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The Kaposi’s sarcoma-associated herpesvirus (KSHV) latency-associated nuclear antigen (LANA) pro-
tein is functionally pleiotropic. LANA contributes to KSHV-associated pathogenesis, in part, by increasing
entry of cells into S phase through a process that is driven by LANA interaction with the serine-threonine
kinase glycogen synthase kinase 3 (GSK-3) and stabilization of 3-catenin. We now show that LANA affects
the activity of another protein involved in cell cycle regulation, c-Myc. Sequencing of c-Myc coding
sequences revealed that c-Myc in KSHV-positive primary effusion lymphoma (PEL) cell lines is wild type
in the N-terminal region that regulates c-Myc protein stability. Despite this, c-Myc in PEL cells is
stabilized. In LANA-expressing cells, inactivation of nuclear GSK-3 reduced phosphorylation of c-Myc at
Thr58 and contributed to c-Myc stabilization by decreasing c-Myc ubiquitination. Phosphorylation of
c-Myc on Ser62 also affects c-Myc stability and function. We now show that LANA increases the level of
phosphorylated extracellular signal-regulated kinase 1 (ERK1) and increases ERK phosphorylation of
c-Myc on Ser62. LANA also interacted with c-Myc, and c-Myc amino acids 147 to 220 were required for this
interaction. LANA (L1006P) retained the ability to bind to c-Myc and activate ERK1, indicating that these
events did not require LANA interaction with GSK-3. Thus, LANA stabilizes c-Myc; prevents the phos-
phorylation of c-Myc at Thr58, an event that promotes Myc-induced apoptosis; and independently stim-
ulates phosphorylation of c-Myc at Ser62, an event that transcriptionally activates c-Myc. LANA-mediated
manipulation of c-Myc function is likely to contribute to KSHV-associated tumorigenesis through the

induction of c-Myc regulated cellular genes, as well as by the stimulation of cell cycle progression.

Kaposi’s sarcoma-associated herpesvirus (KSHV) was dis-
covered in lesions of Kaposi’s sarcoma using differential dis-
play (12) and was subsequently recognized to also be associ-
ated with primary effusion lymphoma and multicentric
Castleman’s disease (10, 18, 52, 59). The KSHYV latency-asso-
ciated nuclear antigen (LANA) is one of a limited number of
KSHYV genes consistently expressed in latently infected cells
and in KSHV-associated malignancies (47). LANA is encoded
by KSHV ORF73 and has unique N-terminal and C-terminal
domains separated by three sets of repeated sequences that
represent approximately half of the total protein sequence.
These repeats function similarly to the central repeat region of
the Epstein-Barr virus EBNA-1 protein by inhibiting antigen
presentation and allowing tumor cells expressing LANA to
escape immune surveillance (2, 16, 70).

LANA is a multifunctional protein that is essential for the
replication (5, 20, 29, 34) and maintenance (4) of KSHV epi-
somal DNA during latent infection. LANA binds to the ter-
minal repeats of the KSHV genome (14, 25); links the genomes
to the cell chromosomes through interactions with chromatin-
associated proteins such as the core histones H2A and H2B,
DEK, HP1, Brd4, and MeCP2 (6, 28, 37, 69); and recruits
cellular DNA replication machinery to the terminal repeats
(45, 60, 62, 64). Expression of LANA in a transgenic mouse
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generated activated, hyperproliferative B cells, and mice de-
veloped lymphoma with a long latency (19). LANA has mul-
tiple properties that could contribute to tumorigenesis. These
include inhibition of p53-mediated apoptosis (9, 21), stimula-
tion of S-phase entry through stabilization of B-catenin and
upregulation of cyclin D1 (24) and through induction of Rb/
E2F-regulated genes (1, 49), and overcoming G, cell cycle
arrest mediated by p16 (1) and BRD4 and BRD2 (46).
LANA is also responsible for promoting KSHV latency gene
expression at the expense of lytic induction and for some of the
reprogramming of cell gene expression that occurs in KSHV-
infected cells (1, 57, 65, 66). Targeting of LANA to DNA
either through the use of Gal4-LANA fusion proteins (38, 53)
through binding of LANA to the KSHV terminal repeats (25)
or through LANA recruitment to cell (57) or viral promoters
(39, 42) leads to transcriptional repression. LANA binds to
histone deacetylase-associated corepressors (38) and is also
capable of recruiting de novo DNA methyltransferases and the
histone methyl transferase SUV39H1 to downregulate tar-
geted cell promoters through CpG methylation (50, 57).
LANA has also been reported to increase expression of
genes regulated by a variety of transcription factors (40, 44, 61,
63). A source of indirect transcriptional reprogramming is the
interaction between LANA and glycogen synthase kinase 3
(GSK-3). LANA mediates a cell cycle-regulated nuclear relo-
calization of GSK-3 that depletes GSK-3 from the cytoplasmic
B-catenin destruction complex, stabilizing B-catenin and mak-
ing B-catenin available for transcriptional activation of target
genes (24). In addition, the LANA-GSK-3 interaction leads to
an overall inactivation of nuclear GSK-3. This inactivation is
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FIG. 1. c-Myc is wild-type and stabilized in PEL cells. (A) Comparison of the amino acid sequence surrounding the phospho-regulatory region
of wild-type c-Myc and the sequence predicted from RT-PCR sequencing of c-Myc transcripts in BCBL1, BC2, BC3, and JSC1 PEL cells. (B) c-Myc
stability. Western blots of extracts of B cells (Daudi [wt c-Myc] and Raji [mutant c-Myc]) and PEL cells (BCBL1 and BC2) probed with anti-c-Myc
or anti-B-actin antibodies are shown. Cells were harvested after treatment for the indicated times with cycloheximide (25 wg/ml). (C) Quantitation
of the immunoblot signal in panel B. c-Myc was normalized to the B-actin signal and then plotted against the signal obtained at 0 h of cycloheximide

