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In immunocompromised patients, infection with Kaposi’s sarcoma-associated herpesvirus (KSHV) can give
rise to Kaposi’s sarcoma and several lymphoproliferative disorders. In these tumors, KSHV establishes a
latent infection in many of the rapidly proliferating and morphologically abnormal cells. Only a few viral gene
products are expressed by the latent virus, and one of the best characterized is the latency-associated nuclear
antigen (LANA), a nuclear protein required for the maintenance of viral episomal DNA in the dividing host
cell. LANA can also activate or repress an assortment of cellular and viral promoters and may contribute to
pathogenesis by allowing the proliferation and survival of host cells. Here we show that activation of the human
E2F1 and cyclin-dependent kinase-2 (CDK2) promoters requires elements from both the N- and C-terminal
regions of LANA. Deletion of the first 22 amino acids, which are necessary for episome tethering, does not affect
nuclear localization but significantly reduces transactivation. Within the deleted peptide, we have identified a
short sequence, termed the chromatin-binding motif (CBM), that binds tightly to interphase and mitotic
chromatin. A second chromatin-binding activity resides in the C terminus but is not sufficient for optimal
transactivation. Alanine substitutions within the CBM reveal a close correlation between the transactivation
and chromatin binding activities, implying a mechanistic link. In contrast to promoter activation, we find that
the 223 amino acids of the LANA C terminus are sufficient to inhibit pS3-mediated activation of the human

BAX promoter, indicating that the CBM is not required for all transcription-related functions.

Kaposi’s sarcoma (KS) and primary effusion lymphoma
(PEL) are life-threatening proliferative diseases that result
from the unchecked growth of endothelial- and lymphoid-de-
rived cells, respectively (12). The common denominator be-
tween these diseases is the presence of latent Kaposi’s sarco-
ma-associated herpesvirus (KSHV, also known as human
herpesvirus 8) in the majority of abnormal cells. Variants of
multicentric Castleman’s disease, a rare angioproliferative dis-
order, are also associated with KSHYV infection but differ from
KS and PEL in the extent of active viral replication (4, 53).
KSHYV, with a ~140-kb double-stranded DNA genome, is a
member of the y2-herpesviruses and, as with all other herpes-
viruses, exploits two distinct modes of replication, referred to
as lytic (productive) and latent (nonproductive). KSHV latency
involves expression of only a few of the more than 85 viral
genes (51, 65). The majority of cells forming KS or PEL lesions
harbor latent KSHYV, leading to the hypothesis that latency-
associated viral gene products drive the proliferation and sur-
vival of these cells. In this respect, KSHV follows a paradigm
set by other tumor viruses that establish persistent infections,
such as Epstein-Barr virus and the papillomaviruses. That said,
there is compelling evidence that lytic products expressed by a
much smaller fraction of the infected cells or through abortive
entry into the lytic replication play a critical role in the disease
process (21, 22).
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The most prominent latency product is the latency-associ-
ated nuclear antigen (LANA, LANA-1, LNA-1), encoded by
open reading frame 73 and transcribed as part of a multicis-
tronic mRNA. LANA is localized to the cell nucleus, where it
is distributed throughout the nucleoplasm and also accumu-
lates in speckles referred to as LANA bodies (28, 29, 49, 58).
Based on the primary amino acid sequence, LANA can be
divided into three discrete regions, a proline and basic residue-
rich N terminus, a central region composed of a highly variable
number of acidic repeats, and a C-terminal region that shares
significant homology to proteins encoded by other y2-herpes-
viruses (54). The C terminus acts as a multimerization domain,
enabling LANA to form stable oligomers, most likely dimers,
independent of other viral gene products or DNA (54). The N-
and C-terminal regions each contain a putative nuclear local-
ization sequence (NLS) and independently localize to the nu-
cleus (46, 54, 56). LANA body formation requires the LANA
C terminus (46, 54).

To establish and maintain latency, KSHV must (i) ensure
propagation of the viral genome, (ii) suppress the lytic pro-
gram, (iii) stimulate host cell proliferation, (iv) interfere with
cellular tumor suppressor functions, and (v) block proapop-
totic pathways. LANA has been implicated in each of these
tasks, and its important role in promoting proliferation is un-
derscored by the finding that cultures of human primary en-
dothelial cells expressing the LANA protein double at a faster
rate and live much longer than control cells (15, 62). Several
studies have shown that LANA regulates the expression of a
number of viral and cellular genes (18, 33, 50, 62). Autono-
mous transcriptional repression domains have been identified
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in the N- and C-terminal regions, and there is evidence that
LANA can repress promoter activity by using a variety of
mechanisms (14, 17, 32-34, 36, 54). Presumably these repres-
sion functions help negate the cellular antiviral response, over-
come cell cycle checkpoints, and possibly suppress transcrip-
tion of viral lytic genes.

The mechanism and specificity of gene activation by LANA
is less clearly understood. Microarray studies have identified a
number of cellular genes that are stimulated by persistent
expression of LANA and include genes involved in cell prolif-
eration and modulation of the antiviral response (50, 62).
Transactivation is also observed in transient assays that use a
variety of natural and synthetic promoters (1, 31, 48, 50).
Knowing how individual genes, especially those involved in
growth control and signaling, are regulated by LANA is im-
portant for a full understanding of KSHV pathogenesis. There
is no evidence for a discrete LANA-responsive sequence or
element in promoters that respond to LANA, suggesting that
activation does not involve direct binding of LANA to pro-
moter DNA. Rather, LANA appears to act in a more promis-
cuous manner by modulating the activity of a variety of cellular
activator proteins, including AP1 and Sp1 (1, 31). LANA con-
tributes to activation of Tef/Lef-responsive genes by prevent-
ing glycogen synthase kinase-33 from degrading the coactiva-
tor B-catenin (15).

Another major role for LANA is the maintenance of the
nonintegrated viral episome. In PEL-derived cell lines, some
30 to 100 copies of the episome are maintained in the nucleus
of each infected cell as circular minichromosomes. The LANA
C terminus binds to two closely spaced DNA sequences within
each terminal repeat, and this is sufficient to promote DNA
replication during S phase (2, 8, 17). Longer-term maintenance
requires the LANA N terminus, specifically the first 22 resi-
dues, which are capable of tethering LANA, and therefore the
viral DNA, to the mitotic host chromosomes (3, 56). Presum-
ably, tethering ensures that newly replicated KSHV genomes
are passed to the daughter cells in roughly equal numbers in
the dividing host. Direct association with the host chromo-
somes may also contribute to the efficiency of DNA replication
through recruitment of cellular DNA replication proteins.

