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The Insulator Protein CTCF Binding Sites in the orf73/LANA
Promoter Region of Herpesvirus Saimiri Are Involved in Conferring
Episomal Stability in Latently Infected Human T Cells
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Herpesviruses establish latency in suitable cells of the host organism after a primary lytic infection. Subgroup C strains of her-
pesvirus saimiri (HVS), a primate gamma-2 herpesvirus, are able to transform human and other primate T lymphocytes to stable
growth in vitro. The viral genomes persist as nonintegrated, circular, and histone-associated episomes in the nuclei of those la-
tently infected T cells. Epigenetic modifications of episomes are essential to restrict the transcription during latency to selected
viral genes, such as the viral oncogenes stpC/tip and the orf73/LANA. In this study, we describe a genome-wide chromatin
immunoprecipitation-on-chip (ChIP-on-chip) analysis to profile the occupancy of CTCF on the latent HVS genome. We then
focused on two distinct, conserved CTCF binding sites (CBS) within the orf73/LANA promoter region. Analysis of recombinant
viruses harboring deletions or mutations within the CBS indicated that the lytic replication of such viruses is not substantially
influenced by CTCF. However, T cells latently infected with CBS mutants were impaired in their proliferation abilities and
showed a significantly reduced episomal maintenance. We detected a reduced transcription of the orf73/LANA gene in the T
cells, corresponding to the reduced viral genomes; this might contribute to the loss of HVS episomes, as LANA is central in the
maintenance of viral episomes in the dividing T cell populations. These data demonstrate that the episomal stability of HVS ge-

nomes in latently infected human T cells is dependent on CTCF.

H erpesviruses establish a lifelong persistence within the nuclei
of a defined subset of host cells. Multiple copies of the viral
genome are maintained as extrachromosomal, nonintegrating cir-
cular episomes that have acquired cellular histones to form regular
nucleosome-like structures (10, 38). The expression of most viral
genes is shut down during latency, which enables the virus to
escape from the host immune surveillance. Epigenetic modifica-
tions and chromatin structure of the herpesviral genome play a
critical role in the establishment and maintenance of the latent
infection. Complex strategies have evolved for maintenance of the
herpesvirus genomes within host cells, including the ability to
replicate and segregate in a bidirectional manner synchronously
with cellular DNA and segregate to daughter cells (36). Specific
herpesviral proteins such as Epstein-Barr virus nuclear antigen 1
(EBNALI) or latency-associated nuclear antigen (LANA) of the
Kaposi’s sarcoma-associated human herpesvirus 8 (KSHV) are
thought to mediate efficient segregation of the episome. They at-
tach the viral genomes to host chromosomes, preventing their loss
during mitosis (24, 35). Moreover, the viral genome has different
gene expression programs at its disposal, thereby representing an-
other level of virus-host interaction that integrates cellular growth
and differentiation signals with viral gene expression and chroma-
tin organization. Gene expression in eukaryotic cells is highly reg-
ulated at multiple distinct levels. Epigenetic modifications of
DNA and the associated histones, as well as compartmentalization
shielding of one type of chromatin from adjacent regions, are key
to transcriptional regulation and to the inheritance of gene ex-
pression patterns.

Herpesvirus saimiri (HVS), the prototypic gamma-2 herpesvi-
rus, is a T-lymphotropic herpesvirus and closely related to KSHV.
Neither the acute infection nor the lifelong persistence in T lym-
phocytes is known to cause disease in its natural host, the squirrel
monkey (Saimiri sciureus). However, rapidly growing T cell ma-
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lignancies can be observed after experimental infection of other
susceptible New World primates, like common marmosets (Cal-
lithrix jacchus) and cotton-top tamarins (Saguinus oedipus) (16).
HVS can be classified into three subgroups (A, B, C) due to differ-
ences in gene content and oncogenic potential (29). Viruses of
subgroup C, like strain C488, are considered the most oncogenic
and are able to transform human T cells to antigen-independent
growth (4). The HVS C488 genome comprises approximately
155-kb double-stranded DNA and harbors at least 77 open read-
ing frames (ORF). The coding, AT-rich low-density L-DNA is 113
kb in size and flanked by noncoding repetitive DNA elements of
the high-density H-DNA (14).

Multiple copies of the intact viral genomes are maintained
within the HVS transformed human T cells in a state of tightly
controlled latency, and no secretion of viral particles occurs (39).
The bicistronic transcript of orfl is consistently detectable and
encodes the StpC (Saimiri transformation-associated protein of
subgroup C) and Tip (tyrosine-kinase interacting protein). Both
gene products are oncoproteins and are essential for the transfor-
mation of T lymphocytes (11). Moreover, four transcripts from
viral URNA genes are detectable; however, these are dispensable
for growth in vitro (12). The orf73 encoding LANA is expressed at
low levels (14). Analogous to its counterparts LANA in KSHV and
EBNAL in Epstein-Barr virus (EBV), orf73 tethers the viral epi-
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some to metaphase chromosomes during cell division and thereby
ensures efficient segregation of the HVS genome (6, 48). Addi-
tionally, the LANA protein is involved in the suppression of the
lytic replication cascade (37). During the last couple of years, it has
become clear that epigenetic processes on herpesviral episomes
are central to organize the complex regulatory mechanisms of
latency. It has been shown for all herpesvirus subgroups that epi-
somes are rapidly chromatinized with histones in the nuclei of
infected cells (33, 44) and distinct and dynamic histone modifica-
tion patterns can be observed upon stimulation of latent herpes-
viral genomes with chemicals like butyrate or tricostatin A (TSA)
(2,47).

The establishment of chromatin boundaries, the prevention of
heterochromatic spreading and enhancer blocking activities are
essential elements for the organization of complex genetic loci. A
protein prominently involved in the three-dimensional organiza-
tion of chromatin is the multifunctional, DNA-binding factor
CTCF. This highly conserved and ubiquitously expressed nuclear
phosphoprotein assembles at a wide diversity of 50-bp DNA ele-
ments within cellular and viral genomes, which are free of DNA
methylation (30). Initially, it was found to be involved in tran-
scriptional repression of avian, mouse, and human myc promoters
(31). Moreover, enhancer blocking activity, chromatin insulation,
and imprinting on diverse gene loci have been attributed to CTCF
function (49, 52). CTCF is also able to shield chromatin domains
with different modification and transcription patterns by binding
to insulator elements. As a consequence, the spreading of euchro-
matin or heterochromatin and therefore a deregulated expression
or the silencing of genes is inhibited (54). CTCF is able to dimerize
or oligomerize, thereby interacting with other CTCF proteins at
distant regions on the same or even on a different chromosome
(27, 40). Due to this intrachromosomal interaction, the DNA is
organized into loops (22, 41, 53). The CTCF-mediated interchro-
mosomal interaction brings elements of different chromosomes
into close proximity and even enables the regulation of genes in
trans (51). Involvement of CTCF in epigenetic regulation of viral
replication has already been shown for different herpesviruses. In
herpes simplex virus 1, binding of CTCEF to a region between the
LAT enhancer and the transcriptional end of ICPO accounts for
the different chromatin domains and for the insulation of the LAT
enhancer activity from the ICPO promoter (3, 8). Moreover,
CTCFacts asaboundary factor for the latent cycle gene expression
programs of Epstein-Barr virus (7, 43). More recent studies have
implicated that cohesins, which have a highly similar consensus
DNA binding sequence, are involved in CTCF function (32, 50). It
was shown for latent KSHV that cohesins colocalize with CTCF at
the KSHV latency control region and that such binding sites are
essential for clonal stability and repression of lytic cycle gene prod-
ucts (42). Moreover, CTCF and cohesin interactions are involved
in the cell cycle control of KSHV latency transcription (21).

