and 450 ng) were added (Figure 331 

3C) with the same amount, respectively, of 32P-labeled DNA probes: CMV CTCF BS 332 

with the putative CTCF consensus sites, CMV ΔCTCF with the deleted CTCF-binding 333 

site (BS), XqYq CTCF BS containing a known CTCF-binding site for positive control, 334 

and the CTCF sites substitution mutant XqYq ΔCTCF for negative control (13). EMSA 335 

results showed that purified CTCF protein bound to the CMV CTCF BS probe with a 336 

similar efficiency as the XqYq CTCF BS probe, and deletion or mutation of CTCF 337 

consensus sites diminished the binding by CTCF (Figure 3C). These finding indicate that 338 

CTCF directly interacts with a short DNA sequence (TTAACGGTGGAGGGCAGTG) 339 

within intron A of the MIE gene. 340 

   To determine whether CTCF interacts with the intron A in vivo, we performed a 341 

chromatin immunoprecipitation (ChIP) assay using rabbit anti-CTCF antibody or normal 342 

rabbit IgG as a control in 293T cells transfected with pSVH for 24 hours (Figure 3D). As 343 

shown, IgG did not pull down any detectable DNA of the tested samples, while anti-344 

CTCF antibody pulled down ~1% of the input DNA fragments in intron A, similar to that 345 

observed for the positive control CTCF sites in the cellular subtelomeres for XqYq and 346 
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10q (13). Two other fragments, one from MIE gene exon 5 3’UTR and the other from 347 

actin gene, were not immunoprecipitated, indicating the specificity of CTCF ChIP.  348 

 349 

The CTCF binding site is required for the repression of MIE gene expression by 350 

CTCF.  To test the functional role of CTCF binding to MIE, we generated an MIE gene-351 

expressing construct (pSVH-dCTCFi), in which the CTCF-binding sequences were 352 

deleted. The pSVH-dCTCFi was co-transfected with different amounts of pFlag-CTCF (0, 353 

0.5, 1, 2, and 4 μg) into 293T cells for 24 hours. The whole cell lysates were 354 

subsequently used to examine IE1/IE2 protein level by western blot assay (Figure 4A). 355 

The expression of Flag-tagged CTCF was examined by anti-FLAG antibody. Total RNAs 356 

were used for real-time RT-PCR to detect IE1 mRNA level (Figure 4B). Our results 357 

indicated that neither IE1/IE2 protein nor mRNA levels were inhibited by CTCF 358 

overexpression from pSVH-dCTCFi, whereas CTCF overexpression efficiently repressed 359 

IE1/IE2 expression from the wild type pSVH, as was demonstrated previously in Figure 2. 360 

Therefore, the repressive effects of CTCF on IE1/IE2 gene expression are disrupted when 361 

the CTCF-binding site was deleted from pSVH, suggesting that the CTCF-binding motif 362 

is necessary for the repression of MIE gene expression by CTCF. 363 

 364 

Rad21 alone has no effect on MIE gene expression, but it interacts with CTCF and 365 

enhances CTCF’s repressive effects on MIE gene expression. The functional link 366 

between CTCF and cohesin has been demonstrated by a series of studies (33, 36, 53). The 367 

interaction of CTCF with cohesin might be important for CTCF if it is to act as a domain 368 

boundary factor or a transcriptional repressor (28). An important component of the 369 
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cohesin complex is Rad21, which is found to directly interact with CTCF (14). We ask 370 

whether the overexpression of Rad21 alters the MIE gene expression by co-transfecting 371 

pSVH with various amounts of pFlag-Rad21 into 293T cells (Figure 4C and D).  The 372 

whole cell lysates were assayed by western blot using antibodies against IE1/IE2 to 373 

detect MIE gene expression and against FLAG to examine the overexpression of Rad21. 374 

We also used the total RNA for detection of IE1 mRNA using real-time RT-PCR as 375 

shown in Figure 4D. We found that the overexpression of Rad21 alone did not affect 376 

IE1/IE2 expression and MIE transcription. We next tested whether Rad21 could alter the 377 

repressive effect of CTCF on MIE gene expression by co-transfection of Rad21 and 378 

CTCF into 293T cells (Figure 4E and F).  As expected, the co-transfection of pSVH with 379 

pRad21 had no effect on MIE gene expression, and CTCF had a suppressive effect on 380 

