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Telomerase is required for the maintenance of telomere length and is an important determinant for cell
immortalization. In human cells, telomerase activity is due to the expression of its enzymatic subunit, human
telomerase reverse transcriptase (hTERT). The expression of hTERT is not typically detectable in healthy
somatic human cells but is present in cancerous tissues and immortalized cells. We have previously shown that
hTERT promoter activity is up-regulated by the Kaposi’s sarcoma-associated herpesvirus (KSHV)-encoded
latency-associated nuclear antigen (LANA). LANA is expressed in all forms of human malignancies associated
with KSHV. The hTERT promoter sequence located at positions —130 to +5 contains several Spl binding
motifs and was shown be important for up-regulation by LANA. In this report, we demonstrate that hTERT
promoter activity is due to the direct interaction of LANA with Spl. The interaction of LANA with Sp1l was
demonstrated through in vitro binding experiments and coimmunoprecipitation and is supported by the
colocalization of these two molecules in the nuclei of KSHV-infected cells. Moreover, LANA modulates
Spl-mediated transcription in transient GAL4 fusion reporter assays. Mapping of the regions involved in
binding and transcriptional activation showed that the amino terminus of LANA is the major site for
interaction and up-regulation but that it can cooperate with the carboxy terminus to enhance these functions.
An analysis of Sp1 binding to its cognate sequence corroborated the binding data. Together, our results suggest
that the interaction of LANA with Sp1 up-regulates the telomerase promoter, potentially contributing to the

immortalization of KSHV-infected cells.

Latency-associated nuclear antigen (LANA), encoded by
open reading frame (ORF) 73 of the Kaposi’s sarcoma-asso-
ciated herpesvirus (KSHV) genome, is one of the major latent
proteins detected in all forms of KS-associated malignancies,
including body-cavity-based lymphomas (BCBLs) and multi-
centric Castleman’s disease, an aggressive lymphoproliferative
disorder (6-8, 62, 75). LANA is a highly immunogenic nuclear
protein that was initially detected in sera from KS patients by
the use of immunofluorescence assays; it is composed of 1,162
amino acid (aa) residues and runs in sodium dodecyl sulfate
(SDS)-polyacrylamide gels as a 222- to 234-kDa protein (24,
42). The secondary structure of the amino acid sequence re-
veals three major protein domains. The N-terminal domain
contains a nuclear localization sequence, the chromosome
binding sequence (aa 5 to 22), and a proline-rich region, which
has been shown to be important for tethering the protein to the
host chromatin (65, 68, 73). The central domain, which is rich
in glutamine (Q) and glutamic acid (E) residues and is re-
ported to have varying sizes in different isolates, may account
for its slow electrophoretic migration. The C-terminal domain
contains a leucine zipper motif (25). Leucine zipper motifs
have been shown to be important for the interaction of LANA
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with various cellular proteins, including p53, pRb, histone H1,
and CREB2/ATF (11, 20, 57, 67). The C-terminal domain of
LANA has also been shown to have a nuclear localization
signal sequence, which may be important for the characteristic
nuclear speckling of LANA (71). Binding to the terminal re-
peat DNA of the KSHV genome, which is crucial for tethering
the viral genome to the host chromosome, has also been
mapped to the C terminus (12, 26).

Studies into the role of LANA as a transcription factor
demonstrated its ability to function as a transcriptional mod-
ulator of various cellular and viral promoters, including its own
promoter (1, 26, 31, 37, 46, 67, 69). Recent studies on the role
of LANA in modulating cellular pathways strongly suggest that
LANA may act as an oncoprotein, driving cell proliferation
and tumor development. LANA physically interacts with the
tumor suppressor p53 and down modulates its activity (20),
and it also interacts with the hypophosphorylated form of the
retinoblastoma protein (pRb), releasing the E2F transcription
factor, which in turn activates E2F-responsive genes (67). Re-
cently, LANA was shown to interact with serine-threonine
kinase glycogen synthetase kinase 3@, a negative regulator of
B-catenin activity, leading to the up-regulation of B-catenin—
Tef/Lef-responsive genes, including the genes involved in cel-
lular proliferative responses (21, 22).

KSHYV was shown to transform human umbilical vein endo-
thelial cells and had activated levels of telomerase in trans-
formed cells (19). Telomerase is a multisubunit ribonucleopro-
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tein holoenzyme that prevents chromosome degradation, end-
to-end chromosome fusions, and chromosome loss, thus
maintaining telomere length by the addition of new repeat
sequences at the ends of the chromosomes (29, 30). Telomer-
ase is active in dividing cells, such as lymphocytes, keratino-
cytes, hematopoietic progenitor cells, and uterine endometrial
cells, and in tumor-derived cell lines as well as malignant tis-
sues (44, 61, 72). Human telomerase reverse transcriptase
(hTERT), the enzymatic component of the telomerase, has
been shown to be important and activated during cell immor-
talization and down-regulated during cell differentiation (39,
48, 61, 79). Telomerase-positive cell lines and cancer cells have
been shown to have an active hTERT promoter. However, in
telomerase-negative cells, hTERT promoter activity is re-
pressed (36, 78). Recently, our group showed that KSHV-
encoded LANA can up-regulate the hTERT promoter, dem-
onstrating for the first time that a gene product from an
oncogenic herpesvirus can activate the promoter (46). Pro-
moter truncation studies showed that the sequence at positions
—130 to +5 was enough for the LANA-mediated promoter
activity. This region is highly GC rich and contains five GC
boxes, the consensus binding sites for the Spl transcription
factor.

Sp1 belongs to the zinc finger family of transcription factors,
which recognize GC-rich DNA sequences and have been
shown to play an important role in early embryonic develop-
ment (5, 50, 60). Sp1 is a ubiquitous transcription factor that is
involved in the modulation of various cellular transcriptional
pathways by physically interacting with various transcriptional
activators, including NF-«B (33-35), TBP (18), dTAFII110/
hTAFII130 (28), YY1 (10, 52), E2F (41, 59), and the retino-
blastoma-related protein pRb/p107 (14, 80).