In this study, we wanted to investigate if CTCF binding sites
(CBS) are present in the HVS genome. With the generation of
recombinant viruses harboring mutations or deletions of CBS, we
sought to gain more insight in the functional relevance of CTCF
sites in herpesvirus genomes, during lytic replication or during the
state of latency of HVS in human T cells. This is of particular
importance, since this is the first report demonstrating the influ-
ence of CTCF binding on herpesviral latency in transformed cells.

February 2012 Volume 86 Number 3

Role of CTCF in Herpesviral Episome Maintenance

MATERIALS AND METHODS

Cell culture, viruses, and plasmid transfections. HEK293T cells and owl
monkey kidney cells (OMKs) were cultivated in Dulbecco’s minimal es-
sential medium (DMEM) containing 10% fetal calf serum. Transfections
were performed when cells were approximately 80% confluent using Li-
pofectamine 2000 reagent (Invitrogen) according to the manufacturer’s
instructions. The HVS strain employed in this study was obtained by
reconstitution of infectious viruses using Bac43MOD containing the
genomic sequence of HSV strain C488 analogous to an earlier description
(46). Stocks of wild type and recombinant viruses were prepared, and the
amount of viral genomes in the supernatant of infected OMKs was deter-
mined by quantitative real-time PCR (qPCR) of the major capsid protein
(MCP) locus (primers described below).

Primary human cord blood lymphocytes (CBLs) from different do-
nors were infected and transformed with the different recombinant vi-
ruses (wild type [wt], mutant, and revertant). Maintenance of CBLs has
been previously described (20). Noninfected control cells that were culti-
vated in parallel usually ceased growing after 3 to 6 weeks; the infected
CBLs were cultivated further on and were considered transformed after 8
weeks of continuous expansion. For growth curve analysis, CBLs were
counted before splitting using a Z2 cell counter (Beckman Coulter) and
the overall amount of CBLs was calculated by multiplying the amount of
cells counted with the number of splits to this date.

Oligonucleotide pulldown. Purified genomic HVS DNA was used as
template for PCR to generate biotin-labeled DNA for fragments upstream
of orf73 (nucleotides 107134 to 107324, 107285 to 107475, 107450 to
107600, 107533 to 107724, and 107324 to 107724). HVS coordinates cor-
respond to the genome sequence of C488 (14). A total of 20 ul HEK293T
nuclear extract was incubated in a total amount of 200 ul containing 20 ul
10X band shift buffer (BSB) (5% Nonidet P40, 500 mM potassium chlo-
ride, 100 mM Tris hydrochloride [Tris-HCl; pH 7.5]), 10 mM dithiothre-
itol (DTT), 100 ug/ml aprotinin, 100 ug/ml leupeptin, 1 mM 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 10 ug poly
deoxyinosinic-deoxycytidylic acid [poly(dI-dC)] (Sigma-Aldrich, Sch-
nelldorf, Germany) for 10 min on ice. Afterwards, equimolar amounts of
biotinylated DNA were added and incubated for 1 h at 4°C. Streptavidin
Sepharose (GE Healthcare) and 500 wl 1X BSB were added and incubated
for 30 min at 4°C. Afterwards, Streptavidin Sepharose was sedimented
and washed twice with ice-cold 1X BSB and once with phosphate-
buffered saline (PBS) without Ca?*/Mg?*. Subsequently, precipitates
were analyzed by Western blotting.

Western blotting and antibodies. OMK cells were lysed in 1X radio-
immunoprecipitation assay (RIPA) buffer (10 mM Tris-HCI [pH 8], 150
mM sodium chloride, 1% NP-40, sodium deoxycholate, 0.1% sodium
dodecyl sulfate [SDS], and 1% aprotinin-leupeptin) at distinct time
points posttransfection. Equal amounts of cell lysates (20 ug total protein)
were separated by electrophoresis on SDS-10% polyacrylamide
(acrylamide/bis-acrylamide ratio, 37.5:1) gels and transferred to polyvi-
nylidene difluoride membranes (PVDF) (Immobilon; Millipore,
Schwalbach, Germany). The immobilized proteins were then probed with
the following primary antibodies (from BD) and antisera (GenScript):
anti-CTCF (mouse, catalog no. 612149), anti-orf50 (rabbit), anti-orf75
(rabbit), anti-orf57 (rabbit), anti-orf6 (rabbit), and anti-orf17 (rabbit).
Secondary antibodies conjugated with horseradish peroxidase were ob-
tained from Dako (Dako Deutschland GmbH, Hamburg, Germany). Per-
oxidase activity was detected by enhanced chemiluminescence using the
Kodak Image Station 4000MM Pro camera, and protein expression was
quantified using the AIDA image analyzer version 4.22 software (Raytest
GmbH, Straubenhardt, Germany).

Electrophoretic mobility shift assay (EMSA). Cy5-labeled fragments
either not harboring CBS consensus motifs (nucleotides 107134 to 107324
of HVS C488) or spanning across the two CBS (nucleotides 107285 to
107475 of HVS C488) were incubated with 1 pg of recombinant CTCF
protein (kindly provided by P. Liebermann, The Wistar Institute, Phila-
delphia, PA) for 20 min at room temperature in the presence of 1 ug
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poly(dI-dC). Samples were loaded onto native 5% polyacrylamide gels
(37.5:1) and electrophoresed in 0.5X TBE (45 mM Tris, 45 mM boric
acid, ] mM EDTA [pH 8.3]) at 200V for 2 h. Gels were directly exposed on
a Kodak Image Station 4000MM Pro camera (Raytest, Straubenhardt,
Germany) with appropriate excitation (630 nm) and emission (700 nm)
filters.

Plasmids and cloning. Firefly luciferase reporter plasmids Luc-WT
and Luc-delCBS for the orf73/orf74 promoter region were obtained by
PCR amplification of the respective promoter sequences from HVS bac-
mid (wild type and delCBS), followed by insertion of the PCR fragments
(in either direction) into the Smal restriction site of the promoterless
pGL3-Basic (Invitrogen). Oligonucleotide primers for the amplification
of the promoter sequences were as follows: orf73prom, 5'-GAGAAGCTT
TGCACTCAGAACGCAGAGTGT-3" and 5'-GAGCTCGAGCTACTGA
AGTCCAGCTTGACC-3'; orf74prom, 5'-GAGCTCGAGTGCACTCAG
AACGCAGAGTGT-3" and 5'-GAGAAGCTTCTACTGAAGTCCGCTT
GACC-3". The expression plasmids Luc-mut1CBS, Luc-mut2CBS were
generated by site-directed PCR mutagenesis of the Luc-WT constructs
using specific primer pairs: mut1CBS, 5 -ATTGGCCACGTGGCTAATA
TAGGC-3' and 5'-CGGTATATTAGCCACGTGGCCAAT-3'; mut2CBS,
5'-GACCAAATAACGTGTTTGTTG-3' and 5'-GACGTTTCGATATAC
GTTCTT-3'. Finally, Luc-mut1/2CBS was generated with primer pairs of
mut2CBS using Luc-mut1CBS as template DNA. The correct insertion
into the reporter gene constructs was verified by DNA sequencing of the
PCR-derived fragments within the reporter constructs. The promoterless
pGL3-Basic vector was used as negative transfection control.

