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Kaposi’s sarcoma-associated herpesvirus (KSHV)-infected cells express the latency-associated nuclear an-
tigen (LANA) involved in the regulation of host and viral gene expression and maintenance of the KSHYV latent
episome. Performance of these diverse functions involves a 7-amino-acid chromatin-binding motif (CBM)
situated at the amino terminus of LANA that is capable of binding directly to nucleosomes. LANA interacts
with additional chromatin components, including methyl-CpG-binding protein 2 (MeCP2). Here, we show that
the carboxy-terminal DNA-binding/dimerization domain of LANA provides the principal interaction with
MeCP2 but that this association is modulated by the CBM. Both domains are required for LANA to colocalize
with MeCP2 at chromocenters, regions of extensive pericentric heterochromatin that can be imaged by
fluorescence microscopy. Within MeCP2, the methyl-CpG-binding domain (MBD) is the primary determinant
for chromatin localization and acts together with the adjacent repression domains (the transcription repres-
sion domain [TRD] and the corepressor-interacting domain [CRID]) to redirect LANA to chromocenters.
MeCP2 facilitates repression by LANA bound to the KSHV terminal repeats, a function that requires the
MeCP2 C terminus in addition to the MBD and CRID/TRD. LANA and MeCP2 can also cooperate to stimulate
transcription of the human E2F1 promoter, which lacks a LANA DNA-binding sequence, but this function
requires both the N and C termini of LANA. The ability of LANA to establish multivalent interactions with
histones and chromatin-binding proteins such as MeCP2 would enable LANA to direct regulatory complexes
to specific chromosomal sites and thereby achieve stable reprogramming of cellular gene expression in latently

infected cells.

Kaposi’s sarcoma-associated herpesvirus (KSHV), or human
herpesvirus 8, is firmly linked to both the etiology and patho-
genesis of Kaposi’s sarcoma, primary effusion lymphoma, and
variant multicentric Castleman’s disease (reviewed in refer-
ences 19 and 60). Most infection events lead to a semiquiescent
state known as latency, in which the KSHV genome persists as
a circularized episome that replicates in synchrony with the
host DNA. A small number of viral proteins and microRNAs
are expressed during latency and are used by the virus to
immortalize the host cell, counter immune defenses, and ex-
tensively reprogram cellular gene expression.

The latency-associated nuclear antigen (LANA) is a >220-
kDa viral protein encoded by open reading frame 73 (ORF73).
LANA is expressed in all KSHV-infected cells and performs a
variety of molecular functions essential for the establishment
and continuous maintenance of the latent state (4, 18, 53, 65,
77). Initiation sites for episomal DNA replication lie within the
KSHV terminal repeat (TR) sequences and consist of two
LANA-binding sites and an adjacent replication element (6,
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20, 29). The C terminus of LANA (LANA() contains a se-
quence-specific DNA-binding and dimerization domain and is
sufficient to initiate DNA replication in transient assays, albeit
at reduced efficiency compared to the full-length protein (15).
Recruitment of LANA to the TRs induces localized hyper-
acetylation of histones H3 and H4 and causes a strong bend in
the DNA, characteristic of other initiator-origin interactions
(63, 73). These changes may help to recruit the cellular origin
recognition complex (ORC) to the origin, allowing the initia-
tion of DNA synthesis during S phase (41, 63, 68). LANA also
acts as a physical tether connecting viral episomes to the host
chromosomes (5, 6, 14). This phenomenon is characteristic of
other persistent viruses with episomal genomes, but the full
functional significance of chromosomal tethering is not under-
stood. One view is that physical linkage provides a partitioning
function to ensure that the episomes are segregated equally
into each daughter cell at cell division and are duly incorpo-
rated into the new nuclei. The situation may be more complex,
because the expression of LANA alone is not sufficient to
maintain TR-containing episomes for extended periods with-
out drug selection (25, 66) and there is evidence from studies
of papillomaviruses that tethering factors may also serve a
gene-regulatory function (44).

Gene expression profiling of LANA-expressing cells has
identified numerous cellular transcripts that are either acti-
vated or repressed by LANA (3, 54, 62, 69). There is evidence
for several different mechanisms involving physical interactions
with select components of the cellular transcriptional machin-
ery. Interactions with glycogen synthase kinase 3B (GSK3B)
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and the retinoblastoma protein (pRB) promote activation of
B-catenin- and E2F-regulated genes (3, 18, 53). Interactions
with transcriptional activators, such as Brd2, Brd4, Sp1, AP-1,
and CBP, and transcriptional inhibitors, such as heterochro-
matin protein 1 (HP1), DNA methyltransferase 3 (Dnmt3),
and mSin3, have also been demonstrated previously (4, 33, 34,
39, 42, 52, 58, 62, 67, 78).

Chromosome tethering is important for LANA to stimulate
transcription and support transient DNA replication (28, 38,
72). The principal tethering element has been mapped to a
7-amino-acid motif at the N terminus of LANA (8, 38, 72).
Dubbed the chromatin-binding motif (CBM), this sequence is
critical for association with host chromosomes throughout the
cell cycle (72). CBM-containing fusion proteins uniformly coat
metaphase chromosomes, implying an abundant target(s) (7, 8,
51, 72). This conjecture was substantiated by crystallographic
and biochemical evidence that the CBM-containing peptide
docks onto the surface of the nucleosome octamer, recognizing
the interface between histone H2A and H2B subunits (8§, 9). As
indicated above, a number of additional chromatin-associated
proteins interact with LANA, but their contribution to chro-
mosome tethering is unknown (14, 33, 40, 52, 63, 78). One of
these is methyl-CpG-binding protein 2 (MeCP2), a nuclear
factor implicated in the transcriptional silencing of genes in
CpG-methylated regions, activation of euchromatic genes, and
mRNA splicing (13, 76, 79). A variety of mutations in the
X-linked MeCP2 gene cause Rett syndrome, a progressive
neurodevelopmental disorder (2). Early studies defined a dis-
crete DNA-binding domain, the methyl-CpG-binding domain
(MBD), capable of binding both methylated CpG dinucleotides
and unmethylated sequences (22, 31). Transcriptional repression
is attributed to separate domains known as the transcription re-
pression domain (TRD) and the corepressor-interacting domain
(CRID), which recruit additional corepressor proteins (27).
MeCP2 may also alter higher-order chromatin architecture, in-
dependent of histone modifications or DNA methylation (22, 49).