MIE gene expression. However, the co-transfection of pSVH together with both pCTCF 381 

and pRad21 showed an additive reduction of IE1 and IE2 protein and RNA expression. 382 

These data indicate that Rad21 can augment CTCF’s repressive effects on MIE gene 383 

expression when both proteins are expressed ectopically in transient transfection assays. 384 

HCMV BACmid lacking the CTCF-binding motif presented a higher replicating 385 

phenotype. To determine whether the CTCF-binding motif in intron A of the MIE gene 386 

is important for MIE gene expression and HCMV replication in the larger context of the 387 

viral genome, we generated CTCF mutations and revertants using HCMV BACmid 388 

technology (52).  We have shown that CTCF binds to intron A using in vitro binding 389 

assays and a transient transfection system (Figure 3). We next asked whether CTCF is 390 

able to interact with intron A in vivo during HCMV infection. MRC-5 cells were infected 391 

with HCMVs generated from BACmids at an MOI of 0.5 for 12 hours and assayed by 392 
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CTCF ChIP (Figure 5A). We found that CTCF bound to intron A in a similar efficiency 393 

as binding sites in 10q subtelomere when HCMVwt (Figure 5A, right panel) or 394 

HCMVdCTCFiRev (middle panel) was used for infection in MRC-5 cells. CTCF did not 395 

bind to control DNA elements from either MIE 3’ UTR or cellular Actin region, further 396 

demonstrating that CTCF interacts with intron A in vivo.  As expected, the binding of 397 

CTCF to intron A was disrupted when mutant virus HCMVdCTCFi was used in the ChIP 398 

assay (Figure 5A, left panel).  Taken together, these studies indicate that CTCF can bind 399 

to intron A in vivo and the CTCF-binding motif within intron A is required for CTCF to 400 

interact with intron A.   401 

 402 

 We next asked whether the deletion of the CTCF-binding motif could affect IE1 403 

and IE2 transcription. The HCMVs were used to infect MRC-5 cells at an MOI of 0.1, 404 

and total RNA from the cells at different times after infection were examined for IE1 and 405 

IE2 mRNA levels by quantitative RT-PCR (Figure 5B).  We found that the mRNA of 406 

both IE1 and IE2 were present as early as 3 hrs post-infection and their levels were 407 

increased by the infection of HCMVdCTCFi where the CTCF-binding motif in intron A 408 

of the MIE gene was deleted. IE1 and IE2 mRNA levels of HCMVdCTCFi at 3 hpi 409 

(Figure 5B, left panel) was even higher than those of wt (right panel) or 410 

HCMVdCTCFiRev (middle panel) at 6 hpi; the same accelerated levels of mRNAs were 411 

observed at 6 hpi and 12 hpi. However, the differences of the mRNA levels were smaller 412 

at 24 hpi among all the infected cells. Interestingly, the IE1/IE2 ratio remained the same, 413 

suggesting that the CTCF-binding motif in intron A did not affect MIE gene splicing. 414 
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We then tested the effects of the CTCF-binding motif deletion on viral replication 415 

using plaque forming unit assays. As shown in Figure 5C, the revertant and wild-type 416 

HCMV infected cells show similar viral replication kinetics.  In contrast, viral titers of 417 

HCMVdCTCFi were about 10-fold higher than those of the revertant and wild-type from 418 

day 5 post-infection, and HCMVdCTCFi reached a peak quicker than did the revertant 419 

and wild-type HCMV. The results suggest that CTCF binding to the MIE gene intron A 420 

restricts both HCMV gene expression as well as viral replication. 421 

 422 

Depletion of CTCF enhances HCMV gene expression and viral replication.  We next 423 

asked whether the depletion of CTCF could affect HCMV gene expression and viral 424 

replication during viral infection. We infected BJ-kdLuc or BJ-kdCTCF cells with 425 

HCMVwt, HCMVdCTCFi, or HCMVsCTCFiRev at an MOI of 0.1 for different times, as 426 

indicated (Figure 6A). Real-time PCR was performed to determine the relative mRNA 427 

level of IE1, IE2, and UL112/113. We found that the expression for all three genes was 428 

largely enhanced for HCMVwt (Figure 6A, left panel) and HCMVdCTCFiRev (middle 429 

panel) infection at each time points in CTCF-depleted BJ cells (BJ-kdCTCF) relative to 430 

control cells (BJ-kdLuc). The increase in viral gene expression by HCMVwt and 431 