Luciferase reporter assay. HEK293 and OMK cells in 24-well plates
were cotransfected with 0.08 ug renilla control plasmid and 0.32 g of the
respective promoter construct per well using a ratio of 0.75 ul Lipo-
fectamine 2000 (Invitrogen) per 1 ug DNA. Cells were harvested by cen-
trifugation 1 day posttransfection, washed with PBS, and resuspended in
400 pl lysis buffer (50 mM Tris [pH 7.8], 0.5 M DTT, 1% Triton X-100,
20% glycerol) for 30 min. Lysates were cleared by centrifugation for 5 min
at 13,000 rpm at 4°C. Firefly luciferase activities were determined in trip-
licates by adding 100 ul assay buffer (100 mM K;PO,, 15 mM MgSO,, 5
mM ATP) supplemented with 5 mM ATP and 0.1 mM DTT and 0.2 mM
D-luciferin. Renilla luciferase activities were measured by adding 100 ul
assay buffer (1.1 M NaCl, 2.2 mM Na,EDTA, 0.22 M KPO, [pH 5.1])
supplemented with 1.43 uM coelenterazine. Detection of luciferase activ-
ities was carried out using a microplate luminometer (Orion II; Berthold
Detection Systems, Pforzheim, Germany). Firefly luciferase relative light
units (RLU) were then normalized to renilla luciferase.

ChIP analysis and SYBR green quantitative real-time PCR. Chroma-
tin immunoprecipitation from HVS transformed T lymphocytes was per-
formed as previously described (1). The experiments were performed
with specific polyclonal rabbit anti-CTCF serum (catalog no. 07-729; Up-
state) or a control polyclonal rabbit serum. The following oligonucleotide
primer pairs were used in SYBR green qPCR: IP orf73prom, 5'-GTGCTA
CTCACATTGAAAATCGAAACTTC-3" and 5'-GGTTTAACATATGTT
TTGCGGTTGC-3"; MYC, 5'-GCCATTACCGGTTCTCCATA-3" and 5'-
CAGGCGGTTCCTTAAAACAA-3'; 1P orflprom, 5'-GTGTTGCTCTTG
TTAGCTGTTTCTTGTG-3" and 5'-AGAGAAATGTGTCAGACAAGAA
GTGGG-3"; IP orf72, 5'-CATATAGCTAAAAATTGGTTGCAGACTG
G-3" and 5'-GACTACAAACATTTCCAAAAGGGCC-3'; and IP H-DNA
repeat in, 5'-TGACGGCTGCAAACTCTGGC-3" and 5'-TGGGGACCT
GAGGGTTTTGG-3'. Total recovery by ChIP varied between 0.02% and
0.15% of input DNA. PCR data were normalized to input values that were
quantified in parallel for each experiment.

Quantitative reverse transcription-PCR. Total cellular RNA was ex-
tracted from human CBL lines transformed with different HVS mutants
(wt, mut1CBS, mut2CBS, mut1/2CBS, delCBS, and respective revertants)
or infected OMK cells (multiplicity of infection [MOI], 5) using the Total
RNA Tsolation System (Promega). First strand cDNA synthesis was per-
formed using the ThermoScript reverse transcriptase PCR system (Invit-
rogen) with random hexamer and oligo-dT primers. Quantitative PCR
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was carried out with an Applied Biosystems 7500 sequence detection sys-
tem for 40 cycles of denaturing (95°C, 15s) and annealing/synthesis (60°C,
40s). Primer and probe sequences were as follows: HPRT1, 5'-CCTCCC
ATCTCCTTCATCAC-3" and 5'-CATTATGCTGAGGATTTGGAAAG
G-3' and 5'-/5Cy5/TCGAGCAAGACGTTCAGTCCTGTC/31AbRQSp/-
3'; 0rf73sp: 5'-CAGAACGCAGAGTGTGCTTCCTTC-3" and 5’ -GAACT
TGCATCTTAATTCATCCGCAG-3" and 5'-/5Cy5/TCTTCGTTTGAGC
ACCATATTGAAAATCGAAACT/31AbRQSp/-3'; orf74: 5'-GCACTTCC
TCATGTGATGGTGACA-3', 5'-TAGCTTTGTGCGTAGCTGCTCAG
T-3"and 5'-/56FAM/TTTCTTGCA/ZEN/TAGAGGAGTGGTGTGTTG/
3IABKFQ/-3'. All were synthesized by Integrated DNA Technologies
(Coralville, IA, and Leuwen, Belgium) or Biomers (Ulm, Germany). The
correct length of PCR fragments was additionally verified by agarose gel
electrophoresis. The mRNA levels of viral genes of interest were quantified
in relation to those of the cellular HPRT1 gene.

Quantitative PCR. OMK cells infected with HVS (MOI, 5) were har-
vested at indicated time points, washed, and pelleted (18,600 X g, 2 h, 4°C,
Hettich Mikro 200R). Pellets were lysed in 1X PCR buffer containing
0,5% Tween 20 and 100 pg/ml proteinase K for 50 min 56°C and 10 min
95°C). A total of 5 ul of lysates were used for quantitative PCR of viral
MCP (orf25) and cellular CCR5. Primers and probes were as follows:
MCP_for, 5'-CCATTTGCCTGTGTTGAGAGTTAA-3"; MCP_rev, 5'-C
TCATTACCAGACCCATGTTATGAA-3'; MCP_probe, 5'-/56-FAM/CT
CCGAGAG/ZEN/AGCCTATCTGAGATGCCC/31ABKFQ/-3";  CCR5_
for, 5'-TGGTCATCTGCTACTCGGGAAT-3'; CCR5_rev, 5'-GGTGTT
CAGGAGAAGGACAATGTT-3',5"-/5Cy5/AGCCCTGTGCCTCTTCTT
CTCATTTCG/31AbRQsp/-3'.

Microarray design. Custom genome-tiling microarrays with the ca-
pacity for 15,000 oligonucleotide probes were purchased (8 X 15K; Agi-
lent, Santa Clara, CA) as described earlier (2). The microarray was
equipped with both the HVS coding region, which was covered by 60-mer
oligonucleotides with a spacing of 20 bp, and the GC-rich H-DNA repeats,
which were covered by 45-mer oligonucleotides, to account for the differ-
ence in hybridization temperature. The probes were elongated to 60 bp
with an Agilent linker DNA sequence. Probes covering cellular 5’ coding
regions as well as promoter regions of housekeeping genes and probes
from known CTCF binding sites represented the controls for CTCF bind-
ing. The probes were synthesized using the phosphoramidite method and
printed onto the microarray with Agilent SurePrint technology in a ran-
domized manner.