A previous report demonstrated that LANA transactivates
the hTERT promoter; however, the mechanism of activation
was not understood. Here we show by in vitro and in vivo
binding that LANA physically interacts with Spl, predomi-
nantly through its N-terminal domain, and synergistically acti-
vates Spl-mediated transcription. We suggest that the ability
of LANA to function as an oncoprotein is in part due to its
ability to increase transactivation of the hTERT promoter by
targeting the Sp1 transcription factor, thus contributing to cell
immortalization.

MATERIALS AND METHODS

Cell lines and antibodies. Human embryonic kidney (HEK) 293 and 293T cells
were cultured in Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and penicillin-streptomycin (5 U/ml and
5 pg/ml, respectively). BJAB (KSHV negative), BC-3, and BCBL-1 (KSHV
infected) cells were cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and penicillin-streptomycin (5 U/ml and
5 pg/ml, respectively). All cell lines were grown at 37°C in a humidified envi-
ronment supplemented with 5% CO,.

Antibodies for the Spl transcription factor and the GAL4 DNA binding
domain (DBD) were purchased from Santa Cruz Biotechnologies Inc. (Santa
Cruz, Calif.).

Plasmids and expression constructs. The Sp1 bacterial expression constructs
pGEX-Sp1-(83-778), pGEX-Spl 516C, pGEX-Spl N619, and pGEX-Aint349
were generous gifts from Dimitris Kardassis, University of Crete Medical School,
and from R. Tijan, University of California, Berkeley (40). The GAL4 (DBD)-
Spl fusion constructs GAL4Spl, GAL4Spl A+B, and GAL4Spl B were also
gifts from Dimitris Kardassis. The pFR Luc reporter plasmid, which contains five
GALA4 binding sites, was purchased from Stratagene Inc. (La Jolla, Calif.).
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Deletion mutants of LANA were constructed by PCR amplification, with pA3 M
LANA used as a template (2).

Purification of GST fusion protein. Glutathione S-transferase (GST) fusion
proteins were expressed in Escherichia coli strain DH5a. Overnight bacterial
cultures were inoculated into fresh Luria broth at a 1:100 dilution and induced
with 100 mM IPTG (isopropyl-B-p-thiogalactopyranoside) for 4 h at 37°C after
reaching an A, of 0.7. The bacteria were harvested and washed with 5.0 ml of
STE buffer (100 mM NaCl, 10 mM Tris, and 1.0 mM EDTA, pH 8.0). Pellets
were then resuspended in 1.5 ml of NETN (100 mM NaCl, 1 mM EDTA [pH
8.0], 20 mM Tris [pH 8.0], and 0.5% NP-40 [pH 8.0]) supplemented with pro-
tease inhibitors (100 mM phenylmethylsulfonyl fluoride [PMSF], 1 pg of pep-
statin per ml, and 1 pg of aprotinin per ml). The cells were sonicated, followed
by the addition of 75 wl of dithiothreitol (DTT) (1 M) and 900 pl of 10%
Sarkosyl for 1 min on ice, resulting in a clear lysate. The cell debris was pelleted
by centrifugation at 10,000 X g for 10 min at 4°C. The supernatant containing the
GST fusion protein was incubated with glutathione 4B-Sepharose beads (Am-
ersham Inc.) in the presence of Triton X-100 for 2 h with rotation at 4.0°C. The
beads were washed three times with 10 volumes of NETN with protease inhib-
itors, and the GST fusion proteins were visualized by Coomassie blue staining
after being resolved by SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

Expression of proteins in vitro. Proteins were expressed in vitro by the use of
a coupled in vitro transcription-translation system (TNT) from Promega Inc.
(Madison, Wis.) according to the manufacturer’s instructions. Labeling of the in
vitro-translated protein was done by the addition of [**S]methionine-cysteine
(Perkin-Elmer Inc., Boston, Mass.) to the TNT reaction mixture.

GST protein interaction assay. GST fusion proteins bound to glutathione-
Sepharose beads were used for in vitro binding. The lysates were first precleared
with glutathione-Sepharose beads in binding buffer (1X phosphate-buffered sa-
line [PBS], 0.1% NP-40, 0.5 mM DTT, 10% glycerol, 1 mM PMSF, 2 mg of
aprotinin per ml) for 30 min. 3>S-labeled rabbit reticulocyte lysates were then
incubated with purified GST fusion proteins in binding buffer in a final volume
of 500 pl. The reaction mixture was incubated with rotation for 2 h at 4°C. The
beads were then collected and washed three times with 1 ml of binding buffer.
The bound proteins were eluted by denaturation in SDS-B-mercaptoethanol
lysis buffer and were fractionated by SDS-PAGE. Bound proteins were analyzed
after the gel was dried on a phosphorimager plate (Molecular Dynamics).

Transient transfection and reporter assay. HEK293, HEK293T, and BJAB
cells were transiently transfected with the pFR Luc, GAL4Spl, and LANA
expression constructs by electroporation under previously described standard
conditions (77). Briefly, 10 million cells were harvested, washed with PBS, re-
suspended in Dulbecco’s modified Eagle or RPMI 1640 medium, and transfected
by electroporation at 210 V and 975 pF with a Gene Pulser II (Bio-Rad Labo-
ratories). The total amount of DNA was balanced by use of the parental vector,
and the transfection efficiency was normalized by use of the green fluorescent
protein-encoding vector pEGFPC1 (Clontech Inc., Palo Alto, Calif.). At 24 h
posttransfection, the cells were collected, washed with PBS, and lysed with 200 .l
of lysis buffer (Promega, Inc.). Luciferase activity was measured with an Opti-
comp I luminometer (MGM Instruments, Inc.). All of the transfections were
done in triplicate, and the results shown represent the means of data from
multiple experiments.

Western blot analysis. Cell lysates from reporter assays were used for Western
blot detection of GAL4Sp1 and LANA expression, SDS lysis buffer was added to
the lysed cells, and the lysates were heated at 95°C for 5 min and resolved by
SDS-PAGE with an 8% polyacrylamide gel. The resolved proteins were trans-
ferred to a 0.45-um-pore-size nitrocellulose membrane. The membrane was
blocked with 5% nonfat dried milk and then incubated with a mouse anti-GAL4
DBD antibody (Santa Cruz Biotechnology Inc.) and anti-Myc ascites 9E10 to
detect LANA expression. The membranes were washed and then incubated with
a horseradish peroxidase-conjugated secondary antibody, and cross-reactivity
was visualized by chemiluminescence in a Fuji imager.

