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The role of p53 in primary effusion lymphoma (PEL) is complicated. The latency-associated nuclear antigen
(LANA) of Kaposi’s sarcoma-associated herpesvirus (KSHYV) binds p53. Despite this interaction, we had found
that p53 was functional in PEL, i.e., able to induce apoptosis in response to DNA damage (C. E. Petre, S. H.
Sin, and D. P. Dittmer, J. Virol. 8§1:1912-1922, 2007), and that hdm2 was overexpressed. To further elucidate
the relationship between LANA, p53, and hdm2, we purified LANA complexes from PEL by column chroma-
tography. This confirmed that LANA bound p53. However, the LANA:p53 complexes were a minority compared
to hdm2:p53 and p53:p53 complexes. The half-life of p53 was not extended, which is in contrast to the half-life
of simian virus 40 T antigen-transformed cells. p53:p53, LANA:p53, and LANA:LANA complexes coexisted in
PEL, and each protein was able to bind to its cognate DNA element. These data suggest that under normal
conditions, p53 is inactive in PEL, thus allowing for exponential growth, but that this inactivation is driven by
the relative stoichiometries of LANA, hdm2, and p53. If p53 is activated by DNA damage or nutlin-3a, the
complex falls apart easily, and p53 exercises its role as guardian of the genome.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is found
in Kaposi’s sarcoma (KS), primary effusion lymphoma (PEL),
and tumors from patients with the plasmablastic variant of
multicentric Castleman disease (MCD) (reviewed in reference
15). The latency-associated nuclear antigen (LANA) is en-
coded by open reading frame 73 (ORF 73) of the viral genome.
It is expressed in every KSHV-infected cell during the latent as
well as lytic phase of the viral life cycle. LANA is required for
replication and maintenance of the viral DNA during latent
infection (2, 13). Experimental abrogation of LANA expres-
sion through small interfering RNA (siRNA) or genomic
knockout leads to loss of KSHV from latently infected cells,
genetically demonstrating that LANA is necessary for mainte-
nance of latency (28, 103). LANA is a large protein composed
of 1,162 amino acids (KSHV M type, reference sequence
NC_003409). It has many known biochemical activities, and
many more have yet to be determined. One way to think about
LANA is as a nuclear scaffolding protein for viral DNA repli-
cation and transcription, analogous to the large T antigen of
the polyomaviruses.

We hypothesized that there exist multiple biochemically dis-
tinct LANA complexes in KSHV-infected PEL, as both LANA
and its many potential interaction partners are present at phys-
iological molar ratios to each other. Biochemical analysis of
purified native complexes in PEL allowed us to establish that
not all of LANA was part of a LANA:p53 complex and that not
all of p53 was bound to LANA.

The C terminus of the LANA protein has sequence-specific
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DNA binding activity. LANA can bind to a 20-bp repeated cis
element in the terminal repeats (TRs) of the viral genome (3,
26,27,45,50, 78, 85, 101). We previously identified a similar cis
element that was present as a single copy within the LANA
core promoter (39). Purified LANA C-terminal peptide bound
to this element in vitro, and LANA positively transactivated the
LANA promoter, albeit modestly, in transient-transfection ex-
periments. The N terminus of LANA tethers the viral genome
to host cell chromosomes through protein-protein interaction
(2, 13, 41, 42, 44, 74, 90). To date, chromatin-associated struc-
tural proteins, including the linker histone H1 and the core
histones H2A and H2B, have been shown to bind LANA in
latently infected cells (4, 13, 81). By immunofluorescence, the
LANA protein appears with a characteristic punctate pattern
in interphase nuclei. It also decorates mitotic chromosomes.
These phenotypes are consistent with a model that places the
majority of LANA within high-molecular-weight, chromo-
some-associated structural complexes.

In addition, LANA can bind many cellular proteins directly.
The list of LANA interaction partners is ever increasing and to
date includes cellular replication and replication licensing fac-
tors (62, 87, 96), cellular methyltransferases (80), and the cel-
lular transcription factor Spl (62, 95). The list also includes
RBP-jkappa (also known as CSL) (55), p53 (23), GSK-3beta
(24), CBP (58), ATF4/CREB2 (59), Ring3 (63, 68, 72, 98), Rta
(56), SAP30, mSin3A, and CIR (52), meCP2, and DEK (51).
LANA binds to and inhibits Rb (73), and LANA binds to and
inhibits p53 function (23, 100). As suggested above, it is un-
likely that a single, giant LANA complex contains to all of
these proteins at the same time.

p53 is the pivotal protein that coordinates the cellular re-
sponse to molecular insults and stress. The primary function of
pS3 is to sense DNA damage. DNA damage induction is the
molecular mechanism of many chemotherapeutic drugs, for
instance as induced by the anthracycline drug doxorubicin.
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Upon activation, p53 is stabilized and induces cell cycle arrest
or apoptosis through transcriptional activation of downstream
targets (reviewed in reference 30). p53 is among the most
frequently mutated genes in human cancer (67). Many believe
that mutation of p53 is mutagenic and allows rapid accumula-
tion of subsequent genomic abnormalities. Typically, p53 sus-
tains missense amino acid point mutations, accompanied by
reduction to homozygocity (33). Unlike with the prototypical
tumor suppressor gene Rb, gene deletions are rare. p53 mis-
sense mutations cluster in a tumor lineage-specific pattern
(67). They almost invariably affect p53 DNA binding and tran-
scriptional capability. Since pS53 acts as a tetramer, many tu-
mor-derived p53 mutations exhibit a dominant negative phe-
notype, while others show evidence for gain of function (17).