treatment. CHX, cycloheximide.

mediated by phosphorylation of GSK-3B on serine 9 by the
coordinated activity of the kinases extracellular signal-regu-
lated kinase 1/2 (ERK1/2) and ribosomal S6 kinase 1 (RSK1),
which coprecipitate with LANA (41). ERK1/2 and RSK1 form
a complex, and ERK1/2 also binds to GSK-3. ERK1/2 priming
phosphorylation promotes serine 9 phosphorylation of
GSK-3B by RSKI1 (17). LANA-mediated inactivation of nu-
clear GSK-3 opens up the possibility that decreased GSK-3
activity may modify the function of transcription factors that
are normally GSK-3 substrates. This was shown to be the case
for the C/EBP proteins C/EBPa and C/EBPB, where dimin-
ished GSK-3 phosphorylation translated into a LANA-medi-
ated block in terminal differentiation (41).

Another known GSK-3 substrate is Myc, whose activity is
also regulated by ERK1/2 (31). The interactions between
LANA and the GSK-3 and ERK1/2 kinases led us to evaluate
the effects of LANA expression on Myc phosphorylation and
activity. We show that LANA both decreases Myc phosphory-
lation on threonine 58 and increases phosphorylation on serine
62. This combination affects Myc stability, transcriptional ac-
tivity, and apoptotic functions and is likely to account for the
high proportion of Myc-regulated genes present in a previous
gene array analysis documenting LANA modulation of cell
gene expression. While this work was being prepared for pub-
lication, another study was published that also found reduced
threonine 58 phosphorylation of Myc in LANA-expressing
cells (8).

MATERIALS AND METHODS

Plasmids and antibodies. Flag-LANA and HA-GSK-3p expression plasmids
were previously described (22). The wild-type c-Myc expression vector was ob-
tained from C. Dang, Johns Hopkins (30). c-Myc deletion mutants were obtained
from W. Tansey, Cold Spring Harbor Laboratory (51). S62A and T58A c-Myc
mutants were from S. Hann, Vanderbilt University (27). Anti-c-Myc, anti-pT58-
c-Myc, and anti-pS62-c-Myc monoclonal antibodies were purchased from
Abcam, and the anti-hemagglutinin (HA) and anti-Flag antibodies used for
immunoblotting and immunoprecipitation were obtained from Sigma.

Cell culture and transfection. BCBL1, BC2, BC3, and JSC1 PEL cells and
Daudi, Raji, and Akata 4E3 lymphoma B cells were cultured in RPMI 1640
supplemented with 10% fetal bovine serum. HeLa cells were grown in Dulbecco
modified Eagle medium (DMEM) containing 10% fetal bovine serum and trans-
fected by using calcium phosphate precipitation. For protein stability experi-
ments, cells were treated with 25 wM cycloheximide for the indicated period
before harvesting.

Immunoprecipitation and immunoblotting. HeLa cells seeded at 10° per
10-cm dish were transfected by using calcium phosphate precipitation with HA-
c-Myc (7 pg), Flag-LANA (7 pg), and/or S-GSK-38 (7 pg). Cells were harvested
48 h posttransfection, resuspended in 2 ml of ice-cold lysis buffer (50 mM
Tris-HCI [pH 7.8], 0.2% Nonidet P-40, 5% glycerol, 1 mM dithiothreitol, 0.5 mM
EDTA, 50 mM NaCl, 0.5 mM phenylmethylsulfonyl fluoride, 1 g of pepstatin
per ml, 5 pg of aprotinin per ml, 0.5 mM NaF, and 1 mM sodium pyrophosphate)
and lysed with rotation for 30 min. Lysates were precleared by mixing with
Sepharose beads (50 pl), followed by centrifugation at 5,000 rpm for 5 min. The
supernatant was subjected to a second centrifugation at 15,000 rpm for 15 min.
The supernatant was then incubated with anti-HA monoclonal antibody (1 pg)
or anti-Flag M2 affinity gel for 2 h at 4°C, followed by incubation with protein
G-Sepharose beads (50 pl, swollen volume) for 2 h at 4°C. Beads were washed
four times with ice-cold lysis buffer, resuspended in sample buffer (50 pl), and
boiled prior to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Western blotting.
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FIG. 2. LANA stabilizes c-Myc. (A) Stabilization of c-Myc in
TIME cells. Western blots of extracts of LANA- or vector-transduced
TIME cells probed with anti-c-Myc or anti-B-actin antibodies. Cells
were harvested after treatment for the indicated times with cyclohex-
imide (25 pg/ml). (B and C) Western blots of extracts from HeLa cells
transfected with wild-type c-Myc (B) or S62A c-Myc mutated in the
ERK priming site (C). Cells were transfected with c-Myc alone (upper
panel) or c-Myc plus LANA (lower panel) and harvested after treat-
ment for the indicated times with cycloheximide. Membranes were
probed with anti-c-Myc antibody. CHX, cycloheximide.