DNA amplification and microarray hybridization for ChIP-on-chip
experiments. DNA amplification of ChIP material for microarray hybrid-
izations was performed as described earlier (2), using a protocol adapted
from NimbleGen. The experimental CTCF-associated DNA samples were
labeled with Cy5 dye, and the total input amplicons were labeled with Cy3
dye by ImaGenes GmbH (Berlin) and then cohybridized to Agilent 15K
oligonucleotide tiling arrays. The CTCF ChIP signal was compared to
control input signal, and the data were extracted according to standard
operating procedures and visualized with SignalMap software (version
1.9; NimbleGen/Roche).

Bacterial artificial chromosome (BAC) mutagenesis. The HVS
Bac43MOD clone was used for recombination-mediated genetic engi-
neering. A two-step Ared-mediated recombination strategy (45) was em-
ployed for the construction of CBS recombinants. In the first step, an
aphAI gene conferring resistance to the aminoglycoside antibiotic kana-
mycin is introduced; this is then specifically eliminated in a second recom-
bination event facilitated by L-arabinose inducible I-Scel homing endo-
nuclease, resulting in a markerless recombination product leaving behind
nothing but the desired mutations or deletions. PCRs were performed
with Phusion high-fidelity DNA polymerase (Finnzymes), Dpnl was
added to digest the template, and the amplification product was purified
from an agarose gel with the NucleoBond gel extraction kit (Macherey-
Nagel, Diiren, Germany). Primers used for the manipulations are listed
below. In order to accomplish the homologous recombination, the PCR
fragment was then transformed into Escherichia coli strain GS1783 (gift of
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Gregory A. Smith, Northwestern University, Chicago, IL), already har-
boring Bac43MOD, and Red recombination was performed. Cells were
then plated on agar plates containing 15 ug/ul kanamycin (first recombi-
nation) or 15 ug/ul chloramphenicol and 1% L-arabinose (second recom-
bination) and incubated at 32°C for 1 to 2 days. Bacterial colonies appear-
ing on these plates were subjected to further characterization by
restriction enzyme digest, PCR analyses, and direct sequencing of recom-
bined junctions (see below). Reconstitution of recombinant HVS using
purified bacmid DNA was performed as described previously (46). Oligo-
nucleotides (Ultramer; IDT) used for homologous recombination in E.
coli were as follows: Mut1lCBS_for, 5'-TAGATGGCGATATACGTTCTT
TCAAAAAACTATGCAATGATTGGTACCTCAGTACCTAATATAGGC
ATGAAACATAACATGGATGACGACGATAAGTAGGG-3';  MutlCBS_
rev, 5'-CTGTGACCAACTTGTAAAAAATGTTATGTTTCATGCCTAT
ATTAGGTACTGAGGTACCAATCATTGCATAGTTTTTTGAACAACC
AATTAACCAATTCTGATTAG-3"; Mut2CBS_for, 5'-TTCGTTTGAGC
ACCATCTATAATTGCAACAAACACGTTATTTGGTCGACGTTCGATA
TACGTTCTTTCAAAAGGATGACGACGATAAGTAGGG-3'; Mut2CBS_
rev, 5'-TGGCCAATCATTGCATAGTTTTTTGAAAGAACGTATATCG
AACGTCGACCAAATAACGTGTTTGTTGCAATTCAACCAATTAACCA
ATTCTGATTAG-3"; Mutl/2CBS_for, 5'-GGTCGACGTTCGATATAC
GTTCTTTCAAAAAACTATGCAATGATTGGTACCTCAGTACCTAAT
ATAGGCATGAAACATAACATGGATGACGACGATAAGTAGGG-3';
Mutl/2CBS_rev, 5'-CTGTGACCAACTTGTAAAAAATGTTATGTTTC
ATGCCTATATTAGGTACTGAGGTACCAATCATTGCATAGTTTTTT
GAACAACCAATTAACCAATTCTGATTAG-3'; delCBS_for, 5'-TTCG
TTTGAGCACCATCTATAATTGCAACAAACACGTTATCTAATATAG
GCATGAAACATAGGATGACGACGATAAGTAGGG-3'; delCBS_rev,
5'-ACCAACTTGTAAAAAATGTTATGTTTCATGCCTATATTAGATA
ACGTGTTTGTTGCAATTCAACCAATTAACCAATTCTGATTAG-3';
MutlCBS_Rev_for, 5'-TAGATGGCGATATACGTTCTTTCAAAAAAC
TATGCAATGATTGGCCACTAGGTGGCTAATATAGGCATGAAACA
TAACATGGATGACGACGATAAGTAGGG-3"; MutlCBS_Rev_rev, 5'-
CTGTGACCAACTTGTAAAAAATGTTATGTTTCATGCCTATATTAGC
CACCTAGTGGCCAATCATTGCATAGTTTTTTGAACAACCAATTAAC
CAATTCTGATTAG-3"; Mut2CBS_Rev_for, 5'-TTCGTTTGAGCACCA
TCTATAATTGCAACAAACACGTTATACACTAGATGGCGATATACGT
TCTTTCAAAAGGATGACGACGATAAGTAGGG-3'; Mut2CBS_Rev._rev,
5-TGGCCAATCATTGCATAGTTTTTTGAAAGAACGTATATCGCCA
TCTAGTGTATAACGTGTTTGTTGCAATTCAACCAATTAACCAATT
CTGATTAG-3'; Mut1/2CBS/delCBS_Rev_for, 5'-TTTCTTCGTTTGAG
CACCATCTATAATTGCAACAAACACGTTATACACTAGATGGCGAT
ATACGTTCTTTCAAAAAACTATGCAATGATTGGCCGGATGACGA
CGATAAGTAGGG-3"; Mut1/2CBS/delCBS_Rev_rev, 5'-CTGTGACCA
ACTTGTAAAAAATGTTATGTTTCATGCCTATATTAGCCACCTAGTG
GCCAATCATTGCATAGTTTTTTGAAAGAACGTATATCGCCAACCA
ATTAACCAATTCTGATTAG-3'.

Viral nucleic acid isolation and analysis. Bacmid DNA was isolated
by standard small scale alkaline lysis from 5 ml liquid cultures in LB
medium. Subsequently, the integrity of bacmid DNA was analyzed by
digestions with restriction enzyme Xhol and separation by 0.8% agarose
pulse-field gel electrophoresis (PFGE) in 0.5 X TBE buffer using a Bio-Rad
CHEF-DRIII system at 6 V/cm, 120 degrees, 1 to 10 s switch time for 16 h
at 14°C. For a characterization of insertion or deletion of the aphAI selec-
tion marker, recombinant bacmids were analyzed by PCR with primer
pairs 5'-ATTCTGTTGGTGCTGCTTGTTG-3" and 5'-GCTACGTCTGA
GGAGGAGCTTAATT-3', resulting in the amplification of the CBS clus-
ter region either harboring the aphAI cassette or without this selection
marker gene, respectively. Moreover, the nucleotide sequence of the CBS
cluster region was determined by automated sequence analysis on an
3130x] genetic analyzer (Applied Biosystems, Weiterstadt, Germany) in
order to confirm the correct insertion of intended mutations, deletions, or
revertant (wild-type) sequences as well as to exclude the presence of acci-
dental mutations within the recombined region of the bacmid DNA.
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RESULTS