HCMVdCTCFiRev infection into BJ-kdCTCF cells was comparable to that by 432 

HCMVdCTCFi infection into BJ-KdLuc cells (right panel), further indicating that CTCF 433 

mediates a repressive effect on HCMV gene expression during viral infection.  In line of 434 

these results, no significant differences for IE1 and IE2 expression from BJ-kdCTCF or 435 

BJ-kdLuc cells were observed when HCMVdCTCFi viruses were used for infection 436 

(Figure 6A, right panel).  Interestingly, viral early protein UL112/113 is expressed at a 437 
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higher level in BJ-kdCTCF cells than that in BJ-kdLuc cells, suggesting that CTCF might 438 

play additional role in regulating viral early gene expression. 439 

 We then tested whether the depletion of CTCF could affect HCMV replication 440 

using plaque formation unit assay. We found that both the revertant and wild-type 441 

HCMV infection in CTCF-depleted cells led to about 50-fold increase of viral production 442 

over control cells at 6 dpi and 7 dpi (Figure 6B, middle and right panels). In contrast, 443 

HCMVdCTCFi infections in BJ-kdCTCF cells resulted in only 3-fold increase of viral 444 

replication over control cells (Figure 6B, left panel).  These results suggest that CTCF has 445 

a repressive effect on HCMV replication, and the CTCF-binding site in intron A is 446 

important for CTCF-mediated inhibition of viral replication. Since HCMVdCTCFi 447 

infection in BJ-kdCTCF cells was still able to produce about 3-fold more viral particles 448 

than such infection did in BJ-kdLuc, it is likely that CTCF might repress HCMV 449 

replication by additional mechanisms besides direct binding to intron A. 450 

 451 

Homologous CTCF-binding domain in murine CMV (MCMV) intron A.  We next 452 

asked whether the CTCF-binding site was conserved in MCMV MIE gene intron A. 453 

Alignment of the HCMV intron A to the MCMV MIE DNA revealed a strong 454 

conservation of the core CTCF recognition sequence at a similar position relative to the 455 

transcription start sites (+810 to +828 in MCMV to +834 to +852 in HCMV) (Figure 7A). 456 

Computational analysis predicted that the MCMV DNA sequence shows a greater 457 

probability score for a CTCF binding site than did that of HCMV (Figure 7B). To 458 

determine whether CTCF actually interacts with the putative CTCF-binding sequence in 459 

MCMV intron A, we performed ChIP assays in 293T cells transfected with pIE111 460 
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(expressing the MCMV MIE gene under the control of MCMV MIEP and containing all 461 

4 introns and 5 exons) (Figure 7C, top panel). We designed 3 pairs of primers from intron 462 

A: A1, for the fragment before the putative CTCF-binding site, A2, for the fragment 463 

containing the putative CTCF-binding site, and A3, for the fragment after the CTCF-464 

binding site. We found that anti-CTCF antibody precipitated fragment A2 to greater 465 

extent than fragment A1 or A3, and did not precipitate any detectable DNA from the 466 

actin gene region. This ChIP assay result suggests that CTCF interacts with a conserved 467 

site in the first intron in MCMV MIE gene. To determine whether the putative CTCF-468 

binding sequence in MCMV MIE is essential for the interaction of CTCF, we deleted the 469 

sequence from plasmid pIE111, resulting in pIE111dCTCFi. The mutant plasmid was 470 

transfected into 293T cells and assayed by ChIP for CTCF binding (Figure 7C, bottom 471 

panel). The results showed that CTCF does not bind pIE111dCTCFi, indicating that the 472 

CTCF binding consensus site is required for the interaction of CTCF and the MCMV 473 