Here, we show that MeCP2 interacts with LANA( but that
this association is modulated by the CBM located at the N
terminus. In agreement with the results of a prior study by
Krithivas and colleagues (33), we find that coexpression of
fluorescently tagged versions of LANA and MeCP2 in murine
cells results in striking relocalization of LANA from diffuse
nucleoplasmic distribution to concentration at discrete foci
known as chromocenters, which correspond to major accumu-
lations of pericentric heterochromatin. Optimal colocalization
with MeCP2 requires the CBM, LANA, and possibly some
additional sequences within the N terminus. Although the
MBD is sufficient to localize MeCP2 to chromocenters, relo-
calization of LANA requires both the MBD and TRD. Lastly,
we show that MeCP2 enhances transactivation of the human
E2F1 promoter by LANA and that this effect is dependent on
the CBM and MBD. These findings indicate that multiple
interactions are required for LANA to stably associate with
chromatin and may occur as a two-step process in which nu-
cleosome binding by the CBM facilitates the interaction of
LANA with sequence- or context-specific cofactors such as
MeCP2. These multivalent interactions may allow LANA to
stabilize MeCP2 on low-affinity sites, enabling KSHV to repro-
gram select aspects of host cell gene expression.

ASSOCIATION OF KSHV LANA AND MeCP2 ON CHROMATIN 2319

MATERIALS AND METHODS

Expression plasmids. Mammalian expression plasmids encoding full-length
and truncated versions of LANA have been described previously (61, 72, 73).
The open reading frame encoding full-length human MeCP2 (e2 isoform) was
generated by PCR amplification with an Expand high-fidelity PCR system
(Roche) using expressed sequence tag cDNA as the template and the follow-
ing oligonucleotides: 5'-CGTCTAGAGTAGCTGGGATGTTAGGGCTC-3’
and 5-GCGGATCCTAGCTAACTCTCTCGGTCACGG-3" (added Xbal
and BamHI sites are underlined). After sequencing, the fragment was sub-
cloned into mammalian expression vectors adding a T7 epitope tag (pCGT)
(71), a Flag tag (pCGFlag) (43), or red fluorescent protein (pCMV-DsRED;
Clontech) to the N terminus of the product. Additional truncations and internal
deletions were generated by PCR using custom primers and confirmed by DNA
sequencing. For bacterial expression, sequences corresponding to LANA resi-
dues 2 to 31, 23 to 50, 2 to 50, and 936 to 1162 (LANA) were amplified by PCR
and subcloned into pET11c.ori* (—) (37).

Isolation of HeLa nucleosomes. Mononucleosomes were purified from HeLa
cells by a small-scale procedure (72, 75). Briefly, 1.2 X 108 cells were collected by
trypsinization, washed with phosphate-buffered saline (PBS), and resuspended in
buffer A (10 mM HEPES [pH 7.9], 10 mM KClI, 1.5 mM MgCl,, 0.34 M sucrose,
10% glycerol, 1 mM dithiothreitol [DTT], and 0.5 mM phenylmethylsulfonyl
fluoride [PMSF]). Triton X-100 (0.1% final concentration) was added, the cells
were incubated on ice for 8 min, and nuclei were collected by centrifugation (5
min at 1,300 X g and 4°C). The nuclei were washed again in buffer A, collected
by centrifugation (5 min at 1,700 X g and 4°C), and resuspended in buffer B (3
mM EDTA, 0.2 mM EGTA, 1 mM DTT, and 0.5 mM PMSF). The insoluble
chromatin fraction was separated from the soluble fraction by centrifugation (5
min at 1,700 X g and 4°C), washed once with buffer B, and resuspended in buffer
C (10 mM Tris [pH 7.6], 10 mM KCI, 1 mM CacCl,). Micrococcal nuclease
(Sigma) was dissolved in a mixture of 5 mM Tris (pH 7.5) and 0.01 mM CaCl,,
and the solution was incubated with the chromatin fraction (2 U/ml) for 10 min
at 37°C. Digestion was stopped by adding 1 mM EGTA, and the supernatant
containing solubilized mononucleosomes was collected by centrifugation (5 min
at 1,700 X g and 4°C). Nucleosome quality was assessed by agarose gel electro-
phoresis in the presence of ethidium bromide to detect DNA and by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and Coomas-
sie brilliant blue R-250 staining to detect core histones.

Nucleosome-binding assays. The Rosetta(DE3) strain of Escherichia coli (No-
vagen) was transformed with plasmids encoding glutathione-S-transferase (GST)
fusion proteins, and expression was induced with 0.5 mM isopropyl-B-p-thioga-
lactopyranoside (IPTG) overnight at room temperature. Cells were disrupted by
a freeze-thaw cycle and sonication, and the clarified lysate was incubated with
glutathione (GSH)-Sepharose beads for 2 h at 4°C with rotation. Beads were
collected by centrifugation and washed three times in 0.1 M KCI-HEMG buffer
(25 mM HEPES [pH 7.6], 0.1 M KCl, 12.5 mM MgCl,, 0.1 mM EDTA, 20%
glycerol, 0.1% NP-40, 5 mM DTT, 0.2 mM PMSF, and 0.2 mM sodium meta-
bisulfite) before use. GSH-Sepharose beads were loaded with equal amounts of
the fusion proteins, mixed with mononucleosomes in 0.15 M KCI-HEMG buffer,
incubated overnight at 4°C, and then washed five times in 0.25 M KCI-HEMG
buffer. Bound proteins were denatured by being boiled in SDS loading buffer,
fractionated by SDS-PAGE, and stained with Coomassie blue.