The relationship between chromosome tethering and other
known LANA functions, such as regulation of gene expression,
has not been clearly elaborated. Here we show that chromo-
some tethering is also important for transcriptional activation
of cellular promoters. Transactivation requires sequences in
the N and C termini of LANA, and deletion of the first 22
residues, which are necessary for association with mitotic chro-
mosomes, substantially reduces promoter activation. Higher-
resolution analysis of the N terminus identified a block of sev-
en amino acids, termed the chromatin-binding motif (CBM),
sufficient for association with both mitotic and interphase chro-
matin. Mutations of individual residues within the CBM re-
vealed a striking parallel between the ability to activate tran-
scription and associate with interphase chromatin. Lastly, we
also show that both the N terminus and central repetitive
region of LANA are completely dispensable for inhibition of
pS3-mediated transactivation, suggesting that not all transcrip-
tional functions require the CBM.
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MATERIALS AND METHODS

Plasmid constructs. Amplification of LANA coding sequences has been de-
scribed previously (54). To add the FLAG epitope tag, the complete open
reading frame or fragments corresponding to the nonrepetitive N- and C-termi-
nal domains were shuffled into the cytomegalovirus-driven expression vector
pCGFLAG by using the unique Xbal and BamHI sites (38). To generate green
fluorescent protein (GFP)-LANAy A22, the N terminus of LANA was amplified
by high-fidelity PCR (Roche Applied Science) using the following primers:
5'-GTCTAGATGGTAGGAAAGGAAACAGGTC-3' and 5'-CGGATCCTAA
AGCTTATTGTCATTGTCATCCTTGTC-3" (Xbal and BamHI sites are un-
derlined). GFP-LANAg; A22 was constructed by subcloning a BamHI fragment
spanning the central repeat region and C terminus into GFP-LANAy A22.
Wild-type human p53, pRb, and human papilloma virus (HPV) E6 were ex-
pressed with the plasmids pXp53 (a gift of Michele Pagano, New York Univer-
sity), pPCMV-pRb (a gift of Brian Dynlacht), and pcDNA3 HPV16 E6 (a gift of
Karl Miinger, Harvard Medical School), respectively.

Site-directed mutagenesis was performed using the Quikchange Mutagenesis
protocol (Stratagene) and custom-synthesized oligonucleotides. Sequences of all
truncation and substitution mutants were confirmed by DNA sequencing. Lucif-
erase reporter constructs used were as follows: pBAX-luc (19) (gift of Jennifer
Nyborg, Colorado State University), pE2F1-luc, and pCDK2-luc (59) (gift of
Ravi Tikoo and Moses Chao, New York University).

Cell culture, transfections, and luciferase assays. HelLa and SAOS-2 cells
were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, antibiotics, and glutamine. HeLa cells were transfected
with Polyfect (QIAGEN) or by electroporation (Bio-Rad Genepulser) and were
assayed for protein expression or luciferase activity as described previously (54).
SAOS-2 cells (a gift of James Borowiec, New York University) were seeded at a
density of 10° cells per well in 6-cm-diameter dishes and were transfected using
Effectene (QIAGEN).

Immunoblotting. Immunoblotting was performed with wet transfer and was
detected by enhanced chemiluminescence (SuperSignal; Pierce). Incubations
with primary antibodies against the T7 epitope (aT7, diluted 1:10,000; Novagen),
FLAG epitope (M2, diluted 1:10,000; Sigma), GFP (diluted 1:1,000; Molecular
Probes), Rho-GDI (polyclonal antibody A-20, diluted 1:2,000; Santa Cruz),
HCF-1 («H12, diluted 1:1,000), and p53 (polyclonal antibody 6243, diluted
1:2,000; Santa Cruz) were conducted for 60 min at room temperature or over-
night at 4°C, followed by incubation with appropriate horseradish peroxide-
conjugated secondary antibodies (Amersham).

Small-scale isolation of chromatin. Biochemical fractionation of transiently
transfected HeLa cells was performed as described previously (40, 64). Briefly,
24 h after transfection 2 X 107 cells were collected, washed with phosphate-
buffered saline (PBS), and resuspended at 4 X 107 cells/ml in buffer A (10 mM
HEPES [pH 7.9], 10 mM KCIl, 1.5 mM MgCl,, 0.34 M sucrose, 10% glycerol,
1 mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl fluoride [PMSF]). Triton
X-100 was added (0.1% final concentration), the cells were incubated on ice for
8 min, and nuclei (fraction P1) were collected by centrifugation (5 min, 1,300 X
g, 4°C). The supernatant (fraction S1) was clarified by high-speed centrifugation
(5 min, 20,000 X g, 4°C), and the supernatant (fraction S2) was collected. The P1
nuclei were washed once in buffer A and were lysed for 30 min in buffer B (3 mM
EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, and PMSF), and insoluble chro-
matin (fraction P3) and soluble (fraction S3) fractions were separated by cen-
trifugation (5 min, 1,700 X g, 4°C). The P3 fraction was washed once with buffer
B and resuspended in sodium dodecyl sulfate (SDS)-Laemmli buffer and was
boiled for 10 min. Immunoblots were probed with antisera against human Rho-
GDI (polyclonal antibody A-20; Santa Cruz) and the C terminus of human
HCF-1 (polyclonal antibody «-H12) (63). For extraction of nuclear proteins
under different salt concentrations, P1 nuclei were prepared as described above
and then were resuspended in buffer A supplemented with various concentra-
tions of NaCl in place of KCI. After incubation for 30 min on ice, nuclei were
separated from solubilized proteins by centrifugation.

