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Latent membrane protein 1 (LMP1), an Epstein-Barr virus (EBV) oncoprotein, mimics a constitutively
activated tumor necrosis factor receptor and activates various signaling pathways, including phosphatidylino-
sitol 3-kinase (PI3K)/Akt. LMP1 is essential for EBV-mediated B-cell transformation and is sufficient to
transform several cell lines. Cellular transformation has been associated strongly with genomic instability,
while DNA repair plays an important role in maintaining genomic stability. Previously, we have shown that
LMP1 represses DNA repair by the C-terminal activating region 1 (CTAR1) in human epithelial cells. In the
present study, we demonstrate that the PI3K/Akt pathway is required for LMP1-mediated repression of DNA
repair. Through the LMP1/PI3K/Akt pathway, FOXO3a, which can induce DNA repair, is inactivated because
of phosphorylation and relocalization. Expression of a constitutively active FOX0O3a mutant can rescue
LMP1-mediated repression of DNA repair. Furthermore, LMP1 can decrease the expression of DNA damage-
binding protein 1 (DDB1), which functions in nucleotide excision repair, through the PI3K/Akt/FOXO03a
pathway. LMP1-mediated repression of DNA repair is restored by DDB1, although only partially. These results
suggest that LMP1 triggers the PI3K/Akt pathway to inactivate FOXO3a and decrease DDB1, which can lead

to repression of DNA repair and may contribute to genomic instability in human epithelial cells.

Epstein-Barr virus (EBV), a gammaherpesvirus, infects
more than 90% of the human population and is the etiological
agent of infectious mononucleosis. It also has been associated
with human epithelial and lymphoid malignancies, such as na-
sopharyngeal carcinoma (NPC), Burkitt’s lymphoma, T-cell
lymphoma, and Hodgkin’s disease (56). In vitro, EBV can
infect and immortalize resting B cells to enable permanent
growth of lymphoblastoid cell lines. Lymphoblastoid cell lines
express nine viral proteins, including the latent membrane
protein 1 (LMP1). Furthermore, LMP1 is detected in tumor
biopsies from patients with EBV-associated malignancies, in-
cluding NPC and Hodgkin’s disease (16).

LMP1 is regarded as an oncogene because it shows pleio-
tropic effects; e.g., it transforms several cell lines, is essential
for EBV-mediated B-cell transformation, inhibits epithelial
cell differentiation, and induces epithelial hyperproliferation
and B-cell lymphoma in transgenic mice (4, 5, 7, 10, 17, 29, 34,
67, 68). Recently, it was shown that LMP1 plays a role in
genomic instability; expression of LMP1 in human epithelial
cells reduces the capacity for DNA repair, enhances micronu-
cleus formation, and represses p53-mediated DNA repair and
transcriptional activity (39, 40).

LMP1 mimics a constitutively activated, ligand-independent,
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tumor necrosis factor receptor (TNFR) (21, 48, 65). It consists
of a short N-terminal cytoplasmic tail, six hydrophobic trans-
membrane segments and a long C-terminal cytoplasmic region
containing two critical signaling domains, designated C-termi-
nal activating regions 1 and 2 (CTAR1 and CTAR2). These
two domains were identified on the basis of their ability to
activate the nuclear factor-kB (NF-«kB) transcription factor
pathway (24). However, there seems to be some difference
between them; CTARI1 is necessary for EBV-mediated B-cell
transformation, while CTAR?2 is dispensable (26, 30). CTAR1
recruits TNFR-associated factors (TRAFs) directly via its
PxQxT motif, but CTAR2 recruits TRAFs indirectly via the
TNFR-associated death domain protein (9, 14, 18, 27).
CTARLI activates both canonical and noncanonical NF-kB
pathways, and CTAR?2 activates the canonical NF-kB pathway
(2, 13, 42, 57). However, LMP1 activates the c-Jun N-terminal
kinase (JNK) pathway through CTAR2, but not CTAR1 (12,
15, 32). In addition, LMP1 triggers the phosphatidylinositol
3-kinase (PI3K)/Akt pathway in a CTAR1-dependent manner
(8, 43).

The PI3K/Akt pathway controls a variety of cellular activi-
ties, including proliferation, survival, motility, and morphology.
The deregulation of PI3K or Akt activity perturbs these pro-
cess and has been linked to several human cancers (3). Akt also
has been shown to be activated in clinical specimens from
EBV-associated NPC and Hodgkin lymphoma (47). The PI3K/
Akt pathway has been shown to be activated by EBV LMP1
and LMP2A, which may contribute to several oncogenic effects
(8, 58, 62).
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The Forkhead box class O (FOXO) transcription factors,
including FOXO1, FOXO03a, and FOXO4, are downstream
targets of the PI3K/Akt pathway. After PI3K activation, Akt
phosphorylates FOXO proteins. These phosphorylated FOXO
proteins associate with 14-3-3 proteins, relocate from the nu-
cleus to the cytoplasm, and subsequently lose their ability to
regulate target genes. In contrast, unphosphorylated FOXO
proteins are located in the nucleus and are active forms regu-
lating their target genes (22). The FOXO target genes are
involved in metabolism, cell cycle progression, apoptosis, DNA
repair, and protection from oxidative damage. Perturbation of
FOXO function leads to uncontrolled cell proliferation and
accumulation of DNA damage. Therefore, FOXO proteins
play important roles in controlling cell integrity and homeosta-
sis. Several studies have shown that deregulation of FOXO was
found in several types of tumor, including breast cancer, pros-
tate cancer, and leukemia (1).