p53 is rarely mutated in the KSHV-associated malignancies
KS or PEL (40, 66, 71). KS and PEL respond clinically to
doxorubicin (reviewed in reference 19), a phenotype consistent
with wild-type p53 status. Treatment of PEL with p53-activat-
ing drugs, such as doxorubicin, induces serine 15 (S15) phos-
phorylation on p53 followed by a robust transcriptional induc-
tion of p53 target genes, including p21 (71, 77). This suggests
that both the upstream p53-activating signaling pathway and
the downstream p53 transcriptional activation-dependent sig-
naling pathways are operational in PEL. Exceptions are two
PEL cell lines which contain mutant p53 and which are resis-
tant to doxorubicin (71). Evaluation of their clinical history
revealed that these two cell lines (BCP-1 and BCBL-1) were
isolated from patients who were heavily treated with and failed
DNA-damaging-agent-based chemotherapy.

hdm?2 (mdm?2 in mice) is the most important cellular binding
partner of p53 (reviewed in reference 30). Under normal
growth conditions, p53 protein levels are low. The half-life
(t,,,) of p53 protein is short (5 to 20 min) because hdm? targets
p53 for degradation. hdm?2 is an E3 ligase (32, 53). hdm?2 itself
is a pS3 target gene whose transcription is induced upon p53
activation and thus generates a feedback mechanism for reg-
ulating p53 activity (102). hdm?2 also targets itself for ubiquiti-
nation and subsequent degradation (22, 34).

hdmX/hdm4 (mdmX in mouse) is an hdm2 homologue that
also binds to p53. It inhibits p53-dependent transcription (82).
hdmX does not have E3 ligase activity. It is thought to inhibit
hdm?2 function by heterodimer formation (37, 86, 91). However,
there is also evidence suggesting that hdmX can act as a positive
regulator of hdm?2. The relative ratios of p53, hdm2, and hdmX
determine the sensitivity of wild-type p53 tumor cells to the hdm?2:
p53-intercalating agent nutlin-3a and to DNA damage (70, 99).

Our biochemical approach confirmed that LANA bound
pS3. We found that this interaction was nutlin-3a sensitive,
even though only a minority of LANA bound hdm2. The
LANA:p53 complexes were a minority compared to hdm2:p53
and p53:p53 complexes.

MATERIALS AND METHODS

Cell culture and antibodies. PEL cell lines BC-3, and BCP-1 and the virus-
negative lymphoma cell lines BIJAB and DG-75 were cultured in RPMI 1640 me-
dium (Cellgro) containing 2 mM L-glutamine, 10% fetal bovine serum, penicillin G
(100 U/ml), and streptomycin sulfate (100 pwg/ml). The medium was supplemented
with 0.05 mM 2-mercaptoethanol (Sigma), 0.075% sodium bicarbonate (Life Tech-
nologies), and 1 U/ml human interleukin 6 (IL-6) (Roche). Cells were grown at 37°C
in a humidified environment supplemented with 5% carbon dioxide (CO,).

Anti-LANA polyclonal antibody YT041 came from a rabbit immunized with
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the LANA peptide coupled to keyhole limpet hemocyanin (KLH), H,N-LEEQ
EQELEEQEQELEEQEQEC-COOH. The underlined sequence indicates the
epitope of the commercially available monoclonal rat anti-LANA antibody (Ad-
vanced Biotechnology Inc.). This antibody recognizes the LANA H,N-EQEQE-
COOH repeat (43). Additional antibodies were anti-mdm2 mouse monoclonal
antibody (MAD) (Calbiochem), anti-hdm2 (SMP-14) mouse MAb (Santa Cruz),
anti-hdmX affinity-purified polyclonal rabbit antibodies (Bethyl), anti-53 mouse
MAb (PAb421) (Calbiochem), anti-53 mouse MAb (DO-1), anti-cdk6 (Santa
Cruz), anti-B-actin mouse MAD (Sigma), and anti-SP1 mouse MAb (Chemicon).

Purification of LANA. For the isolation of nuclear LANA complexes, nuclear
extraction was performed upon BC-3 and BJAB cells (all steps were performed
at 4°C) by following the method of Dignam et al. (16). Approximately 5 X 10° to
approximately 8 X 10° BC-3 cells were harvested and washed with cold phos-
phate-buffered saline (PBS) twice. First, the cells were suspended in buffer A (10
mM HEPES-KOH, pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 0.5 mM dithiothreitol
[DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF], and 0.5% cocktail pro-
tein inhibitor) for 30 min and then lysed by stroking them in a glass Dounce
homogenizer. The crude nuclei were then collected by centrifugation at 10,000
rpm for 20 min and suspended in buffer C (20 mM HEPES-KOH, pH 7.9, 10%
glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM
PMSF, and 0.5% cocktail protein inhibitor). After several strokes of gentle
Dounce homogenization, the resulting suspension was shaken gently with rota-
tion for 45 min and then centrifuged at 10,000 rpm for 30 min. The supernatant
was collected and used for subsequent procedures. The nuclear extract was
subjected to chromatography. After optimization, we arrived at the following
conditions. First, the extract was loaded onto a Sepharose 6B column (Sigma)
equilibrated with Dignam buffer D (20 mM HEPES-KOH, pH 7.9, 10% glycerol,
0.1 M KCl, 0.2 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT, and 0.5% cocktail
protein inhibitor). At a flow rate of 0.5 ml/min, each of the column fractions
(1.5-ml fraction size) was collected and analyzed for the presence of LANA by
Western blotting with corresponding antibodies. Continuous fractions containing
LANA were pooled and loaded onto a Hiprep 16/10 Heparin FF column. After
a thorough washing, the fractions were eluted with 0.5 M KCI containing buffer
D (1-ml/min flow rate, 1.5-ml/min fraction size). The Heparin FF fractions that
contained LANA were diluted into 0.1 M KClI and loaded onto a MonoQ column
(Sigma). This was followed by two-step elution using 0.4 M KCl and 0.7 M KCl
in buffer D. Finally, the corresponding fractions from different peaks were
collected (0.5-ml/min flow rate, 1.5-ml/min fraction size) and analyzed.