Metabolic labeling with [3?P]orthophosphate. Two days after transfection,
HeLa cells were rinsed with 1X phosphate-buffered saline (pH 7.4), washed with
phosphate-free DMEM, incubated in phosphate-free DMEM plus 10% dialyzed
fetal bovine serum for 1 h, and then incubated for 4 h with the same medium
containing [**PJorthophosphate (carrier-free [Amersham; 4 mCi/10-cm dish, 250
wCi/ml), with or without 25 mM LiCl. Labeling was stopped by washing the the
cells twice with ice-cold PBS. Labeled cells were lysed and subjected to immu-
noprecipitation with anti-c-Myc antibody as described above. Immunoprecipi-
tated proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, followed by autoradiography and Western blotting.

RESULTS

c-Myc is wild-type but stabilized in PEL cells. The N-termi-
nal domains of c-Myc are frequently mutated in human lym-
phomas (3). To ascertain the status of c-Myc in primary effu-
sion lymphoma (PEL) cell lines, c-Myc transcripts were
amplified by reverse transcription-PCR, and codons 1 to 152
were directly sequenced. The BCBL1, BC2, BC3, and JSC1
PEL cell lines were all found to contain wild-type c-Myc in the
region encoding amino acids (aa) 1 to 152 (Fig. 1A). The
stability of c-Myc in the BCBL1 and BC2 PEL cell lines was
next compared to that of c-Myc in Epstein-Barr virus (EBV)
lymphoma cell lines carrying wild-type c-Myc (Daudi) or mu-
tated c-Myc (Raji). Cell extracts were prepared at the indicated
times after a cycloheximide block, and c-Myc protein was de-
tected by immunoblotting. As expected for N-terminally mu-
tated c-Myc versus wild-type c-Myc, the half-life of c-Myc in
Raji cells was much longer than that in Daudi B cells (Fig. 1B
and C). Surprisingly, the half-life of c-Myc in the BCBLI and
BC2 PEL lines was also extended, despite the fact that no muta-
tions were present in the c-Myc N terminus (Fig. 1B and C).

LANA stabilizes wild-type c-Myc but not S62A c-Myc. To
determine whether LANA was responsible for the enhanced
stability of c-Myc in PEL cells, endogenous c-Myc stability was
examined using cycloheximide treatment in vector-transduced
telomerase-immortalized microvascular endothelial (TIME)
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FIG. 3. LANA blocks GSK-3 phosphorylation and ubiquitination
of c-Myc. (A) HeLa cells transfected with the indicated plasmids were
metabolically labeled with [**P]orthophosphate for 4 h. Extracts were
immunoprecipitated with anti-HA antibody and subjected to autora-
diography (upper panel) or Western blotting with anti-HA antibody to
detect HA-c-Myc (lower panel). LiCl is a GSK-3 inhibitor. (B) Western
blots of extracts of HeLa cells transfected with the indicated plasmids and
probed with T58 phospho-specific c-Myc antibody (upper panel) or anti-
c-Myc antibody (lower panel). (C) Extracts of HeLa cells transfected with
HA-c-Myc and GSK-3 alone (lanes 1 and 2) or plus LANA (lanes 3 and
4) were immunoprecipitated with anti-HA or control anti-body as indi-
cated. Western blots were probed with anti-ubiquitin antibody (upper
panel) or anti-c-Myc antibody (lower panel).

cells versus LANA-transduced TIME cells. Western blotting
revealed that c-Myc half-life was extended in the LANA-ex-
pressing TIME cells (Fig. 2A). LANA was also able to stabilize
wild-type c-Myc in transfected cells. Western blotting of ex-
tracts from HeLa cells transfected with wild-type c-Myc alone
(Fig. 2B, upper) or plus LANA (Fig. 2B, lower) and treated
with cycloheximide showed that the transfected c-Myc was
stabilized in the presence of LANA. c-Myc is phosphorylated
by GSK-3 on Thr58, an event that targets c-Myc for degrada-
tion and is primed by phosphorylation of Ser62 by ERK. In the
absence of Ser62 phosphorylation, GSK-3 cannot phosphory-
late Thr58. The stability of an S62A c-Myc protein was then
examined in transfected HeLa cells. Cotransfection of LANA
with S62A c-Myc had no effect on c-Myc stability (Fig. 2C).
The data suggested that LANA-mediated inactivation of nu-
clear GSK-3 plays a role in stabilization of c-Myc.