DNA damage-binding protein 1 (DDBI) is associated with
DDB?2 to form a heterodimeric UV-DDB complex that shows
strong and specific binding to UV-irradiated DNA (6, 31).
UV-DDB complex recognizes several UV-induced DNA le-
sions, including pyrimidine-pyrimidone(6-4)photoproducts
and cyclobutane pyrimidine dimers, and initiates nucleotide
excision repair (NER) (19). UV-DDB complex loses its DNA
damage binding activity in repair-deficient disease xeroderma
pigmentosum group E patients because of mutations of the
DDB2 gene (50). No naturally occurring DDB1 mutation have
been reported (69). DDB1 is a 127-kDa protein that is strongly
conserved among eukaryotes. The regulation of DDBI re-
mains to be elucidated; however, the DDBI gene is induced by
active forms of FOXO proteins and is possibly a putative
FOXO target gene (55).

Genomic instability has been thought to be associated
strongly with tumor formation, while DNA repair plays a role
in maintaining genomic stability (23, 51). Previously, the ca-
pacity for repair of cellular DNA was shown to be repressed in
human epithelial cells by EBV LMP1 (40). However, the mo-
lecular mechanisms involved in this process are not well char-
acterized. In the present study, we sought to determine the
signaling pathways and mechanisms involved in this LMP1-
mediated repression of DNA repair. The PI3K/Akt pathway
was found to be necessary for LMP1-mediated repression of
DNA repair. In addition, FOXO3a and DDBI, which are
known to be important in DNA repair, are linked to this
LMP1/PI3K/Akt pathway. Even though DDB1 participates in
a minor way, it is evident that LMP1 can repress DNA repair
through the PI3K/Akt/FOXO3a pathway.

MATERIALS AND METHODS

Cell culture. NPC-TWO01, an NPC cell line, lost its original infecting EBV after
passage (36, 37). It owns a normal p53 protein (25). H1299, a human large cell
lung carcinoma cell line, has a deletion of the p53 gene (46). H1299/bcl2 cells
were established by transfecting a plasmid expressing bcl-2 into H1299 cells and
selected by using G418 (800 wg/ml) (40). All cell lines were maintained in
Dulbecco modified Eagle medium supplemented with 10% fetal calf serum in
5% CO, at 37°C.

Plasmids. The plasmids expressing LMP1 and its mutants were described
previously (39). The firefly and Renilla luciferase reporter plasmids also were
described previously (40). The plasmids expressing the hemagglutinin (HA)-
tagged forms of Akt, either constitutively active (myristylated-APH) or inactive
(KM mutant), were purchased from Upstate. The plasmids HA-FOXO3a-WT
and HA-FOXO3a-TM were obtained from the Addgene plasmid repository
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(identification numbers 1787 and 1788). The plasmid expressing DDB1 was
purchased from the American Type Culture Collection (identification number
MBA-126).

Inhibitors. Wortmannin, LY294002, sodium salicylate, and SB203580 were
purchased from Sigma, Cell Signaling, Sigma, and Calbiochem, respectively.

Transfection. Plasmids were transfected into NPC-TWO01 and H1299/bcl2 cells
by using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s in-
structions.

HCR assay. The host cell reactivation (HCR) assay was described previously
(40) and modified partly. Briefly, firefly luciferase reporter plasmid (pCMV-Luc)
either UV irradiated (1,500 J/M?) or not, undamaged Renilla luciferase reporter
plasmid (pRL-CMYV) as the internal control, and various effector plasmids were
cotransfected into cells. At 24 h posttransfection, cells were lysed and assayed for
firefly and Renilla luciferase activity. The firefly luciferase activity of each sample
was normalized to the Renilla luciferase activity. To determine the ability of cells
to repair damaged DNA, repair conversion and the fold change of HCR were
calculated. Repair conversion was calculated by dividing the normalized firefly
luciferase activity of cells transfected with UV-irradiated pCMV-Luc by that of
nonirradiated pCMV-Luc transfectants. The fold change of HCR was calculated
by dividing the repair conversion of effector transfectants by that of vector
transfectants. The data from at least five independent experiments were aver-
aged to calculate the means and standard deviations.

Western blotting assay. Cell extracts were separated by NuPAGE (Invitrogen)
and transferred to Hybond-C super membrane (Amersham). The blot was incu-
bated with blocking buffer and reacted with primary antibody for overnight at
4°C. In the present study, various primary antibodies were used: anti-LMP1 (Dako);
anti-Flag and anti-B-actin (Sigma); anti-Akt, anti-phospho-Akt (Ser473),
anti-phospho-GSK-3a/B (Ser21/9), and anti-phospho-FOXO3a (Ser253)
(Cell Signaling); anti-FOXO3a and anti-phospho-FOXO3a (Thr32) (Up-
state); and anti-DDBI1 and anti-PARP (Santa Cruz). After a washing step, the
blots were incubated with horseradish peroxidase-conjugated goat anti-
mouse or rabbit immunoglobulin G (Amersham). After development with a
freshly prepared substrate (ECL; Amersham), the luminescence was detected
by exposure to X-ray film.

Akt kinase assay. The Akt kinase activity was measured by using an Akt kinase
assay kit (kit no. 9840; Cell Signaling Technology) according to the manufactur-
er’s protocol. Briefly, after various treatments, the cells were lysed in cell lysis
buffer on ice for 5 min. After centrifugation, the protein concentration of the
supernatant was measured by a protein assay (Bio-Rad). A total of 10 pg of
protein from each sample was used to detect total Akt by Western blotting. Then,
200 pg of protein from each sample was used for immunoprecipitation with 20
wl of immobilized Akt antibody overnight at 4°C. Next, the immobilized Akt
antibody complex was collected, washed, and subjected to Akt kinase assay in
kinase buffer, 200 puM ATP, and 1 pg of GSK-3 fusion protein. Phosphorylation
of GSK-3 was measured by immunoblotting.