MIE gene. 474 

Finally, we tested whether the CTCF binding to the MIE gene affected gene 475 

expression. We co-transfected different amounts of pFlag-CTCF with pIE111 (Figure 7D, 476 

left panel) or pIE11dCTCFi (Figure 7D, right panel) into 293T cell for 24 hours. The 477 

whole cell lysates were used for western blot assays to examine IE1 gene production as 478 

shown in top panels. The total RNA samples were used for detection of IE1 mRNA by 479 

real-time RT-PCR assay (Figure 7E). As shown in Figure 7D, basal levels of IE1 were 480 

higher in pIE11dCTCFi relative to pIE111.  Furthermore, the overexpression of CTCF 481 

significantly repressed the production of IE1 from pIE111 but not from pIE111dCTCFi. 482 
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Therefore, CTCF is also able to repress MCMV MIE gene expression via interaction with 483 

a binding site located within the first intron. 484 

 485 

DISCUSSION 486 

A complex combination of regulatory elements have been found to control the expression 487 

efficiency of the HCMV MIE gene. The investigative efforts of the past several decades 488 

have focused primarily on the upstream enhancer and promoter sites, but the regulatory 489 

features of the downstream transcribed regions are less well studied. The transcribed 490 

reginos of the MIE contain 5 exons and 4 introns, with the first exon lacking any protein 491 

coding sequence. The earliest experimental investigation in this region found that 492 

transcription factor NF-1 has the strongest binding element in intron A among all the 5 493 

binding sites in the MIE region (16).  Further study indicated that the interaction of NF-1 494 

with this site was able to enhance MIE gene expression using a transfection system and a 495 

reporter assay (8), suggesting the non-coding region within the transcribed sequence of 496 

MIE gene contributes to gene regulation at the early stage of HCMV infection. 497 

Intron A is the largest of the introns, measuring about 800 bp in length and 498 

residing within the 5' untranslated region of the MIE gene.  Here, we identified a negative 499 

transcriptional control domain within intron A. This domain is positioned in the MIE 500 

gene from +834 to +852 (Figure 3A), approximately 490 bp from a positive regulatory 501 

domain, the NF-1 binding domain (+350). This newly identified domain inhibits MIE 502 

gene expression through the interaction with the chromatin boundary protein, CTCF. 503 

Both EMSA and FP assays were used to demonstrate the interaction between purified 504 

CTCF protein and purified MIE DNA. The affinity of the domain with CTCF is as strong 505 
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as the positive control used for the EMSA and FP assays (Figures 3B and 3C). The 506 

results from the EMSA and FP assays demonstrated that the interaction of CTCF protein 507 

with intron A domain is direct. Furthermore, a ChIP assay confirmed that the interaction 508 

of CTCF with intron A occurs in vivo and that the short motif is required for CTCF–509 

intron A interaction (Figure 3D and 5A). 510 

Interestingly, we also mapped the CTCF-binding domain in MCMV intron A and 511 

discovered a strikingly homologous sequence in MCMV intron A (Figure 7). Using ChIP 512 

assay, we show that CTCF interacts with MCMV intron A and that the homologous 513 

sequence is required for the interaction of CTCF and the MCMV MIE gene (Figure 7C). 514 

Therefore the CTCF-binding domain in intron A is conserved in CMVs. The 515 

conservation of a CTCF site in approximately the same position within intron A of the 516 

CMV MIE gene suggests that these CTCF binding sites have an important biological 517 

function. Our in vitro co-transcription experiments determined that the 19 bp CTCF 518 

binding motifs of both MCMV and HCMV are required for the down-regulation of MIE 519 

gene expression by CTCF (Figures 2, 4, and 7). We also found that CTCF–intron A 520 

interaction is important for HCMV infection and affects HCMV replication (Figure 5 and 521 

6), indicating that the interaction between CTCF and intron A plays a functional role in 522 

regulating viral gene expression and DNA replication. 523 

      CTCF can function as a chromatin boundary and enhancer-blocking element, as well 524 

as contribute to DNA conformation and long-distance interactions between regulatory 525 

elements (53). CTCF is essential for embryonic development, as demonstrated in the 526 