In vitro protein-protein interaction assays. Interactions between epitope-
tagged polypeptides expressed in mammalian cells were detected by coimmuno-
precipitation and immunoblotting. Transfected cells were incubated for 30 min
on ice in either radioimmunoprecipitation assay (RIPA) 0.1% SDS buffer (20
mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% SDS, 1 mM PMSF, 1 mM NaF, 1 mM Na;VO,) or NP-40
buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 10% glycerol, 0.5 mM
EDTA, 0.5 mM EGTA, 1 mM DTT, 0.5 mM NaF, 1 mM Na,VO,, 1 mM PMSF).
Cleared lysates were incubated with EZview red anti-Flag M2 affinity gel (Sigma)
for 2 h at 4°C and washed five times in Tris-buffered saline (TBS). Beads were
boiled in SDS loading buffer containing 10% p-mercaptoethanol, and recovered
proteins were analyzed by SDS-PAGE followed by immunoblotting with anti-T7
(Novagen) or anti-Flag (Sigma) antibodies.

Additionally, full-length MeCP2 (MeCP2y, ) or fragments spanning the MBD
and TRD were expressed by in vitro transcription and translation in the presence
of [**S]methionine by using a TNT T7 Quick system (Promega, Inc.). RNA
encoding MeCP2y; was transcribed from a derivative of pCITE2a+ (Novagen).
Templates encoding MeCP2 fragments were generated by PCR using an up-
stream primer that included a T7 RNA polymerase promoter and a rabbit
B-globin translation initiation sequence (71). For GST pulldown assays, transla-
tion reaction mixtures (10 to 15 wl) were combined with GST-loaded beads in a
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total reaction volume of 50 wl, adjusted to contain 100 mM NaCl, and incubated
at 4°C for 2 h. Beads were washed in the same buffer containing 250 mM NaCl,
the bound proteins were denatured in SDS sample buffer and resolved by SDS—
15% PAGE, and the labeled proteins were visualized by fluorography.

Immunofluorescence and green fluorescence microscopy and luciferase as-
says. For subcellular localization studies, NIH 3T3 cells were seeded onto sterile
coverslips in a 24-well plate and transfected with 100 ng of expression plasmids
by using Lipofectamine 2000 (Invitrogen). Cells were fixed after 24 h and, if
necessary, probed with antibodies as described previously (43). After drying,
coverslips were applied to slides by using fluorescent mounting medium (Dako
Corporation) and visualized by laser scanning confocal microscopy with a Zeiss
LSM 510 META microscope. Images were captured using the Zeiss AIM soft-
ware, and TIFF images were exported into Adobe Photoshop 7.0 for cropping
and minor adjustments. Histones were detected using rabbit polyclonal anti-
histone H2B (Upstate) diluted 1:2,000 and an Alexa Fluor 633-conjugated goat
anti-rabbit antibody (heavy and light chains; Invitrogen) also diluted 1:2,000. For
luciferase reporter assays, HeLa cells were transfected using Polyfect (Qiagen)
and lysates were prepared and assayed after 24 h as described previously (61).
Reporter plasmid pGL3p-7xTR (21) was a kind gift of Rolf Renne (University of
Florida, Gainesville). pE2F1-luc has been described previously (72).

RESULTS

LANA is present in the nucleus of every KSHV-infected
cell, where it plays critical roles in the modulation of gene
expression and in the propagation of the viral episome, func-
tions that are dependent on the physical association of LANA
with host chromosomes. A steadily growing list of nuclear
proteins have been shown to interact with LANA and, in gen-
eral, have properties relevant to transcriptional regulation or
chromatin binding. Of these cellular partners, MeCP2 is par-
ticularly interesting because of its ability to bind DNA, its
expression in a wide variety of cell types (albeit at different
levels), and its ability to modulate chromatin structure (33).
How the MeCP2-LANA interaction contributes to KSHV la-
tency is not known. To address this issue, we set out to char-
acterize the regions of LANA and MeCP2 required for the
interaction as a prelude to analyzing function.

LANA( interacts with MeCP2. Based on the primary amino
acid sequence, LANA can be divided into three discrete re-
gions (Fig. 1A): a proline- and basic residue-rich N terminus
(LANAYy), a central region composed of a highly variable num-
ber of acidic repeats, and a C-terminal region (LANA() that
shows significant homology to orthologs from other gamma-2
herpesviruses (11, 61). The CBM lies at the extreme N termi-
nus (7, 51, 72). To map the LANA-MeCP2 interaction, we
subdivided LANA into fragments corresponding to N- and
C-terminal regions and performed a coimmunoprecipitation
assay using Flag epitope-tagged MeCP2 (Flag-MeCP2) and
T7-tagged fragments corresponding to LANA and LANA.
(Fig. 1B, lanes 1 to 4). As reported previously, the central
repetitive region is expressed very poorly and could not be
analyzed on its own (36, 61; also data not shown). The tagged
proteins were coexpressed in human 293T cells, immunopre-
cipitated with anti-Flag antibody-coupled beads, resolved by
SDS-PAGE, and probed by immunoblotting with anti-T7 an-
tibody. Under these conditions, T7-tagged LANA(. (residues
936 to 1162) (Fig. 1B, lane 3) was readily coimmunoprecipi-
tated by using Flag-MeCP2 but not by using a control protein,
the Flag-tagged C terminus of HCF-1 (Flag-HCF-1..) (Fig. 1B,
lane 7). T7-LANA (residues 1 to 329) (Fig. 1B, lane 1) and a
version lacking the first 22 residues, including the CBM (T7-
LANA\A22 [residues 23 to 329]) (Fig. 1B, lane 2), were not
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recovered, indicating that they do not stably associate with
MeCP2 when expressed in isolation. As a control for the assay,
we also included the T7-tagged HCF-1 N terminus (T7-HCF-
1y) (Fig. 1B, lanes 4 and 8), which formed a robust and specific
interaction with the control protein Flag-HCF-1. (Fig. 1B,
lane 8) (70) but not with Flag-MeCP2 (Fig. 1B, lane 4). This
result shows that MeCP2 interacts with LANA. and that this
interaction does not require the N terminus or the central
region.