Potential binding sites of CTCF at the orf73/orf74 intergenic re-
gion. The HVS orf73 promoter region has been shown to comprise
both heterochromatic and euchromatic histone modification
marks (1, 2). Therefore, the question arose whether a chromatin
border might be located in this region. When we compared the
CTCF consensus binding sequence published by Kim and col-
leagues (23) with the HVS strain C488 genome sequence, two
potential CTCF binding sites (CBS) were detected at the inter-
genic region of orf73/orf74, in the intron of the spliced orf73/
LANA transcript. Additional references came from a study in
KSHYV, where three CBS have been identified at the corresponding
homologous region to the HVS orf73 promoter (42) (Fig. 1A).
Therefore, we performed chromatin-immunoprecipitation
(ChIP) experiments with HVS-transformed human CBLs and de-
tected CTCF binding at the predicted sites. ChIP assays of control
regions either showed specific binding of CTCF to the c-myc
positive-control gene locus (18) or detected no significant enrich-
ment of CTCF bound within the ADH5 negative-control region
(Fig. 1B). Moreover, neither the neighboring regions of orf73
(orf72 promoter and H-DNA) nor the distant stpC/tip promoter
did reveal binding of CTCEF. Thus, three independent ChIP exper-
iments demonstrated a strong, specific signal for the enrichment
of CTCEF to the intergenic region of orf73/orf74 (Fig. 1B).

For a high-resolution analysis of CBS within the HVS genome,
ChIP-on-chip analysis was carried out from HVS transformed
human T cells. The chip included control probes from the human
genome that consisted of sequences of already reported CBS
which served as positive controls (data not shown). The ChIP-on-
chip analysis validated that the most prominent binding of CTCF
occurred in the intergenic region of orf73/orf74 (Fig. 1C). Signals
indicating additional CBS were found toward the left end of the
HVS L-DNA and at the promoter regions of orf6 and orf10. As the
significance and function of those other potential CBS require
further studies, this work focuses on the strong and conserved
binding sites in the intergenic region of orf73/orf74.

Mapping of CBS to two distinct sequences within the inter-
genic region of orf73/orf74. In order to further map and confirm
the CBS, two additional experimental approaches were carried out
(Fig. 2). First, we performed oligonucleotide pulldown assays with
five distinct 5'-biotinylated DNA fragments overlapping the
C-terminal region of the orf73/LANA gene and most parts of the
intergenic region between orf73/orf74 (Fig. 2A, top panel).
The two potential CBS were incorporated either in fragment 2 or
the fragment spanning the full intergenic region (fragment 1-4).
Using the nuclear protein fraction of HEK293T cells, we narrowed
down and confirmed binding of CTCF to oligonucleotides 107335
to 107403 of HVS C488 of the intergenic region of orf/3/orf74,
since only fragment 2 or fragment 1—4 revealed CTCF binding by
Western blotting (Fig. 2A, lower panel). Sequences adjacent to this
region (fragment 1, 3, and 4) did not pull down a detectable
amount of CTCF protein.

The CTCF binding was further analyzed by a fluorescent elec-
trophoretic mobility shift assay (EMSA) (Fig. 2B). Cy5-labeled
oligonucleotides, representing sequences and fragment 1 or 2 of
the oligonucleotide pulldown assay (Fig. 2A, upper panel), were
incubated with 1 ug of recombinant CTCF protein (kindly pro-
vided by Paul Lieberman). We found that CTCF binding to frag-
ment 2 resulted in a specific shift of this fragment to higher mo-
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FIG 1 Detection of putative CTCF binding sites within the intergenic region of HVS orf73/orf74. (A) Schematic comparison of published CBS within the
intergenic regions of KSHV orf73/K14 (AJ410493; blue) and potential CBS at HVS orf73/orf74 (KSU756098; red) to the consensus binding sequence of CTCF
(23). (B) ChIP analysis of CTCF binding to the intergenic region of HVS orf73/0rf74 (exemplary analysis by B. Alberter). Viral genomes from HVS transformed
human CBLs were analyzed in three independent ChIP experiments using an anti-CTCF serum (rabbit) and subsequent SYBR green PCR. Mean values were
calculated for each of the three data sets, and the mean values of the single experiments were then normalized to form a combined mean value (= 1). CBS of the
myc gene locus served as positive control and the first intron of the cellular ADH5 gene represents the negative control. Further coding regions of HVS (orfl
promoter region, orf72 and H-DNA) were analyzed in addition to the putative CBS at the intergenic region of orf73/orf74. (C) ChIP-on-Chip analysis of CTCF
binding to the latent HVS-C488 genome using a custom oligonucleotide array (done by B. Alberter as described in reference 2). Upper panel: HVS strain C488
L-DNA containing the known 75 open reading frames and five H-DNA repeat units. The scale of the x axis corresponds to the genome position in base pairs.
Lower panel: CTCF binding in the latent HVS genome. The ratio of Cy3-labeled input and Cy5-labeled ChIP probe signals along the genome are displayed using

SignalMap version 1.9.

lecular complexes of different weights (Fig. 2B, lane 2), while
incubation of CTCF protein with fragment 1 (no CBS present) did
not reveal such shifting of complexes (Fig. 2B, lane 1). Supershift-
ing to even higher molecular weights was observed after incuba-
tion of fragment 2 with recombinant CTCF and a specific CTCF
antibody (Fig. 2B, lane 5). Thus, EMSA confirmed the binding of
CTCF to the two CBS located between positions 107335 and
107403 of the HVS C488 genome. These sites are located upstream
to a splice acceptor site for the orf73/LANA transcript and up-
stream of the initiation site for the HVS orf74 transcript located on
the opposite strand.

Mutation of the first CBS results in an increase of orf73 pro-
moter activity in luciferase reporter assays. Having identified the
two specific CBS, we next asked how these sites might influence
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the activity of either the orf73/LANA or the orf74 promoter.
Therefore, we introduced these two promoters into a luciferase
reporter plasmid either as wild-type sequences or with specific
point mutations in the first or second CBS or both. Moreover, a
deletion construct was generated lacking a 60-bp region compris-
ing both CBS (Fig. 2C, upper panel). The luciferase gene was un-
der the control of the respective promoter regions of either orf73/
LANA or orf74. We analyzed the consequence of each mutation in
HEK293T (nonpermissive for HVS) or in OMK cells (permissive
for HVS). As can be seen, both wild-type promoters displayed a
comparable amount of promoter activity. Regarding the pro-
moter activity of orf74, only a minor influence of mutated or de-
leted CBS was observed: upon mutation of CBS the promoter
activity seemed to decrease slightly (Fig. 2C, lower panels). Just in
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FIG 2 CTCEF binding to the HVS orf73/orf74 promoter region influences promoter activity. (A) Oligonucleotide pulldown with biotinylated DNA from HVS
C488 region 107134 to 107724. HEK293T nuclear extract was incubated with biotinylated DNA fragments and bound proteins were identified by Western
blotting with an antibody specific for CTCEF. (B) Fluorescent electrophoretic mobility shift assay (EMSA) with Cy5-labeled double-stranded DNA fragments
encompassing fragment 1 or 2 (same fragments as in panel A), respectively. DNA fragments were incubated in the presence of recombinant CTCF protein (lanes
1 and 2) or in the presence of recombinant CTCF protein and a CTCF antibody (lanes 4 and 5) prior to gel electrophoresis. DNA fragments, fragment shifts, or
supershifts were visualized by measuring the fluorescence signal. (C) Luciferase reporter assays. HEK293 cells or OMK cells were transfected with equal DNA
amounts of empty vector pGL3 basic or one of the plasmids depicted in the upper scheme. A cotransfected renilla luciferase construct served as the internal
standard for transfections. Luciferase assays were performed 1 day after transfection. Bars represent arithmetic means and standard deviations of luciferase
activity normalized to renilla activity from three independent transfection experiments.