Immunoprecipitation. For immunoprecipitation, 8 X 107 BJAB, BC-3, and
BCBL-1 cells were lysed on ice with 1 ml of RIPA buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 0.1% NP-40, 1 mM EDTA [pH 8.0]) supplemented with protease
inhibitors (1 mM PMSF, 10 wg of pepstatin/ml, 10 pg of leupeptin/ml, and 10 pg
of aprotinin/ml). The lysates were centrifuged at high speed to remove the cell
debris. A control serum was used to preclear the lysate before it was incubated
with specific antibodies. Precleared lysates were then incubated with anti-Sp1
antibodies (Santa Cruz Biotechnology Inc.) overnight at 4°C with rotation and
further incubated with protein G-Sepharose beads at 4°C for 1 h with rotation.
The resulting immunoprecipitates were collected by centrifugation at 2,000 X g
for 3 min at 4°C, and the pellets were washed four times with 1 ml of ice-cold
RIPA butter. The immunoprecipitated pellets were resuspended in 30 pl of 2X
SDS protein sample buffer (62.5 mM Tris [pH 6.8], 40 mM DTT, 2% SDS,
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0.025% bromophenol blue, and 10% glycerol) and then resolved by SDS-PAGE
with an 8% polyacrylamide gel. The separated proteins were transferred to a
nitrocellulose membrane, and Western blot analysis was performed for the
detection of LANA protein by the use of a polyclonal human serum or an
anti-rabbit polyclonal antibody. The membrane was stripped and probed for the
Sp1 protein by the use of an anti-Spl mouse monoclonal antibody (Santa Cruz
Biotechnology Inc.). Similarly, reverse immunoprecipitation with an anti-LANA
polyclonal serum was performed for BJAB, BC-3, and BCBL-1 cells, which were
probed for the detection of Spl coimmunoprecipitating with LANA.

Immunolocalization of LANA and Spl. BC-3 cells were spread on a micro-
scope slide and fixed in acetone-methanol (1:1) for 30 min at —20°C. Air-dried
slides were incubated with 20% normal goat serum in 1X PBS to block nonspe-
cific binding sites. Slides were then incubated with a primary anti-LANA poly-
clonal serum at room temperature in a humidified chamber, followed by three
washes for 5 min each in PBS. The slides were then incubated with an anti-Sp1
mouse antibody for 2 h, and cross-reactivity was localized by the use of fluores-
cently labeled antibodies. The presence of LANA was localized by the use of goat
anti-human antibodies labeled with an Alexa fluor, and Sp1 was localized by the
use of Texas Red-conjugated goat anti-mouse secondary antibodies. The slides
were then washed four times with 1X PBS and mounted with antifade solution.
The slides were examined under an Olympus BX60 fluorescence microscope, and
photographs were captured with a PixelFly digital camera (Cooke Inc., Warren,
Mich.).

EMSAs. An Spl DNA probe was prepared with the complementary strand of
the hTERT promoter sequence from positions —119 to —98 (GCGCGGACCC
CGCCCCGTCCCG [the underlined sequence is the consensus binding site for
the Spl transcription factor]), as described previously (46). The mutant probe
used as a control in electrophoretic mobility shift assays (EMSAs) had the
sequence GCGCGGACCCCGAACCGTCCCG. The probes were end labeled
with [a-3?P]dCTP by the use of terminal transferase (New England Biolabs Inc.,
Beverly, Mass.). The labeled probes were purified through a NucTrap probe
purification column (Stratagene Inc.) according to the manufacturer’s instruc-
tions. BJAB nuclear extracts were used as a source of the Spl transcription
factor, which was prepared as described previously (70). In vitro translation of
LANA and its deletion mutants was done with a TNT quick transcription-
translation couple kit (Promega Inc.) used according to the manufacturer’s
instructions. EMSA-binding reactions were prepared with a BJAB nuclear ex-
tract (approximately 5 pg of protein) and a GC box probe in a 50-pl reaction
volume with binding buffer (20 mM HEPES [pH 7.5], 0.01% NP-40, 5.0%
glycerol, 10 mM MgCl,, 100 pg of bovine serum albumin, 2 mM DTT, 1 mM
PMSF, 40 mM KCI) and were then incubated at room temperature for 5 min.
Spl mouse monoclonal immunoglobulin G (IgG) was used to supershift the
mobility of the probe. Cold competitors (200X) were added 5 min prior to the
addition of the radiolabeled probe. TLBR4, an unrelated DNA probe, was used
as a nonspecific cold competitor. Bound complexes were resolved in a 5.0%
nondenaturing polyacrylamide gel in 0.5 Tris-borate-EDTA. The gel was dried,
and the signals were detected by use of a phosphorimager plate (Molecular
Dynamics).

RESULTS

LANA interacts with the Sp1 transcription factor in vitro.
We have previously shown that the expression of LANA in
eukaryotic cells can transactivate hTERT, and promoter trun-
cation studies suggested that the minimum promoter sequence
required for the transactivation activity lies from positions
—130 to +5 of the promoter region (46). A nucleotide se-
quence analysis of this region showed that it contains five
GC-rich boxes, which are the consensus binding sites for the
transcription factor Spl. Gel shifts in EMSAs with Spl in
complex with the GC box were abolished when LANA was
introduced into the complex (46). We hypothesized that
LANA interacts physically with Sp1 to alter the mobility of the
GC box probe. In this study, we show that LANA physically
interacts with the Sp1 transcription factor. A GST-Sp1 fusion
protein expressed in bacteria was purified by the use of gluta-
thione-Sepharose beads and was then incubated with in vitro-
translated [*>S]methionine-labeled LANA and allowed to
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FIG. 1. In vitro binding of LANA and Spl transcription factor.
(A) A GST-Spl fusion protein and GST control protein were ex-
pressed in E. coli, purified with glutathione-Sepharose beads, resolved
by SDS-8.0% PAGE, and stained with Coomassie brilliant blue. (B) In
vitro-translated LANA ([**S]methionine labeled) was incubated with
the GST-Sp1 fusion protein or control GST protein in binding buffer
and allowed to incubate, and the bound complex was resolved by
SDS-PAGE. The GST-Spl1 lane shows the amount of LANA in com-
plex with the Sp1 fusion protein compared to the LANA input lane
(5%). Luciferase was used as an irrelevant control protein and did not
bind to Sp1, suggesting the specificity of LANA binding to Sp1. (C) In-
tensities of LANA protein bands quantified with ImageQuant software
(Molecular Dynamics).

bind. Complexes of the GST-Sp1 fusion protein and LANA
were resolved by SDS-PAGE. The results showed a significant
amount of LANA binding to the complex, whereas little or no
binding was seen with a GST control protein incubated with
LANA, suggesting that the binding was specific for Spl (Fig.
1). The GST-Spl fusion protein was also incubated with an
irrelevant protein, luciferase, as a negative control. The results
indicated no specific binding, further supporting the observa-
tion that LANA bound specifically to Spl.