LANA blocks Thr58 phosphorylation by GSK-3 and c-Myc
ubiquitination. The effect of LANA on GSK-3 phosphoryla-
tion of c-Myc was examined in transfected HeLa cells that were
incubated with [**P]orthophosphate for 4 h prior to harvesting
to metabolically label phosphorylated proteins. HA—c-Myc was
immunoprecipitated from the transfected cell extracts with
anti-HA antibody, and the immunoprecipitates were subjected
to Western blotting with anti-c-Myc antibody (Fig. 3A, lower)
and autoradiography to visualize phosphorylated HA—c-Myc
(Fig. 3A, upper). Cotransfection of GSK-3p led to an increase
in a slower-migrating, presumably doubly Thr58/Ser62 phos-
phorylated, form of c-Myc (Fig. 3A, lane 2). Incubation of the
cells with LiCl, a GSK-3 inhibitor, reduced the presence of the
faster-migrating phosphorylated form and eliminated detec-
tion of the slower-migrating phosphorylated form of c-Myc
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(Fig. 3A, lane 3), indicating that GSK-3 phosphorylation at
Thr58 was required for the formation of the slower-migrating
form and also contributed to the faster-migrating phosphory-
lated form of c-Myc. Cotransfection of the cells with LANA
also led to a decrease in the faster-migrating phosphorylated
form of c-Myc and to a dramatic reduction in the presence of
the slower migrating phosphorylated form (Fig. 3A, lane 4
versus lane 2). The addition of LANA to cells treated with LiCl
resulted in the same pattern of c-Myc phosphorylation, as was
seen in cells treated with LiCl in the absence of LANA (Fig.
3A, lanes 3 and 5). This result implies that LANA and LiCl are
functioning similarly and is consistent with LANA blocking the
GSK-3 phosphorylation of c-Myc.

The concept that LANA-mediated inactivation of GSK-3
was preventing GSK-3 phosphorylation of c-Myc on Thr58 was
directly tested by probing Western blots of transfected HeLa
cell lysates with phospho-Thr58 specific anti-c-Myc antibody.
In cells transfected with c-Myc alone, the anti-phospho-Thr58
antibody detected two c-Myc bands (Fig. 3B, lane 1) that re-
sembled the two-band pattern seen with metabolic labeling of
c-Myc in Fig. 3A. The two forms of c-Myc detected by the
anti-phospho-Thr58 antibody are the dually S62 and Thr58
phosphorylated protein and the singly Thr58 phosphorylated
protein. Cotransfection with LANA reduced the levels of both
bands (Fig. 3B, lane 2), and LANA mediated this effect even in
the presence of cotransfected GSK-3p (Fig. 3B, lane 3). West-
ern blots of the same samples were probed with anti-c-Myc
antibody to show equivalent c-Myc protein loading (Fig. 3B,
lower). GSK-3 phosphorylation of c-Myc on Thr58 targets
c-Myc for ubiquitination and proteasomal degradation. The
effect of LANA on c-Myc ubiquitination was also examined.
HeLa cells were transfected with HA-c-Myc, alone or in the
presence of LANA, and cell extracts were immunoprecipitated
with anti-c-Myc antibody and subjected to immunoblotting
with anti-ubiquitin antibody. The c-Myc immunoprecipitated
from the transfected cells was heavily ubiquitinated (Fig. 3C,
lane 1), and cotransfection with LANA significantly reduced
the amount of ubiquitination (Fig. 3C, lane 3). Equal amounts
of total c-Myc were present in the samples examined, as shown
by probing a parallel immunoblot with c-Myc antibody (Fig.
3C, lower). The anti-immunoglobulin G immunoprecipitations
(Fig. 3C, lanes 2 and 4) served as controls for the specificity of
the anti-c-Myc immunoprecipitations. Thus, LANA stabilizes
c-Myc in part by blocking GSK-3 phosphorylation of c-Myc on
Thr58 and limiting the subsequent ubiquitination of c-Myc.