RNA interference. Silencer Validated small interfering RNA (siRNA) for
Akt1 (catalog no. 51321) and Silencer Negative control siRNA (catalog no. 4613)
were purchased from Ambion. Transfection of the siRNA was performed with
Lipofectamine 2000.

Nuclear and cytosolic protein extraction. A Qproteome nuclear protein kit
(catalog no. 37582; Qiagen) was used. Briefly, a total of 107cells were cultured in
100-mm dishes. Cells were harvested and lysed in lysis buffer. The cell suspension
was added 25 wl of detergent solution and then centrifuged. The supernatant was
retained as the cytosolic fraction. The remaining pellet was incubated with
extraction buffer by gentle agitation at 4°C for 30 min and was then centrifuged.
The supernatant was retained as the nuclear fraction.

Immunofluorescence. Cells were grown on coverslips and transfected with
various plasmids. After 24 h of serum starvation, cells were fixed with 4%
paraformaldehyde and subsequently were permeabilized with 0.4% Triton
X-100. Coverslips were blocked in phosphate-buffered saline containing 4% fetal
calf serum, and anti-FOXO3a antibody was added. After a washing step, rho-
damine-conjugated anti-rabbit antibody (Jackson Laboratories) was added. Fi-
nally, the cells were counterstained with Hoechst 33258 and analyzed on a Leica
confocal microscope system.

Cell sorting. To analyze the successfully transfected LMP1-positive cells, the
transfected cells were fixed with 70% ethanol and then permeabilized with 1%
Triton X-100. The fixed cells were blocked in phosphate-buffered saline contain-
ing 4% fetal calf serum and then incubated with mouse monoclonal anti-LMP1
antibody. After a washing step, the cells were stained with fluorescein isothio-
cyanate (FITC)-conjugated anti-mouse antibody (Jackson Laboratories). The
stained cells were sorted by using a FACSAria cell sorter and the FACSDiva
software (Becton Dickinson). LMP1-positive cells were sorted based on the
intensity of FITC compared to vector control cells.
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FIG. 1. The CTAR1 domain is required for LMP1 to repress DNA repair. (A) Schematic representations of LMP1 and its mutants used in
HCR assays. Six transmembrane (6x TM), CTARI1, and CTAR2 domains are indicated. Also shown is the ability of constructs indicated to repress
DNA repair. (B) The expression levels of LMP1 and its mutants. A total of 5 X 103 NPC-TWO01 cells were transfected with 2 pg of constructs
encoding LMP1 or its mutants. At 24 h posttransfection, equal amounts of protein extracts were analyzed by Western blotting with anti-LMP1 or
anti-Flag antibodies. (C and D) Totals of 10° NPC-TWO01 (C) and H1299/bcl2 (D) cells per well in 24-well plates were cotransfected with 0.1 pg
of an empty vector or constructs encoding LMP1 or its mutants, together with a UV-damaged (1,500 J/M?) or undamaged pCMV-Luc reporter
construct (0.1 pg) and an undamaged pRL-CMYV reporter construct (0.05 pg) as an internal control. At 24 h after transfection, the firefly and the
Renilla luciferase activity were determined. The fold change of HCR represents DNA repair activity, calculated as described in Materials and
Methods. All data presented represent the means and the standard deviations of at least five independent experiments conducted in duplicate.
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RESULTS

LMP1 represses DNA repair, and the CTAR1 domain is
required. We demonstrated previously that LMP1 could re-
press DNA repair in a p53-independent manner, and the
CTARI1 domain was required for this repression (40). To char-
acterize further this phenomenon, various LMP1 mutants were
constructed, as depicted in Fig. 1A: puroLMP1-A189-222,
puroLMP1-350, puroLMP1-350A189-222, puroLMP1-231,
puroLMP1-188, and puroLMP1-A186 (39). The expression levels
of these LMP1 mutants in NPC-TWO0L1 cells were analyzed by
immunoblotting (Fig. 1B). We then transfected these plasmids
into pS53-proficient (NPC-TWO01) and p53-deficient (H1299/
bel2) cells and carried out a HCR assay, which determines a
cell’s ability to repair UV-damaged DNA (54). Similar results
were obtained in both cell lines (Fig. 1C and D). The wild-type
LMP1-transfected cells lost ca. 40 to 50% of their ability to
reactivate a UV-damaged luciferase reporter plasmid com-
pared to cells transfected with the empty vector. Similarly, the
repair capacity also was reduced in cells expressing the CTAR2
deletion mutants, LMP1-350 and LMP1-231. However, the
repair capacity was almost normal in cells expressing the
CTARI deletion mutants, LMP1-A189-222, LMP1-350A189-
222, and LMP1-188. Moreover, mutant LMP1-A186, which
retained only the C terminus, was not able to reduce the
capacity for DNA repair. The ability of LMP1 mutants to
repress cellular DNA repair capacity is summarized in Fig. 1A.
These results are consistent with those of our previous study:
LMP1 represses DNA repair in a p53-independent manner.
Furthermore, the CTAR1 domain is necessary for LMP1-me-
diated repression of DNA repair, whereas CTAR2 is dispens-
able.