Immunofluorescence and green fluorescence microscopy. HelLa cells were
seeded onto sterile coverslips in a 24-well plate and were transfected with 100 ng
of expression plasmids encoding T7-LANAy and T7-LANAy A22. After 24 h
the cells were fixed and probed as described previously (38). Samples were
incubated with «T7 antibody (diluted 1:600) followed by fluorescein isothiocya-
nate-conjugated a-mouse immunoglobulin G secondary antibody (diluted 1:600;
Vector Laboratories) and visualized by laser scanning confocal microscopy using
a Zeiss LM 510 Meta microscope. Images were captured using Zeiss software
and were exported into Adobe Photoshop 5.0 for further processing. For analysis
of mitotic cells, transfected cultures were harvested by trypsinization after 24 h,
washed with PBS, fixed with 3.7% formaldehyde for 15 min at 25°C, washed
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FIG. 1. Both the N- and C-terminal regions of LANA are required
for transactivation of the human E2F1 and CDK2 promoters.
(A) Schematic showing the general structure of LANA and engineered
fragments used in this study. Note that the amino acid numbering
corresponds to a previously sequenced KSHYV strain (GenBank acces-
sion no. AAB626557). (B) E2F1-luc or pCDK2-luc reporters (0.1 pg)
were introduced into HeLa cells by electroporation together with an
empty expression plasmid (1.0 pg) or one encoding T7-epitope-tagged
LANAg;, LANA., LANA,, or LANA.. Extracts were prepared
after 24 h and were assayed for luciferase activity. Each transfection
was performed in triplicate, and the mean value and standard devia-
tion are shown. (C) C33A cells (5 X 10°) were transiently transfected
using Lipofectamine 2000 (Invitrogen). The E2F1-luc reporter plasmid
(0.025 pg) was transfected with 0.2 ng of an expression vector encod-
ing LacZ, LANAy, or LANA with or without 0.05 pg of pPCMV-pRb
expression plasmid. Extracts were prepared after 24 h and were as-
sayed for luciferase activity.

again with PBS, and stained with Hoechst 33342 (0.1 wg/ml) for 5 min. Unin-
corporated stain was removed with water, and the fixed cells were dropped onto
slides in 30-pl aliquots. After drying, coverslips were applied to the slides using
Dako Fluorescent Mounting Media (DAKO Corporation). Fluorescence was
recorded using a Zeiss Axioplan epifluorescence microscope equipped with a
digital camera.

RESULTS

LANA functions as a promiscuous activator of transcrip-
tion. Introduction of LANA into primary endothelial cells
leads to a significant increase in the number of cells entering
S phase and extends the survival of these cells (62). These
changes involve the coordinated expression of many cell-cycle-
regulated cellular genes, possibly as a direct consequence of
transactivation by LANA. To understand how LANA activates
cellular promoters, we investigated the regions of LANA re-
quired to transactivate the cell-cycle-regulated human E2F1
and cyclin-dependent kinase-2 (CDK2) promoters (24, 44, 55).
In addition to full-length LANA (LANAp,, shown schemati-
cally in Fig. 1A) we tested a derivative lacking the central
repetitive region (LANAy) as well as variants that contain each
of the terminal regions separately (LANAy and LANA).

Human HeLa cells were transiently cotransfected with a
luciferase reporter gene fused to either the E2F1 promoter
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(pE2F1-luc) or CDK2 promoter (pCDK2-luc) together with
expression plasmids encoding full-length LANA or various
truncations (Fig. 1B). Reporter activity was measured after
24 h and was compared to the activity of the reporter cotrans-
fected with an empty expression vector. Full-length LANA
(LANAp,) activated the E2F1 and CDK2 reporters five- to
sixfold above the level of the reporter alone. Deletion of the
central repetitive region (LANAy ) resulted in a greater level
of activation (17-fold for E2F1 and 24-fold for CDK2); how-
ever, immunoblotting of extracts from transfected cells re-
vealed that the LANAy protein is expressed at higher levels
than LANA, and most likely accounts for the greater activity
of LANA ¢ (data not shown; see also Fig. 2C). Expression of
the N terminus alone (LANAYy) gave only a modest increase
in reporter activity, whereas expression of the C terminus
(LANA,) resulted in a small but reproducible decrease for the
E2F1 reporter and a small increase for the CDK2 reporter.
Taken together, these results show that sequences in the N-
and C-terminal regions of LANA are required for transactiva-
tion of cellular promoters and that neither region is sufficient
on its own.

The C terminus of LANA interacts with the retinoblastoma
tumor suppressor protein (pRb), and relief of Rb-mediated
repression might explain transactivation of these two E2F-
regulated promoters (48). To address this we transfected C33A
cells, which lack functional pRb protein (52). As shown in Fig.
1C, LANA was still able to transactivate the E2F1 promoter
despite a very high level of baseline activity of the reporter
alone. Expression of human wild-type pRb reduced the con-
stitutive promoter activity but did not significantly alter the
relative extent of induction by LANAyc. As in HeLa cells,
expression of LANA( did not activate the promoter in the
presence or absence of pRb. Thus, it is unlikely that LANA
transactivates the E2F1 and CDK2 promoters by counteracting
Rb-mediated repression.

The first 22 residues of LANA are required for transactiva-
tion. Previous studies have shown that the LANA N terminus
is capable of associating with mitotic chromosomes and that
this function is important for maintenance of the viral episome
(46). This property is lost when residues 5 to 24 at the N ter-
minus of LANA, termed the chromosome-binding site, are
deleted (46). To determine whether this chromatin association
function might also be relevant to transactivation of the E2F1
and CDK2 promoters, we compared the level of transactiva-
tion by the LANAy construct containing a wild-type N ter-
minus (LANAy WT) with that of a derivative lacking the first
22 residues (LANAy A22). Note that we used the LANA
fusion rather than the full-length protein because this yielded
the most robust response from the reporter assay. As shown in
Fig. 2A and B, the deletion resulted in a significant decrease in
transactivation of both promoters. For pE2F1-luc the 14-fold
activation by LANA - WT was decreased to less than 4-fold
by LANAL A22. For pCDK2-luc, the 30-fold stimulation pro-
duced by LANAy - WT was reduced to less than 9-fold by
LANA A22. Immunoblotting (Fig. 2C) demonstrated that
this decrease was not due to differences in protein expression,
because LANAy A22 was in fact expressed at higher levels
than LANA - WT. Thus, a small region at the extreme N
terminus of LANA that has been implicated in mitotic chro-
mosome binding is also important for transactivation.
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FIG. 2. Deletion of the first 22 residues of LANA reduces transactivation. (A) The E2F1-luc reporter (0.1 pg) was cotransfected with 1.0 g
of expression plasmid encoding T7-LANAyc WT or T7-LANAy A22. Twenty-four hours posttransfection extracts were prepared and luciferase
activity was quantitated. (B) Cotransfection was performed as described for panel A, except pCDK2-luc (0.1 pg) was used as the reporter.
(C) T7-epitope-tagged LANA WT and LANAy A22 proteins were detected by immunoblotting. Protein extracts were resolved on a SDS-10%
PAGE and were immunoblotted with an oT7 monoclonal antibody (1:10,000 dilution; Novagen Inc.). (D) Proliferating HeLa cells transiently
transfected with T7-LANAyc WT or T7-LANAyc A22 were examined by immunofluorescence using «T7 monoclonal antibody (1:600 dilution)
with fluorescein isothiocyanate-conjugated anti-mouse secondary antibody (dilution 1:600; Vector Laboratories) and visualized by confocal laser