c-Myc interacts with LANA. LANA-mediated blocking of
c-Myc phosphorylation at Thr58 is an indirect effect of
LANA’s interaction with, and inactivation of, nuclear GSK-3.
We wondered whether LANA might also manipulate c-Myc
function in other ways and tested for an interaction between
LANA and c-Myc. HeLa cells were cotransfected with HA—c-
Myc and Flag-LANA and immunoprecipitates of the cell ex-
tracts were Western blotted and probed with anti-HA antibody
to detect HA-c-Myc. HA—c-Myc was present in the cell extract
(Fig. 4A, lane 1), in the direct anti-HA immunoprecipitate
(Fig. 4A, lane 3), but not in the immunoprecipitate generated
with control immunoglobulin G (Fig. 3A, lane 4). HA—c-Myc
was also detected in the indirect immunoprecipitate generated
with anti-Flag antibody (Fig. 4A, lane 2), indicating that
LANA interacts with c-Myc.
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FIG. 4. LANA interacts with c-Myc. (A) Western blots of extracts
of HeLa cells transfected with HA-c-Myc and either wild-type Flag-
LANA or Flag-LANA(L1006P). Membranes were probed with anti-HA
antibody to detect c-Myc. (B) Schematic of c-Myc N-terminal and C-
terminal deletions. I, II, ITII, Myc conserved domains; BR, basic region;
HLH, helix-loop-helix; LZ, leucine zipper. The shaded box indicates
LANA-binding domain. (C) Western blots of extracts of HeLa cells co-
transfected with Flag-LANA and the HA-c-Myc variants. Extracts were
immunoprecipitated with anti-Flag antibody (upper panel) and probed
with anti-HA antibody. Expression of the HA-c-Myc variants is detected
with anti-HA antibody (lower panel).

Both LANA and c-Myc are substrates for GSK-3, and
LANA interacts with GSK-3 (23). It was therefore possible
that the apparent interaction between LANA and c-Myc was
an indirect interaction mediated through GSK-3. To test for a
GSK-3 mediated interaction, the experiment was repeated
with either wild-type Flag-LANA or a LANA mutant (LANA-
L1006P) that has been shown to be incapable of binding
GSK-3 (23). Western blotting of extracts from cells cotrans-
fected with Flag-LANA(L1006P) detected HA—c-Myc in both
direct anti-HA and indirect anti-Flag immunoprecipitates (Fig.
4A, lanes 5 and 6). This result indicates that the interaction
between LANA and c-Myc is not mediated through a common
GSK-3 interaction and suggests that the interaction may be
direct.

c-Myc aa 147 to 220 are required for LANA interaction. A
series of N-terminal and C-terminal deletions of HA—c-Myc
(51) were used to map the region of c-Myc that was required
for interaction with LANA (Fig. 4B). HeLa cells were cotrans-
fected with Flag-LANA and the HA—c-Myc variants. Cell ex-
tracts were immunoprecipitated with anti-Flag antibody, and
Western blots were probed with anti-HA antibody to detect
coprecipitating HA—c-Myc. The N-terminal deletion variants
N1 and N2 retained the ability to coprecipitate with Flag-
LANA, but N3 and N4 did not coprecipitate, indicating that
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FIG. 5. LANA increases S62 c-Myc phosphorylation and activates endogenous ERK1 independently of the LANA-GSK-3 interaction. (A) The
left panel shows an immunoblot of extracts from HeLa cells transfected in the absence (upper) or presence of LANA (lower) with T5S8A c-Myc
mutated in the GSK-3 phosphorylation site and harvested at the indicated times after treatment with cycloheximide (25 pg/ml). The right panel
shows quantitation of the immunoblot signal. (B) Immunoblot of transfected HeLa cell extracts probed with phospho-S62 specific c-Myc antibody
(upper) or c-Myc antibody (lower). (C) Immunoblot of LANA-transfected HeLa cell extracts probed with anti-LANA antibody (upper section),
anti-phospho-ERK1 antibody (middle section), or anti-ERK1 antibody (lower section). (D) Immunoblots of extracts from HeLa cells that were
untransfected (lane 1) or transfected with vector plasmid (lane 2) or the non-GSK-3 interacting mutant LANA(L1006P) (lane 3) and probed with
anti-phospho-ERK1 antibody (upper section) or anti-ERK1 antibody (lower section). (E) The left panel shows immunoblots of extracts from HeLa
cells transfected with HA-Myc alone (upper section) or in the presence of LANA(L1006P) (lower section). Cells were harvested at the indicated
times after treatment with CHX (25 mg/ml). The right panel shows quantitation of the immunoblot signal. CHX, cycloheximide.

c-Myc sequences between aa 147 and 220 were necessary for
interaction with LANA (Fig. 4C, upper section). The same
region of c-Myc was identified by using the C-terminal c-Myc
deletions. HA—c-Myc variants C1, C2, and C3 coprecipitated
with Flag-LANA, whereas C4 did not coprecipitate (Fig. 4C,
upper section). The C3 variant terminates at aa 220, and the
C4 variant terminates at aa 147. The expression of the HA—c-
Myc variants is demonstrated in the Western blot of the trans-
fected cell extracts (Fig. 4C, lower section).