CBM is required for nucleosome binding. We also verified
the interaction between the CBM and nucleosomes as re-
ported previously by Barbera and colleagues (8, 9). For this
purpose, solubilized HeLLa mononucleosomes were incubated
with beads carrying GST fused to peptides derived from the
first 50 residues of LANA (Fig. 1C). After extensive washing,
the bound protein complexes were denatured, fractionated by
SDS-PAGE, and stained with Coomassie brilliant blue to de-
tect bound proteins. The four core histones (H2A, H2B, H3,
and H4) were readily retained by the two CBM-containing
peptides (LANAy residues 2 to 50 fused to GST [GST-
LANAL,. 5] and GST-LANA,, ;) (Fig. 1C, lanes 1 and 3) but
not by a truncated peptide that excludes the CBM (GST-
LANA,5.50) (Fig. 1C, lane 2). This finding provides indepen-
dent confirmation that the LANA CBM stably interacts with
nucleosomes.

MeCP2 localizes LANA to pericentric heterochromatin. Al-
though MeCP2 occupies sites throughout the euchromatic re-
gions of the nucleus, the protein is most abundant in regions of
pericentric heterochromatin (47). To characterize the LANA-
MeCP2 association in vivo, we took advantage of the fact that,
in murine NIH 3T3 cells, the large arrays of the major satellite
repeats are organized into characteristic heterochromatic do-
mains known as chromocenters and are readily visible by flu-
orescence microscopy (26, 55, 59). In human cells, the hetero-
chromatic regions are more widely dispersed and MeCP2
shows more diffuse localization throughout the interphase nu-
cleus. For ready detection, full-length LANA (LANAp, ) was
fused to green fluorescent protein (GFP) and MeCP2 was
fused to Discosoma red fluorescent protein (DsRed). As illus-
trated by the representative cells shown in Fig. 2, when GFP-
LANAg, was expressed alone, it was found in the nucleus (Fig.
2A, panel a), with a typical dispersed pattern and exclusion
from the nucleoli. In the presence of DsRed-MeCP2, however,
GFP-LANAg, was concentrated into well-defined foci that
closely mirrored the accumulations of DsRed-MeCP2 in the
chromocenters (Fig. 2A, compare panels e and f). Relocaliza-
tion was specific because neither GFP alone nor GFP fused to
bromodomain-containing protein 2 (GFP-Brd2) was found to
colocalize with DsRed-MeCP2 (Fig. 2A, panels g to j). Thus, in
murine cells, a GFP-LANA fusion protein can be relocalized
to pericentric heterochromatin by coexpression with DsRed-
MeCP2 fusion protein. We also probed transfected cells with a
polyclonal antibody to histone H2B (Fig. 2B) and found no
obvious correlation between histone density and the signal for
DsRed-MeCP2 or GFP-LANA, . From these data, we con-
clude that the relocalization of LANA is most likely a direct
consequence of binding to MeCP2 rather than an indirect
reflection of higher nucleosome densities due to MeCP2-in-
duced chromatin compaction.
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FIG. 1. MeCP2 interacts with the C-terminal domain of LANA. (A) Domain structure of KSHV LANA, illustrating the boundaries of
engineered fragments used in this study. The amino acid numbering corresponds to the prototype sequence from the BC-1 cell line (57). Numbers
in parentheses signify the actual coordinates of the LANA variant used here (GenBank accession no. AAB626557) (48). (B) Results from a
coimmunoprecipitation assay using T7 epitope-tagged LANAy, LANA\A22, and LANA( fragments and Flag-MeCP2, . T7-HCF-1 serves as a
positive control for association with Flag-HCF-1 (70). Human 293T cells were cotransfected with combinations of plasmids expressing the
indicated constructs. After 24 h, protein extracts were prepared and immunoprecipitated (IP) using anti-Flag-coupled beads, resolved by
SDS-6.5% PAGE, and immunoblotted with either anti-T7 antibody (a-T7) (top panels) or anti-Flag antibody (bottom panel). (C) The LANA
CBM interacts with nucleosomes. Partially purified HeLa nucleosomes (lane 4) were incubated with GST fusion proteins corresponding to LANA
residues 2 to 50 (lane 1), 23 to 50 (lane 2), and 2 to 31 (lane 3). The sequence of each LANA peptide is shown with the CBM highlighted. After
extensive washing, bound complexes were heat denatured in SDS sample buffer, resolved by SDS-15% PAGE, and stained with Coomassie brilliant

blue. Bands corresponding to each of the core histones are indicated.