LMP1 induces phosphorylation of Akt and enhances Akt
kinase activity through the CTAR1 domain. LMP1 is known to
activate distinct signaling pathways through the CTARI or
CTAR2 domain. The signaling pathways triggered by CTAR1
might be involved in LMP1-mediated repression of DNA re-
pair. Earlier findings indicated that the PI3K/Akt pathway was
activated by LMP1 CTARI but not by CTAR?2 (8). To deter-
mine whether LMP1 triggers PI3K/Akt signaling by CTARI1 in
the NPC cell line, the levels of phosphorylated Akt were de-
termined by Western blotting (Fig. 2A). The levels of phos-
phorylated Akt in cells expressing LMP1 or the CTAR2 dele-
tion mutant LMP1-350 were clearly higher than in cells
expressing the CTAR1 deletion mutant LMP1-A189-222 or the
empty vector. Furthermore, an Akt kinase assay was carried
out with Akt immunoprecipitates and a GSK-3 protein as a
substrate (Fig. 2B). There were significantly higher levels of
phosphorylated GSK-3 in cells expressing LMP1 or the
CTAR?2 deletion mutant than in cells expressing the CTAR1
deletion mutant or the empty vector. These data indicate that
LMP1 can phosphorylate Akt and enhance Akt kinase activity
through the CTAR1 domain.

LMP1-mediated repression of DNA repair is dependent on
PI3K. Through the CTAR1 domain, LMP1 not only represses
cellular DNA repair but also activates the PI3K/Akt signaling
pathway. To understand whether PI3K signaling contributes to
LMP1-mediated repression of DNA repair, cells were trans-
fected with the LMP1 vector and then treated with inhibitors
of PI3K (wortmannin and LY294002), p38 (SB203580), or
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FIG. 2. LMP1 induces phosphorylation of Akt and enhances Akt
kinase activity through the CTAR1 domain. (A) A total of 5 X 10°
NPC-TWOL1 cells were transfected with 2 pg of an empty vector or
constructs encoding LMP1 or its mutants. After 24 h of serum starva-
tion, cell extracts were obtained, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and analyzed by Western blotting
with anti-phospho-Akt Ser473, anti-Akt, anti-LMP1, and anti-B-actin
antibodies. (B) A total of 10 pg of protein lysates as described in panel
A were subjected to detection of total Akt by Western blotting. A total
of 200 g of protein lysates as described in panel A were immunopre-
cipitated using an immobilized anti-Akt antibody, and immunoprecipi-
tates were incubated with a GSK-3 fusion protein as the substrate.
Phosphorylation of Ser-21/9 of GSK-3a/B, as a measure of Akt kinase
activity, was then detected by Western blotting.

NF-«B (sodium salicylate), and the cellular capacity for DNA
repair was assessed subsequently by using an HCR assay (Fig.
3A). LMP1 could repress DNA repair even when the p38 or
NF-kB pathway was blocked. However, repression by LMP1
was abolished after treatment with PI3K inhibitors, which
could rescue LMP1-repressed DNA repair in a dose-depen-
dent manner (Fig. 3B). Similar results were also observed in
NPC-TWO01 cells (Fig. 3C). PTEN can dephosphorylate the
lipid product of PI3K and antagonize PI3K activity (20).
Therefore, a PTEN-expressing plasmid was used in the HCR
assay to confirm the contribution of the PI3K signaling path-
way to LMP1-repressed DNA repair (Fig. 3D and E). LMP1-
diminished DNA repair was gradually restored as the levels of
PTEN increased. These results suggest that PI3K signaling
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FIG. 3. LMP1-mediated repression of DNA repair is dependent on PI3K. (A) H1299/bcl2 cells were cotransfected with an empty vector or a
construct encoding LMP1, together with a UV-damaged or undamaged pCMV-Luc reporter construct and an undamaged pRL-CMV reporter
construct. One hour after transfection, cells were incubated in the absence (dimethyl sulfoxide [DMSO]) or presence of various inhibitors,
including SB203580 (30 wM), sodium salicylate (10 mM), wortmannin (5 nM), and LY294002 (20 uM). Twenty-three hours later, luciferase assays
were performed, and the fold change of HCR was calculated. (B and C) H1299/bcl2 (B) and NPC-TW01 (C) cells were cotransfected with identical
plasmids as described in panel A. One hour after transfection, cells were mock treated (DMSO) or treated with various concentrations of signal
transduction inhibitors, wortmannin (1, 5, and 10 nM), LY294002 (10, 20, and 50 wM). Twenty-three hour later, luciferase assays were performed,
and the fold change of HCR was calculated. (D and E) H1299/bcl2 (D) and NPC-TWO01 (E) cells were transfected with various amounts of PTEN
expressing vector (1, 2, and 3 pg) and identical plasmids as described in panel A. At 24 h after transfection, luciferase assays were performed, and
the fold change of HCR was calculated. All data presented represent the means and the standard deviations of at least five independent

experiments conducted in duplicate. The asterisk indicates statistical significance (P < 0.001, relative to LMP1 alone [Student ¢ test]).
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may be involved in LMP1-mediated repression of DNA repair
in human epithelial cells.

LMP1-mediated repression of DNA repair is dependent on
Akt. The protein kinase Akt is one of the best-characterized
targets of PI3K lipid products. To determine whether Akt is
involved in LMP1-repressed DNA repair, an siRNA was used
to inhibit Aktl in the HCR assay. LMP1-mediated repression
of DNA repair was recovered by Aktl siRNA in a dose-de-
pendent manner but not by the scrambled siRNA (Fig. 4A and
B). Moreover, we used a dominant-negative Aktl (Akt-DN)
expressing plasmid to perturb the Akt signaling pathway in the
HCR assay (Fig. 4C and D). LMP1-diminished DNA repair
was gradually rescued to normal with increasing amounts of
Akt-DN. To define the role of Akt on DNA repair further,
cells were transfected with empty vector or various amounts of
the constitutively active Akt (A-Akt) expressing vector and
then analyzed by the HCR assay (Fig. 4E and F). Indeed,
expression of the constitutively active Akt inhibited cellular
DNA repair capacity. Taken together, these data indicate that
Akt signaling may be involved in LMP1-mediated repression of
DNA repair in human epithelial cells.