LANA activates ERK1 and increases S62 c-Myc phosphory-
lation. We have recently shown that LANA is a substrate for
ERKI and that ERK1 is present in anti-LANA immunopre-
cipitates generated using PEL cell extracts (41). Singly S62
phosphorylated c-Myc is also stabilized and activated in set-
tings in which S62 phosphorylation does not prime for subse-
quent GSK-3 phosphorylation. The ability of LANA to asso-
ciate with both ERK1 and c-Myc suggested that LANA might
also increase S62 phosphorylation of c-Myc. To examine this

question, we first tested the ability of LANA to stabilize the
TS8A c-Myc mutant that is unable to be phosphorylated by
GSK-3. A Western blot of extracts from T58A c-Myc trans-
fected and T58 c-Myc plus LANA cotransfected HeLa cells
treated with cycloheximide was probed with anti-c-Myc anti-
body (Fig. 5A, left panel). The stability of T58A-c-Myc was
significantly increased by cotransfection of LANA (Fig. 5A,
right panel).

To demonstrate that the increased stability of TSSA c-Myc
was linked to increased S62 c-Myc phosphorylation, S62 phos-
phorylation of wild-type c-Myc was monitored by using anti-
phospho S62 specific antibody. Western blotting of transfected
cell extracts revealed that cotransfection with LANA signifi-
cantly increased S62 phosphorylation of c-Myc, and this in-
crease was not overcome by including GSK-3 in the cotrans-
fection (Fig. 5B). Equal loading of total c-Myc was monitored
by probing a parallel Western blot with c-Myc antibody (Fig.
5B, lower).
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FIG. 6. LANA increases active, steady-state c-Myc. (A) Immuno-
blot of transfected HeLa cell extract probed with anti-c-Myc antibody
(upper section), anti-phospho-S62 c-Myc antibody (middle section), or
anti-B-actin antibody (lower section). (B) Immunoblot of extracts from
PEL cells (BCBL1, BC2, and BC3) and lymphoma B cells (4E3,
Daudi) probed with anti-phospho-S62, anti-c-Myc, or anti-f-actin
antibodies as indicated.

ERKI is activated by phosphorylation (36). The strong in-
crease in ERK phosphorylation of c-Myc led to an investiga-
tion of the effect of LANA on the phosphorylation status of
ERK itself. Western blotting of extracts from LANA-trans-
fected HeLa cells revealed that, compared to the vector-trans-
fected control, phosphorylation of endogenous ERK1 was in-
creased in LANA-expressing cells (Fig. 5C). Total ERK1 levels
were not affected by LANA, as shown by probing the extracts
with anti-ERK1 antibody (Fig. 5C, lower). To determine
whether the increase in ERK1 phosphorylation was a down-
stream consequence of the LANA-GSK-3 interaction, the ef-
fect of a non-GSK-3 interacting mutant (23) on endogenous
ERKI1 phosphorylation was examined in LANA(L1006P)-
transfected HeLa cells. Increased ERK1 phosphorylation was
observed in cells transfected with LANA(L1006P) (Fig. 5D,
lane 3) compared to untransfected or vector-transfected cells
(Fig. 5D, lanes 1 and 2), indicating that the LANA-mediated
increase in ERK1 phosphorylation was independent of signal-
ing elicited as a consequence of the LANA-GSK-3 interaction.

If the component of c-Myc stabilization that is mediated by
S62 phosphorylation is a consequence of increased ERKI1
phosphorylation, then LANA(L1006P) should also be capable
of stabilizing c-Myc. This point was examined in HeLa cells
transfected with HA-Myc alone or in the presence of
LANA(L1006P) (Fig. 5E, left panel). LANA(L1006P) effi-
ciently stabilized HA-Myc (Fig. SE, right panel). Thus, LANA
stabilizes c-Myc through two mechanisms, only one of which is
dependent on the LANA-GSK-3 interaction.

LANA increases Ser62 phosphorylation and decreases
Thr58 phosphorylation to generate stabilized, activated c-Myc.
The correlation between increased S62—c-Myc phosphoryla-
tion, decreased GSK-3 (Thr58) phosphorylation, and wild-type
c-Myc stabilization was examined in transfected HeLa cells.
Western blots of transfected cell extracts probed with anti-c-
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FIG. 7. Summary of LANA interactions with the c-Myc pathway.
LANA increases c-Myc transcription through the previously described
accumulation of B-catenin (24) and stabilizes S62 phosphorylated c-
Myc by the combination of ERK activation and GSK-3 inhibition.