Both the CBM of LANA and LANA(. contribute to chromo-
center localization. Using this NIH 3T3 cell relocalization as-
say, we next tested a series of LANA truncations to identify the
functional domains required for colocalization with DsRed-
MeCP2 (Fig. 3A). As before, GFP-LANAy, (Fig. 3A, panel a)
was localized predominantly to the chromocenters, coincident
with DsRed-MeCP2 (Fig. 3A, panel b). Deletion of the CBM
from GFP-LANAy,, yielding GFP-LANA, A22 (Fig. 3A,
panel ¢), resulted in much more diffuse distribution throughout

the nucleoplasm, with a significant reduction in the extent of
colocalization with DsRed-MeCP2. The distribution of
DsRed-MeCP2 did not appear to change. Interestingly, the
isolated LANA N terminus (GFP-LANA,) (Fig. 3A, panel e)
showed an intermediate pattern of distribution, with obvious
chromocenter foci superimposed upon a stronger background
signal. Removal of the CBM from this fragment (yielding
GFP-LANA\A22) resulted in a complete loss of chromocenter
localization (Fig. 3A, panel g). Lastly, the isolated C terminus
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A. GFP

DsRed (MeCP2)

GFP alone
+ MeCP2

GFP-Brd2
+ MeCP2

DsRed (MeCP2)

GFP (LANA)

FIG. 2. LANA colocalizes with MeCP2 in NIH 3T3 cells. (A) NIH
3T3 cells were transiently transfected with expression plasmids encod-
ing GFP fused to full-length LANA (GFP-LANAg,) (61) (a, b, e, and
f) and DsRed fused to full-length human MeCP2 (DsRed-MeCP2, )
(ctoj). GFP alone (g and h) and GFP-Brd2 (i and j) serve as controls.
Each image panel shows a single cell and is representative of the
predominant pattern in that transfection experiment. (B) MeCP2-
dependent relocalization of LANA is not mirrored by histones. NIH
3T3 cells were transfected to express cytomegalovirus lacZ, DsRed-
MeCP2y,, and/or GFP-LANAy,. After 24 h, cells were fixed and
probed with an antibody against total histone H2B («-H2B).

(GFP-LANA,() (Fig. 3A, panel g) showed a diffuse nuclear
distribution pattern similar to that of GFP-LANA\A22 (Fig.
3A, compare panels g and i). It should be noted that although
the principal nuclear localization signal (NLS) for LANA is in
the N terminus, there is a secondary NLS in the C terminus
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A GFP (LANA)
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LANA;,
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B GFP (LANA) DsRed (MeCP2)

LANAGay.c
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FIG. 3. Colocalization with MeCP2 requires multiple regions of
LANA. (A) NIH 3T3 cells were transfected with plasmids encoding
DsRed-MeCP2y; and the following GFP-LANA derivatives: GFP-
LANAg; (a and b), GFP-LANA; A22 (c and d), GFP-LANA( (e and
f), GFP-LANA\A22 (g and h), and GFP-LANA( (i and j). (B) Fusion
of the CBM to LANA_. is not sufficient for colocalization with MeCP2.
Cells were transfected to express GFP-LANA gy (¢ on its own (a and
b) or with DsRed-MeCP2,; (c and d).
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and this is sufficient for nuclear accumulation of LANA. (51,
61). These results demonstrate that multiple regions of LANA
are required for optimal relocalization of GFP-LANA (61) to
pericentric heterochromatin in the presence of DsRed-
MeCP2. Even though LANA( is sufficient for coimmunopre-
cipitation of MeCP2, N-terminal functions, including that of
the CBM, are required for effective colocalization with DsRed-
MeCP2.

To explore these requirements further, we fused the first 22
residues of LANA, including the CBM, directly onto GFP-
LANA(. As expected, the miniature LANA protein (GFP-
LANAgm. ) Was nuclear (Fig. 3B, panel a) but was not
relocalized to the chromocenters in the presence of DsRed-
MeCP2 (Fig. 3B, panel c). It is possible that the close juxta-
positioning of the CBM and C-terminal domain interferes with
binding to MeCP2 or to nucleosomes. Alternatively, the fusion
may have removed sequences within the N terminus that are
required to stabilize one or both interactions. Further studies
are needed to distinguish these and other possibilities.

The MBD is required for localization of MeCP2 to chromo-
centers. To map the regions of MeCP2 necessary for localiza-
tion to chromocenters, we prepared a series of MeCP2 trun-
cations in the context of the DsRed-MeCP2 fusion (Fig. 4A)
and expressed the constructs individually in NIH 3T3 cells
(Fig. 4B). Two major functional domains in MeCP2 have been
identified: the MBD (residues 78 to 162), which specifically
targets MeCP2 to methylated DNA sequences (45), and the
TRD (residues 207 to 310) (46). A less clearly defined CRID
(residues 162 to 206) lies between the MBD and TRD (30).
Our analysis revealed that all the truncation proteins that re-
tained the MBD were localized predominantly to chromo-
centers. Two deletion constructs (DsRed-MeCP2,4, 44 and
DsRed-MeCP2,,5_4g6) that lacked the MBD but retained the
TRD showed more diffuse distribution throughout the nucleo-
plasm but with some concentration in the chromocenters. A
deletion that removed the MBD and TRD (yielding DsRed-
MeCP2,);5_456) resulted in complete loss of nuclear localiza-
tion, consistent with findings of previous mapping studies (47).
Immunoblotting using an anti-DsRed antibody confirmed that
all of the fusion proteins were expressed, albeit with some
variation in abundance (Fig. 4C).