scanning microscopy.

LANA is associated with interphase chromatin. With a few
exceptions, active transcription of eukaryotic genes occurs ex-
clusively during interphase and is rapidly silenced as cells enter
mitosis (20). Thus, the requirement for the first 22 residues
suggested to us that LANA might associate with interphase as
well as mitotic chromatin. As shown in Fig. 2D, microscopic
analysis of interphase cells transfected with T7-epitope-tagged
proteins revealed no obvious difference between LANA - WT
and LANA A22 in terms of their nuclear localization. Both
fusion proteins were found exclusively in the nucleoplasm in a
strongly speckled pattern and were excluded from the nucleoli.
Similar patterns were observed when the same LANA frag-
ments were fused to GFP (data not shown). Thus, deletion of
the first 22 residues did not compromise nuclear localization
nor speckle formation in interphase cells.

To examine the association with interphase chromatin di-
rectly, we used a rapid biochemical fractionation protocol (out-
lined in Fig. 3A) to prepare protein extracts from transfected
HeLa cells (40). For this experiment we used cells transiently
expressing the N terminus of LANA fused to GFP. Asynchro-
nously growing cultures expressing GFP-LANAy WT or GFP-
LANA, A22 were separated into soluble cytoplasmic (S2),
soluble nuclear (S3), and chromatin-enriched (P3) fractions.

Examination of these proliferating cultures by light microscopy
indicated that less than 10% of cells were in metaphase at the
time of extract preparation (data not shown). Fractions derived
from equivalent numbers of cells were resolved by SDS-poly-
acrylamide gel electrophoresis (PAGE) and were analyzed by
immunoblotting using an antibody against GFP (Fig. 3B). The
GFP-LANA WT fusion protein (WT) was found primarily in
the chromatin enriched fraction (P3) with a small amount in S3
and S2. In striking contrast, the deletion mutant (A22) was
preferentially released into the S2 fraction following cell lysis.
Thus, important determinants for association with interphase
chromatin, but not nuclear localization (Fig. 2D), are con-
tained within the first 22 residues of LANA.

As controls for the fractionation procedure, parallel samples
were probed with an antibody against HCF-1, a known chro-
matin-associated nuclear factor (64), and with an antibody
against Rho-GDI, a known cytoplasmic protein (41). As ex-
pected, the majority of HCF-1 was found in the P3 chromatin
fraction, with a small amount in the S2 fraction. Note that
HCF-1 is composed of multiple subunits generated through
proteolytic processing and migrates as a series of immuno-
reactive bands (63). The cytoplasmic marker Rho-GDI was
found predominantly in the S2 or cytoplasmic fraction, with a
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FIG. 3. LANA associates with interphase chromatin. (A) Flowchart showing small-scale fractionation protocol for isolation of interphase
chromatin from transiently transfected cells. (B) HeLa cells expressing GFP-LANAy WT or GFP-LANAy A22 were harvested 24 h posttrans-
fection and were fractionated according to the scheme shown in panel A. The resulting extracts were resolved by SDS-12% PAGE and were
immunoblotted using antisera to GFP. (C) The fractions shown in panel B were probed for chromatin-associated HCF-1 and cytoplasmic

Rho-GDI.

smaller amount in S3. These profiles confirm that we achieved
significant enrichment for chromatin-associated proteins in the
P3 fraction and, more importantly, that the fractionation was
similar between the two populations of transfected cells.

LANA C terminus facilitates the association with interphase
chromatin. To further compare the chromatin association
properties of the wild-type N terminus with those of the 22-
residue deletion, P1 nuclei were isolated from transfected cells
and separate aliquots were incubated for 30 min in extraction
buffers of different ionic strength. Solubilized proteins were
detected by immunoblotting (Fig. 4A). Note that in this exper-
iment we used LANA fragments carrying an N-terminal FLAG
epitope tag rather than the larger GFP moiety used for Fig. 3B
and were thus detected using an a-FLAG antibody. Consistent
with the previous fractionation protocol, LANA WT was rel-
atively resistant to salt extraction, with the bulk of the protein
being extracted only in buffer supplemented with 800 mM
NaCl. In contrast, LANAy A22 could be more readily solubi-
lized, even in the absence of added salt (lane 3), implying a
very weak association.

As a control, we included the isolated C terminus (LANA),
which has previously been shown to also localize to the nu-
cleus, where it accumulates in ill-defined speckles reminiscent
of the LANA bodies formed by the full-length LANA protein
(54). This fragment showed an extraction profile similar to that
of LANA, with little or no extraction below 200 mM NaCl
(lane 5) and maximal extraction at 800 mM NaCl (lane 8).
There was, however, a profound difference in their sensitivity
to extraction by detergent (Fig. 4A, lane 9). When the nuclei
were incubated in radioimmunoprecipitation assay (RIPA)
buffer supplemented with 0.1% SDS, only LANA. was effi-
ciently released from the P1 nuclei. This suggests that the N
and C termini can independently associate with cellular chro-
matin.