Western blotting and immunoprecipitation. The column fractions indicated in
the figures were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to Hybond P membranes (Amer-
sham), nonspecific binding was blocked with 5% nonfat milk overnight at 4°C,
and the membranes were incubated with the corresponding primary antibody for
2 h at room temperature at the concentration indicated below and washed three
times with TBST (10 mM Tris-HCI, 100 mM NaCl, pH 8.0, 0.1% Tween 20).
After the membranes were incubated with a horseradish peroxidase-linked sec-
ondary antibody (VWR International) at 1:3,000, bands were visualized by en-
hanced chemiluminescence (Thermo Scientific) and exposed to X-ray film (Gen-
esee Scientific). For immunoprecipitation assays, fractions were precleared with
protein A/G agarose beads (Sigma) for 1 h and then incubated with the appro-
priate antibodies overnight and then with 40 pl protein A/G agarose beads, with
a gentle rotation for 2 h at 4°C. The resulting immunoprecipitates were collected
by centrifugation at 10,000 X g for 1 min. The pellets were washed four times
with ice-cold RIPA buffer (150 mM NaCl, 1% NP-40, 50 mM Tris-HCI, pH 8.0,
1mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and 0.5% cocktail protein inhibitor).
The samples were then loaded onto an SDS-PAGE gel.

Subcellular fractionation. BC-3 cells (5 X 10°) were collected by centrifugation
at 250 X g for 5 min at 4°C, followed by washing with ice-cold PBS twice. Then
extraction buffers I, II, III, and IV were added separately according to the manu-
facturer’s instructions using the subcellular proteasome extraction kit (Calbiochem).

Protein half-life determination. BC-3, BJAB, BCP-1, and DG-75 cells were
grown with RPMI 1640 medium in six-well plates. Cells were treated with 50
pg/ml of the protein translation inhibitor cycloheximide (Sigma). Samples were
collected from individual wells at 0, 10, 30, 60, and 120 min after cycloheximide
treatment (50 pg/ml). The steady-state levels of LANA complexes (LANA, p53,
and hdm?2) were determined with Western blotting as mentioned above, and
B-actin or cdk6 was used as a control.

p53 DNA binding assay. The TransAm p53 DNA binding kit (Active Motif)
was used according to the manufacturer’s instructions to assess p53 DNA binding
activity. The enzyme-linked immunosorbent assay (ELISA) plate was precoated
with p53 consensus binding oligonucleotide sequence (5'-GGACATGCCCGG
GCATGTCC-3'). The series of samples from the chromatographic purifications
were loaded onto the ELISA plate. The specific activity of each protein prepa-
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FIG. 1. Analysis of LANA complexes after purification with a sizing column (Sepharose 6B) and Heparin FF column. (A) Outline of the
experimental design and summary of LANA complex partition. CYT, cytosol. (B) The purification nuclear extract from BC-3 cells was loaded onto
a Sepharose 6B column with a flow rate of 0.5 ml/min and then washed with buffer D (1.5 ml elution per collective tube). Traces show total protein
based on UV absorption (absorbance units [A.U.]) and absorbance in mS/cm. The results of Western blotting are shown on the right. For these
results, we used the indicated fractions (denoted by arrows and numbers beneath the x axis) from the Sepharose 6B purification. The following
primary antibodies were used: anti-B-actin, anti-LANA (YTO041), and anti-p53 (DO-1). The bar with the arrow and letter “C” indicates the
fractions that were pooled and put on a subsequent Heparin column. (C) The profile of the eluted peak (eluted with wash buffer with 0.2 M KCl
[pH 7.9] and with step elution buffer with 0.5 M KCI and 1 M KClI) is shown. The results of Western blotting are shown on the right. For these
results, we used the indicated fractions (denoted by arrows and numbers beneath the x axis) from the heparin column. We used the same antibodies

as indicated above.

ration was determined by measuring the absorbance at a wavelength of 450 nm.
Specificity of p53 DNA binding was determined using competitive wild-type and
mutant oligonucleotides in the DNA binding assay.

Nutlin treatment. BC-3 cells were cultured in T-75 cm? flasks, treated with
nutlin-3a at 0, 6, 12, 24, and 48 h separately, and then harvested for immuno-
precipitation assay and Western blotting. The final concentration of nutlin-3a
was 10 pM, and the control was treated with dimethyl sulfoxide (DMSO). For in
vitro treatment, samples were derived from isolated products of Heparin FF
column purification. For immunoprecipitation assays, aliquot samples were pre-
cleared with protein A/G agarose beads and then nutlin-3a was added to a final
concentration of 0, 10, 30, 90, 270, and 810 uM; p53 antibody (DO-1) was also
added for overnight incubation at 4°C. Then 40 pl of protein A/G agarose beads
was added, and the mixture was incubated with rotation for 2 h and washed for
Western blotting. Mouse IgG was used as a control.