The CRID/TRD region of MeCP2 is required for association
with LANA. To identify domains within MeCP2 responsible for
relocalization of LANA to chromocenters, we cotransfected cells
with GFP-LANA, and each of the DsRed-MeCP2 truncation
constructs (Fig. 5). Consistent with the behavior of MeCP2y , the
subcellular localization of each truncation protein was essentially
unaltered by the presence of GFP-LANAy, (compare Fig. 4 and
5). Only three MeCP2 derivatives (DsRed-MeCP2,_5,,, DsRed-
MeCP2,y_4g46, and DsRed-MeCP2,, 5,5) retained the ability to
effectively recruit GFP-LANAg,; to the chromocenters. In addi-
tion to the MBD, all three of these fragments retained the CRID
and TRD. Proteins with truncations that individually removed the
TRD (DsRed-MeCP2,_,), the MBD (DsRed-MeCP2,¢;_4g6),
or the CRID (DsRed-MeCP2yzp + 205.4s6) Were unable to re-
localize GFP-LANAy, , indicating that all three domains are re-
quired.

This analysis does not tell us whether the MBD is needed
simply to localize the MeCP2-LANA complex to chromo-
centers or whether it may actually contribute to the stability of
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FIG. 4. Localization of MeCP2 to chromocenters is specified by
multiple domains. (A) Domain structures of human MeCP2 and the
truncation proteins used in this study. (B) The MBD is required for
localization of MeCP2 to chromocenters. Representative NIH 3T3
cells expressing each of the DsRed-MeCP2 derivatives are shown. The
abilities of MeCP2 derivatives to localize (+) the DsRed signal to
chromocenters (foci) are summarized in panel A. (C) Immunoblot
analyzed using anti-DsRed antibody to detect expression of DsRed-
MeCP2 fusion proteins in the cell extracts.

the interaction. To address this issue, we used a GST pulldown
assay to map the domains required for binding rather than
localization. In vitro-translated MeCP2 was incubated with aga-
rose beads loaded with GST-LANA or GST alone (Fig. 6). As
expected, MeCP2.; was recovered with the GST-LANA.
beads only (Fig. 6, compare lanes 1 and 7). A fragment span-
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FIG. 5. The CRID/TRD region of MeCP2 is required to relocalize LANA to chromocenters. Cells were cotransfected with plasmids expressing
GFP-LANA, and full-length or truncated versions of DsRed-MeCP2. Single cells displaying the predominant pattern for each transfection
experiment are shown.

ning the MBD, CRID, and TRD (MeCP2,_s,,) was recovered lanes 6 and 12) served as a positive control for binding, reflect-
with similar efficiency (Fig. 6, lane 2), and a further truncation ing the self-oligomerization properties of LANA (61). Com-
protein that lacked the TRD (MeCP2,,_,) retained some bind- bining the results of these in vivo and in vitro experiments, we
ing activity (Fig. 6, lane 3). Fragments that lacked the MBD conclude that LANA_. interacts with the central MBD/CRID/
(MeCP2,¢;_3;4 and MeCP2,,5_5,,) showed no specific interac- TRD region of MeCP2 and that this interaction is sufficient to
tion (Fig. 6, lanes 4 and 5). In vitro-translated LANA. (Fig. 6, relocalize LANA to the chromocenters.
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FIG. 6. LANA binds to the multiple domains within MeCP2. In
vitro binding analysis using recombinant GST-LANA. purified from
bacteria and *S-labeled full-length or truncated MeCP2 (shown
schematically below) synthesized by in vitro translation. Binding reac-
tions were performed with 100 mM NaCl, and mixtures were washed
in 250 mM NaCl. *>S-labeled LANA(. (lanes 6, 12, and 18) served as a
positive control for binding.

The MeCP2 C terminus contributes to LANA-mediated re-
pression. LANA binds to DNA via its C terminus, recognizing
an imperfect 20-bp palindrome found in the TRs, and in this
context it represses transcription, especially when there are
multiple TRs as found in the KSHV genome (21). We asked if
MeCP2 can contribute to the transcriptional properties of
LANA by measuring the activity of a reporter construct
(pGL3p-7xTR) consisting of the constitutively active simian
virus 40 early promoter, a luciferase reporter gene, and seven
copies of the 300-bp TR inserted downstream (Fig. 7A). In
HeLa cells, the reporter was active but was repressed fourfold
by the addition of a fragment consisting of the N and C termini
of LANA without the central repetitive region (LANAyc)
(Fig. 7B). The level of repression was increased to 12-fold by
coexpression of LANAy and MeCP2, . In the absence of
LANA, MeCP2 increased promoter activity slightly, sug-
gesting that repression is dependent strictly on LANA. Ex-
pression of the MeCP2 central MBD/CRID/TRD region alone
(MeCP2,4_5;5) (Fig. 7A), which is sufficient for recruitment of
LANA to chromocenters, failed to enhance TR-mediated re-
pression, but repression (16-fold) was restored by the inclusion
of the MeCP2 C terminus (MeCP2,4_4g4). Synergy was not
observed with the addition of the N terminus (MeCP2,_5;5).

Consistent with the findings described above, isolated
LANA. was capable of repressing transcription from the
pGL3p-7xTR reporter (21) but showed no significant synergy
with MeCP2 (Fig. 7B), in keeping with the lack of colocaliza-
tion to chromocenters (Fig. 3A). Likewise, deletion of the
CBM from full-length LANA (yielding LANAg; A22) had no
effect on repression by LANA alone (Fig. 7C) but reduced the
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extent of synergy with MeCP2, again consistent with the poor
colocalization to the chromocenters.