The CTAR1 domain of LMP1 induces phosphorylation and
relocalization of FOXO3a in a PI3K-dependent manner. We
sought to identify the downstream targets of the PI3K/Akt
pathway involved in LMP1-mediated repression of DNA re-
pair. FOXO3a, a member of the FOXO family, was chosen
because it has been shown to stimulate DNA repair (63). To
confirm that LMP1 influences the activity of FOXO3a, phos-
phorylated FOXO3a, considered the inactivated form, was de-
tected by immunoblotting. The amount of phosphorylated
FOXO3a was higher in cells expressing wild-type LMP1 and
LMP1-350 than in control cells but was not increased in cells
expressing LMP1-A189-222 (Fig. 5A, lanes 1 to 4). Impor-
tantly, phosphorylated FOXO3a was suppressed after
LY294002 treatment, revealing the specificity of the interac-
tion (Fig. S5A, lanes 5 to 8). Furthermore, the subcellular lo-
calization of endogenous FOXO3a in cells expressing LMP1 or
its mutants was examined by confocal microscopy (Fig. 5B).
Most of the endogenous FOXO3a was localized within the
nucleus after overnight serum starvation. However, in the pres-
ence of LMP1, some FOXO3a was relocalized from the nu-
cleus to the cytoplasm. Cytoplasmic retention of FOXO3a was
also noted in the presence of the LMP1 CTAR2 deletion
mutant but not in the presence of the CTARI1 deletion mutant.
To analyze further the nuclear and cytosolic distribution of
FOXO3a, cells were fractionated into nuclear and cytosolic
parts, and the amount of FOXO3a was detected in each by
immunoblotting. Compared to cells expressing the empty vec-
tor, a decrease of nuclear FOXO3a and an increase of cytosolic
FOXO3a were observed in cells expressing LMP1 and LMP1-
350, but not in cells expressing LMPA189-222 (Fig. 5C, lanes 1
to 4). After treatment with LY294002, an increase of nuclear
FOXO3a and a decrease of cytosolic FOXO3a were observed
in all cells, suggesting PI3K/Akt specificity (Fig. 5C, lanes 5 to
8). Taken together, it is possible that LMP1 may activate PI3K/
Akt signaling by CTAR1 and subsequently cause phosphory-
lation of FOXO3a, leading to its retention in the cytoplasm
and away from the nucleus.

LMP1 represses FOXO3a-induced DNA repair. FOXO3a is
known to trigger the repair of damaged DNA. Therefore, we
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sought to determine whether LMP1 influences FOXO3a-me-
diated DNA repair. Epithelial cells were cotransfected with the
vector expressing FOXO3a and various doses of the vector
expressing LMP1 and then analyzed by using the HCR assay.
Consistent with a previous report, FOXO3a could enhance
DNA repair in both cell lines (Fig. 6A and B, lanes 2). How-
ever, FOXO3a-induced DNA repair was gradually reduced by
increasing LMP1 (Fig. 6A and B, lanes 3 to 5). This suggests
that LMP1 can repress FOXO3a-mediated DNA repair.

LMP1-diminished DNA repair is rescued partly by
FOX03a-WT and completely by FOX0O3a-TM. Endogenous
FOXO3a is known to be inactivated by LMP1/PI3K/Akt sig-
naling, which may lead to repression of DNA repair. To un-
derstand whether exogenous FOXO3a rescues the LMP1-me-
diated repression of DNA repair, cells were transfected with
empty vector or LMP1 plasmid and various amounts of the
vector expressing wild type-FOXO3a and then analyzed by
using the HCR assay (Fig. 6C and D). LMP1-mediated repres-
sion of DNA repair was partly restored by an increase of
FOXO03a-WT compared to the vector control. To avoid inter-
ference by endogenous PI3K/Akt signaling, FOXO3a-TM,
which was mutated in three key Akt regulatory sites, was used
in the HCR assay (Fig. 6E and F). Without the disturbance of
Akt signaling, expression of FOXO3a-TM did indeed restore
LMP1-mediated repression of DNA repair. Taken together,
LMP1-mediated repression of DNA repair is restored partly by
FOXO03a-WT and completely by FOXO3a-TM. It is possible
that LMP1 may interfere with endogenous FOXO3a, leading
to repression of the cellular DNA repair capacity.