Drosophila and mouse models (28). The importance of CTCF in the infection of several 527 

viruses, including EBV, KSHV and HSV-1, has been reported, and it is believed that 528 
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CTCF interaction with the viral genome is important for persistent viral infection and the 529 

maintenance of latency (2, 9, 19, 51). Multiple sites were identified for CTCF to bind in 530 

the EBV and KSHV genomes, using genome-wide studies (51).  Interestingly, in KSHV a 531 

major CTCF binding site was found to colocalize within the first intron of the major 532 

latency transcript encoding LANA, vCyclin, and vFLIP (41).  In EBV, a major CTCF 533 

binding site was observed in the first intron of the LMP2A gene, which is expressed at 534 

early times during primary infection (3).  Here, we demonstrate that CTCF also binds 535 

within the first intron of both HCMV and MCMV MIE genes.  This suggests that CTCF 536 

plays a universal and conserved role in the herpesvirus family for regulation of complex 537 

transcripts. In agreement with this idea, we found that CTCF down-regulates MIE gene 538 

expression and inhibits viral replication (Figures 6 and 7).  The function of CTCF binding 539 

in EBV and KSHV may be more complex since these viruses establish long-term latent 540 

infections.  541 

           CTCF can colocalize with the cohesin complex (17) that has been implicated in 542 

long-distance promoter-enhancer interactions. Rad21 is a core component of cohesin, and 543 

was found to further stabilize CTCF mediated repression of the MIE gene when 544 

overexpressed in transient assays (Figure 4E and F). While we have not formally tested 545 

the role of cohesin in regulating MIE expression during viral infection, it is tempting to 546 

speculate that CTCF and cohesin may function to coordinate the activity of the MIE 547 

enhancer as it acts on RNA polymerase transcribing the MIE gene body. Therefore, 548 

CTCF-cohesin may play a major role in regulating the communication between the MIE 549 

enhancer and elongating RNA polymerase.  550 
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           Intron A is a non-coding area of MIE gene and resides in the downstream of the 551 

gene promoter. Although it is clear that CTCF interacts with the sequence in intron A 552 

(Figure 3), it remains elusive how CTCF represses MIE gene expression. One of the 553 

mechanisms CTCF uses to suppress gene expression is associated with chromosomal 554 

looping interactions (34). It has been found that CTCF regulates a variety of gene 555 

expressions through CTCF-mediated chromosomal looping interactions while cohesin are 556 

required for the formation of the loops (6, 34). Since repression of MIE expression by 557 

CTCF can occur in a reporter plasmid, one might assume that chromatin looping is 558 

probably not involved. This assumption is also supported by the fact that overexpression 559 

of the cohesin component Rad21 alone has no effects on MIE gene expression (Figure 4C 560 

and D). 561 

 562 

 Promoter-proximal downstream transcriptional elements, such as those located in 563 

the intron A of the MIE gene, may function at either the DNA or RNA level.  Elements 564 

located within introns may be expected to regulate gene splicing. However, we found no 565 

evidence that CTCF protein levels, or the CTCF binding site within intron A altered the 566 

relative levels of IE1 and IE2 mRNA. This suggests that CTCF does not affect MIE gene 567 

splicing, but functions predominantly at the level of transcription initiation or elongation.  568 

CTCF has been implicated in the control of mRNA splicing in other systems (40), and we 569 

cannot rule out that CTCF may affect MIE gene splicing in some cell types or under 570 

some infection conditions.  Nevertheless, we find that the downstream binding of CTCF 571 

has a clear role in restricting CMV infection through the down regulation of MIE 572 

transcript generation. 573 
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 In conclusion, we have identified a novel transcription control element located 574 

within the first intron of the CMV MIE gene that plays a major role in restricting MIE 575 

transcription and viral replication. We show that CTCF binds to this control element and 576 

is responsible for the attenuation of viral infection.  We propose that this CTCF-MIE 577 

gene control element constitutes a key mechanism for regulating viral infection. The 578 

CTCF binding site is conserved in MCMV and has a strikingly high homology and 579 

similar position in MIE genes. This downstream control domain may function by 580 

blocking RNA polymerase II elongation or MIE enhancer interactions. Intronic CTCF 581 

binding sites are also observed at complex transcription units of EBV and KSHV, 582 

suggesting that CTCF is a universal regulator of herpesvirus gene expression and 583 

replication.   584 

 585 
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Figure Legends: 780 
 781 
Figure 1. HCMV induces CTCF production at an early time of infection. MRC-5 782 

cells were infected with HCMV at an MOI of 0.5 for different times, as indicated. A. The 783 

whole cell lysates were collected and applied to SDS-PAGE to examine cellular and viral 784 

protein production by western blot assay using antibodies against viral proteins (IE1/IE2) 785 

and CTCF. Tubulin was used as a sample-loading control. The fold-increase of CTCF 786 

levels relative to mock and tubulin control were calculated by Quantity One 4.5.0 787 

software (Bio-Rad Laboratories, Richmond, CA).  Quantification of CTCF levels is 788 

shown at the bottom as bar graphs (mean + s.d.) generated from at least three independent 789 

viral infections and western blots. B. Total RNA was isolated from the mock-infected (0 790 

hpi) or HCMV-infected cells, and 1 μg of the resulting sample was analyzed by qRT-791 