LANA coimmunoprecipitates with Spl in KSHV-infected
BCBL cells. To confirm the association of LANA with the
transcription factor Spl in vivo, we performed coimmunopre-
cipitation assays with LANA and Sp1, using anti-LANA and
anti-Spl antibodies. Cell lysates prepared from BC-3 and
BCBL-1 cells were incubated with anti-mouse monoclonal Sp1
antibodies, and the complexes were precipitated with protein
A+G beads. A BJAB cell lysate was used as a negative control.
The precipitated immune complex was resolved, Western blot-
ted, and first incubated with an anti-LANA antibody, which
showed the presence of the LANA protein immunoprecipitat-
ing with Spl (Fig. 2, left panel). A control serum did not
precipitate LANA or Spl from the cell lysates of these two cell
lines, supporting the specificity of the interaction with LANA.
The same blot, when cross-reacted with an anti-Sp1 antibody,
showed the presence of the Sp1 protein in BC-3, BCBL-1, and
BJAB immunoprecipitation complexes. BJAB, which is a
KSHV-negative cell line, did not show cross-reactivity with the
anti-LANA serum. We also examined whether complexes with
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FIG. 2. Coimmunoprecipitation assays with LANA and Sp1. (Left) BJAB (KSHV negative), BC-3, and BCBL-1 (KSHYV infected) cells (8 X
107) were lysed in RIPA buffer. Ten percent of the total lysate was used as input; the rest of the lysate was incubated for 1 h with a control serum
and precipitated with protein A+G beads. This precleared lysate was then incubated with a mouse monoclonal anti-Sp1 antibody. The protein
complexed with the Sp1 antibody was precipitated with protein A and protein G beads, resolved by SDS-PAGE, and transferred to a nitrocellulose
membrane. The membrane was cross-reacted with an anti-LANA serum followed by horseradish peroxidase-conjugated protein A and was
visualized by a standard chemiluminescence assay. LANA was coimmunoprecipitated from KSHV-positive cell lysates but was not detected in
BJAB cells (IP lane). The Spl protein was visualized with an anti-Sp1 antibody after stripping of the same blot (Sp1 panel). (Right) Reverse
coimmunoprecipitation. Spl was coimmunoprecipitated with an anti-LANA antibody (Sp1 panel), and LANA was detected after stripping and

reprobing of the blot with an anti-LANA antibody (LANA panel).

LANA also contained Sp1 by performing reverse immunopre-
cipitation assays using a rabbit polyclonal anti-LANA anti-
body. With these experiments, we demonstrated that Spl com-
plexes contained LANA, since LANA coimmunoprecipitated
with Spl complexes (Fig. 2, right panel). Fig. 2 shows the
amount of LANA that immunoprecipitated with the anti-
LANA antibody in BC-3 and BCBL-1 cells (right panel). To-
gether, these data strongly suggest that LANA associates with
Spl in KSHV-infected cell lines.

LANA colocalizes with Spl in the nuclei of KSHV-positive
BCBL-1 cells. To further support the physical interaction of
LANA with Sp1 in the BC-3 and BCBL-1 cell lines, we inves-
tigated the localization of these proteins by an immunofluo-
rescence assay. Immunolocalization of LANA by use of an
anti-LANA antibody detected the characteristic punctate ex-
pression of LANA in the nuclei of BC-3 and BCBL-1 cells, as
reported previously, as well as signals in nuclear clusters. This
was visualized with an Alexa fluor-conjugated donkey anti-
rabbit secondary antibody (3, 11). Sp1, which is ubiquitously
expressed in eukaryotic cells, also showed a distinct localiza-
tion in the nucleus, seen as nuclear clusters, by use of an
anti-mouse Sp1 antibody and a Texas red-conjugated goat anti-
mouse secondary antibody (Fig. 3). Double staining for the
detection of both Sp1 and LANA showed that LANA colocal-
ized with Sp1 in similar nuclear compartments or clusters of
BC-3 cells. However, some diffuse staining was also observed
in the nucleus in addition to the punctate pattern. BIAB cells
used as a control were incubated with the anti-LANA and
anti-Sp1 antibodies. Spl was detected in a similar pattern to
that seen in BC-3 cells, but no LANA signals were detected
(data not shown).

The glutamine-rich and serine/threonine-rich regions of do-
main B and the amino-terminal region adjacent to the DNA
binding domain of Sp1 interact with LANA. Sp1 belongs to the
zinc finger family of transcription factors and has four distinct
domains, namely, two identical glutamine-rich domains (A and
B) that are required for transcriptional activation (13) and
domains C and D, which include the DNA binding domain
(40). The GST-Spl in vitro binding assay with LANA de-

scribed above suggested that both proteins can physically in-
teract. To further map the specific domains of Spl that are
capable of mediating the physical interaction with LANA, we
incubated Spl deletion mutant proteins with full-length
LANA. Sp1516C (AA) lacks N-terminal aa 1 to 261 (domain
A), Sp1516C (AB+C) contains an internal deletion of aa 263
to 609 (domains B and C), and Sp1N619 (AD) lacks C-terminal
aa 703 to 778 (domain D); these mutants were expressed in E.
coli and utilized as described above for in vitro binding assays
as was done for full-length Sp1. This analysis showed that none
of the Spl deletion mutants was able to completely eliminate
the binding of LANA to Spl (Fig. 4C). However, there were
two strikingly noticeable observations, as follows: (i) Spl with
a deletion of domain A showed relatively stronger binding than
full-length Spl and (ii) the Spl construct with a deletion of
domains B and C showed almost 75% weaker binding than the
full-length protein. There was little or no detectable interac-
tion observed between LANA and a GST control protein. As
expected, none of these Spl deletion mutants showed any
significant binding to the luciferase protein control (Fig. 4C,