contrast was the finding for the orf73 promoter, where mutation
or deletion of the first CBS increases the promoter activity of
orf73/LANA, with little influence on the orf74 promoter (Fig. 2C,
lower panel). Due to these reporter gene assays, we concluded that
CTCF exerts different, directional modes in regard to the influ-
ence on the promoter region of orf73/orf74.

Generation of recombinant viruses. In order to determine the
functional significance of these CBS within the context of the viral
genome, we generated different recombinant HVS CBS mutants
and their respective revertants by site-directed mutagenesis of
cloned HVS bacmid Bac43MOD (46) using the recombination-
mediated genetic engineering (45). The wild-type bacmid se-
quence was verified by next generation sequencing (Illumina GA
II, 2 X 108 bp paired reads) (data not shown), confirming intact-
ness of the construct with respect to the published HVS genome
sequence and, within the limitations of a short read sequencing

February 2012 Volume 86 Number 3

method with regard to repetitive sequences, the absence of minor
and major rearrangements in the L-DNA. The CBS at position one
or two were specifically point mutated resulting in bacmid clones
Bac43mutl1CBS or Bac43mut2CBS, respectively. Furthermore, a
double mutant (Bac43mut1/2CBS) was generated harboring both
distinct point mutations of CBS. Finally, bacmid Bac43delCBS
with a 60-bp deletion comprising both CBS was constructed (Fig.
3A, upper panel). Each mutant was then reverted to a wild-type
sequence by the same technique. All mutants as well as their re-
spective revertants were validated via PCR analysis, Xhol restric-
tion enzyme digestion and PFGE, and direct sequencing of the
recombined junctions (Fig. 3B and C). All of the experiments
proved that the recombinant genomes contained the correct mu-
tations or revertant wild-type sequences, with no other detectable
rearrangements; they were therefore used for further analysis.
The sequences modified in the newly generated mutant and
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FIG 3 Generation and characterization of recombinant HVS harboring point mutations or deletions within the CBS of the intergenic region of HVS orf73/orf74.
(A) Schematic diagram illustrating the structure of recombinant viruses that were generated by homologous recombination in E.coli. The upper part of panel A
shows the genomic region of HVS strain C488 that contains CBS (numbers refer to nucleotide positions of HVS bacmid Bac43wt; BAC PCRI refers to PCR
amplification that was performed to confirm the integrity of recombinant viruses). The lower panels illustrate the recombinant viruses with indications of
mutations/deletions of CBS (CBS 1, CTCF binding site 1; CBS 2, CTCF binding site 2; X, mutation; A, deletion). For verification of the correct recombination
sites within the HVS genome, all bacmid clones were analyzed by PCR and Xhol digest. (B) PCR analyses using oligonucleotides specific for the intergenic region
orf73/orf74. The localization of primers used for amplification is shown in panel A (BAC PCR1). BAC PCR amplifies a fragment of 467 bp for the wild type, point
mutants, and revertants or of 399 bp for the deletion mutant. Bacmids still harboring the aphAI gene display a PCR fragment of approximately 1.5 kb. The agarose
gel shows the wild type (lane 1), mutant (lanes 3 to 6), and revertant (lanes 7 to 10) as well as a representative clone Bac43mut1CBS-kana (lane2) comprising the
aphAlI gene. (C) Xhol digest, pulse-field gel electrophoresis and subsequent ethidium bromide staining of 0.8% agarose gels of bacterial clones harboring the
indicated bacmids. The aphAI cassette contains a single Xhol restriction site resulting in a different restriction pattern of bacmids containing the aphAI gene
compared to the wild type, mutants, or revertants. The pulse-field gel electrophoresis shows wild-type bacmid (lane 1), mutants (lanes 3 to 6), and revertants
(lanes 7 to 10) as well as one representative bacmid clone still harboring the aphAI cassette (Bac43mutlCBS-kana, lane 2). (D) EMSA with Cy5-labeled
double-stranded oligonucleotides generated by PCR from wt, mutant, or revertant bacmid clones displaying either no CBS mutations (wt, revertants) or specific
CBS mutations (mut1CBS, mut2CBS, mutl/2CBS, and delCBS). Oligonucleotides were incubated in the presence of recombinant CTCF protein before gel
electrophoresis.

revertant bacmid clones were first checked for diminished or ab-
rogated CTCF binding capacity by a fluorescent EMSA that was
carried out similarly to Fig. 2B (Fig. 3D). Probes generated from
all tested revertant bacmid clones displayed the same CTCF bind-
ing potential as wild-type Bac43MOD (Fig. 3D, lane 1 and lanes 6
to 9), where binding of CTCF results in a shifting of the DNA
protein complex to higher molecular weights. However, the CBS
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double mutant Bac43mut1/2CBS as well as the deletion mutant
Bac43delCBS were both abrogated in their ability to bind CTCF.
Only an unbound, free probe was observed, and the incubation
with recombinant CTCF protein did not result in higher mo-
lecular weight complexes (Fig. 3D, lanes 4 and 5). Regarding
the single CBS point-mutated bacmid clones Bac43mutl1CBS
and Bac43mut2CBS, a diminished CTCF binding capacity was
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FIG 4 Lytic replication of recombinant Bac43-derived viruses. (A) Growth curve analyses. OMK cells were infected with equal amounts of viral genomes (MO],
0.1) of wild-type, mutant, or revertant viruses. Lysates of infected cells and supernatants were generated at the indicated time points and subsequently used for
quantification of viral genomes by real-time PCR of the major capsid protein (MCP; o0rf25). Evaluation was performed in triplicate. (B) Expression levels of
different HVS proteins were analyzed by Western blotting with antibodies specific for proteins orf75, orf50, orf57, orf6, and orf17. Extracts were derived from
identical number of permissive OMK cells, infected either with wt, mutant, or revertant viruses (MOI, 5) and harvested at indicated time points. (C) qRT-PCR
orf73/74 mRNA. RNA was isolated from identical number of permissive OMK cells, which were infected with wt, mutant, or revertant viruses (MOI, 5) and
harvested at indicated time points. RNA was assayed by qRT-PCR for RNA expression levels of orf73/orf74 in wt, mut1CBS, mut2CBS, mut1/2CBS, delCBS, or
one of the revertants. Cellular spliced HPRT1 mRNA was used as an internal standard.

detected. Incubation of the respective probes still resulted in a shift
of the DNA-protein complex. However, the complexes were dif-
ferent in size for the two mutants, arguing for distinct, specific
CTCF binding arrangements at the two CBS (Fig. 3D, lanes 2
and 3).