Deconvolution immunofluorescence. BC-3 cells were grown in six-well plates,
fixed with 3% paraformaldehyde for 20 min at room temperature, and then perme-
abilized with 0.2% Triton X-100 in PBS for 15 min; they were then incubated in
blocking buffer (10% horse serum in PBS) for 120 min. Samples were then processed
for immunofluorescence by using a rabbit polyclonal anti-LANA YT041 antibody, a
mouse monoclonal anti-p53 (DO-1) antibody, and mouse hdm2 MAb (SMP14) as
primary antibodies. The secondary antibodies used were horse anti-rabbit immuno-
globulin (fluorescein isothiocyanate [FITC]) (Vector) and anti-mouse immunoglob-
ulin (TRITC) (Invitrogen). Images were obtained by using a Leica deconvolution
microscopy system (Leica model DM4000B, oil lens with100-fold magnification;
software, SimplePCI version 6.2]), where the fluorescent signals were mapped to
green and red.

RESULTS

Biochemical separation of LANA:p53, LANA:LANA, and
p53:p53 complexes. A key advantage of biochemical purifica-
tions of interacting proteins from naturally KSHV-infected
tumor cell lines is that all partners are present at their physi-

ological levels and stoichiometries. This is in contrast to yeast
two-hybrid screens or tap-tag-based purification, where one
binding partner is expressed at superphysiological levels and
thus drives low-affinity interactions. The disadvantage of this
method is that some interactions may not survive the purifica-
tion procedure and that transient interactions cannot be cap-
tured. Biochemical purification of LANA complexes from PEL
thus defines the minimal complex of LANA-interacting pro-
teins.

We employed the traditional Dignam et al. method as the
initial purification step (16). This method has been used to
purify functional RNA polymerase II complexes, to maintain
many transcription factor interactions, and to yield properly
folded proteins as judged by DNA binding, including Sp1 (20),
p53:hdm?2 (65), and p53:simian virus 40 (SV40) (25, 57, 60),
which are relevant to our investigation. We showed earlier that
this purification yields DNA binding-competent LANA com-
plexes (reference 39 and data not shown).

We used Epstein-Barr virus (EBV)-negative, p53 wild-type
BC-3 cells as starting material. These cells are unique, since
most other PEL cell lines carry either EBV or a mutation in
p53 (reference 71 and data not shown). The experimental
approach is outlined in Fig. 1A. First, we prepared nuclear
extracts (NE). This step excluded any complexes that are lo-
calized in the cytoplasm, such as hdm?2:p53 (64). The NE were
loaded onto a Sepharose 6B sizing column, which also served
as a desalting step, as used by Sarek et al. (77). The rationale
for this step was to isolate intact high-molecular-weight LANA
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FIG. 2. Analysis of LANA binding complexes after heparin affinity
chromatography. (A) Profiles of the eluted peaks, using wash buffer
with 0.2 M KCI (pH 7.9) and a step gradient up to 0.5 M KCI. Traces
show total protein based on UV absorption (absorbance units [A.U.])
and absorbance in mS/cm. The bar with the arrow and letter “Q”
indicates the fractions that were pooled and subsequently loaded onto
a Mono Q column. (B) Components (1 to 9 tubes of continuous
fractions) of the elution peak (0.2 M to 0.5 M) were analyzed with
Western blotting (WB) and by immunoprecipitation (IP) followed by
Western blotting. (C) Immunoprecipitation followed by Western blot-
ting of nuclear extract prior to chromatography. We used rat mono-
clonal anti-LANA antibody for immunoprecipitation and anti-p53,
anti-hdm?2, and anti-LANA antibodies as indicated. Components (1 to
9 tubes of continuous fractions) of the elution peak (0.2 M to 0.5 M)
were analyzed with Western blotting and by immunoprecipitation
assay.

complexes, consisting at least of DNA binding-competent
dimers or tetramers (4 at 220 kDa). LANA eluted as a high-
molecular-weight complex ahead of monomeric actin (Fig.
1B). p53 coeluted with LANA, though p53 was also found in
fractions that contained lower-molecular-weight complexes.
This suggests that a fraction of p53 is not associated with
LANA or associates at a stoichiometry that differs from that of
the tetrameric LANA:p53 complexes that eluted prior.

Independent repetition of this purification step showed that
the high-molecular-weight LANA complex after Sepharose 6B
was able to bind its cognate site within the LANA promoter
(data not shown).

Following size exclusion chromatography, the LANA-posi-
tive fractions were pooled and loaded onto a Heparin FF
column, which enriches for DNA binding proteins (Fig. 1C).
NE was bound to heparin at 0.1 M salt and was washed exten-
sively with 0.2 M KCI until no further protein eluted. As ex-
pected, nuclear actin did not bind to the column at all. Next we
applied 0.5 M KCIl. At this salt concentration, LANA and p53
coeluted from the column. Finally, we applied 1 M KCl in a
step gradient. A second fraction of proteins eluted, but this
fraction contained neither LANA nor p53.

Independent repetition of the heparin purification step
showed that p53 and hdm?2 coeluted with LANA (Fig. 2).
This was expected since hdm?2 is localized to the nucleus as
well as to the cytoplasm. It is important to keep in mind that
we used conventional chromatography with 0.5-ml fraction
volumes. Of those fractions, we used 10 pl in a Western blot,
which somewhat limited our sensitivity. Spl coeluted with
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LANA, consistent with an earlier report by Verma et al.
(95). Hence, Spl was used as a positive control for all
subsequent experiments.

We confirmed interactions of LANA with p53 and of LANA
with hdm2 by coimmunoprecipitation (co-IP) from heparin
column fractions (Fig. 2). When we immunoprecipitated p53
(DO-1), we could detect LANA by Western blotting. When we
immunoprecipitated hdm2, we could detect LANA by Western
blotting. Notably, only a single band of LANA was precipitated
with hdm2, whereas after precipitation with either p53 or Spl
antibodies, the typical LANA triplet of bands could be ob-
served. This suggested that only a fraction of LANA, perhaps
with a particular phosphorylation pattern, is able to bind to
hdm?2.