To determine whether the C terminus contributes to chro-
matin association in the context of the NC fusion, we repeated
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FIG. 4. Independent association of LANA C terminus with inter-
phase chromatin. (A) Intact nuclei were prepared from HeLa cells
expressing FLAG-tagged LANAy WT, LANAy A22, and LANA,
incubated in buffer A supplemented with different salt concentrations
(lanes 3 to 8, 0 to 800 mM NaCl). Solubilized proteins were analyzed
by immunoblotting with « FLAG M2 monoclonal antibody. In addi-
tion, nuclei were extracted with RIPA buffer containing 0.1% SDS
(lane 9). Asterisks indicate a nonspecific cross-reacting band. Equiva-
lent volumes of total cell (TCE) and cytoplasmic (S2) extracts are also
shown. (B) Small-scale chromatin extraction of HeLa cells expressing
FLAG-LANAyc WT (upper panel), FLAG-LANAy. A22 (middle
panel), and FLAG-LANA( (lower panel). TCE and the S2, S3, and P3
fractions were resolved by SDS-12% PAGE (15% for LANA() and
immunoblotted as described for panel A.
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the small-scale chromatin isolation assay depicted in Fig. 3A,
using cells expressing FLAG-tagged LANAy . WT and
LANA A22 (Fig. 4B). In this context, both proteins were
found predominantly in the P3 fraction (lane 4), indicating that
addition of the C terminus was able to compensate for deletion
of the first 22 residues from the N terminus. Only a trace
amount of LANAy A22 can be detected in the S3 fraction on
this relatively long exposure of the immunoblot. The role of
the C terminus in compensating for the A22 deletion is further
substantiated by the fractionation properties of the isolated C
terminus (LANA(). As with the preceding proteins, LANA.
was found predominantly in the P3 fraction (lane 4) with only
small amounts in the S2 and S3 fractions (lanes 2 and 3,
respectively). Thus, two independent domains mediate associ-
ation with interphase chromatin, one located at the extreme N
terminus and the other within the C terminus.

Identification of specific residues required for mitotic chro-
mosome association. Thus far, the exact relationship between
binding to interphase and mitotic chromatin has not been
addressed. To identify specific residues required for associa-
tion with mitotic chromosomes we established a transient assay
using GFP-LANA WT and GFP-LANA A22 expressed in
proliferating HeLa cells. After fixation, fields of cells were
searched for GFP-expressing cells that were undergoing mito-
sis at the time of fixation as judged by Hoechst 33342 DNA
staining and thereby avoiding the use of spindle inhibitors,
such as Colcemid, to artificially arrest cells in metaphase (Fig.
5A). Consistent with previous reports, both fusions were local-
ized to the nucleus. GFP-LANA WT was closely associated
with the condensed chromosomes with a uniform distribution
that mirrored that of the Hoechst DNA stain. In contrast,
GFP-LANA A22 was spread throughout the remnants of the
nuclear compartment without any obvious concentration in the
proximity of the mitotic chromosomes. Thus, in line with pre-
vious studies, the association of the LANA N terminus with
condensed mitotic chromatin is dependent on residues located
within the first 22 amino acids (3, 46).

To further localize the sequences required for mitotic chro-
mosome association, we tested shorter peptides corresponding
to residues 2 to 50, 2 to 31, 2 to 24, and 23 to 50. The peptides
were expressed as GFP fusions and were tested for mitotic
chromosome association as well as nuclear localization in tran-
siently transfected HeLa cells. The results of this analysis are
summarized in Fig. 5B. All four fusions were localized to the
nucleus, contrasting with the broader distribution of GFP
alone throughout the cell (data not shown). Although the pu-
tative NLS (residues 24 to 47) is disrupted, these fusions are
small enough to enter the nucleus by diffusion rather than
active import and accumulate through association with nuclear
components. In transfected cells undergoing mitosis at the
time of fixation, residues 2 to 31 (GFP-LANA..5;) and 2 to 24
(GFP-LANA\,.»4) were sufficient to tether GFP to the con-
densed cellular chromosomes. Deletion of these residues
(GFP-LANA\,5.50) abolished chromosome binding but not
nuclear accumulation. These results indicate that mitotic chro-
mosome-binding function lies between residues 2 and 24.

We next used alanine-scanning mutagenesis to identify in-
dividual residues critical for mitotic chromosome binding (Fig.
5C and D). Mutations were generated in the context of GFP-
LANA,,_so, because this fusion showed the most robust asso-
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ciation and included a putative bipartite NLS comprising two
clusters of basic residues separated by 15 residues. In inter-
phase cells, all 12 mutants were shown by immunoblotting to
be expressed at similar levels and localized to the nucleoplasm
in a pattern indistinguishable from that of the wild type (data
not shown). Examination of mitotic cells revealed that six mu-
tants (G5A, M6A, L8A, R9A, S10A, and G11A) were not
obviously associated with the mitotic chromosomes in any of
the transfected cells examined. The sensitive residues comprise
two clusters separated by a single residue (Arg-7), which could
be replaced by alanine without preventing mitotic chromosome
binding. Thus, the N-terminal function required for tethering
the LANA N terminus to mitotic chromosomes maps to a
heptameric sequence between residues Gly-5 and Gly-11.

The CBM mediates association with interphase chromatin.
Having identified specific residues required for association
with mitotic chromatin, we asked whether these same residues
were required for binding to interphase chromatin. The ala-
nine substitution mutants were introduced into the intact N
terminus (residues 2 to 330) carrying a FLAG epitope tag and
were tested for chromatin association by using the biochemical
fractionation scheme described above. Immunoblots showing
only the more informative S3 and P3 fractions are presented in
Fig. 6A. As shown in Fig. 3, the wild-type N terminus (FLAG-
LANA, WT), which is shown in duplicate, was almost exclu-
sively found in the P3, or chromatin-enriched, fraction (lanes 1
and 7), whereas the equivalent fragment lacking the first 22
residues (FLAG-LANA, A22) is found in the S3 fraction
(lanes 2 and 8). For reasons that are unclear, GFP-LANA
A22 (Fig. 3B) accumulated in the S2 rather than the S3 frac-
tion. Mutations of Met-6 (lane 4), Leu-8 (lane 6), Arg-9 (lane
9), and Ser-10 (lane 10) have a significant effect on chromatin
association, such that the majority of the protein is found in S3
rather than P3. Conspicuously, substitutions of the two glycine
residues (Gly-5 and Gly-11, lanes 3 and 11, respectively) had a
more modest effect, such that roughly equal fractions of the
tagged protein remained in the P3 fraction. In this experiment,
very little transfected protein was detected in S2. Consistent
with the analysis in mitotic cells, substitution of Arg-7 (lane 5)
and Arg-12 (lane 12) had no effect on chromatin binding. Thus,
we observed a perfect overlap between the residues required
for association with interphase chromatin (defined by bio-
chemical fractionation) and mitotic chromosome association
(defined by microscopy). It is reasonable to suppose that the
limited sensitivity of the mitotic assay obscured the intermedi-
ate phenotypes of Gly-5 and Gly-11. Based on the close par-
allels between interphase and mitotic chromatin association,
we can conclude that the LANA N terminus contains a single
functional element, which we rename the chromatin-binding
motif (CBM) to distinguish it from the less precisely mapped
but probably equivalent chromosome-binding site (46). Impor-
tantly, these results show that the CBM mediates chromatin
association throughout the cell cycle and is not specific for
mitotic chromatin.