As we have shown previously (72), a reporter construct con-
sisting of the human E2F1 promoter fused to a luciferase gene
can be stimulated severalfold by the expression of LANAy,
which lacks the central repetitive region (Fig. 7D). Similar
results were obtained with LANA; but were reduced in mag-
nitude because of inherently lower expression levels of the
full-length protein (data not shown). Transactivation was en-
hanced by the addition of MeCP2, . In the absence of LANA,
MeCP2,; had only a small effect on the reporter activity. As in
the repression assay, the stimulatory effect of MeCP2, was
sensitive to mutations in the LANA CBM. Deletion of the
CBM (A22) significantly reduced the LANA- and MeCP2-
dependent increases in promoter activity, although it did not
abolish them entirely. Likewise, single-residue substitutions
within the CBM (R9A and S10A) that have been shown pre-
viously to severely compromise chromatin binding (72) pro-
duced results similar to those of the deletion of the entire
CBM, whereas mutations of less critical flanking residues
(G11A and R12A) had more moderate effects. Thus, MeCP2
can enhance the ability of LANA to stimulate E2F1 promoter
activity and requires a functional CBM in LANA.

DISCUSSION

Studies of LANA often divide the protein into three discrete
regions: the N terminus, a central repetitive region, and the C
terminus (51, 61). This surgical approach has been quite success-
ful, leading to the identification of the autonomous DNA-binding
and dimerization domain in LANA. and to the N-terminal CBM,
which serves as the major determinant of chromosome binding
(15, 61). Deletion of the central repetitive region is advantageous
because this removes sequences that suppress LANA mRNA
translation, thereby increasing the expression of the other func-
tional domains (36). For several LANA functions, however, it
appears that multiple regions of the protein are required, and
together with the results of the present study, this observation
argues that N- and C-terminal sequences may be brought into
proximity to each other in the native LANA protein (12, 17). The
studies reported here show that optimal colocalization of LANA
and MeCP2 at the major sites of pericentric heterochromatin
(chromocenters) involves sequences from both the N- and C-
terminal regions of LANA, and yet the results from coimmuno-
precipitation and in vitro binding studies point to LANA as the
principal region of interaction with MeCP2 (Fig. 1B and 6A). We
readily acknowledge that this conclusion runs contrary to the
earlier reports from Hayward and colleagues, implicating the first
15 residues of LANA (i.e., the CBM) as the major determinant
for binding to MeCP2 (33, 62). The reason for this discrepancy is
not clear, but it is worth noting that a portion of the C terminus
of herpesvirus saimiri (HVS) LANA (analogous to residues to
1063 to 1134 of KSHV LANA) was also found previously to be
sufficient for interaction with MeCP2 (24). One possibility is that
there are indeed multiple points of contact between LANA and
MeCP2 and that subtle differences in the experimental conditions
used in each study emphasize one interaction more strongly than
the other. Support for this idea comes from the facts that LANA
showed partial colocalization with MeCP2 at the chromocenters
(Fig. 3A, panel €) and that LANA. alone was not sufficient for
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CRID, and TRD) required for association with LANA. (B) HeLa cells were cotransfected with the pGL3p-7xTR reporter and expression plasmids
encoding derivatives of LANA and/or MeCP2. Luciferase activity was measured after 24 h, and the degree of repression (n-fold) was calculated
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The dotted line indicates the level of repression by LANAy alone. Note that expression of MeCP2 in the absence of LANA results in modest
stimulation. (C) Results of a repression assay comparing the LANAg, wild type (WT) and the CBM deletion mutant (A22) in the presence or
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The dotted line corresponds to reporter activity in the presence of LANAy alone.



VoL. 84, 2010

relocalization to chromocenters (Fig. 3A, panel i). One caveat is
that it is difficult to exclude the contributions of other cellular
proteins such as HP1 or SUV39H1, which have been found to
interact with both MeCP2 and LANA and may therefore con-
found the analysis (58). This concern is tempered by the fact that
we are overexpressing LANA and MeCP2. Interestingly, we
found that directly fusing the CBM to LANA. did not restore
localization of LANA to the chromocenters in the presence of
MeCP2, suggesting that additional N-terminal sequences might
also be important or that the artificial fusion lacks sufficient flex-
ibility to make the necessary interactions. Analyses of deletions
within LANAy may speak to these alternative possibilities.

Accumulation of MeCP2 at the chromocenters of murine
cells is well documented (1, 10, 32, 35). Equivalent structures
are hard to discern in human cells due to the more dispersed
nature of the satellite repeats. Recruitment of LANA to mu-
rine chromocenters in the presence of ectopic MeCP2 was first
reported by Krithivas and colleagues, who also found that
deletion of the CBM restored the diffuse pattern seen in the
absence of MeCP2 (33). Our analysis showed that the MBD
was the principal determinant for targeting MeCP2 to the
chromocenters and that fragments lacking the MBD, but re-
taining the TRD, were localized throughout the nucleoplasm
with only weak potential for focus formation (Fig. 4 and 5). In
the Krithivas study, the morphology of the chromocenters
seems to have been disturbed in cells expressing a version of
LANA lacking the CBM, whereas we found the localization of
MeCP2 to be essentially unaffected by the presence or absence
of LANA, implying that the MBD is a dominant determinant
for chromocenter localization. Whether the same is true for
more scattered heterochromatic regions or sites within the
euchromatic portions of the nucleus cannot be determined
from static imaging studies and will require other methods.
Photobleaching experiments utilizing similar fusion proteins
have revealed a surprisingly dynamic association between
MeCP2 and chromatin, with individual molecules rapidly ex-
changing between the dense heterochromatin of the chromo-
center regions and more open and less heavily CpG-methyl-
ated sites elsewhere in the nucleus (35). This pattern suggests
that the association with LANA may significantly alter the
dynamics of MeCP2 movement rather than localization per se.
By providing additional nucleosomal contact through the
CBM, LANA has the potential to stabilize MeCP2 at its pre-
ferred binding sites or, alternatively, enable MeCP2 to occupy
low-affinity sites that would not otherwise retain the MBD.
Indeed, it has been reported previously that introduction of
LANA into murine L cells results in a striking redistribution of
endogenous MeCP2, away from the chromocenters into
smaller foci of condensed chromatin (64).