FIG. 3. Immunocolocalization of LANA and Sp1 from BC-3 cells.
BC-3 cells were fixed in methanol-acetone (1:1) and incubated with an
anti-LANA serum. LANA was localized by use of an Alexa fluor-
conjugated secondary antibody. Sp1 was localized in the same cells by
use of a mouse monoclonal anti-Sp1 antibody and a Texas red-conju-
gated secondary antibody. The merged image shows the colocalization
of these two proteins in the nuclear clusters, where the predominant
amount of the Sp1 signal was observed. LANA staining was observed
in a somewhat speckled, fibrous pattern with additional signals in the
nuclear clusters dominated by Sp1 staining.
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FIG. 4. Domain B of Spl is required for binding to LANA.
(A) Schematic representation of wild-type [GST-Spl (FL)] and mu-
tated Spl forms used in the GST interaction experiments shown in
panel C. The Ser/Thr-rich regions of transactivation domains A and B
are shown with dark gray boxes, and Gln-rich regions are shown with
light gray boxes. (B) Expression profiles of wild-type (FL) and mutant
GST-Spl forms in bacterial cells. GST-Sp1 fusion proteins were ex-
pressed in E. coli DHS5« as described in Materials and Methods. Ex-
pressed fusion proteins were coupled to glutathione-Sepharose beads,
and an aliquot of the bound protein was resolved by SDS-PAGE after
extensive washing. Relative molecular masses of the fusion proteins
are shown after Coomassie brilliant blue staining. (C) In vitro-tran-
scribed and -translated LANA ([**S]methionine labeled) was incu-
bated with GST- or GST-Sp1-coupled Sepharose beads as described in
Materials and Methods. Sepharose bead fusion proteins were washed
and separated by SDS-PAGE, and bound LANA was detected by
autoradiography. Glutathione-Sepharose beads with Spl and mutant
Spl were incubated with luciferase as a negative control. (D) The
amount of LANA bound to different Spl mutants was quantified with
ImageQuant software (Molecular Dynamics).

right panel). These data strongly suggest that the LANA-Sp1
interaction requires the glutamic acid- and Ser/Thr-rich re-
gions of domain B as well as the region adjacent to the DNA
binding domain of Spl.

The amino and carboxy termini of LANA are required for
interaction with Spl. LANA has three distinct domains, and
the roles of this multifunctional protein have been mapped to
different domains (12, 20, 26, 55, 57, 58, 66, 67, 73). To map the
domains involved in binding to Sp1, we employed various de-
letion mutants of LANA for in vitro binding assays with the
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GST-Spl fusion protein. Figure 5 shows the various LANA
mutants used in the binding assay. A fusion protein consisting
of the entire Spl ORF fused to the C terminus of GST (GST-
Sp1) or GST alone was incubated with [**S]methionine-labeled
and in vitro-transcribed and -translated products of LANA
mutant proteins. The bound complexes were resolved by SDS-
PAGE with an acrylamide gel (with the concentration depend-
ing on the size of the protein) and were compared with the
input (5% of each) after drying and autoradiography (Fig. 5).
The results of the in vitro binding assay suggest that the amino
terminus (aa 1 to 435) of the LANA protein binds very effi-
ciently to Spl. Other carboxy terminus deletion mutants of
LANA (aa 1 to 769 and 1 to 950) containing the N terminus
along with the central G/E-rich domain showed relatively less
binding than LANA 1-435. However, the carboxy-terminal do-
main of LANA (aa 762 to 1162) also showed significant bind-
ing to GST-Spl, albeit at a lower affinity than that observed
with the amino-terminal region (Fig. 5). Strikingly, the LANA
mutant with a deletion of the central G/E-rich domain showed
the strongest binding (18% more than GST alone) to Spl,
which was significantly higher than that of full-length LANA.
The central domain mutant LANA 301-942 (central G/E-rich
domain) did not show significant binding to the GST-Sp1 fu-
sion protein above that seen with the GST control (Fig. 5).
These data suggest that the amino terminus of LANA is the
primary site of interaction; however, its interaction with Spl
also involves the carboxy-terminal 220 amino acids.

LANA upregulates Spl-mediated transcriptional activation.
The proximal region of the hTERT promoter, extending from
positions —130 to +5, is highly GC rich and contains five
sequences that resemble the recognition sequences of the ubiq-
uitous transcription factor Spl (5'-GGGCGG-3'). In previous
studies, LANA was shown to upregulate the hTERT promoter
in transient transfection assays (46). Here we have shown that
LANA physically interacts with the Spl transcription factor.
Therefore, we asked whether or not LANA can modulate
Spl-mediated transcription. We addressed this by expressing
the GALASp1 fusion protein (GAL4 DBD aa 1 to 147 fused in
frame with the full-length Spl ORF) in the presence of a
reiterated GAL4 response element (SXGAL4) cloned up-
stream of the luciferase gene (pFRLuc; Clontech) by using
transient transfection reporter assays. Figure 6A shows, as
expected, the dose-dependent response of GAL4Spl expres-
sion on the transactivation of the 5XGAL4 promoter in
HEK293 cells, represented in relative luciferase units. The
pFRLuc construct showed some basic luciferase activity, but
when it was transfected with increasing amounts of GAL4Spl,
a more-than-threefold activation was observed (Fig. 6A). The
coexpression of LANA in HEK293 cells with GALA4Sp1 in-
creased the transactivation of the 5XGAL4 promoter 6- to
10-folds with increasing amounts of the LANA expression vec-
tor (Fig. 6B). This transactivation experiment was repeated in
HEK293T and BJAB cells (Fig. 6C and D, respectively).
HEK?293T cells showed more (up to 15-fold) activation of the
5XGALA4 Spl promoter activity with increasing amounts of the
LANA expression vector. BJAB cells also showed a dose-
dependent effect on the promoter activity of SXGAL4 by Spl
(Fig. 6D). The expression of LANA was detected by Western
blotting with an anti-Myc antibody of the same cell lysate as
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FIG. 5. Mapping of LANA domains essential for binding to Sp1. Full-length LANA or various mutants of LANA were in vitro transcribed and
translated (and [**S]methionine labeled) and then were incubated with glutathione-Sepharose-conjugated GST-Sp1 fusion proteins. Bound
proteins were resolved by SDS-PAGE after extensive washing. Bound LANA was detected by autoradiography and was compared with the amount
in the input lane (5%). Relative intensities of the bound LANA proteins were quantified with ImageQuant software (Molecular Dynamics) and

are plotted in a bar diagram adjacent to each LANA mutant.

that used for luciferase activity assays, as described in Materi-
als and Methods.