The CBM is important for transactivation. The same 12
mutants were tested in the context of LANAy for the ability
to transactivate the E2F1 and CDK2 promoters (Fig. 6B).
Substitutions at Leu-8, Arg-9, and Ser-10 had the most dra-
matic effect, reducing transactivation to a level comparable to
that of the A22 deletion. Substitutions at Gly-5, Met-6, Gly-11,
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FIG. 5. The first 24 residues of LANA are sufficient for association of the N terminus with mitotic chromosomes. (A) Deletion of residues 2
to 22 prevents chromosome association of the LANA N terminus with mitotic chromosomes. HeLa cells were electroporated with plasmids
encoding GFP-LANAy WT or GFP-LANAy A22 and after 24 h were fixed, dropped onto glass slides, and examined by epifluorescence
microscopy. GFP-positive cells (green) undergoing mitosis at the time of fixation were identified by Hoechst 33342 staining (blue) to detect DNA
in the condensed chromosomes. (B) Determinants for nuclear localization and chromatin binding lie within the first 24 amino acids. Peptides
corresponding to LANA residues 2 to 50, 2 to 31, 2 to 24, and 23 to 50 were fused to GFP and assayed for mitotic chromosome association in HeLa
cells. (C) Representative mitotic cells expressing 1 of 12 alanine substitution mutants at selected residues within the first 24 residues of LANA
(assayed in the context of GFP-LANA\_s,). The names of mutants showing no colocalization with the condensed chromosomes are labeled in red.
(D) Summary of the alanine substitution mutant data based on analysis of 10 or more cells per mutant. Nuclear localization was scored in
interphase cells. The putative bipartite NLS corresponds to two clusters of basic residues (Arg-24 to Arg-28 and Arg-44 to His-47).

and Arg-12 had measurable but slightly smaller effects. In
general, the behaviors of the two promoters to each of the
mutations were similar; however, we found CDK2 to be sig-
nificantly more sensitive to the substitutions at Gly-5 and
Met-6 than E2F1. The intermediate transactivation pheno-
types of Gly-5 and Gly-11 correlate well with the partial asso-
ciation of these mutants with interphase chromatin (Fig. 6A,
lanes 3 and 11). Oddly, substitution of Cys-23, which lies out-
side of the CBM and consequently was not tested for inter-
phase binding, gave a moderate reduction in E2F1 activation
but had no effect on CDK2. Overall, these results show that
there is a close correlation between chromatin association
properties of the N terminus and the ability of the larger
LANA ¢ fusion to activate transcription.

The N terminus is dispensable for inhibition of p53-medi-
ated transactivation. Several studies have shown that LANA is
able to repress transcription (14, 18, 33, 36, 50, 54, 62). One
potentially important example is its ability to suppress tran-
scriptional activation by the cellular pS3 protein and thereby
contribute to the blockade of host cell death by apoptosis (14).
This raises the question of whether chromatin binding is im-
portant for inhibition of p53 as well as transactivation. To
address this, we assayed p53-mediated transactivation of BAX,
a well-characterized p53 target (19, 43). The human BAX
promoter (—340 to +31) fused to luciferase was transiently co-
transfected in the presence or absence of LANA fragments into
p53-null SAOS-2 osteosarcoma cells (5). The results of this ex-
periment are shown in Fig. 7A. Transfection of wild-type p53



VoL. 78, 2004 KSHV LANA ASSOCIATES WITH INTERPHASE CHROMATIN 10081

A CBM
. [ |
< < <
FLAGLANAy: £ S S o g e3sgcsyd
N2 Y32 ES 298060k
118:— =
92 7|
S3 el dpenan = @B - @ LANAy
118 — —|
92 7 .
P3 ., |wm = == o MR @ LANAy
12 34 56 7 8 910 11 12

120%

CBM

100%

80%

60%

40%

Normalized Luciferase Activity

20%

L

_ DR SRS SRR TS SRR S
Lanang & gl o O @ ST T T T S S P

| B pE2F-1-luc O pcoKz-luc]

FIG. 6. The CBM is important for association with interphase chromatin and transactivation. (A) Association with interphase chromatin by individual
alanine substitution mutants. HeLa cells expressing wild-type or mutant versions of T7-LANA were fractionated according to the scheme shown in Fig.
3A, resolved by SDS-PAGE, and immunoblotted with oT7 monoclonal antibody. Only the S3 and P3 samples are shown. (B) Activation of the E2F1
(filled bars) and CDK2 (open bars) promoters by wild-type or mutant versions of T7-LANAy¢. To simplify the comparisons, values and standard
deviations were normalized to the mean of activity of the reporter cotransfected with wild-type LANAy (expressed as 100%).

expression plasmid resulted in a ~75-fold activation of the
pBAX-luc reporter. This increase was greatly reduced by cotrans-
fection of 0.275 pg of expression plasmid encoding full-length
LANA (LANAy, ) and expression of an equivalent amount of the
C terminus (LANA() reduced activation by p53 to an even
greater extent. As a positive control we tested the E6 protein
encoded by HPV-16, which promotes the ubiquitin-mediated
degradation of p53. As expected, this reduced pBAX-luc activa-
tion. As a negative control, we expressed human HCF-1, a large
nuclear protein that is not known to regulate p53, and this did not
significantly affect pBAX-luc activation.