The interplay between the N- and C-terminal domains of
LANA suggests that in the absence of chromatin binding,
LANA adopts a conformation in which the C-terminal
MeCP2-interacting surface is relatively inaccessible to other
proteins (illustrated in Fig. 8, panel i). Formation of LANA
dimers may also contribute to this masking effect. It is conceiv-
able that docking of the CBM onto a nucleosome renders the
C-terminal domain more accessible (Fig. 8, panel ii) and
thereby facilitates complex formation with sequence- or con-
text-specific accessory factors such as MeCP2 (Fig. 8, panel iii).
Such complexes would be stabilized through the combined pro-
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FIG. 8. Schematics of possible multivalent interactions among
LANA, core histones, and MeCP2. (i) Evidence suggests that LANA
may be folded such that LANAy, which includes the CBM, is brought
into proximity to LANA(. For simplicity, only one molecule of LANA
is shown; however, LANA most likely exists as a stable dimer. (ii)
Engagement of the CBM with a nucleosome may alter the conforma-
tion, making the C-terminal domain more accessible to secondary
interactions. (iii) Interaction of LANA with MeCP2 forms a relatively
stable complex mediated by contacts between the CBM and the nu-
cleosome core (a) and DNA and the MeCP2 MBD (b). As a conse-
quence of these multivalent interactions, LANA accumulates with
MeCP2 at the chromocenters. (iv) In the absence of the CBM, the
LANA protein (LANAg, A22) shows reduced retention at the chro-
mocenters. This may occur because the deletion alters the accessibility
of the LANA( domain or increases the rate at which LANA exchanges
with other interaction partners located in more euchromatic regions of
the genome.

tein-protein and protein-DNA contacts. Deletion of the CBM not
only would reduce contact with nucleosomes but also may inter-
fere with the interaction between LANA. and MeCP2 (Fig. 8,
panel iv), consistent with the more widespread distribution of
LANA, A22 (Fig. 3A, panel c¢). It will be interesting to determine
if other chromatin-associated proteins, such as Brd2 and Brd4,
that also interact primarily with LANA are similarly influenced
by the engagement (or removal) of the N-terminal CBM. In this
regard, docking of the CBM onto nucleosomes may serve as a
signal indicating that LANA is functioning in a chromatin context,
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thereby limiting unproductive interactions with nonchromatin
partner proteins.

The interplay between the N- and C-terminal regions of
LANA was also evident in the analysis of MeCP2-mediated
repression (Fig. 7B and C). In line with findings from earlier
studies by Garber and colleagues, LANA. was sufficient to
bind to reiterated TRs and repress the constitutively active
promoter driving luciferase (21). Interestingly, the N terminus
and more specifically the CBM were necessary for further
repression in the presence of MeCP2. This finding mirrors the
ability of LANA and MeCP2 to colocalize to chromocenters
and suggests that the interaction of MeCP2 with LANA_. ob-
served in vitro is insufficient in vivo. The still poorly character-
ized C terminus of MeCP2 is critical for the amplification of
LANA-mediated repression. This region contains a highly con-
served polyhistidine stretch and two WW motifs embedded
within a proline-rich region shown to bind the sequence-inde-
pendent DNA-binding factor HMGBI1 (16, 27). Furthermore,
it is known that the C terminus is required for the chromatin
compaction function associated with MeCP2, and this feature
may be directly relevant to repression of the reporter (50).

Although we have used the localization of LANA to peri-
centric heterochromatin as a tool to explore the structural
requirements for the LANA-MeCP2 interaction, the LANA-
MeCP2 complexes are most likely also recruited to dispersed
euchromatic sites. In neuroblastoma cells, MeCP2 can be de-
tected at a large number of locations within euchromatic re-
gions of the genome, including numerous active promoters,
intergenic regions, and introns of active genes, by chromatin
immunoprecipitation-on-chip (ChIP-chip) (76). Strikingly, the
majority of the MeCP2-occupied promoters are not heavily
CpG methyated, and levels of associated mRNA transcripts
were typically increased rather than decreased by MeCP2 over-
expression. The most parsimonious explanation for these pro-
vocative findings is that MeCP2 functions as both a negative
and a positive regulator of gene expression rather than as a
global repressor as first believed. Similar conclusions have
been drawn from careful comparisons of transcript levels in the
hypothalamuses of wild-type and MeCP2 knockout mice (13).
How MeCP2 stimulates transcription is currently unknown but
may involve the recruitment of positive coactivators in place of
the well-characterized corepressors. This type of exchange
would not be without ample precedent; a variety of regulatory
factors, including members of the nuclear hormone receptor
superfamily, are known to switch their transcriptional proper-
ties in this manner (23, 56, 74). Indeed, MeCP2 has been
shown previously to associate with the transcriptional activator
CREBI at the activated somatostatin promoter in neural tis-
sues, but not with a repressed target gene (13). We have shown
that activation of the E2F1 promoter by LANA is further
enhanced by coexpression with MeCP2. Although MeCP2 is
itself a bona fide chromatin-binding protein, it could not com-
pensate for deleterious mutations in the LANA CBM, under-
scoring the importance of histone association for LANA func-
tions. In broader terms, it is likely that the association of
LANA with MeCP2 provides latent KSHV with a means to
alter the expression of select host cell genes and possibly those
of the viral genome itself. Identifying LANA-MeCP2-regu-
lated genes will shed new light on the maintenance and estab-
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lishment of viral latency and may also offer fresh insight into
the function of MeCP2 in nonneuronal cell types.
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