Myc antibody (Fig. 6A, upper) showed that, as expected, co-
transfection of GSK-3 with wild-type c-Myc reduced the
steady-state level of c-Myc (Fig. 6A, upper section, lane 3
versus lane 1). Cotransfection of LANA with c-Myc and GSK-3
led to a dose-dependent increase in the steady-state level of
c-Myc (Fig. 6A, upper section, lanes 4 to 6), demonstrating that
LANA can overcome the destabilizing effect of Thr58 phos-
phorylation of c-Myc by GSK-3. A Western blot of the same
samples was probed with phospho S62-c-Myc antibody (Fig.
6A, middle). Cotransfection of GSK-3 with wild-type c-Myc
also decreased the level of phospho S62-c-Myc as dual S62/T58
phosphorylation increases proteasomal targeting of c-Myc
(Fig. 6A, middle section, lane 3 versus lane 1). In cells receiv-
ing LANA plus GSK-3 there was a dose-responsive increase in
the S62 phosphorylated form of c-Myc (Fig. 6A, middle sec-
tion, lanes 4 to 6). The Western blot was also probed with
anti-B-actin antibody to monitor protein loading (Fig. 6A,
lower section). The data indicate that LANA leads to an ac-
cumulation of the S62 phosphorylated form of activated, sta-
bilized c-Myc.

The phosphorylation status of c-Myc was also examined in
PEL and EBV-positive and -negative B-cell lines by Western
blotting. Phospho-S62-c-Myc was not detectable in extracts
from the EBV-negative (4E3) or EBV-positive (Daudi) lym-
phoma cell lines but was present in extracts of the BCBLI,
BC2, and BC3 PEL cells. Blots were also probed with anti-c-
Myc antibody and anti-B-actin antibody to show c-Myc and
total protein loading (Fig. 6B, middle and lower panels). Thus,
the accumulation of S62 stabilized c-Myc seen in transfected
cells is also a feature of KSHV-positive, LANA-expressing
PEL cells. LANA interactions with the c-Myc pathway that
lead to the induction, stabilization, and transcriptional activa-
tion of c-Myc are summarized in Fig. 7.

DISCUSSION

Myc expression is frequently dysregulated in cancers. Trans-
location of the myc locus such that Myc expression is driven by
the immunoglobulin enhancer occurs in Burkitt’s lymphoma
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but the Myc in Burkitt’s lymphoma cell lines also contains
mutations, particularly in the N-terminal region of Myc. This
observation suggests that upregulated transcription of Myc
alone is insufficient to drive the oncogenic process and that
additional changes that affect Myc protein stability, transcrip-
tional activity or Myc-induced apoptotic activity are also re-
quired. PEL cells do not contain Myc translocations but the
LANA that is expressed in latently KSHV-infected cells would
be expected to upregulate Myc transcriptionally through
LANA-mediated induction of B-catenin which is a known
transactivator of Myc expression. The N terminus of the Myc
gene amplified from KSHV-infected PEL cell lines in our
study was found to have a wild-type sequence, and other in-
vestigators have also recently described Myc to be wild type in
PEL (8). We have now demonstrated that LANA also interacts
with Myc and regulates Myc function posttranscriptionally by
altering the phosphorylation state of Myc at both T58 and S62.

The interaction between LANA and GSK-3 leads to a re-
duction in overall nuclear GSK-3 enzymatic activity. The
GSK-3 bound to LANA is capable of phosphorylating the
LANA N terminus but does not phosphorylate an exogenous
substrate in vitro (23). Further, introduction of LANA blocks
GSK-3 phosphorylation of nuclear substrates such as C/EBPa
or C/EBPB in cotransfected cells (41). We now show that
another substrate, Myc, also shows a reduction in GSK-3 phos-
phorylation in the presence of LANA. GSK-3 phosphorylates
c-Myc on T58. The doubly phosphorylated T58/S62 Myc is
bound by Fbw7, a substrate recognition protein of the ubiq-
uitin ligase complex. GSK-3 phosphorylation of Myc on T58 is
essential for Fbw7 binding and increases ubiquitination and
proteasomal degradation of Myc. T58A Myc was found to be
more stable and less ubiquitinated than wild-type Myc (26, 51,
67). An increase in nuclear GSK-3 mediated by RhoB was also
found to decrease the stability of Myc (35). However, the
half-life of TS8A Myc is less than that of Myc in Burkitt’s
lymphoma cells, suggesting that there are other mechanisms
that contribute to Myc stability. Known mechanisms include
S62 phosphorylation, which is discussed below, and regulation
through the aa 226 to 270 PEST sequence. The PEST motif
regulates protein stability by calpain-mediated proteolysis, and
Myc is cleaved after calpain activation (58).