LMP1 represses the expression of DDB1 by CTARI in a
PI3K-dependent manner. In order to understand how
FOXO03a mediates DNA repair functions, we sought to iden-
tify the transcriptional targets of FOXO3a. Previously, several
DNA damage response genes regulated by FOXO proteins
were identified (55). Of these genes, we are especially inter-
ested in DDBI because of its function in NER, which removes
most UV damage. To confirm that FOXO3a induces expres-
sion of DDBI, cells were transfected with vectors expressing
FOXO03a-WT or FOXO3a-TM, and then the expression of
DDBI1 was analyzed by immunoblotting (Fig. 7A). DDB1 was
induced not only by wild-type FOXO3a in a dose-dependent
manner but also by the constitutively active FOXO3a. This
suggests that DDBI is a transcriptional target of FOXO3a.
However, FOXO3a-induced expression of DDB1 was down-
regulated by LMP1 (Fig. 7B). In addition, the expression of
endogenous DDBI1 also was repressed by LMP1 in a dose-
dependent manner (Fig. 7C). Nevertheless, the inhibition of
DDBI is relatively modest at low levels of LMP1, which may be
due to suboptimal transfection efficiencies. To further confirm
the effect of LMP1, the successfully transfected LMP1-positive
cells were sorted by fluorescence-activated cell sorting, and the
DDBI protein levels were analyzed by immunoblotting (Fig.
7D). Compared to the unsorted vector control or LMP1-trans-
fected cells, the suppression of DDBI1 in the sorted LMP1
expressing cells was more evident. This indicates that LMP1
truly can result in the suppression of DDB1. To determine
which domain or triggering pathway of LMP1 is required for
the suppression of DDBI, cells were transfected with plasmids
expressing LMP1 or its mutant and the expression of DDBI1
was analyzed by immunoblotting (Fig. 7E). Accompanied by
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FIG. 5. LMP1 induces phosphorylation and relocalization of FOXO3a by CTARI in a PI3K-dependent manner. (A) A total of 5 X 10°
NPC-TWO01 cells were transfected with 2 g of an empty vector or constructs encoding LMP1 or its mutants. After 23 h of serum starvation, cells
were incubated without (DMSO) or with LY294002 (50 M) for 1 h. Protein extracts isolated from the cells were analyzed by Western blotting
with anti-phospho-FOXO3a Ser253, anti-phospho-FOXO3a Thr32, anti-FOXO3a, anti-phospho-Akt Ser473, anti-Akt, anti-LMP1, and anti-3-
actin antibodies. (B) NPC-TWO01 cells were cultured on sterile coverslips and transfected with an empty vector or constructs encoding LMP1 or
its mutants. Cells were stained with an anti-FOXO3a antibody, followed by the addition of rhodamine-conjugated anti-rabbit antibody (red), and
were analyzed by confocal microscopy. Nuclei were stained with Hoechst 33258 (blue). (C) A total of 107 NPC-TWO1 cells were transfected with
4 pg of an empty vector or constructs encoding LMP1 or its mutants. After 23 h of serum starvation, cells were incubated without (DMSO) or
with LY294002 (50 uM) for 1 h. Subsequently, nuclear and cytosolic protein extracts isolated from the cells were analyzed by Western blotting with
anti-FOXO3a, anti-LMP1, anti-B-actin, and anti-PARP antibodies.

the increase of phosphorylated Akt, a decrease of DDB1 was
detected in cells expressing LMP1 and LMP1-350 compared to
vector control cells, but there was no significant decrease in
cells expressing LMP1-A189-222. The decrease of DDBI1 in
response to LMP1 and LMP1-350 was blocked by treatment
with LY294002, which revealed the specificity of the interac-
tion. The relative levels of DDB1 were given, as shown in Fig.

7F. These results indicate that LMP1 may repress DDB1 by
CTARI1 through the PI3K/Akt/FOXO3a signaling pathway.
LMP1-mediated repression of DNA repair is partly restored
by DDBI. It was likely that DDB1 was inactivated by LMP1
through PI3K/Akt/FOXO3a signaling, which might contribute
to the repression of DNA repair. To determine whether exog-
enous DDBI rescues the LMP1-mediated repression of DNA

FIG. 4. LMP1-mediated repression of DNA repair is dependent on Akt, and the constitutively active Akt can repress DNA repair. (A and B)
NPC-TWO01 (A) and H1299/bcl2 (B) cells were cotransfected with an empty vector or a construct encoding LMP1 and negative control siRNA or
various concentrations of siRNA for Aktl (1, 5, and 10 nM), together with a UV-damaged or undamaged pCMV-Luc reporter construct and
pRL-CMV reporter construct. At 24 h after transfection, luciferase assays were performed, and the fold change of HCR was calculated. (C and
D) NPC-TWO01 (C) and H1299/bcl2 (D) cells were cotransfected with various amounts of Akt-DN expressing vector (0.1, 0.3, and 0.5 p.g), together
with LMP1 and reporter constructs as described in panel A. At 24 h after transfection, luciferase assays were performed, and the fold change of
HCR was calculated. (E and F) NPC-TWO01 (E) and H1299/bcl2 (F) cells were cotransfected with an empty vector or various amounts of a
constitutively active myristoylated Akt expressing plasmid (0.01, 0.05, 0.1, 0.25, and 0.5 pg), together with a UV-damaged or undamaged
pCMV-Luc reporter construct and pRL-CMYV reporter construct. At 24 h after transfection, luciferase assays were performed, and the fold change
of HCR was calculated. All data presented represent the means and the standard deviations of at least five independent experiments conducted
in duplicate. The asterisk indicates statistical significance (P < 0.001, relative to LMP1 alone [Student ¢ test]).
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repair, cells were transfected with plasmids expressing LMP1
and various amounts of plasmids expressing DDBI, and the
HCR assays were carried out (Fig. 8). In parallel, the DDBI1
levels were also detected by immunoblotting. Accompanied by
the increase of exogenous DDBI1, the LMP1-mediated repres-
sion of DNA repair was gradually restored. The expression of
DDBI1 was not sufficient to restore all LMP1-mediated repres-
sion of DNA repair, although the DDBI protein levels were
restored completely. These results indicate that LMP1-medi-
ated suppression of DDB1 may partially contribute to the
repression of the DNA repair.