Domain B of Spl, which is rich in glutamic acid and Ser/
Thr, is sufficient to mediate an increased transcriptional ac-
tivity of Sp1 in reporter assays. The transcription factor Spl
contains two homologous Gln and Ser/Thr domains (A and B)
that are responsible for most of the associated transcriptional
activities. These domains were assayed for their ability to trans-
activate the SXGAL4 promoter-driven luciferase reporter in
the presence of LANA. The Spl mutants employed were
GALA4Spl B, which contains only domain B (aa 263 to 542),
and GAL4Spl A+ B, which contains both domains A and B (aa
1 to 542) along with full-length GALASpl. These GALASpl
mutants were tested by transient transfection reporter assays in
HEK?293 cells with the LANA expression constructs (Fig. 7A).
The coexpression of LANA with GALA4Spl B increased the
transactivation of the SXGAL4 promoter 4.5-fold in BJAB
cells, whereas LANA and GAL4Spl A+B did not show any
significant activation, suggesting that domain A may have a
negative regulatory function in the full-length molecule. The in
vitro binding data also suggested that a mutant of Sp1 with a
deletion of domain A bound more strongly than the full-length
Spl molecule.

The amino- and carboxy-terminal domains of LANA coop-
erate with Sp1 to enhance transcriptional activity. The panel
of LANA mutants used for the in vitro binding assay described
above were used to map the domains of LANA which would
suffice in mediating the activities of the GAL4 reiterated re-
sponse element. The results from this assay, shown in Fig. 7B,
indicate that both the amino- and carboxy-terminal regions
cooperate to enhance the activity of Spl. Coexpression of the
amino terminus of LANA 1-340 with GAL4Sp1 caused a four-
fold activation in luciferase activity in this assay. LANA 1-435
did not show transactivation of the promoter, whereas the in

vitro binding of LANA 1-435 was stronger than that of LANA
1-340. Therefore, the acidic domain present in LANA 1-435 is
essential for binding but has negative regulatory effects on
Spl-mediated transcriptional activities. The central domain of
LANA (G/E-rich) did not show any effect on the SXGAL4
promoter activity (Fig. 7B). The C-terminal domain of LANA
(LANA 762-1162) also did not show any enhanced activation.
However, the fusion protein which contained the N and C
termini strongly enhanced (15-fold) the 5XGAL4 promoter 2.5
times more than the full-length LANA molecule (Fig. 7B).

These data indicate that the N-terminal domain of LANA is
sufficient to mediate transcriptional activation; however, the
critical C-terminal domain which is important for the binding
of DNA can cooperate with the amino-terminal domain to
synergize Spl-mediated activation of the SXGALA4-responsive
promoter.

The amino terminal 1 to 435 aa of LANA target the GC
box-Spl complex. As shown previously, the hTERT promoter
sequence from positions —130 to +5 contains five GC-rich
boxes, which have been shown to be the binding sites for the
Spl transcription factor by EMSAs (46). The interactions of
Myc at the E box and Sp1 at the GC box were shown to be the
major determinants of hTERT expression (49). Furthermore,
LANA was shown to up-regulate the hTERT promoter and
targets the Sp1-GC box complex shown by EMSAs (46). Here
we showed that the various domains of LANA differed in their
binding to Spl. Therefore, we asked which region of LANA
bound to Spl when it was complexed with its cognate se-
quence. The previously described double standard DNA probe
of the hTERT promoter sequence between positions —119 and
—98 (46) was labeled and tested for binding of the Spl com-
plex compared with that in the presence of full-length LANA
by EMSA. Nuclear extracts prepared from BJAB cells known
to contain Spl complexes reduced the mobility of the GC box
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FIG. 6. LANA synergistically activates Spl-mediated transcription. (A) GAL4-Sp1 activates transcription. HEK293 cells were cotransfected
with the GAL4 DBD fused in frame with Sp1 and the pFR reporter plasmid containing the 5XGALA4 response element. Approximately 107 cells
were transfected, and at 24 h posttransfection, the cells were harvested and lysed for luciferase assays. Increasing amounts of GAL4-Sp1 showed
proportional increases in luciferase activity. Fractions of the cell lysates were resolved by SDS-PAGE to demonstrate the increased expression of
GALA4-Sp1 in samples with larger amounts of transfected DNA. (B) LANA modulates GAL4-Sp1-mediated transcription. HEK293 cells were
transfected with increasing amounts of LANA to show the effect of LANA on GAL4-Sp1-mediated transcription. LANA showed a dose-dependent
response of GAL4-Spl-mediated luciferase activity, which was plotted in relative luciferase units. (C and D) LANA modulates GAL4-mediated
transcription in HEK293T and BJAB cells. Approximately 107 cells were transfected in both cases; at 24 h posttransfection, the luciferase activity
was measured as described above. All of these experiments were done independently three times in duplicate, and the average values are presented
in the figure. The increased expression of LANA was detected by use of an anti-Myc monoclonal antibody because LANA has a Myc epitope at

its C terminus.

probe, as expected (Fig. 8). The mobility was further super-
shifted with an anti-Sp1l monoclonal antibody, suggesting that
the specificity of the shift was due to the presence of Spl. The
addition of in vitro-translated LANA to the binding reaction
resulted in the formation of an Sp1-LANA complex, thus abol-
ishing or decreasing the observed intensity of the Sp1-specific
band (Fig. 8, lane 4). This resulted in the formation of a large
complex with limited mobility migrating at the top of the gel
(Fig. 8, lane 4). Furthermore, the addition of an Spl-specific
antibody along with in vitro-translated LANA showed a similar
pattern, indicating that the large LANA-Sp1-DNA complex is
likely to be at the top of the gel, as seen by an increased
intensity of the signal at that position that did not migrate into
the gel. Additionally, the Sp1-specific shift was competed with
the addition of a 200X cold specific competitor, but it was not
affected by a similar amount of a nonspecific cold competitor

(Fig. 8).