Mutation or deletion of the CBS within the orf73/orf74 inter-
genic region results in no differences regarding the lytic infec-
tion cycle of these viruses. In all cases, it was possible to reconsti-
tute virus from permissive OMK cells. In a first experiment, we
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aimed to analyze the lytic replication kinetics of the different vi-
ruses in OMK cells. All of the different viruses showed a compa-
rable lytic infection cycle in regard to the establishment and pro-
gression of a cytopathic effect (CPE). Moreover, qPCR analysis
showed that all viruses (wild type, mutant, and revertant) repli-
cated in a comparable manner (Fig. 4A).

Next we tested for differences in the protein expression levels
between the different viruses. As shown in Fig. 4B, all of the gen-
erated viruses (wild type, mutant, and revertant viruses) displayed
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FIG 5 Growth kinetics of T cells latently infected with recombinant Bac43-
derived viruses. (A) Growth curve analyses. Human CBLs of three different
donors were infected (equal amounts of viral genomes) of wild-type, mutant,
or revertant viruses. The amount of proliferating cells was calculated by count-
ing the amount of cells at different time points postinfection and multiplying it
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similar protein expression levels of the five different viral genes of
orf6 (early), orfl7 (early-late), orf50 (immediate early), orf57 (im-
mediate early), and orf75 (late). Despite multiple attempts, we
were not able to generate HVS orf73/LANA or orf74 specific anti-
sera that allowed sensitive detection of the proteins. Therefore, we
had to settle on analyzing the transcription of orf73/LANA and
orf74 mRNAs by quantitative reverse transcription-PCR (qRT-
PCR) (Fig. 4C). The detected mRNA signals were normalized in
relation to the spliced transcript of the cellular hypoxanthine
phosphoribosyltransferase 1 (HPRT1) gene. We found that orf73/
LANA mRNA was expressed in mutant viruses at levels similar to
that of the wild type and increased slightly over time (Fig. 4C,
upper panel). Moreover, QRT-PCR revealed that orf74 mRNA lev-
els for each mutant were also expressed to similar levels (Fig. 4C,
middle panel). Melting point analysis and agarose gel electropho-
resis was used to confirm that specific bands for each of the genes
were analyzed (Fig. 4C, lower panel). All of these findings led us to
the assumption that the CBS within the HVS orf73/0rf74 promoter
region have little or no influence on lytic replication.

Viruses comprising mutations or deletions of the two CBS
show a significant decreased number of viral episomes in trans-
formed human CBLs and have slightly decreased levels of orf73/
LANA mRNA. For an analysis of CBS mutants during the state of
latency, CBLs of three different donors were infected with the
respective mutant or revertant viruses and their proliferation was
followed by determining cell numbers at indicated time points
postinfection. As can be seen in the growth curve analysis shown
in Fig. 5A, the mutant mut1CBS was not significantly inhibited for
cell proliferation compared to wild type-containing cells or the
revertant viruses. Interestingly, the T cells infected with mutants
mut2CBS, mut1/2CBS, and delCBS initially showed a prolifera-
tive capacity similar to the wild type; however, the growth of the
respective T cell cultures started to cease approximately 4 to 5
weeks after infection and cells infected with the delCBS mutant
began to die after approximately 6 weeks.

After we observed the decreased proliferation abilities, we
hoped for further insight by assessing the episome copies of the
different mutant genomes (mut1CBS, mut2CBS, mut1/2CBS, and
delCBS) within the latenly infected CBLs by comparing them to
the revertants and HVS wild type (Fig. 5B). The average number of
HVS episomes present within the cells was detected by quantita-
tive qQPCR of orf25/MCP in comparison to that of the cellular
CCRS5 gene. We were able to detect a significant decrease of epi-
some copy number per cell present in CBLs infected by recombi-
nant viruses mut2CBS, mut1/2CBS, and delCBS (Fig. 5B). Under
the hypothesis that loss of episomes in such mutants might be due
to an alteration in orf73/LANA expression, we measured viral
orf73/LANA mRNA by qRT-PCR in latently infected cells. This

with the culture split ratio as conducted. One representative donor is shown
(donor 2028). (B) Analysis of viral genome copy number in infected CBLs.
Identical numbers of infected cells were harvested, lysed, and used for quanti-
fication of viral genomes by real-time PCR of MCP in comparison to cellular
CCRS copies. Evaluation was performed in triplicate. (C) gqRT-PCR for orf73
mRNA. RNA was isolated from identical numbers of cells, which were infected
with wild-type, mutant, or revertant viruses and harvested at 6 weeks postin-
fection. RNA was assayed by qRT-PCR for RNA expression levels of orf73 in
comparison to cellular spliced HPRT1 mRNA. One representative donor is
shown (donor 2028). Agarose gel electrophoresis was used to verify correct
sizes of amplified PCR products of the qPCR analysis.

Journal of Virology


http://jvi.asm.org

revealed a decrease in orf73/LANA mRNA expression per cell har-
boring the mut2CBS, mut1/2CBS, and delCBS recombinant ge-
nomes in relation to the cellular HPRT1 gene. However, as these
cells contain less than 20% of HVS wild-type genome copies, the
actual transcription level of orf73/LANA per viral genome copy is
less significantly altered. The cDNA products derived by RT-PCR
were sequenced and confirmed that no alterations occured in the
orf73 mRNA splicing (data not shown). These observations sug-
gest that a mutation and/or deletion of the second HVS CBS
strongly interferes with a stable proliferation and HVS genome
maintenance in infected CBLs.

DISCUSSION

Herpesviruses of all subgroups have been shown to establish la-
tency in certain cells of a host organism. During the state of latency
the viral genome persists as a circular, nonintegrating episome
that is associated with cellular histones to form regular nucleo-
some-like structures (10, 26, 38). Viral gene expression is tightly
regulated via epigenetic mechanisms and allows only the tran-
scription of a few genes supporting the latent state. The structural
organization and modification of viral chromatin is thought to be
essential for herpesvirus persistence. We have shown that distinct
histone modification patterns are established during HVS latency
in transformed human T cells (1, 2).

Here we investigated the binding of the cellular insulator pro-
tein CTCF on the HVS genome, with additional fine-mapping and
characterization of CBS conserved in primate rhadinoviruses. We
identified two distinct CBS that specifically bind CTCF at the right
end of the L-DNA (Fig. 1 and 2). The CBS are located within a
homologous region to the major latency control region of the
Kaposi’s sarcoma-associated herpesvirus, a close relative of HVS,
where such CBS have been previously reported (42). The two CBS
lie within the intergenic region of HVS orf73/orf74 and more spe-
cifically locate to the intron region of the orf73/LANA promoter,
which is spliced out in orf73/LANA mRNA transcripts (Fig. 1 and
2A, B). The binding of CTCF in close proximity to the initiation
site of major latency transcripts has also been observed for the
HSV-1 latency-associated transcript (LAT) and EBV EBNA la-
tency transcripts (3, 8, 9). Furthermore, our bioinformatic analy-
sis also detected CBS in the corresponding promoter region of the
LANA homolog in the related primate viruses Rhesus rhadinovi-
rus and herpesvirus ateles, and also the T-lymphotropic Alcela-
phine herpesvirus 1 (13), but not in murine gammaherpesvirus 68
(MHV68) (data not shown). The orf73/LANA gene product con-
fers viral persistence by attaching the HVS episomes to metaphase
chromosomes during mitosis (5, 19) and controls the reactivation
of the viral lytic cascade as it efficiently represses transcription of
the R transactivator protein (37). Therefore, the timely regulation
of the orf73/LANA is essential for the establishment and mainte-
nance of HVS latency as well as for reactivation.