PCR. The CTCF mRNA levels at different time points post-HCMV infection relative to 0 792 

hpi are shown. The bar graph represents the average value from three independent 793 

experiments (mean + s.d.). Statistically significant differences are calculated by Student’s 794 

t-test and indicated on top (p<0.005).  795 

 796 
Figure 2. Effects of CTCF protein levels on MIE gene expression. A. 293T cells were 797 

used for the co-transfection of 1 μg of pSVH (expressing IE1/IE2 under MIEP) together 798 

with different amount (0.5, 1, 2, or 3 μg) of pFlag-CTCF or vector control (using 3 μg 799 

pcDNA3 to supplement the total DNA in the co-transfection system). Whole cell lysate 800 

samples were used for western blot assays to examine the production of IE1 and IE2, and 801 

CTCF. Tubulin was used as a sample-loading control. The fold-variation of IE1/2 levels 802 

were quantified relative to pSVH and vector control by Quantity One 4.5.0 software, and 803 

were shown at the bottom panel as bar graphs (mean + s.d.) generated from three 804 
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independent experiments. B. The same as A, except that total RNA samples (1 μg for 805 

each assay) were used for real-time RT-PCR to examine IE1 mRNA. The bar graph 806 

shows the average value of the IE1 mRNA level of pSVH with pFlag-CTCF relative to 807 

that of pSVH alone from three independent experiments (mean + s.d.). C. Western blots 808 

were performed to examine CTCF depletion and IE1/IE2 production after the transfection 809 

of pSVH into BJ cells or BJ cells stably expressing shRNA against CTCF or control 810 

Luciferase (Luc). Tubulin was used to control the sample loading. The fold increase of 811 

IE1/2 levels was calculated related to BJ cells alone by Quantity One 4.5.0 software and 812 

shown as bar graphs below the corresponding western blots.  D. The same as in panel C, 813 

except that real-time RT-PCR was used to examine IE1 mRNA levels in stably 814 

knockdown cell lines transfected with pSVH. The levels of IE1 mRNA form different 815 

cells were compared to that from control BJ cells. The bar graph represents the average 816 

value from three independent experiments (mean + s.d.). 817 

 818 

Figure 3. CTCF interacts directly with intron A. A. The DNA sequences of the 819 

HCMV MIE gene are shown from the TATA box to the beginning of exon 2. NF-1 and 820 

CTCF binding sites are underlined. Total exon 1 and partial exon 2 sequences are shown 821 

in the enclosing boxes. B. A fluorescence polarization (FP) assay was used to determine 822 

whether the DNA fragment was bound by CTCF.  Inhibitory constants (Ki) were 823 

calculated by titrating the HCMV CTCF BS probe against a FAM6-labelled probe with a 824 

known dissociation constant and measuring changes in CTCF binding via fluorescence 825 

polarization. The graph represents the average value from three independent experiments 826 

(mean + s.d.). C. EMSA was used to determine CTCF binding to DNA oligonucleotide 827 
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probes containing putative binding sites from HCMV intron A (HCMV CTCF BS), or 828 

XqYq subtelomeres (XqYq CTCF BS), as well as with oligonucleotides containing 829 

CTCF sites deletion (HCMV ΔCTCF) or point mutations in CTCF recognition sites 830 

(XqYq ΔCTCF).  Free probe and bound probe were indicated in the graph. D. Chromatin 831 

immunoprecipitation (ChIP) assay was performed in HEK 293T cells transfected with 832 

pSVH at 24 hrs post-transfection using antibodies specific to CTCF or control IgG.  833 

qPCR was used to quantify ChIP efficiency using specific primers at indicated regions.  834 