DISCUSSION

The major findings of the present study are not only the
signaling pathway involved in LMP1-mediated repression of
DNA repair but also an elucidation of the oncogenic proper-
ties of LMP1. In search of the signaling pathway involved in
LMP1-mediated repression of DNA repair, we identified two
important proteins that are linked to the LMP1 signaling. One
is the FOXO3a transcription factor, which is considered to be
a tumor suppressor. The other is the DDBI protein, which is a
subunit of the NER complex. LMP1 can trigger the PI3K/Akt
pathway by its CTAR1 domain, in a p53 independent manner,
to inactivate FOXO3a and then decrease DDBI1 expression,
subsequently leading to the repression of DNA repair capacity.

Several gene products of human tumor viruses, such as
HTLV-1 Tax, HBV HBx, HPV E6, HCV core protein, and
JCV T-antigen, have been reported to induce DNA damage or
repress DNA repair, which may result in genomic instability
(11, 28, 35, 44, 53, 64, 66). Similarly, the EBV-encoded LMP1
can induce micronucleus formation, repress DNA repair, and
enhance cellular sensitivity to DNA-damaging agents in a p53-
independent manner (40). Even in the presence of p53, LMP1
can repress p53-mediated DNA repair and transcriptional ac-
tivity (39). Furthermore, LMP1 can disrupt microtubule struc-
tures and induce chromosomal aberrations (45). Taken to-
gether, EBV LMP1, in common with the gene products of
other tumor viruses but using other mechanisms, can contrib-
ute to genomic instability.

In the present study, LMP1 triggered the PI3K/Akt pathway,
leading to phosphorylation of FOXO3a and its retention in the
cytoplasm. Subsequently, FOXO3a lost its ability to regulate
target genes, and cellular DNA repair capacity was diminished.
However, DNA repair was partly restored by wild-type
FOXO3a and was completely restored by an Akt-resistant
FOXO3a mutant. It is possible that endogenous PI3K/Akt

LMP1 REPRESSES DNA REPAIR 8133

signaling disturbs the function of wild-type FOXO3a and has
no effect on FOXO3a-TM. However, another possibility that
cannot be ruled out is that other FOXO transcription factors,
such as FOXO1 and FOXO4, also participate in DNA re-
pair. Thus, the expression of FOXO3a is not sufficient to
restore repair capacity completely. However, expression of
FOXO03a-TM can rescue the diminished DNA repair com-
pletely. This implies that FOXO3a may compensate for the
repair functions of other FOXO transcription factors.

In addition to FOXO3a, other FOXO transcription factors,
such as FOXO1 and FOXO04, were influenced by LMP1 in our
preliminary experiments (data not shown). It still remains to be
elucidated whether LMP1 affects these FOXO factors by a
similar mechanism. In another study, FOXO1 has been shown
to be downregulated in EBV-infected B cells. Two EBV pro-
teins, LMP1 and LMP2A, may contribute to this repression by
PI3K-mediated nuclear export, by inhibition of FOXOI1
mRNA expression, and by alteration of posttranslational mod-
ifications (60). However, as we show here, it seems that the
LMP1-mediated PI3K/Akt pathway plays the major role in
FOXO3a inactivation because the PI3K inhibitor LY294002
can block LMP1-induced FOXO3a phosphorylation and relo-
calization. This may be explained by the difference between
epithelial and B cells or different regulation of FOXO3a and
FOXOLl.

In mammals, FOXO transcription factors can induce cell
cycle arrest, DNA repair, and apoptosis, which makes them
attractive candidates as tumor suppressors (22). Here, we dem-
onstrate that LMP1 can change the subcellular localization of
FOXO3a and prevent its transcriptional activity, thereby lead-
ing to the repression of DNA repair. Previously, LMP1 was
shown to have several oncogenic properties that interrupt nor-
mal cellular function and induce uncontrolled cellular growth.
Whether LMP1 achieves its oncogenic effects, such as reducing
cell cycle arrest or antiapoptosis, to a certain extent by inter-
fering with the function of FOXO3a or other FOXO factors
remains to be elucidated. However, it is not unusual for a viral
protein to deregulate FOXO factors. Vpr, an associated acces-
sory protein of human immunodeficiency virus type 1, was
found to perturb the subcellular localization of FOXO3a (33).
Furthermore, a recent report indicated that a product of an-
other gammaherpesvirus, KSHV LANA2, was found to inhibit
FOXO3a activity, which may promote tumorigenesis (49).

In addition to its ability to recognize DNA lesions, DDBI1
has been shown to be a subunit of the Cullin 4A (CUL4A) E3
ubiquitin ligase. The CUL4A-DDBI ligase could facilitate
global genome and transcription-coupled NER progress by

FIG. 6. LMP1 represses FOXO3a-mediated DNA repair, and LMP1-diminished DNA repair is partly rescued by FOXO3a-WT and completely
rescued by FOXO3a-TM. (A and B) NPC-TW01 (A) and H1299/bcl2 (B) cells were cotransfected with 0.3 g of an empty vector or wild-type
FOXO3a expressing vector and various amounts of LMP1 expressing vector (0.01, 0.03, and 0.05 pg), together with a UV-damaged or undamaged
pCMV-Luc reporter construct and pRL-CMV reporter construct as an internal control. At 24 h after transfection, luciferase assays were
performed, and the fold change of HCR was calculated. The asterisk indicates statistical significance (P < 0.001, relative to FOXO3a alone
[Student ¢ test]). (C to F) NPC-TWO01 (C and E) and H1299/bcl2 (D and F) cells were cotransfected with an empty vector or a construct encoding
LMP1 and various amounts of FOXO3a-WT expressing vector (0.1, 0.3, and 0.5 pg) (C and D) or FOX0O3a-TM expressing vector (0.1, 0.3, and
0.5 pg) (E and F), together with a UV-damaged or undamaged pCMV-Luc reporter construct and pRL-CMV reporter construct. At 24 h after
transfection, luciferase assays were performed, and the fold change of HCR was calculated. All data presented represent the means and the
standard deviations of at least five independent experiments conducted in duplicate. The asterisk indicates statistical significance (P < 0.001,