These results showed further that a portion of LANA ex-
isted in complex with p53 and hdm2. Since we found p53
present in the high-molecular-weight LANA-enriched frac-
tions, as well as in the lower-molecular weight LANA-depleted
fractions, during size exclusion chromatography, this suggested
that not all p53 was complexed with LANA. As expected for a
DNA binding protein, heparin chromatography significantly
enriched for LANA. More importantly, LANA heparin bind-
ing could be reversed and LANA eluted under moderate salt
conditions, which maintained active LANA and active p53 (see
below).

The heparin fractions containing LANA complexes were
pooled and diluted to 0.1 M KClI in buffer D. They were then
loaded onto an anion ion-exchange column (Fig. 3A). After
optimization of elution condition, we identified two peaks: one
within the 0.1 M-to-0.4 M KCl range and the second one within
the 0.4 M-to-0.7 M range. LANA was not detectable by West-
ern blotting in the first, low-salt elution peak (Fig. 3B). p53 was
not detectable by Western blotting alone either, since we fol-
lowed standard procedures and used only 10 pl of the 1-ml
fractions. However, we were able to detect p53 after immuno-
precipitation. Neither LANA nor hdm2 was in complex with
p53 under these conditions (Fig. 3B). These data are consistent
with the existence of a p53:p53 homodimer or tetramer com-
plex.

LANA eluted with 0.7 M KCI. Thus, this purification step
separated p53 and LANA and enriched for LANA and other
tightly LANA-associated proteins. We analyzed the compo-
nents of the LANA complexes by immunoprecipitation assays
(Fig. 3C). We used two different mouse monoclonal p53 anti-
bodies (DO-1 and PAb421) to show that this p5S3:LANA com-
plex was resistant to 0.7 M KCl. The Sp1:LANA complex was
also resistant to 0.7 M KClI. The results of this purification are
summarized in Fig. 1A. We corroborated the results of earlier
experiments using a different, unbiased approach. There exists
a p5S3:LANA complex in PEL. However, only a fraction of
cellular p53 and only a fraction of LANA take part in this
complex.

Specific DNA binding activity of pS3 in PEL despite LANA.
Having identified distinct biochemical complexes of p53:p53
and LANA:p53, we wondered whether we could detect p53
DNA binding activity in the PEL nuclear extracts. We hypoth-
esized that if we could detect p53 binding activity in nuclear
extracts that also contained LANA at physiological levels, this
would biochemically demonstrate that LANA did not inhibit
the DNA binding activity of p53. It would unify our functional
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results of demonstrating a p53-dependent DNA damage re-
sponse in PEL (71) with other observations that LANA could
interfere with p53’s transactivation functions in cotransfection
assays. We used ELISA to interrogate p53 binding abilities.
The Heparin FF column fractions retained the ability to bind
a p53 response element (RE). The histogram of the RE bind-
ing activity of p53 shows a peak after elution with 0.5 M KCl
(Fig. 4A). Based upon Western blotting, these fractions con-
tained large amounts of both LANA and p53. To verify the

specificity of the ELISA kit, we conducted competition exper-
iments. A wild-type, but not a mutant, p53 binding site oligo-
nucleotide competed the signal (Fig. 4C). This suggests that
the presence of LANA protein does not preclude p53 protein
from binding to its cognate DNA element.

We could recover p53 binding activity even after purification
over an anion-exchange column. p53 binding activity corre-
sponded to the p53-containing fractions that eluted with 0.4 M
KCI. In contrast, complexes of LANA and p53 found in the
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FIG. 4. Analysis of the binding activity of p53 upon p53 response elements (RE). Samples were incubated with an immobilized RE oligonu-
cleotide, and washed and bound p53 was detected by ELISA. Shown is the absorption (optical density at 450 nm [OD450]) on the vertical axis,
and column fractions are shown on the horizontal axis. A higher OD indicates a larger amount of p53 binding to the immobilized RE. (A) Analysis
of the binding activity of p53 after purification with the Heparin FF column. (B) Analysis of the binding activity of p53 after purification with an
ion-exchange column. Al to A9 are fractions that eluted at 0.4 M, and I1 to 19 are fractions that eluted at 0.4 to 0.7 M KCl. (C) Competition of
p53 binding activity with soluble wild-type or mutant p53 oligonucleotide. Shown are the results for nuclear extracts and fractions from Heparin
FF and ion-exchange columns at 0.1 to 0.4 M and 0.4 to 0.7 M KCI. Note that fractions were diluted 1:8 in binding buffer.
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FIG. 5. Analysis of the half-lives of LANA complexes. The cell lines BC-3, BJAB, BCP-1, and DG-75 were treated separately with cyclohex-
imide (Calbiochem) (50 wg/ml) for 0, 10, 30, 60, and 120 min. (A) Total protein was analyzed by Western blotting using anti-LANA, anti-p53, and
anti-B-actin (control) antibodies. (B) Band intensities were quantified and the relative intensities plotted over time (dots). Also shown are the
regression lines, which fit the data except in the case of DG-75, which exhibits a biphasic decay curve. (C) hdmX levels in PEL cell lines. Shown
are Western blots for hdmX and cdk6 (as a loading control) for a panel of seven PEL cell lines. (D) Relative levels of hdmX based on densitometry.

hdmX levels were normalized to cdk6 levels. wt, wild type; mt, mutant.

second peak of the anion-exchange column lost the ability to
bind a p53 consensus element (Fig. 4B).