Bar graph represents the average value of percentage of input for each ChIP from three 835 

independent PCR reactions (mean + s.d.). 836 

 837 

Figure 4. CTCF-binding domain in intron A is essential for CTCF-mediated 838 

inhibition of MIE gene expression. A. 293T cells were transfected with pSVH-dCTCFi 839 

and different amounts of pFlag-CTCF (0, 0.5, 1, 2, and 4 μg), and assayed for IE1/IE2 840 

expression at 24 hrs post transfection by western blotting. The over-expressed CTCF 841 

level was examined by anti-FLAG antibody. Tubulin was used as a sample-loading 842 

control. The relative IE1/2 levels were calculated by Quantity One 4.5.0 software as 843 

described in Figure 2A, and shown as bar graphs below the corresponding western blots.   844 

B. The same as in panel A, except that total RNA samples (1 μg for each assay) were 845 

used for real-time RT-PCR in order to detect IE1 mRNA. The bar graph shows the 846 

average value of the IE1 mRNA level of pSVH with pFlag-CTCF relative to that of 847 

pSVH alone from three independent experiments (mean + s.d.). C. 293T cells were co-848 

transfected with pSVH and various amounts (0.5, 1, 2, or 4 μg) of pFlag-Rad21 for 24 849 

hours. The whole cell lysates were assayed by western blot using antibodies against 850 
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IE1/IE2 to detect MIE gene expression, against FLAG to examine the overexpression of 851 

Rad21, and against tubulin for loading control.  The quantification for IE1/2 levels 852 

relative to pSVH and tubulin control was shown as bar graphs below the corresponding 853 

western blots.  D. The same as C, except that real-time RT-PCR was performed to detect 854 

IE1 mRNA. The bar graph shows the average value of the IE1 mRNA level of pSVH 855 

with pFlag-Rad21 relative to that of pSVH alone from three independent experiments 856 

(mean + s.d.).  E. Western blot analysis of 293T cells transfected with pSVH alone, 857 

pSVH with pRad21, pSVH with pCTCF, or pSVH with pRad21 and pCTCF using 858 

antibodies, as indicated.  The quantification for IE1/2 levels relative to pSVH alone and 859 

tubulin control was shown as bar graphs below the corresponding western blots. F. The 860 

same as E, except that qRT-PCR was performed to examine MIE gene expression. The 861 

bar graph shows the average value of the IE1 mRNA level relative to that of pSVH alone 862 

from three independent experiments (mean + s.d.).  A Student’s t-test was used to 863 

statistically compare two groups as indicated on the top of the bar graph (* p<0.005 and 864 

** p>0.1). 865 

 866 

Figure 5. Deletion of CTCF motif in intron A led to increases in HCMV IE gene 867 

expression and viral DNA replication.  A. A ChIP-qPCR analysis of CTCF or control 868 

IgG using primers specific for indicated regions in MRC-5 cells infected with HCMVwt, 869 

HCMVdCTCFiRev, or HCMVdCTCFi at an MOI of 0.5 for 12 hrs. The bar graph 870 

represents the average value of the percentage of input for each ChIP from three 871 

independent PCR reactions (mean + s.d.). B. Quantitative RT-PCR analysis of IE1 and 872 

IE2 mRNAs in MRC-5 cells infected with 0.1 MOI of HCMVs at the indicated times 873 
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after infection.  The bar graph represents the relative RT-PCR value from three 874 

independent experiments (mean + s.d.). C.  MRC-5 cells were infected with the indicated 875 

HCMVs at an MOI of 0.05, and the viral growth curve was determined by using plaque 876 

forming unit assays at the indicated times after infection. A Student’ t-test was used to 877 

statistically analyze the difference between the HCMVdCTCFi infection versus 878 

HCMVwt (P<0.005) and HCMVdCTCFiRev (P<0.005). 879 

 880 

Figure 6. Depletion of CTCF protein enhances HCMV gene expression and viral 881 

replication. A. Quantitative RT-PCR analysis of IE1, IE2, and UL112/113 mRNAs in 882 