The CCCTC-binding factor, short CTCEF, is a protein that is
able to structurally organize chromatin loci. CTCF is a multiva-
lent, 11 zinc finger phosphoprotein that has been recognized to
function in gene regulation as a chromatin boundary element or
an enhancer-blocking insulator (15, 31, 49). The detection of CBS
in the promoter region of orf73/LANA prompted us to search for
an influence of CTCF on the structural organization, promoter
activity and expression of orf73/LANA, in order to study how
CTCF might contribute to the state of HVS latency in human T
cells. We found that CTCF negatively regulated the orf73/LANA
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promoter in gene reporter assays, while there were only minor
effects on the promoter activity of orf74 (Fig. 2C). The increase of
the orf73/LANA promoter activity upon mutation of the first
CTCF binding motif indicated that CTCF can potentially act as a
repressor or enhancer blocker at this site (Fig. 2C). The role of
CTCEF as an enhancer blocking insulator protein has been shown
at human loci like the H19/1gf2 imprinting control region, where
binding of CTCF also correlated with conformational changes of
the chromatin (25). At the human c-myc locus, the upstream en-
hancer activation of the proximal promoters can also be blocked
by CTCF (31). Moreover, involvement of CTCF in the regulation
of HSV-1 latency has been reported, where CTCF binds down-
stream of the LAT promoter, thereby preventing the expression of
ICPO, the HSV-1 lytic (re-)activator gene (3, 8).

We also sought to analyze the effect of such CBS in the contexts
of viral lytic replication and latency. For this purpose, we gener-
ated different recombinant viruses with CBS mutations, as well as
their respective revertant viruses to control for undetected second
site mutations (Fig. 3). Interestingly, CTCF seems to have differ-
ent binding arrangements at the two distinct CBS and it is tempt-
ing to speculate that complexes of CTCF with different partners
and configurations can exert different functions (Fig. 3D). As we
assumed that CTCF mainly functions as an epigenetic modifier of
chromatin structures which are present particularly during her-
pesviral latency, we were not surprised by the finding that mutant
viruses were highly similar in regard to their lytic replication (Fig.
4). This is in line with the hypothesis that the CTCF protein has
little or no influence during the lytic replication cascade of HVS.

Remarkably, CBS turned out to be of great importance in re-
gard to the maintenance of HVS episomes in latently infected
human T cells. Human cord blood lymphocytes that were infected
with recombinant HVS viruses harboring mutations or deletions
in the second CBS or both showed reduced proliferation capacities
(Fig. 5A). As the viral genome copy number per cell was also
significantly decreased in cells infected with these mutant viruses,
we concluded a direct involvement of CTCF in episome mainte-
nance. Due to aloss of HVS genomes in T cells infected with such
mutant viruses, the transformed state, which is a consequence of
the viral oncoproteins StpC and Tip, cannot be maintained (Fig.
5B). This finding strongly argues for a contribution of the inter-
action between CTCF and the second CBS to the persistence of
viral episomes. Such an attribution is conceivable, since it has been
reported that CTCF can form loops in cis and can bridge se-
quences located on different chromosomes in trans (55). Recent
publications have suggested that loop formation promoted by
CTCEF is also involved the establishment of the different latency
types of EBV. It was shown that CTCF generates distinct chroma-
tin architectures of EBV episomes, which results in variable pro-
moter selection typical for the different gene expression patterns
of EBV latency types (43). Moreover, our data are in agreement
with publications for KSHV, where it has been shown that CBS
mutations within the KSHV genome resulted in a decrease of
transfected viral episomes over time at a comparable magnitude to
HVS (22, 42). This underlines the importance of CTCF for the
maintenance of stable rhadinovirus genome copy number in la-
tently infected cells. However, the results for KSHV were obtained
after transient transfection of KSHV bacmids into 293T cells,
while our study investigated HVS transformed, latently infected T
cells. Furthermore, the studies for KSHV did not analyze the CBS
separate from each other; we were able to provide first indications
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that the different CBS may account for different functions and
that especially the second CBS is of importance with regard to
stable episomal maintenance of HVS genomes.

Cohesins have recently been found to be involved in CTCF
function with regard to the establishment of intrachromosomal
loop formation (17). These molecules primarily function in main-
taining sister-chromatid cohesion and are necessary not only for
correct chromosome segregation but also for facilitating the repair
of damaged DNA by homologous recombination (28, 34). It was
discovered that cohesins share a highly similar consensus binding
sequence with CTCF and colocalize with CTCF at many sites (32,
42,50). We suspect that cohesins might contribute to CTCF func-
tion by stabilizing the attachment of the viral episomes to meta-
phase chromosomes during cell division. This hypothesis is sup-
ported by an investigation in KSHV, where it has been shown that
cohesion subunits colocalize to the CBS found at the major latency
control region and that these molecules are involved in complex
gene regulation and chromatin organization (42). The loss of viral
episomes might be, in part, the result of a reduction of orf73/
LANA mRNA transcript detected in these T cells (Fig. 5C). How-
ever, taking into account that there is a corresponding reduction
of viral genome copy number of mutant viruses in such human T
cells, one could also argue that, per genome, comparable levels of
transcription of the orf73/LANA gene occur at the remaining ge-
nomes; the loss of viral genomes in mutant virus-infected cells
thus might not be a consequence of the deregulation of orf73/
LANA. A simple siRNA experiment to knock down LANA cannot
address this, as the polycistronic nature of the LANA transcript
would also influence the viral cyclin and FLIP homologs; further
studies using recombinant viruses might be required to shed light
on the role of LANA versus CTCF.

Taking our data together, it is possible that CTCF, when bound
at the orf73/LANA promoter region, is able to exert two different
functions during HVS latency. This assumption is assisted by the
finding that CTCF establishes two distinct binding arrangements
at this gene region (Fig. 3D). First, CTCF can act as a regulator of
transcription of the orf73/LANA gene expression. By influencing
this promoter region CTCF might be involved in the regulation of
the viral lytic cascade initiated by the R transactivator protein of
orf50, which is regulated by the orf73/LANA gene product.

More importantly, we speculate that CTCF might contribute
to the function of the orf73/LANA gene product in viral genome
segregation. CTCF (and cohesins) may be involved in tightly teth-
ering the viral episomes to metaphase chromosomes, thereby
guaranteeing proper separation of HVS genomes to daughter
cells. In the future, studies of viral chromatin conformation and
virus-host chromatin interaction using recombinant viruses will
probably shed more light on the role of CTCF in rhadinovirus
biology.
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