Immunoblotting of protein extracts from the transiently trans-
fected SAOS-2 cells (Fig. 7B) using a a-p53 polyclonal antibody
showed that the suppression of p53-mediated transactivation by
LANA_ was not mediated by changes in the steady-state levels of
p53 protein (compare lane 2 with lanes 3 to 5). In contrast,
expression of HPV E6 reduces p53 levels, presumably by promot-
ing increased turnover (lanes 6 to 8). These results indicate that
the entire N terminus and central repetitive region of LANA are
dispensable for inhibition of pS53-mediated transactivation and
that LANA does this without altering the levels of pS3 protein.

To ask specifically whether the CBM contributes to p53
inhibition in the context of the intact protein, we compared
LANAg; WT with LANAg, A22 (Fig. 7C). As before, the
reporter was induced strongly (93-fold over reporter alone) by
expression of p53, and this activation was blocked to similar
extents by the two versions of LANA. Comparable results were
obtained with LANAy - WT and LANAy. A22. Taken to-
gether these results clearly demonstrate that a functional ele-
ment(s) located within the first 22 residues of LANA is not
required for p53 inhibition. Thus, the CBM is not required for
all transcription-related functions of LANA.

DISCUSSION

This study reveals a new role for the N-terminal chromatin-
binding function of LANA, namely in facilitating transcrip-
tional activation. Optimal transactivation of the cellular E2F1
and CDK2 promoters by LANA requires both the N-terminal
CBM and the C terminus. We find that the central repetitive
region is dispensable for both transactivation and chromatin
association. In fact, deletion of this segment produces a more
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FIG. 7. CBM is dispensable for inhibition of p53-mediated activa-
tion. (A) SAOS-2 cells (10°) (p53 null) were transiently transfected
using Effectene (QIAGEN). The pBAX-luc reporter plasmid (0.25 pg)
was transfected alone or with 0.075 pg of an expression vector encod-
ing wild-type p53 with or without plasmids (0.275 ng) encoding
LANAg,, LANA, HPV E6, and HCF-1. Luciferase activity was mea-
sured after 24 h. (B) Expression of LANA does not alter the steady-
state levels of p53 protein. SAOS-2 cells (4 X 10°) were transfected
with 1.5 g of LacZ expression vector (lane 1) or 0.5 ng of p53
expression plasmid (lanes 2 to 8) plus 0.25 (lane 3), 0.5 (lane 4), and 1.0
pg (lane 5) of LANA( plasmid or 0.25 (lane 6), 0.5 (lane 7), and 1.0 pg
(lane 8) of HPV E6 plasmid. After 24 h, cells were lysed by boiling in
SDS sample buffer and proteins were resolved by SDS-10% PAGE
and probed for p53 or by SDS-15% PAGE and probed for Rho-GDI.
(C) The A22 deletion does not prevent LANA from inhibiting p53.
SAOS-2 cells were transfected as described for panel A using the
wild-type and A22 versions of LANAg; and LANA.

potent activator than full-length LANA. Although this may be
due to the improved expression of the smaller protein, we
cannot yet exclude the possibility that the deletion removes
inhibitory sequences. Biochemical fractionation showed that
the N- and C-terminal regions are independently capable of
forming a tight association with interphase chromatin that is
resistant to extraction in buffer of medium ionic strength. In
the case of the N terminus, this interaction is mediated exclu-
sively by the CBM, while the C-terminal activity has not been
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LANA dimer

nucleosome

FIG. 8. Model of LANA in association with cellular chromatin. In
this schematic view, LANA multimers (most likely dimers) establish
protein-protein contacts with several different components of host
components (see the text for references). The CBM in the LANA N
terminus binds to MeCP2, which in turn is bound to methylated CpG
dinucleotides in the chromosomal DNA. In the C-terminal domain,
LANA complexes with the bromodomain protein Brd2/RING3, which
associates with acetylated histone H4 and, to a smaller extent, acety-
lated histone H2B. The C terminus also associates with DEK, which
can bind to DNA that is incorporated into nucleosomes. The LANA C
terminus mediates multimerization and, although not shown here,
contains a sequence-specific DNA-binding domain that recognizes a
GC-rich sequence found twice in each of the KSHV terminal repeats.

pinpointed with any precision. In contrast to chromatin bind-
ing, transactivation requires both the CBM and the C termi-
nus, arguing that chromatin tethering is not sufficient per se
and that transactivation requires specific molecular interac-
tions mediated by sequences from both ends of the protein.
Figure 8 presents a model conceptualizing the multivalent in-
teractions of a single LANA dimer with components of cellular
chromatin.

To date, searches of the protein sequence databases have
not uncovered identical or near-identical matches to the CBM
heptamer. This is surprising given the well-established prece-
dent for viral proteins to co-opt cellular motifs for their own
use and that the other y2-herpesviruses express obvious LANA
homologues. We hypothesize that despite its small size, there
is significant flexibility within the motif in terms of its precise
amino acid sequence and/or the spacing of critical residues.
Further mutagenesis and mapping of functionally analogous
sequences in selected LANA homologues would address this
hypothesis.

What is the target for the CBM? Because of the small size of
the CBM and limited requirement for basic residues, it seems
unlikely that the CBM functions as a DNA-binding domain
contacting the host chromosome directly. Instead we favor the
idea that the CBM is the founding member of a new class of
protein-protein interaction motif, analogous to LxxLL motifs
that mediate interaction between steroid hormone receptors
and their cofactors or the HCF-binding motif found in herpes
simplex virus transactivator VP16 and a host of cellular tran-
scription factors (13, 23, 37, 60). Again, the discovery of addi-
tional examples of the CBM will help to elaborate this idea and
offer insight into the sequence requirements.