relative to LMP1 alone [Student ¢ test]).
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FIG. 7. LMPI decreases the expression of DDB1 by CTAR1 in a PI3K-dependent manner. (A) A total of 10’ NPC-TWO1 cells were transfected
with an empty vector or various amounts of FOXO3a-WT (2, 4, and 8 ng) or FOXO3a-TM (8 ug) expressing plasmid. After 24 h, protein extracts
isolated from the cells were analyzed by Western blotting with anti-DDB1, anti-FOXO3a, and anti-B-actin antibodies. (B) A total of 107
NPC-TWO01 cells were cotransfected with an empty vector or FOXO3a expressing plasmid (2 pg) and various amounts of LMP1 construct (2, 4,
and 6 pg). After 24 h, protein extracts were analyzed by Western blotting with anti-DDBI1, anti-FOXO3a, anti-LMP1, and anti-B-actin anti-
bodies. (C) A total of 10" NPC-TWO01 cells were transfected with an empty vector or various amounts of LMP1 expressing plasmid (1, 4, and 8
ng). After 24 h, protein extracts were analyzed by Western blotting with anti-DDBI, anti-LMP1, and anti-B-actin antibodies. (D) A total of 107
NPC-TWO01 cells were transfected with an empty vector or LMP1 expressing plasmid (2 wg). After 24 h, the cells were fixed and stained with
anti-LMP1 antibody followed by the addition of FITC-conjugated antibody. The LMP1-positive cells were sorted based on the intensity of FITC
compared to vector control. Protein extracts were analyzed by Western blotting with anti-DDBI, anti-LMP1, and anti-B-actin antibodies. (E) A
total of 5 X 10° NPC-TWO1 cells were transfected with 2 pg of an empty vector or constructs encoding LMP1 or its mutants. After 23 h of serum
starvation, the cells were incubated without (DMSO) or with LY294002 (50 uM) for 1 h. Protein extracts were analyzed by Western blotting with
anti-DDBI, anti-phospho-Akt Ser473, anti-Akt, anti-LMP1, and anti-B-actin antibodies. A representative example of four independent experi-
ments is shown. (F) Relative levels of DDBI1 as described in panel E. The intensities of the DDB1 bands were quantified by using the Alphalmager
computer program. All samples were compared to the vector control. The bars represent the means of four independent experiments, and the error
bars indicate standard deviations. The asterisk indicates statistical significance (relative to vector control [Student ¢ test]).
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FIG. 8. LMP1-mediated repression of DNA repair is partly restored by DDBI1. (A and B) NPC-TW01 (A) and H1299/bcl2 (B) cells were
cotransfected with an empty vector or a construct encoding LMP1 and various amounts of DDB1 expressing vector (0.01, 0.025, and 0.05 pg),
together with a UV-damaged or undamaged pCMV-Luc reporter construct and pRL-CMYV reporter construct as an internal control. At 24 h after
transfection, luciferase assays were performed, and the fold change of HCR was calculated. All data presented represent the means and standard
deviations of at least five independent experiments conducted in duplicate. The asterisk indicates statistical significance (P < 0.001, relative to
LMP1 alone [Student ¢ test]). Western blot analysis was done to show the expression of DDB1 and LMP1. The data are the representative of three
experiments. The Alphalmager computer program was used to analyze the DDBI levels. The integrated density values were listed under the

corresponding bands.

ubiquitinating certain NER factors, such as XPC, DDB2, and
CSB. Other than the NER factors, several substrates of
CUL4A-DDBI ligase have been identified: e.g., DNA replica-
tion factor CDTI, cell cycle inhibitor p27Kipl, proto-onco-
genic transcription factor c-Jun, and the histones H2A, H3,
and H4 (52). This suggests that CUL4A-DDBI ligase may play
another role beyond NER in regulating the cell cycle, DNA
replication, and genomic stability. In the present study, we
demonstrate that EBV LMP1 could decrease the expression of
DDBI1 through the PI3K/Akt/FOXO3a pathway, leading to
impaired DNA repair capacity. It would be interesting to see
whether LMP1 also could influence the activity of CUL4A-
DDBI ligase and subsequently affect the stability of its sub-
strates, leading to perturbation of normal biological functions.
Interestingly, DDBI is targeted by the gene products of other
viruses, such as HBV HBx, human immunodeficiency virus
type 1 Vpr, and simian parainfluenza virus 5 V (38, 59, 61).
Genomic instability often is associated with the progression
of cancer but the underlying mechanisms are not completely

understood. It has been proposed to involve either the loss of
DNA repair capacity or the loss of chromosomal stability. EBV
encodes the oncoprotein LMP1 seems to play a role in the
development of genomic instability. First, LMP1 represses cel-
lular DNA repair capacity, regardless of p53. Second, LMP1
enhances micronucleus formation, which is related to chromo-
somal aberration (40). Third, LMP1 disrupts microtubule
structures and induces aneuploidy (45). Then, as we show here,
LMP1 inactivates FOXO3a and decreases DDB1. FOXO3a
can upregulate several DNA repair genes and DDBI1 can
maintain genome integrity (41, 55). Loss of FOXO3a and
DDBI may lead to genomic instability. Based on these studies,
we suggest that, in addition to many other mechanisms, LMP1
may induce genomic instability and subsequently facilitate tu-
morigenesis.
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