Mutation of T58 increases Myc transforming ability in a
variety of systems. MycT58A can cooperate with Ras and te-
lomerase to cause anchorage-independent growth of human
fibroblasts (68), and mice reconstituted with stem cells express-
ing TS8A Myc developed tumors with decreased latency and
increased penetrance compared to that seen with wild-type
Myc (32). Although there is evidence that the TS8 mutation
affects Myc stability, the contribution to tumorigenesis is pre-
dominantly through an effect on apoptosis. Deregulation of
Myc induces apoptosis (43), but the TS8A mutation discrimi-
nates between the apoptotic and cell proliferative functions of
Myc (13). In the mouse hematopoietic stem cell reconstitution
experiments (32), coexpression of Bcl-2 eliminated the differ-
ences in pre-B cell tumor formation seen with TS8A and wild-
type Myc. The explanation appears to be that phosphorylation
of T58 regulates expression of the proapoptotic Myc target
Bim (32). Thus, the LANA-associated reduction in T58 phos-
phorylation would both increase c-Myc stability and decrease
Myc-mediated apoptosis.
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LANA affected Myc phosphorylation at a second position,
S62. In this case, LANA had the opposite effect, and Myc S62
phosphorylation was increased. The role of S62 phosphoryla-
tion is complex because the phosphorylation of S62 primes
Myc for GSK-3 phosphorylation at T58, and this should in-
crease T58-dependent Myc apoptotic activity and/or Myc deg-
radation. However, there is evidence that S62 phosphorylation
contributes to transformation. The Myc mutants S62A, S62P,
and T58I (which also prevents S62 phosphorylation) are less
oncogenic than wild-type Myc (11, 48). S62 is the site of ERK-
induced stabilization of Myc (55, 68), and enhanced S62 phos-
phorylation increases Myc transcriptional activation of Gal4-
Myc and of the E2F2 promoter (54, 56). One study found a
role for S62 phosphorylation in the specific transcriptional
upregulation of gamma-glutamyl-cysteine synthetase, a key en-
zyme in the protective response to oxidative stress (7). In a
study of BJAB cells converted to express LANA in an induc-
ible manner, 186 cell genes demonstrated LANA-modulated
expression (1). A comparison of these genes with the myc gene
target library (www.myccancergenes.org) revealed that 51 of
186 (27%) were Myc regulated. If the LANA-modulated genes
are restricted to those in the categories of Rb/E2F pathway,
cell cycle regulation, apoptosis, signal transduction, transcrip-
tion, tumorigenesis, and metabolism, then the numbers are 38
of 119 (31.9%). In either case, the numbers are significantly
higher than the 10 to 15% of total cellular genes that are
estimated to be regulated by c-Myc (15).

LANA could not stabilize S62A Myc. Since the mutation of
S62A would prevent priming of Myc for GSK-3 phosphoryla-
tion, this result does not discriminate between the contribu-
tions of S62 and T58 to Myc protein stability. However, LANA
was able to increase S62 phosphorylation and stabilize the
TS8A Myc mutant. Increased S62-phosphorylated Myc was
also detectable in PEL cells compared to KSHV-negative 4E3
and Daudi B-cell lines. Thus, LANA stabilization of Myc arises
from two sources: (i) LANA-mediated interference with
GSK-3 phosphorylation of T58 and (ii) LANA-induced phos-
phorylation of S62. We have previously shown that ERK1
coprecipitates with LANA and that the LANA associated
ERKI is enzymatically active (41). We now show that the
proportion of ERK1 present in the phosphorylated, activated
state is increased in LANA-transfected cells. It is currently
unclear by what means LANA facilitates increased nuclear
ERKI1 phosphorylation. However, we found that the phosphor-
ylation of ERK1 was independent of the LANA-GSK-3 inter-
action.

We also found Myc interacting with LANA. The interaction
with Myc was similarly independent of the GSK-3 interaction
since Myc coprecipitated with a LANA mutant that has lost
GSK-3 interaction. It is possible that LANA is serving as a
platform to bring ERK1 and Myc into apposition to facilitate
S62 phosphorylation of Myc. The Myc region from aa 147 to
220 was required for the binding of LANA. This region of Myc
lies between the conserved Myc Box II (MB II) and the PEST
region and covers the conserved region MB III. The interac-
tion between LANA and Myc thus has the potential to modify
the activity of MB III. However, MB III is not well character-
ized, making the outcome of the interaction difficult to predict.
Deletion of MB III did not affect the S-phase-promoting ac-
tivity of Myc and had a modest effect on the transcriptional
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activation of target genes but produced a more significant loss
in transcriptional repression of the Myc targets gadd45, p21,
and p15, with a corresponding increase in Myc-induced apop-
tosis (33). Since loss of T62 phosphorylation ameliorates the
apoptotic activity of Myc, this particular function may not be
affected by LANA binding to MB III, but the possibility that
LANA might modify Myc transcriptional repression activity is
interesting.

In summary, LANA blocks Myc phosphorylation at T58 and
stimulates phosphorylation at S62. The posttranscriptional reg-
ulation at TS58 increases Myc stability and decreases Myc-in-
duced apoptosis, whereas phosphorylation at S62 increases
Myc stability and enhances Myc transcriptional activity. Both
T58 and S62 modifications enhance Myc oncogenic activity.
Reanalysis of LANA modulated cellular genes from a pub-
lished study indicates that ~31% of genes in cell growth reg-
ulatory categories are regulated indirectly by LANA through
c-Myc. In addition, LANA may modify Myc transcriptional
repression activity through interaction with MB III and in-
crease Myc expression at the transcriptional level through the
upregulation of B-catenin. The multiple facets of Myc function
targeted by LANA highlight both the critical importance of
Myc for cell proliferation and the complexities of Myc regula-
tion.
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