The half-life of p53 in PEL is determined by p53’s muta-
tional status. Rapid protein turnover is a key characteristic of
wild-type p53. The half-life of p53 in epithelial cells and fibro-
blasts is <20 min. It can be as low as 5 min in murine thymo-
cytes (61). Mutation and binding to SV40 large T antigen or to
the adenovirus E1B 55-kDa protein extend the half-life of
wild-type p53 to many hours (reviewed in reference 15). Half-
life is thus an indicator of p53 function (31). We hypothesized
that if LANA complexed with p53, this would lead to p53
stabilization analogous to that of the SV40 T antigen:p53 com-
plex or, as previously reported (10), accelerated degradation of
p53. To determine the half-life of p53, LANA, and hdm2,
representative PEL cell lines (BC-3, BCP-1) and two control
KSHV-negative Burkitt lymphoma cell lines (BJAB, DG-75)
were treated with 50 pg/ml of the protein translation inhibitor
cycloheximide for 0, 10, 30, 60, and 120 min. The total amount
of protein was detected by Western blotting and quantified by
image analysis (Fig. 5A). The half-life of p53 correlated with
pS3 mutational status and was not extended by the presence of
LANA.

p53 was short-lived in BC-3 cells (¢,, = 1.7 h) (Fig. 5B),
which contain wild-type p53 (71). The half-life of p53 was
extended in the other three cell lines, which carry mutant p53.
The half-life was 23 h in the BJAB cell line, which has a
His193Arg mutation in p53 (6). The half-life was 6 h in another
KSHV-infected cell line, BCP-1, that also harbors a mutant
p53 allele (insertion S262/S262) (71). The DG-75 cell line,
which is heterozygous for p53 (14), carrying both a wild-type
and a mutant (Arg283His) copy of p53, evidenced a biphasic
curve consistent with the heterozygous phenotype.

The half-life of LANA in KSHV-infected BC-3 and
BCP-1 cells was consistent with earlier reports that found

the LANA half-life to exceed 24 h. We did not detect LANA
protein in the KSHV-negative BJAB and DG-75 cell lines.
We could not detect hdm?2 in either the BJAB or DG-75
Burkitt lymphoma cell line, consistent with the absence of
hdm2 RNA as previously reported (Gene Expression Om-
nibus data set GDS989). In contrast, hdm2 was easily de-
tectable in both PEL cell lines, which was expected since we
previously showed that hdm2 protein and RNA levels were
upregulated in all PEL (71). The half-life of hdm2 was short
(=30 min). Actin was used as a control.

For the first time, we investigated the status of hdmX in PEL
(Fig. 5C and D). Unlike hdm2, we could not discern a consis-
tent expression pattern for hdmX. hdmX was detectable in
JSC-1, VG-1, and BC-3 but not the other PEL lines in our
experiment. hdmX levels did not correlate with either p53
status or EBV coinfection status. In sum, we failed to demon-
strate any effect of LANA on the half-life of p53, as would be
expected if most pS3 were sequestered by LANA.

Nutlin-3a disrupts purified LANA:p53:hdm2 complex in
vitro. Nutlin-3a disrupts purified hdm2:p53 complex binding by
intercalating at the p53:hdm?2 surface (54), and nutlin-3a sig-
nificantly reduced cell proliferation in PEL harboring wild-type
pS3 (71, 77). We hypothesized that nutlin-3a would also dis-
rupt the p5S3:LANA complex. If so, this would demonstrate
that hdm?2 participates in p5S3:LANA interaction either directly
or by changing the conformation of p53 to allow it to bind
LANA. We therefore treated BC-3 cells with nutlin-3a and
performed co-IP and Western blotting at various times there-
after. Nutlin-3a disrupted the p53:hdm2 complex within 6 h
after addition as measured by co-IP followed by Western blot-
ting for associated p53 (Fig. 6A). This coincided with the
induction of p53, hdm2, and p21 protein as determined by
Western blotting. These are direct transcriptional targets of
pS3. Hence, this demonstrates that nutlin-3a activated p53 in



3904 CHEN ET AL.

A

Time(h) 0 6 12 24 48 WB

o EEEEREEES
Input .‘”- p53

mput = &% B B O Ham2

poss | Bl 11 Lo
IPp53 | g . " Hdm2
A . o Caspase3

— e — a— — [\Ctin

B +Nutlin3
% _4] wB
Pps3|  BEE- == LANA
IP p53 - e - —— p53

FIG. 6. Nutlin-3a disrupts LANA:hdm2:p53 complexes in vivo and
in vitro. (A) BC-3 cells were treated with nutlin-3. p53, hdm2, and
LANA levels and complexes were determined by Western blotting
(input) and immunoprecipitation followed by Western blotting. Also
shown are results of Western blotting for p21 levels to document p53
and caspase-3 activation, with actin as a loading control. (B) The
disruption of LANA:p53:hdm?2 interaction by nutlin-3 is a direct effect.
Purified LANA:p53:hdm2 complexes from heparin fractions 3 to 7
were pooled and incubated with increasing amounts of nutlin-3 in vitro;
p53 complexes were immunoprecipitated (IP) and blotted (WB) with
LANA or p53 antibodies.

vivo. Importantly, the LANA:p53 complex was disrupted im-
mediately after addition of nutlin-3a to BC-3 cells. Immuno-
precipitation of p53 followed by Western blotting for LANA
demonstrated a complex at 0 h but not at any time point
thereafter. At 48 h, the cells started to die, and consequently,
protein levels were reduced for all proteins assayed.