One likely chromosomal target for the LANA CBM is meth-
yl-CpG-binding protein 2 (MeCP2), a ubiquitous nuclear pro-
tein that binds to methylated DNA (Fig. 8). In a recent study,
Krithivas and colleagues found that human MeCP2 interacts
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with LANA in vitro and in vivo and showed that binding is
prevented by deletion of the first 15 residues of LANA (32).
Whether binding of MeCP2 is sensitive to mutations of indi-
vidual residues within the CBM remains to be tested. MeCP2
is an excellent candidate for chromosome tethering during
mitosis, because (i) it is associated with chromosomes through-
out the cell cycle (9) and (ii) tethering of LANA to metaphase
chromosomes in murine 3T3 cells is dependent on the expres-
sion of recombinant MeCP2 (32). That said, it is harder to
reconcile use of MeCP2 with the activation function reported
here. Studies with a variety of experimental systems have
shown that MeCP2 is preferentially associated with repressed
chromatin and functions as a gene-specific transcriptional re-
pressor (39, 57). Various in vitro and in vivo studies have
shown that a transcriptional repression domain within MeCP2
recruits corepressors Sin3A and SMRT and that these in turn
recruit histone deacetylase, histone methyltransferase, and
DNA methyltransferase activities responsible for gene inacti-
vation and assembly of repressed chromatin (16, 30, 57). One
possibility is that binding of LANA reprograms the MeCP2/
Sin3a complex, converting it from a repressor into an activator.
Alternatively, the new complex might sequester these negative
regulators so that they cannot repress promoter activity. A
derepression mechanism such as this would not require direct
association with the responsive promoter and perhaps would
account for the promiscuous nature of LANA-mediated trans-
activation. A third possibility is that the CBM recognizes pro-
teins distinct from MeCP2 that participate in transcriptional
activation rather than repression. It is worth mentioning that
although LANA has been reported to interact with histone H1,
there is no information on the regions of LANA necessary for
this association, and, as with MeCP2, it is unclear how histone
H1 binding would facilitate gene activation (7, 25).

Sequences required for chromatin association by the C ter-
minus have not been mapped further in this study. The C
terminus provides a constitutive dimerization function and
contains a sequence-specific DNA-binding domain. Respon-
sive promoters lack obvious homologies to the LANA-binding
sites in the terminal repeat elements, and it is unlikely that
LANA makes sequence-specific contacts with promoter DNA.
Interactions with cellular transcription factors may be more
relevant. Known partners include Brd2/RING3 and other
members of the BET bromodomain-containing protein family
(see Fig. 8) as well as the protooncogene DEK, « and
isoforms of heterochromatin protein 1 (HP1la and HP1B), and
pRb protein (32, 35, 47, 61). Both Brd2/RING3 and pRb
regulate promoters containing E2F binding sites and would
therefore include the E2F1 and CDK2 promoters used in this
study, albeit through different mechanisms (11). The twin bro-
modomains of Brd2/RING3 have a high affinity for acetylated
N-terminal tails of histones H2A and H3, and Brd2/RING3
has been identified in macromolecular complexes that contain
components of the mammalian Mediator complex as well as
E2F proteins (10, 25).

We cannot exclude the possibility that the C terminus also
contributes to transactivation by specifying the formation of
LANA dimers or other multimers. Truncation analyses within
the C terminus have been uninformative in this regard. Dele-
tions that prevent dimer formation simultaneously abolish a
variety of functions and reduced protein solubility, consistent
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with the unfolding of the entire domain. Also, replacement of
the C terminus with the DNA-binding and dimerization do-
main from the yeast Gal4 protein (residues 1 to 94) does not
restore transactivation of the E2F1 promoter, supporting the
idea that the C terminus participates in promoter activation
through specific interactions with cellular transcription factors
(L. Y. Wong and A. C. Wilson, unpublished results). With
regard to the chromatin-binding function with the C terminus,
Brd2/RING3, DEK, and HPla are known to be bound to
chromatin throughout the cell cycle and might therefore also
contribute to chromosome tethering (25, 26, 42).

The LANA C terminus is sufficient for inhibition of p53-
mediated activation. Apoptosis and cell cycle arrest triggered
by p53 represent important defense mechanisms used by mam-
malian cells to protect against colonization by persistent vi-
ruses. Latently infected PEL lines and advanced cutaneous
stages of KS express elevated levels of wild-type p53 protein,
suggesting that one or more of the latency products provide an
effective block to p53 function (27, 45). Our present data con-
firms and extends the initial observation by Friborg and col-
leagues that LANA is sufficient to inhibit p53-mediated trans-
activation of a reporter composed of 13 reiterated p53
consensus-binding sites (14). Using the promoter from a
known p53-responsive gene, we show that LANA is an effective
inhibitor and further map the minimal inhibitory domain to the
C-terminal 228 residues of LANA. Immunoblotting showed
that LANA( does not reduce the levels of p5S3 protein in the
cell and likewise does not alter the distribution of p53 within
the nucleus (data not shown). Contrary to the previous report,
our own efforts to demonstrate direct association between p53
and LANA_ have not been successful, and it remains an open
question whether LANA targets p53 itself or cofactors re-
quired for transcriptional activation.

Chromatin association and replication of the latent epi-
some. The tethering of viral episomes to host chromosomes
has emerged as a fundamental property of DNA viruses that
establish persistent infections in proliferating cells (6). It is
likely that tethering provides a simple mechanism by which
these viruses ensure efficient partitioning of newly replicated
genomes to each daughter cell at mitosis. Association with host
chromatin may also facilitate access to the cellular DNA rep-
lication and chromatin assembly machinery. While the manu-
script of this study was in preparation, Barbera and colleagues
described a similar approach to mapping N-terminal residues
involved in mitotic chromosome binding (3). In their study,
these authors used clustered rather than single amino acid
substitutions; however, our results for chromatin association
are in good agreement. Interestingly, transient DNA replica-
tion also appeared to be sensitive to mutations that disrupt the
CBM, raising the possibility that the transcriptional activation
function characterized here may also be required for initiation
of DNA synthesis, as has been observed in other DNA repli-
cation origin contexts. Curiously, combined mutations of
Thr-14 and Gly-15 had a deleterious effect on DNA replication
and episome persistence but did not prevent binding to mitotic
chromosomes (3). Although we did not test Gly-15, our single
alanine substitution at Thr-14 did not affect transactivation or
chromatin association, suggesting that the DNA replication
function may have additional requirements.

In conclusion, the identification of a relatively small motif
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that participates in multiple functions, each of which has the
potential to be critical for the establishment and maintenance
of latency, suggests an opportunity for pharmacological inter-
vention through the design of small molecules that compete
with the LANA CBM for binding to cellular targets.
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