A panel of LANA mutants was tested for the ability to target
the GC box-Spl complex. LANA aa 1 to 435 efficiently tar-
geted the GC box-Spl complex, similar to the full-length
LANA. However, LANA aa 301 to 942 did not efficiently
target the complex compared to LANA 1-435 and full-length
LANA (Fig. 8, lanes 4, 8, and 9). Additional LANA mutants
showed some activity in terms of binding and elimination of the
Spl-specific band (data not shown). These results corroborate
the above binding data, which indicate that the N terminus of
LANA is essential for binding and that the C-terminal domain
of LANA may contribute to binding and increased transcrip-
tional activity.

DISCUSSION

LANA encoded by KSHYV is expressed during all forms of
KS-associated malignancies (17, 43, 68). LANA is critical for
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shown below the bar diagram. (B) Different deletion mutants of
LANA, shown below the bar diagram, were cotransfected into
HEK293 cells (107) in the presence of GALA4-Spl and the pFR Luc
reporter plasmid, and the luciferase activity was measured as described
earlier after 24 h posttransfection. The N terminus of LANA (aa 1 to
340) showed an up-regulation in GAL4-mediated luciferase activity,
whereas the C terminus itself did not show any effect and the C
terminus fused to the N terminus had enhanced activation of the
GALA4-Spl-mediated luciferase activity, plotted in terms of relative
luciferase activity. The data shown here are representative of three
independent experiments done in triplicate.
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FIG. 8. N terminus of LANA is sufficient for binding. A probe for
the Sp1 binding sequence (GC box) spanning positions —119 to —98 of
the hTERT promoter was labeled with [*?P-a]dCTP and used for
EMSAs in the presence of in vitro-transcribed and -translated LANA
or different LANA mutants. Lanes 1 and 2, probe with and without
BJAB nuclear extract (NE), respectively, showing activity due to Spl
binding (*); lane 3, probe with BJAB nuclear extract and Spl mouse
monoclonal IgG antibody, which supershifted the GC box probes (**);
lane 4, in vitro-translated LANA, which abolished ([star]) the Spl-
specific shift, most likely due to the formation of a large complex that
was unable to enter the gel ([starf]); lane 5, probe with Spl mouse
monoclonal IgG along with in vitro-translated LANA and BJAB nu-
clear extract; lanes 6 and 7, probe with 200-fold molar excess of cold
specific and nonspecific competitor, respectively. The LANA mutants
were used for EMSAs, but only two mutants, LANA 1-435 (strong
binding) and LANA 301-942 (very little or no binding), are shown in
this figure. Lane 8, in vitro-translated N terminus of LANA (aa 1 to
435) along with the probe and BJAB nuclear extract, which abolished
(O) the Sp1-specific band, forming a larger complex similar to that with
full-length LANA (@®); lane 9, LANA 301-942 did not show the elim-
ination ([J) of the Sp1-specific band and the accumulation of a larger
complex (m).

episomal maintenance of the viral DNA during latent infec-
tions through interactions with cellular proteins, including hi-
stone H1 (11, 73). Moreover, plasmids containing the KSHV
terminal repeats are maintained when the N-terminal chroma-
tin binding domain is deleted and LANA is expressed as a
fusion with the chromatin-associated protein histone H1 (4, 32,
73). This suggests that the interaction between LANA and
histone H1 may contribute to the chromosomal association.
Recently, two separate cellular proteins (the methyl-CpG
binding protein MeCP2 and the cellular DEK protein) associ-
ated with LANA were identified. These proteins may play a
role in tethering the KSHV genome to chromosomes during
mitosis, thus ensuring long-term viral persistence (47). Besides
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the maintenance of the episomal DNA, LANA also has tran-
scriptional regulatory properties, including the down modula-
tion of the activities of the tumor suppressors p53 and pRb (20,
67). LANA also may have transforming potential, as it is ca-
pable of transforming rat primary fibroblast cells in coopera-
tion with the Hras oncogene (67).

Another role associated with LANA’s oncogenicity is its
transactivation of the hTERT promoter (46). LANA was
shown for the first time by in vitro transcriptional reporter
assays to be capable of activating the hTERT promoter (46). It
was previously documented that KSHV-transformed human
umbilical vein endothelial cells had active telomerase, as
shown by a telomerase repeat amplification protocol (19). Pro-
moter truncation studies revealed that the —130 to +5 se-
quence is sufficient for promoter activity and that this sequence
contains five GC box sequences, which are known to be binding
sites for the Spl transcription factor (46).

In vitro binding experiments suggested that LANA and Sp1
physically interact, and this was supported by in vivo immuno-
precipitation studies of cell lysates of KSHV-positive cell lines
(BC-3 and BCBL-1). Immunolocalization using anti-LANA
and anti-Spl antibodies for LANA and Spl, respectively,
showed a speckled nuclear localization of these two proteins.
Therefore, taken together, these studies strongly suggest that
Spl and LANA can cooperate to functionally enhance or ac-
tivate the hTERT promoter in KSHV-positive cells.