To exclude, as much as possible, indirect effects of nutlin-3
on LANA:p53 binding, we explored the effect of nutlin-3 on
LANA:p53 complexes in vitro. To do so, we used purified
LANA:p53 complex from our heparin fractions and added
increasing amounts of nutlin-3a in vitro. Nutlin-3a was able to
dissociate the LANA:p53 complex in a dose-dependent man-
ner, as shown by co-IP (Fig. 6B). Since nutlin-3 disrupts the
hdm?2:p53 interaction interface, we conclude that hdm2 con-
tributes to LANA’s interaction with p53 either directly or by
changing the conformation of p53 to enable it to bind LANA.

Subcellular distribution of p53, hdm2, and LANA. p53 ac-
tivities are also governed by localization. Nuclear-cytoplasmic
shuttling is a defining characteristic of p53:hdm?2 (8, 92). We
therefore investigated the cellular localization of LANA, p53,
and hdm2 using either a commercial assay (Fig. 7A) or the
Dignam et al. method (Fig. 7B). The commercial assay gave
better separation of the cellular fractions. The majority of
LANA was present in the nucleus. p53 was also localized in the
nucleus in exponentially growing BC-3 cells. Spl was exclu-
sively localized to the nucleus and served as a positive control
for fractionation. Actin was cytosol and cytoskeleton associ-
ated and served as a positive control for proper fractionation of
these two compartments.

By immunofluorescence, all LANA was located in the nuclei
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FIG. 7. Cellular fractions and immunofluorescence assay of
LANA, hdm2, and p53 in BC-3 cells. (A) Cellular fraction of BC-3
using a commercial assay (cytosol, membrane/organelle, nucleus, and
cytoskeleton) followed by Western blotting. (B) Cellular fractionation
of BC-3 cells by the Dignam et al. method. WC, whole-cell extract; B,
10 mM KCI; NE, nuclear extraction per Dignam C (0.42 M NaCl); P,
pellet after Dignam et al. nuclear extraction. Antibodies used were
anti-LANA, anti-p53, anti-Sp1, and anti-B-actin. (C and D) Deconvo-
lution scanning immunofluorescence of BC-3 with antibodies of anti-
LANA (green) and anti-p53 (red) (C) and with anti-LANA (green)
and anti-hdm?2 (red) (D).

of BC-3 cells (Fig. 7C, green). In interphase nuclei, LANA was
focally concentrated in a characteristic punctuate pattern at
sites of KSHV plasmids, which have been shown to roughly
correspond to the number of KSHV plasmid copies, ranging
from 15 to 30 per cell (69). p53 was similarly nuclear, and some
p53 colocalized with LANA (Fig. 7C, yellow). This is consistent
with our biochemical purification, which found evidence for
both free and LANA-bound p53. We also investigated the
binding of LANA to hdm2 and found some evidence for co-
localization, though most of the hdm2 (Fig. 7D, red) was not
bound to LANA. This is consistent with the idea of multiple
LANA complexes in which LANA that is bound to histones is
not bound to hdm?2 and hdm?2 has other functions and binding
partners other than just LANA.

There is an important caveat though: wild-type p53 is typi-
cally undetectable by Western blotting in exponentially grow-
ing cells. It accumulates only after cellular insult. Hence, the
p53 fluorescence signal was 10-fold-weaker than the LANA
signal. We were able to detect these proteins only because
LANA, p53, and hdm?2 are highly expressed in BC-3 cells.

DISCUSSION

LANA is a viral binding partner of p53. Friborg et al. (23)
showed that in vitro-translated LANA protein bound to a glu-
tathione S-transferase (GST)-p53 fusion protein but not to
GST alone. They also succeeded at coimmunoprecipitating
LANA and p53 from BCBL-1 cells. Of note, BCBL-1 cells
contain one wild-type and one mutant (M246I) allele of p53
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FIG. 8. Model of LANA:p53:hdm2 complexes in PEL. This model
is based on experiments described here as well in earlier work, which
confirmed doxorubicin-induced Ser 15 phosphorylation and nutlin-3-
dependent p53:mdm?2 and p53:LANA dissociation, as well as induction
of p53 target genes in PEL, which carry wild-type p53 (71, 77).

punctate

(49), resulting in accumulation of high levels of p53 het-
erodimers. These initial experiments used the monoclonal
anti-p53 antibody DO-1 and relied on KSHV-reactive patient
sera, since at the time, no monoclonal antibody against LANA
was available. Less than 10% of p53 could be immunoprecipi-
tated with the human anti-KS antisera and less than 10% of
LANA could be immunoprecipitated with the anti-p53 mono-
clonal antibody. Using BC-3 cells, which contain wild-type p53,
we found evidence for a fraction of p53 that was stably bound
to LANA even after column purification and a 0.4 M KCI salt
wash. These novel results corroborate earlier studies (10, 100),
but neither ectopic overexpression nor elevation due to p53
mutation was used.

This alone is not the whole story. Our model (Fig. 8) posits
that there exist multiple LANA complexes in PEL. (i) The
majority of LANA is present in LANA:histone complexes.
These function in KSHV genome tethering and replication. (ii)
A separate population of LANA takes part in transcription
regulatory protein complexes, such as LANA:p53 and LANA:
Spl. The composition and abundance of these complexes are
subject to regulation: p53 activation via S15 phosphorylation
will release pS3 from LANA (71). hdm2:p53 disruption via
nutlin-3a will also release p53 from LANA (77). Nutlin-3a
disrupted partially purified LANA:p53 complexes in vitro, sug-
gesting for the first time a direct interaction between this drug
and the LANA:p53 complex. Whether nutlin-3a directly inter-
feres with the LANA:p53 interaction interface or whether only
the hdm?2:p53 complex has the correct structure to bind LANA
is the subject of further studies.