BJ-kdLuc or BJ-kdCTCF cells infected with 0.1 MOI of HCMVwt (left panel), 883 

HSMVdCTCFiRev (middle panel), or HCMVdCTCFi (right panel) at the indicated times 884 

after infection.  The bar graph represents the relative RT-PCR value from three 885 

independent experiments (mean + s.d.). B. BJ-kdCTCF or BJ-kdLuc cells were infected 886 

with the indicated HCMVs at an MOI of 0.05, and the viral growth curve was determined 887 

by using plaque forming unit assays at the indicated times after infection. A Student’s t-888 

test was used to statistically analyze the difference in viral production between the BJ-889 

kdCTCF and BJ-kdLuc cells at the indicated time points (*P<0.005; **P<0.05). 890 

 891 

Figure 7. CTCF-binding domain in intron A is conserved between HCMV and 892 

MCMV. A. The DNA sequences of the MCMV MIE gene are shown from the TATA 893 

box to the beginning of exon 2. The CTCF binding site is underlined. Exon 1 sequences 894 

are in the box. B. A homologous comparison of the CTCF-binding sequence from 895 

HCMV and MCMV to the consensus sequence of the canonical CTCF-binding motif. C. 896 
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ChIP-qPCR analysis of CTCF or control IgG using primers specific for indicated regions 897 

in 293T cells transfected with either pIE111 (a plasmid-expressing MCMV MIE gene 898 

directed by the MIE promoter, Top) or pIE111dCTCFi (derived from pIE111, but the 899 

CTCF-binding site is deleted, bottom) at 24 hours post transfection. D. Western blot was 900 

used to determine MCMV IE1 expression in 293T cells co-transfected with the various 901 

amount of pFlag-CTCF (0.5, 1, or 2 μg) as well as either pIE111 (left) or pIE111dCTCFi 902 

(right) at 24 hrs post transfection.  FLAG antibody was used to determine CTCF 903 

expression, and tubulin was served as a sample-loading control.  The quantification of 904 

IE1 levels was calculated by Quantity One 4.5.0 software, and normalized IE1 levels are 905 

shown as bar graphs below the corresponding western blots. E. The same as D, except 906 

that qRT-PCR was performed to examine the IE1 mRNA levels. The bar graph represents 907 

the relative RT-PCR value from three independent experiments (mean + s.d.).  908 

 909 
 910 

 911 

 912 

 913 



Table 1  Primers for PCR used in ChIP assay 
Intron A Forward: TGGCGGTAGGGTATGTGTCTGAAA 
  Reverse: ACTCAGCTGCCTGCATCTTCTTCT 
MIE3’UTR Forward: ATTAGTGGTGGCGGTGGTAGGTTT 
  Reverse: ACGATCATCATCCCTGAGGCCAAA 
XqYq  Forward: ACGGGTGGAACTTCAGTAATCC 
  Reverse: GTGAGCAAGCGGGTCCTGTA 
10q  Forward: ACGGTGCTCTGCCATTGC 
  Reverse: GGCGCTGGACACCACTGTA 
Actin  Forward: GGCTCACCACTGCAGAAATCA 
  Reverse: TTATCTTGGAGGTCCCCT 
Intron A1 Forward: ACTGCTCAGATCGTC 
  Reverse: ATATTCTGTATTCTGC 
Intron A2 Forward: TGTACTCAGAGGCTG 
  Reverse: AGTACGAGCAACACG 
Intron A3 Forward: GCGAAGGATCTCTCTTG 
  Reverse: ACAGACAGAATCCTCT 
MIE3’end Forward: GAGCGGTGAAGACCTG 
  Reverse: ATCTGCCTCAAACTGG 
 



 

Table 2  Oligos used in EMSA 
XqYq CTCF BS:
 GATCCTGCTGTGCCAGGGCGCCCCCTGCTGGCGACTAGGGCAACTA 
XqYq ∆CTCF:
 GATCCTGCTGTGCCAGAATACAAAATGCTAATAACTAGGGCAACTA  
CMV CTCF BS:
 GTTGCGGTGCTGTTAACGGTGGAGGGCAGTGTAGTCTGAGCAGTA 
CMV ∆CTCF:
 GGTAACTCCCGTTGCGGTGCTGAGTCTGAGCAGTACTCGTTGCTG 
 



 
Table 3  Primers for real-time RT-PCR 
IE1 - Forward: 5' ATG TCC TGG CAG AAC 3' 
 - Reverse: 5' CAT CCT CCC ATC ATA TTA 3' 
IE2 - 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' 
MCMV  
IE1     - Forward:        5’ ATAGCTTCACCATGCCTAGGATCA 3’ 
           - Reverse:         5’ GGGCATCTCAGGATCATACT 3’ 
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