Furthermore, the physical interaction between these two
molecules was assayed to detect changes in the functional
activity of Spl. Spl was fused in frame with the GAL4 DBD
and was tested for the ability to upregulate luciferase expres-
sion from a reporter containing the SXGAL4 response ele-
ment upstream of the TATA box. As expected, LANA upregu-
lated Spl-mediated transcription and supported previous
results which indicated that LANA transactivates the hTERT
promoter (46). Therefore, these results demonstrated that the
transactivation of the hTERT promoter is likely to be medi-
ated through Spl-activated transcription, which is enhanced
through the direct association of Spl with LANA. Other viral
proteins have also been shown to modulate Sp1-mediated tran-
scriptional activation. The simian virus 40 small antigen has
been shown to stimulate Spl-dependent transcription medi-
ated by protein kinase C and its upstream regulator phospha-
tidylinositol 3-kinase and dependent on a consensus TATA
motif (27, 38, 74). The E1A protein encoded by adenovirus can
also induce the p21 promoter activity mediated by Sp1 binding
sites, most probably by interacting with the CR3 region of
E1A, which has been shown to be the binding site for other
transcriptional activators, including c-Jun, ATF-1, -2, and -3,
CBF, TBP, TAF (II) 110, 135, and 250, and YY1 (23, 64). E1IA
has also been shown to upregulate the hTERT core promoter,
which contains the binding site for Sp1 (45). Human papillo-
mavirus-encoded E2 down modulates hTERT promoter activ-
ity, which agrees with data showing that E2 inhibits cell growth
in human papillomavirus-infected cells and triggers apoptosis
in HeLa cells (51). It can also activate the expression of
p21(WAF1/CIP1) via its promoter-proximal 200 nucleotides,
which contain several Sp1 binding sites and no E2 binding sites
(76).

The binding of Spl to LANA and the supporting reported
assays prompted us to map the domains of Spl that are in-
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volved in binding to LANA as well as the activation of the
5XGALA4 promoter. Our analysis suggests that the Gln-rich
domain B of Spl is essential for binding LANA, and this
domain was also previously shown to be the binding domain for
the transcription activator c-Jun (40). Besides the Gln-rich
domain of Spl, the DNA binding domain has been shown to
interact with various transcriptional activators, such as the p65/
RelA subunit of NF-kB (33-35), the erythroid factor GATA-1
(53), the transcription factor YY1 (10, 52), and the cell cycle
regulator E2F (41, 59). Since the activation domain of Spl
maps as a DNA binding domain, our results indicate that
enhanced transactivation of the promoter occurs through a
direct protein-protein interaction. This is distinct from data
reported for other transcriptional activators in that their cog-
nate sequences lie adjacent to the binding sequence for Sp1 in
the context of the activated promoter (9, 81).

In transient reporter assays, the Gln-rich homologous do-
mains of Spl fused to the GAL4 DBD indicated that domain
B is essential for transactivation, strongly suggesting that the
binding region of Sp1 for LANA is sufficient for both binding
and transcription activation. The Gln-rich region of the B
domain of Spl is required for the transcriptional activation of
Spl promoters by transforming growth factor beta (15, 16, 63).
The Gln-rich region of domain B has also been shown to be
important for an enhanced activation of Spl-dependent tran-
scription through an interaction with c-Jun and the Smad pro-
tein (40, 82). Our data also suggest that domain B is essential
for the enhanced transactivation of Spl-responsive promoters
through its interaction with LANA, indicating that LANA may
regulate Spl-dependent transcription via a similar mechanism
(40). Additionally, the A domain, which reduces the in vitro
binding activity, may also have some negative regulatory effect
on the Spl-responsive hTERT promoter.

In this study, we further delineated the domains of LANA
that are involved in binding to Spl and the domains that are
essential for Spl-mediated transcriptional activation. Different
functions have been mapped to different domains of LANA in
terms of its binding and transcription modulatory effects on
many promoters (20, 54-58, 67, 69). The N terminus of LANA
(aa 1 to 435) efficiently binds to Spl. Additionally, the acidic
domain in the N terminus of LANA is essential for the inter-
action, as LANA 1-435 binds somewhat less efficiently than a
molecule with a deletion of the central region. LANA polypep-
tides with a deletion of the central GIn/Glu-rich region showed
the highest affinity for Spl, suggesting that the C-terminal
domain may be a regulatory domain or may cooperate to
increase the binding activity. The C-terminal domain itself also
showed some level of binding to Spl independent of the N
terminus. Therefore, the enhanced binding is most likely due
to the cooperative effects of both the N- and C-terminal do-
mains. The reduced binding of LANA 1-950 compared to the
LANA 1-769 polypeptide was probably due to the leucine
zipper region, as Spl also contains a leucine zipper (57). This
may have affected the resulting binding activities of these two
proteins in our assays. The results for the LANA 301-942
polypeptide clearly suggest that the central Gln/Glu-rich do-
main has little or no binding capacity for Sp1 and thus support
the conclusion that binding to Sp1 is primarily due to the N-
and C-terminal domains.

EMSAs with the GC box probe in the presence of BJAB
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FIG. 9. Schematic model for Spl-mediated transcriptional regulation of hTERT promoter enhanced by LANA. The hTERT promoter
sequence contains five GC boxes from positions —130 to +5 which are binding sites for the Sp1 transcription factor. In KSHV-infected cells, LANA
is expressed constitutively during latent infection and upregulates telomerase expression by physically interacting with the Sp1 transcription factor,
resulting in increased telomerase activity and potentially contributing to immortalization of the infected cells.

nuclear extracts showed a binding activity of the probe which
was shifted by the addition of an anti-Sp1 antibody. The addi-
tion of LANA to the reaction diminished the Sp1-specific com-
plex, likely due to the formation of a larger heterogeneous
complex with Spl that was incapable of entering the native
PAGE gel (46). These data strongly suggest that LANA binds
to Sp1, forming a heterogeneous LANA-Sp1-GC box complex.
We showed here that the binding of Sp1 and LANA, indepen-
dent of the Spl DNA binding sequence, was similar to the
previously observed phenomena involving Rb-Spl and
SREBP-1-Sp1 (9, 81). The binding of different domains of
LANA to Spl also suggested that the domains identified by in
vitro binding assays form complexes with Sp1, but the domain
which had negligible binding to Spl in the in vitro binding
assay also showed little or no affinity for Spl when it was
complexed with its cognate binding sequence. Taken together,
the in vitro binding and EMSA data strongly demonstrate that
the N-terminal domain of LANA is critical for Spl binding.

In the present study, we showed that LANA directly binds to
Sp1 in vitro and associates in a complex in vivo. Therefore, Sp1
bound to its GC box is likely to form a complex with LANA
that results in increased transcription activity. This was dem-
onstrated in the context of the hTERT promoter with five GC
boxes, which are known to be cognate binding sequences for
Spl. LANA expressed constitutively during latent infection
enhances transactivation of the hTERT promoter by targeting
the Spl transcription factor, thus contributing to the immor-
talization of KSHV-infected cells (Fig. 9).
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