The existence of multiple, mutually inclusive complexes can
explain why targeted approaches such as coimmunoprecipita-
tion and overexpression-based transcriptional experiments that
are conducted in cells lacking the KSHV episome consistently
find evidence for p53:LANA interactions (7, 10, 23, 83, 97,
100), whereas phenotypic analyses of PEL or less sensitive,
mass spectrometry (MS)-MS-based screens (4, 84) of PEL
could not find evidence for a prominent pS3:LANA complex.
Further support for multiple independent complexes comes
from our half-life analysis. The half-life of p53 in PEL corre-
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lated with p53 mutation status. It was not extended by the
presence of LANA. This is in contrast to p53:SV40 T antigen
complexes, in which p53’s half-life is extended and which pre-
vent p53 from binding its cognate DNA (36, 89, 93).

In the context of latently infected PEL, we found that the
multiple LANA complexes coexist. Purification over Sepha-
rose and Heparin columns facilitated the isolation of distinct
LANA complexes that were comprised of LANA-p53-hdm2,
p5S3 alone, or LANA alone. In the Heparin fractions that
contained LANA and p53, LANA retained the important char-
acteristic and functionality of binding to the KSHV terminal
repeat (TR) sequences (data not shown). Likewise, pS3 com-
plexes contained in the same column fractions retained the
ability to bind to p53 cognate DNA elements. This is in con-
trast to what occurred with the SV40 large T antigen (5), which
interferes with p53’s DNA binding ability. Conversely, p53
interferes with the SV40 large T antigen’s ability to unwind the
SV40 origin of replication, and there exists a concentration-
dependent trimeric complex of p53, SV40 T antigen, and poly-
merase-alpha (9, 25, 57). This suggests (i) that LANA and
SV40 T are not analogous with respect to their p53 interactions
and (ii) that there exist separate LANA-free p53 complexes or,
alternatively, that the LANA:p53 complexes in PEL retain the
ability to bind specifically to p53-responsive elements in a man-
ner that is indistinguishable from KSHV-uninfected cell ex-
tracts.

The experimental details of our purification are important in
order to gauge which LANA:p53 complexes we could have
detected and which we would have missed based on our ex-
perimental design. Our fractionation scheme started with nu-
clear extract, since LANA is a nuclear protein. Any interac-
tions involving a minor fraction of cytoplasmic LANA would
have eluded our purification scheme. There is presently no
indication that LANA can shuttle in and out of the nucleus. In
contrast, nuclear-cytoplasmic shuttling is a defining property of
pS3. By implication then, any cytoplasmic p53:hdm2 complexes
would not contain LANA and would be functionally wild type.
This is important, since pS3 can activate apoptosis via release
of bax from mitochondria, followed by activation of caspase-9
(11, 12). This mechanism is independent of p53’s transactiva-
tion function and has been implicated to explain the response
of B-CLL to nutlin-3a (48, 79, 88). It might similarly explain
the response of PEL to nutlin-3a (71, 77).

Activation of p53 by DNA damage depends on posttransla-
tional modifications such as acetylation, phosphorylation at Ser
15, 20, 33, and 37, release of hdm2, extension of half-life, and
nuclear accumulation. We and others previously showed that
this pathway is intact in LANA-expressing PEL (71, 77).
LANA does not block the activation of p53 by DNA damage
and its subsequent transcriptional function. Hence, the nature
of the LANA:p53 complex must be such as to allow access to
the p53 N terminus and phosphorylation at Ser 15. hdm?2 also
binds to the N terminus of p53, involving amino acids (Phe 19,
Trp 23, and Leu 26) (54). This interaction is sensitive to nut-
lin-3 (94). Nutlin-3a efficiently kills LANA-positive PEL, if
they contain wild-type p53 (71). Sarek et al. showed that treat-
ment with 7 wM nutlin-3a released p53 from both LANA and
hdm?2 (77) in BC-3 cells. Hence, the nature of the LANA:p53
complex must be such as to allow nutlin-3a access to the p5S3 N
terminus and the p53:hdm?2 interaction site. Alternatively,
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there exists a cytoplasmic hdm2:p53 complex that is not inhib-
ited by LANA or other viral proteins.

KSHYV possesses a complex series of molecular strategies to
regulate cell proliferation, induce cell transformation, and pre-
vent cell apoptosis. The detailed molecular mechanisms are
the subject of ongoing investigation and may yield novel inter-
vention targets for KSHV-associated cancers. LANA is a mul-
tifunctional protein that is consistently expressed in all KSHV-
associated malignancies. The primary function of LANA is to
tether the KSHV episome to cellular chromosomes and thus to
ensure the proper segregation of latent episomes during mito-
sis. However, episome tethering is not the only function of
LANA. LANA also has DNA binding and transcriptional reg-
ulatory activity on its own promoter (38, 39, 75) as well as on
cellular promoters, for instance, the promoter for human
telomerase (95). The transcriptional function of LANA is high-
lighted in experimental designs that express LANA in the
absence of the viral episome (and latent origin). Here, LANA
has been shown to regulate a large number of target genes and
their promoters (1, 29, 35, 47, 75, 97). Likewise, B cell-specific
expression of LANA in transgenic mice induces mature B cell
hyperplasia and lymphoma in a fraction of animals (21). In
contrast, latent infection of B cells with KSHV has consistently
failed to bring about a fully transformed phenotype (18, 46,
76). These superficially discordant observations can be unified
if one postulates the existence of multiple LANA complexes,
one each for the replicative, transcriptional, and transforming
functions.
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